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"Tropospheric Radio Wave Propagation'' was selected by the Electromagnetic Wove Propagation Panel as the topic of its XVIth Symposium in order to review and stimulate relevant research work i n NATO nations. The Symposium took place at Dusseldorf, Federal Republic of Germany, from 31st August to 4th September 1970. The Programme was subdivided into five major sessions,dealing with tropospheric characteristics, propagation through the troposphere, reflection and refraction in the troposphere, tropospheric scatter propagation, and tropospheric propagation predictions. In a1I sessions, invited review papers enabled participants to inform themselves on the present state of research. These were followed by contributed papers dealing with recent results in a detailed fashion. Throughout the Symposium, the more theoretical approach in scientific research was occomponied by data of direct applicability i n the military fields. O f particular importance were contributions referring to space and terrestrial communications above 10 GHz; they aimed at opening up the usefulness of this frequency range for future applications. The first session consisted of review papers only andattempted to summarize the general characteristics of the medium, as far as they are of interest to radio wave propagation. Effects experienced by propagation through the troposphere were the topic of the second session, introduced by a review paper summarizing tropospheric effects with space communications. Papers i n this session illustrated the advance achieved in space communications since 1965, when the Xth annual symposium of the then Ionospheric Research Committee of AGARD treated this subiect. The third session on reflection and refraction contained review papers on layer structure effects and diffraction paths, respectively, accompanied by a number of contributed papers. After relevant research work commenced some two decades ogo, one of the main fields i n tropospheric radio wave propagation has been the investigation of scatter i n the troposphere. In the Symposium, the fourth session concentrated on the present state of research as reported upon i n review papers on propagation effects as well as signal distortion and intermodulation, together with a large number of contributed papers. It i s of interest to note that fluctuations in signal strength and other parameters now seem to be understood to a much larger extent. This permits detoiled consideration ond estimatesbf the overall reliobility of such communication links. The fifth session dealt with propagation predictions in some analogyto the approach taken some decades ago with ionospheric propagation. The larger variability of the propagation medium causes such predictions to be far more difficult. I t seems, however, that papers presented have contributed to a general understanding of parameters to be used for such predictions. Following each session, these Conference Proceedings give a full account of the discussionson papers. The subject index and the name index have beeq added to improve the usefulness of these Proceedings. It i s hoped that this Symposium has contributed to research and progress i n the field of tropospheric radio wave propagation.
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 0; s u p e r r e f r a c t i o n h a s been v a r i o u s l y defined as dN/dz less than -80, -100, o r -120 N k m - l . We will u s e -100 N k m - I as t h e l i m i t s i n c e i t is twice the a v e r a g e worldwide initial g r a d i e n t value of -50 N km'l and conveniently s e t s t h e s u p e r r e f r a c t i v e and s u b r e f r a c t i v e boundaries equally above and below t h e a v e r a g e . A s u p e r r e f r a c t i v e l a y e r with a g r a d i e n t sufficiently s t r o n g t o bend a n initially-horizontal r a d i o r a y along the c u r v e d s u r f a c e a phenomenon c a l l e d "trapping, I f s i n c e the r a y cannot p e n e t r a t e t h e top of t h e l a y e r -- is of t h e e a r t h c a l l e d a "radio duct. I f T h e ducting gradient is defined m a t h e m a t i c a l l y as t h a t which will c a u s e a r a d i o r a y a t a z e r o elevation angle to be r e f r a c t e d downward with a r a d i u s of c u r v a t u r e equal to t h a t of t h e e a r t h ; this condition is shown t o b e
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(3)



w h e r e a is t h e r a d i u s of t h e e a r t h . Radio ducting h a s b e e n studied i n g r e a t detail, especially during and i m m e d i a t e l y after World W a r I1 i n connection with t r a c k i n g r a d a r . 34 Although not yet fully understood, ducting i s a well-known phenomenon i n r a d i o climatology; it often r e s u l t s i n m i c r o w a v e r a d i o energy propagating many hundreds or even A t t h e same t i m e , s i g n a l s f r o m a t r a n s m i t t e r located thousands of k i l o m e t e r s beyond t h e n o r m a l horizon. above t h e ducting l a y e r m a y show d e e p fading or a total l o s s of s i g n a l a t a r e c e i v e r located on t h e ground. The opposite phenomenon, s u b r e f r a c t i o n , h a s r e c e i v e d much less attention. T h e probability of s t r o n g s u b r e f r a c t i o n a t a p a r t i c u l a r location i s c r i t i c a l t o t h e design of m i c r o w a v e r e l a y links, s i n c e economy d i c t a t e s t h e u s e of t h e l a r g e s t f e a s i b l e s e p a r a t i o n between antennas. F o r example, i n a r a d i o link designed for a m a x i m u m g r a d i e n t of dN/dz = 0 t h e r e c e i v e r will b e j u s t above the horizon of t h e t r a n s m i t t e r f o r a n effective e a r t h ' s r a d i u s of 6370 km; if t h e gradient now i n c r e a s e s t o + 100 N/km, t h e effecti,ve e a r t h ' s r a d i u s will d e c r e a s e to 3900 k m and t h e r e c e i v e r will b e well below t h e t r a n s m i t t e r ' s horizon. T h i s p h e n o n e n o n is known as diffraction-fading, b e c a u s e i t is produced by having t h e r e c e i v e r below t h e r a d i o horizon, w h e r e it c a n r e c e i v e only diffracted (and s c a t t e r e d ) signals.
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S u b r e f r a c t i v e g r a d i e n t s at optical wavelengths a r e r a r e ; s i n c e t h e optical r e f r a c t i v e index is i n s e n sitive t o w a t e r vapor, a s u b r e f r a c t i v e g r a d i e n t m u s t b e produced by a super-autoconvective l a p s e r a t e a d e c r e a s e of t e m p e r a t u r e with height at a rate exceeding 3. 4OC/100 m. Although super-autoconvective l a p s e r a t e s a r e o b s e r v e d often under sunny weather conditions, especially i n d e s e r t a r e a s and s o m e t i m e s t o heights of 2 0 0 + m above t h e surface, t h e l a p s e rate s e l d o m exceeds t h e c r i t i c a l value of 3.4OC/lOO m by v e r y much, except i n r e s t r i c t e d l a y e r s c l o s e t o t h e ground. Maximum optical s u b r e f r a c t i v e g r a d i e n t s are t h e r e f o r e usually r e s t r i c t e d to values of no m o r e than + 20 or + 30 N km-l. T h e v e r y s t r o n g
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up to + 300 N km" o v e r 100 m or s u b r e f r a c t i v e g r a d i e n t s o b s e r v e d f o r t h e r a d i o r e f r a c t i v e index stronger a r e produced by humidity i n v e r s i o n s (an i n c r e a s e of absolute humidity with height). Thus t h e r e is little c o r r e l a t i o n between t h e optical and r a d i o behavior o v e r a line-of-sight path d u r i n g conditions favorable to subrefraction.
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T h e o c c u r r e n c e of super-autoconvective l a p s e r a t e s of t e m p e r a t u r e is i n t e r e s t i n g i n itself. Because s u c h l a p s e r a t e s r e s u l t i n absolute m e c h a n i c a l instability of t h e a i r , they w e r e f o r m e r l y believed to o c c u r only i n v e r y thin l a y e r s , or under e x t r e m e conditions, such as i n t o r n a d o e s or "dust devils. I ' Data f r o m t h e t r o p i c a l d e s e r t a r e a s of t h e world show that this is not t r u e . F o r example, at Colomb-Bechar, Algeria, d a t a taken by radiosonde at 1200 l o c a l t i m e f r o m May 1 to S e p t e m b e r 30, 1964 and 1965, show a Iapse r a t e i n t h e s u r f a c e l a y e r exceeding 3.4°C/100 m on 2470 of the days included; F i g u r e 6 shows t h e s e data. T h e l a p s e rate was s u p e r a d i a b a t i c (over loC/10O m ) on all but 23 d a y s ; t h e m e a n l a p s e rate f o r all t h e days was 2. 6°C/100 m o v e r a m e a n l a y e r thickness of 246 m . T h e s t r o n g e s t c a s e s of autoconvection found w e r e a l a p s e rate of 9.4OC/lOO m o v e r a l a y e r 68 m thick and a l a p s e r a t e of 7. 8OC/100 m o v e r a 97-m o r k = 2/ 3. l a y e r ; t h e N-gradient f o r t h e latter c a s e was + 7 7 N km'', The s t r o n g e s t s u b r e f r a c t i o n o c c u r r e d when a humidity i n v e r s i o n was a l s o p r e s e n t . Such i n v e r s i o n s are frequently found under s t r o n g l y convective conditions, b e c a u s e the density of m o i s t a i r is l e s s than that of d r y air at t h e s a m e t e m p e r a t u r e and p r e s s u r e , and thus t h e available m o i s t u r e tends to b e t r a n s p o r t e d to t h e top of t h e convective l a y e r . At Colomb-Bechar, f o r t h e p e r i o d s mentioned above, t h e dewpoint i n c r e a s e d with height on 67 of t h e 153 days: t h e s t r o n g e s t s u b r e f r a c t i o n was's g r a d i e n t of + 259 N km-' (k 3 / 8 ) f o r a l a y e r 104 m thick. T h e t e m p e r a t u r e l a p s e r a t e was only 1. 3°C/100 m f o r this c a s e , but t h e r e was a w a t e r v a p o r i n v e r s i o n of 7 m b f r o m the b a s e to t h e top of t h e l a y e r . S u b r e f r a c t i o n is a l s o found i n many locations d u r i n g nighttime with a t e m p e r a t u r e i n v e r s i o n ; t h e s u b r e f r a c t i o n o c c u r s when m o i s t u r e c a r r i e d aloft during the daytime b e c o m e s t r a p p e d in the w a r m air at t h e top of t h e t e m p e r a t u r e inversion. The low l e v e l of eddy diffusivity under such s t a b l e t e m p e r a t u r e i n v e r s i o n conditions p.revents t h e r e d i s t r i b u t i o n of t h e w a t e r vapor. T h i s type of s u b r e f r a c t i o n c a n logically b e c a l l e d " r e s i d u a l s u b r e f r a c t i o n . 'I Both types of s u b r e f r a c t i o n are commonly found i n w a r m e r c l i m a t e s , especially t h e t r o p i c a l a r e a s of the world. At Aden, Arabia, f o r example, during nighttime the r e f r a c t i v i t y g r a d i e n t o v e r the f i r s t 50 m exceeds + 300 N km'l f o r 1 to 270 of t h e t i m e , r e s u l t i n g i n a n effective e a r t h ' s r a d i u s f a c t o r k of 1 / 3 or l e s s , i. e., 1/4 t h e "normal" 4/3 value. In fact, one of t h e chief p r o b l e m s i n t r o p i c a l r a d i o climatology is t h e l a r g e v a r i a b i l i t y of t h e initial N-gradients as c o m p a r e d with t h e t e m p e r a t e zones. Some e x t r e m e examples of t r o p i c a l N-gradients a r e as follows: A s u b r e f r a c t i v e l a y e r 50 m thick with a g r a d i e n t of + 1024 N km-I o b s e r v e d at (1) Darwin, Australia, in November.



(2)



A r a d i o duct 867 m thick o b s e r v e d a t B a h r a i n Island, P e r s i a n Gulf, i n August.
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Numerous gradients s t r o n g e r than 1 0 0 0 N km-I o v e r l a y e r s 100 m thick, o b s e r v e d (3) at B a h r a i n Island, Dakar, Senegal, and other locations, a t many different t i m e s . (4) A s u p e r r e f r a c t i v e l a y e r 1421 m thick with a g r a d i e n t of Calcutta, India, in t h e month of May.
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127 N km-I o b s e r v e d a t



T h e e x t r e m e s l i s t e d above a r e v i r t u a l l y unheard of i n t e m p e r a t e locations, such as w e s t e r n Europe. T h e r a d i o climatology of the t r o p i c s is t h e r e f o r e a n i m p o r t a n t field for f u t u r e study; this is e s p e c i a l l y t r u e b e c a u s e m o s t of the developing nations of t h e world, which s e e k t o e s t a b l i s h a t e l e c o m m u nication technology, a r e located within or n e a r t h e t r o p i c s . T h e f i r s t p r i o r i t y should b e to i n c r e a s e t h e d a t a b a s e f o r r e f r a c t i v e index p r o f i l e s , which at t h e p r e s e n t is m i n i s c u l e c o m p a r e d with the d a t a b a s e f o r Europe, North A m e r i c a , and s o m e of t h e other m o r e developed a r e a s of the world.
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THE CLIMATOLOGY O F RADIO REFRACTIVE INDEX TURBULENCE.



A s pointed out by Bean, 33 t h e t e r m "turbulence" may have different meanings f o r t h e r a d i o s c i e n t i s t and t h e a t m o s p h e r i c s c i e n t i s t . To t h e a t m o s p h e r i c s c i e n t i s t , t h e a t m o s p h e r e is turbulent when the mechanic a l turbulence is high; s t r o n g m e c h a n i c a l turbulence enhances, f o r example, t h e r a t e of diffusion of p a s s i v e a t m o s p h e r i c constituents, such as pollutants. However, the r a d i o s c i e n t i s t c o n s i d e r s the a t m o s p h e r e as turbulent when i t contains a s p e c t r a l h i e r a r c h y of eddies o r "blobs" of differing r a d i o r e f r a c t i v e index; this m a y or m a y not o c c u r under conditions of s t r o n g m e c h a n i c a l t u r b u l e n c e ,



In the a n a l y s i s t h a t follows we m u s t m a k e u s e of t h e concept of potential m e t e o r o l o g i c a l v a r i a b l e s . T h e potential value of a m e t e o r o l o g i c a l v a r i a b l e is the value that v a r i a b l e would attain i f a p a r c e l of air f r o m t h e l e v e l under c o n s i d e r a t i o n w e r e t o b e t r a n s f e r r e d "adiabatically" t o s o m e specific r e f e r e n c e level. We exclude any changes t h a t would involve condensation of w a t e r v a p o r t h e so-called psendo-adiabatic p r o c e s s - - as beyond the s c o p e of o u r t r e a t m e n t .
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3-6 T h e likelihood of s t r o n g m e c h a n i c a l turbulence is indicated by a R i c h a r d s o n number less than 1/4; t h e R i c h a r d s o n number is given by3'



w h e r e g is t h e a c c e l e r a t i o n of gravity, e is the potential t e m p e r a t u r e , v is the wind velocity, and z is height. T h e o v e r b a r s denote m e a n values o v e r t h e l a y e r under consideration. When the v e r t i c a l g r a d i e n t of t e m p e r a t u r e is loC/10O m , t h e potential t e m p e r a t u r e is constant with height, and dB/dz = 0; this t e m p e r a t u r e gradient is called t h e adiabatic l a p s e r a t e . With a n adiabatic l a p s e r a t e , s t r o n g convection and m e c h a n i c a l turbulence often o c c u r ; however, turbulence of optical ref r a c t i v e index, which depends a l m o s t e n t i r e l y on the density of the a i r , is a t a minimum b e c a u s e the potential density is constant with height. Thus, a p a r c e l of air t r a n s p o r t e d by m e c h a n i c a l turbulence to a different l e v e l in t h e a t m o s p h e r e will a r r i v e t h e r e with a n adiabatic l a p s e r a t e at t h e s a m e density, and hence t h e s a m e r e f r a c t i v e index, as t h e a i r around i. e. 3 3 F r o m a propagation standpoint, t h e a t m o s p h e r e under t h e s e conditions is d e s c r i b e d as "well mixed. 'I
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Two conditions are n e c e s s a r y t h e r e f o r e to allow a turbulent r e f r a c t i v e index s t r u c t u r e to develop in the a t m o s p h e r e : the p r e s e n c e of m e c h a n i c a l turbulence and a sufficiently s t r o n g v e r t i c a l gradient of the potential r e f r a c t i v e index. Some mechani'cal turbulence is n e c e s s a r y to t r a n s p o r t p a r c e l s of air t o d i f f e r ent heights; a s t r o n g v e r t i c a l gradient of potential r e f r a c t i v e index then i n s u r e s that t h e s e p a r c e l s of air will a r r i v e a t t h e i r new heights with a m a r k e d l y different r e f r a c t i v e index t h a n t h e air around them. T h i s p r o c e s s produces an a t m o s p h e r i c s t r u c t u r e consisting of many different-sized p a r c e l s , o r eddies, of air with c o n t r a s t i n g r e f r a c t i v e index v a l u e s ; such a turbulent r e f r a c t i v e index s t r u c t u r e is capable of s c a t t e r i n g r a d i o waves and is t h e m e c h a n i s m r e s p o n s i b l e f o r t r o p o s c a t t e r propagation when l a y e r i n g or s t r a t i f i c a t i o n of t h e a t m o s p h e r e is not p r e s e n t . T h e potential r e f r a c t i v e index of the a t m o s p h e r e c a n b e calculated f r o m t h e potential r e f r a c t i v e modulus @, 37 which is given by



3



@ = 7 7 * 6 pp + 3 . 7 3 x 10'



e



,



(5)



w h e r e Po is the p r e s s u r e a t a n a r b i t r a r y r e f e r e n c e level, 8 is t h e potential t e m p e r a t u r e a t the r e f e r e n c e level, and eo is t h e potential w a t e r vapor p a r t i a l p r e s s u r e a t t h e r e f e r e n c e level. T h e potential t e m p e r a t u r e is given by 0.288



e = T(%)



and t h e potential w a t e r v a p o r p a r t i a l p r e s s u r e is given by eo



=e(2) .



(7)



I n t h e s e equations we a s s u m e t h e r e is no addition or s u b t r a c t i o n of w a t e r v a p o r f r o m a p a r c e l of air if it is lifted, i. e. , a d r y adiabatic p r o c e s s is considered. T h e d e r i v a t i v e of @ with r e s p e c t to height is



-d=Q dz w h e r e PO is a constant.
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de
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dz
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x 10'eo
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dB dz



If we define WO as the potential wet t e r m WO



=



3.73 x 1 0 6 3



I



e2



then (8) b e c o m e s



R e f r a c t i v e index turbulence will b e at a low level whenever d@/dz is c l o s e to o r equal to z e r o , as d e m o n s t r a t e d e a r l i e r , T h e condition d @ / d z 2 0 c a n b e s a t i s f i e d e i t h e r by d0/dz and deo/dz both being c l o s e to z e r o , or by



3-7 Condition (11) c a n b e simplified t o



w h e r e t h e units are m i l l i b a r s and d e g r e e s Kelvin. T h e equations involving deo/dz c a n b e w r i t t e n i n t e r m s of t h e specific humidity q or t h e mixing r a t i o w b y noting that



while, f r o m (7), !%=pod dz dz



e 0 P



l.6P0 I



3 = dz



l.6P0



dw -dz



Thus, the first condition f o r low r e f r a c t i v e index turbulence, d8/dz 2 0 and deo/dz = 0, will b e s a t i s f i e d whenever t h e potential t e m p e r a t u r e and the specific humidity or mixing r a t i o are approximately constant with height, while t h e second condition given by (12) becomes



Finally, f o r q or w i n t h e usudl units of p a r t s p e r thousand, e. g. or w*, (15) b e c o m e s



, g(kg)” , which we



s h a l l denote as q”



Since the potential t e m p e r a t u r e normally i n c r e a s e s with height, t h e specific humidity m u s t a l s o i n c r e a s e with height i n o r d e r t o satisfy (16); a n i n c r e a s e of q with height is often found i n t e m p e r a t u r e i n v e r s i o n l a y e r s , but q o r d i n a r i l y d e c r e a s e s with height. When t h e potential t e m p e r a t u r e d e c r e a s e s with height, i. e. , when t h e t e m p e r a t u r e l a p s e r a t e exceeds t h e d r y adiabatic rate, t h e specific humidity or mixing r a t i o m u s t a l s o d e c r e a s e with height to s a t i s f y (16), a situation m o r e likely to b e encountered i n nature. Because s t r o n g mechanical turbulence will usually b e found when t h e t e m p e r a t u r e l a p s e r a t e is superadiabatic, (16) is m o s t i m p o r t a n t at t h e s e times as a n indicator of t h e unlikeliness of r e f r a c t i v e index turbulence. F i g u r e 7 shows t h e combinations of dq/dz and dT/dz that will satisfy condition (16) f o r v a r i o u s values of q$/8. F i g u r e 7 is plotted i n terms of dT/dz, and 0.288 dz



(17)



0.288 w h e r e r is t h e d r y adiabatic l a p s e rate, i.e. , about loK/10O m . W e have a s s u m e d t h e f a c t o r (Po/P) to b e equal t o 1; thus t h e values of d8/dz used will b e c o r r e c t within a 570 e r r o r , provided Po/P does not exceed 1.185. . If Po is 1000 mb, then this 5% e r r o r i n d8/dz will not b e exceeded until P is less than 850 mb, or about 1500 m above t h e r e f e r e n c e level. ’Figure 7 is t h e r e f o r e valid throughout t h e atmospheric boundary layer. The climatology of r a d i o r e f r a c t i v e index turbulence c a n b e determined by applying t h e criteria f o r m e c h a n i c a l instability, e.g. , Richardson number, and r e f r a c t i v e index potential turbulence, e.g. , a high value of potential r e f r a c t i v e modulus height gradient or a negative c r i t e r i o n s u c h as (16), to t h e c l i m a t i c d a t a on winds, t e m p e r a t u r e , and humidity f o r a p a r t i c u l a r a r e a . T h i s could b e done with conventional rawinsonde d a t a , Apparently, no studies of this s o r t have been done, and radio r e f r a c t i v e index turbulence climatology a p p e a r s t o b e a f e r t i l e field f o r work along t h e s e lines. 6.



CONCLUSIONS,



We h a v e reviewed t h e p r o g r e s s to d a t e i n four m a j o r fields of radio climatology and have found that although m u c h h a s been learned, a g r e a t d e a l r e m a i n s t o b e accomplished. Relatively sophisticated models of t h e v e r t i c a l distribution of t h e r a d i o r e f r a c t i v e index h a v e , b e e n developed, y e t a method of handling problem areas, which have a b n o r m a l N-profiles, r e m a i n s to b e discovered. The m o s t r e c e n t work on problems of t r a n s h o r i z o n radio propagation shows that elevated l a y e r s i n the t r o p o s p h e r e are of fundamental i m p o r t a n c e as a’propagation mechanism, but v e r y little is known of t h e climatology of such l a y e r s . The importance i n many r a d i o propagation p r o b l e m s of t h e initial r e f r a c t i v e index gradient is well known, and existing t h e o r y is sufficidnt to obtain useful r e s u l t s f r o m climatological data. However, the



3-a m o s t highly v a r i a b l e of such radio c l i m a t e s occur i n t h e t r o p i c a l a r e a s of the world, and we a r e not now able to accurately define m o s t of t h e s e t r o p i c a l radio c l i m a t e s , l a r g e l y b e c a u s e of a n insufficient d a t a base. Finally, although we have s e e n that t h e climatology of radio r e f r a c t i v e index turbulence c a n be objectively defined, we find that virtually no work h a s been done on t h i s important a s p e c t of radio climatology. 7.
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Tropospheric propagation by a layer located below the common volume
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DISCUSSION ON THE PAPERS PRESENTED IN SESSION I ( TROPOSPHERIC CHARACTERISTICS )



Discussion on Paper 2, "The Structure and Dynamics of the Troposphere", by P. RAETHJEN



P. HALLEY: Je veux demander, s i les moddles, qui ont et6 proposes et qui presentent la vitesse du gaz et I'exchonge du chaleur peuvent peut-dtre transposes aux perturbations tropicales majeures que sont les depressions cycloniques. Est-ce que les moddles, qui ont et6 present&, pourraient servir d des representations de depressions cycloniques, qui perturbent la troposphsre dons les regions tropicales.



P. RAETHJEN:



The cyclone models



I



have shown refer only to cyclones i n higher latitudes, the so-called "polar front



cyclones".



I would like to emphasize two points. The first i s that, as the author said, this i s a M.Z. v. KRZYWOBLOCKI: model. As such one i t i s very valuable, i t helps the analyst to see better the matbematical model which should be used in the mathematical analysis. Such models are always very valuable. The second point i s the problem of "language". We did not create, as yet, the common language which should be used in the fields of science in question. We use the classical mechanics language in fluid dynamics like the Euler's equations, or Navier-Stokes equations in our approach to turbulence field. In the field of electro-magnetism we use Maxwell's equation. Analogously, we use Boltzmann's equations i n the kinetic theory of gases. Each of these systems carries with itself a certain amount of coefficients, each being different, very often having no direct association one with each other. One would like to emphasize that John von Neumann i n 1932 had warned us that such an approach may lead us to the use of the so-called "hidden variables", which would be wrong since they are misleading since they are incorrect. The only correct variables, which are always correct with reference to the measurements ore the variables p's and g's. But this leads us to the field of quantum mechanics8s the deepest one reached by us in the present century. We did mistakes that, when it appeared during the first part of this century, we did not begin to use i t os the more universal language of science. It i s now possible, by the use of the statistical methods i n physics, to solve at first the problem at a very deep level (microscopic) and next to 'I l i f t i t up'' to the "macroscopic" level, thus obtaining a solution in the macroscopic domain. I would prefer to see the equations of thermodynamics written by the speaker on the black-board, to be written in the quantum language.



P. RAETHJEN:



I



do not object to the "commentator" preferring another ''language".



Discussion on Paper 3, "World-Wide Characteristics of Refractive Index and Climatological Effects", by B. R. BEAN, B.A. HART and G.D. THAYER



W. DIEMINGER: An almost permanent inversion exists along the western coast of South Africa enabling duct propagation of UHF and VHF over distances of mare than 1000 km. I t i s caused by the enormous difference between the airmasses over sea and over land. Inland the daytime temperature i s 30-40° and the humidity 20- 30 % only. Over sea the air temperature i s 15' and the humidity 100 % by the action of the cold Benguella stream. The border of the worm and dry air flowing from land to sea and the underlying wet and cold air i s marked by small clouds at a height of 150-200 m. Reception of the FM stations on 100 MHz in South Africa i s possible almost regularly on board of ships in an area extending several 100 km off the coast over distances of mare than 1WO m. L. BOITHIAS: II y o une dizaine d'onnges, 6 la suite des &tudes de propagation faites par I'Administration Fransaise en Afrique (Dakar, Sahara etc.) on avait d6jd mis en evidence les erreurs qu'on fait en admettant un modele exponentiel pour le basses couches de I'atrnosph6re dons certain climats. En particulier d Dakar iI n'y a aucune correlation entre et pendant la saison des pluies. II rapelle en outre une expirrience de propagation guid6e obtenue sur une distance de 4000 km a 425 km entre Trinidad et Dakar.
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TROPOSPHERIC EFFECTS ON SPACE COMMUNICATIONS by George H. Millman General Electric Company Syracuse, New York, U. S. A. ABSTRACT The influence of the natural environment must be considered in the design of an earth-satellite communication system. In this paper, the nonisotropic characteristics of the troposphere a r e evaluated in terms of their effects on the propagation of electromagnetic waves through the medium. The tropospheric propagational phenomena which are discussed are refraction, time delay, scintillation effects , doppler frequency shift, ducting, attenuation, and noise. I.



INTRODUCTION



Prior to the development and implementation of an electronic system for transmitting electromagnetic energy between earth-space terminals the detrimental effects of the propagation medium must be taken into account in the derivation and optimization of the system parameters.



,



In this paper, the characteristics of the troposphere a r e evaluated in terms of their effects on the propagation of electromagnetic waves. The phenomena which a r e discussed are angular bending, time delay o r ranging effects, scintillation effects, doppler frequency shifts, ducting, attenuation, and sky noise. Estimates of the magnitude of the angular and range e r r o r s a r e made assuming spherical stratification for the CRPL Reference Atmosphere-1958 and an exponential atmosphere. The correlation of the e r r o r s with meteorological parameters is also considered. The existence of non-stationary inhomogeneities in the troposphere result in the electromagnetic waves undergoing a random perturbation in the amplitude, phase, travel time and angle-of-arrival. The magnitudes of these effects a r e estimated based on various theoretical models. The e r r o r in the measurement of the doppler frequency shift which is brought about by the refractive effects of the troposphere is evaluated in t e r m s of the exponential atmospheric model. The minimum frequency and maximum elevation angle for duct propagation to take place is expressed a s a function of meteorological conditions. Estimates a r e made of the attenuation caused by the oxygen and water vapor molecule and by rain, fog, clouds, hail, and snow. Experimental measurements of atmospheric attenuation a r e presented for comparison with the theoretical predictions



In addition to being absorbers of electromagnetic energy, oxygen, water vapor, and rain a r e also good emitters. An evaluation is made of the thermal noise temperature introduced by these atmospheric constituents. This paper is, in essence, a revision and extension of the material pertaining to the troposphere presented at a previous AGARD-NATO symposium



II.



.



1



REFRACTION EFFECTS Electromagnetic waves when transmitted through a medium whose dielectric constant o r index of refraction is



a varying function of the path undergo a change in the direction of propagation o r refractive bending. Since the troposphere is such a medium, this effect imposes an e r r o r in the measurement of the angular position of space vehicles.



The estimates of the angular deviation, as described in this paper, were determined by the stratified layer



.



2 The basic assumption which the proposed mathematical approach embodies is that the atmosphere is conmethod sidered to be stratified into m sphericallayers of thiclmess, hmJ and constant refractive index, nm. This type of



stratification is illustrated in Figure 1. The refraction angle e r r o r , DE, is given by the relationship AE=E - E 0



where Eo is the apparent elevation angle, and E is the true elevation angle.



It can be readily shown utilizing the lawof sines and Snell's lawfor spherically symmetric surfaces that



4-2



where the radial distance, rm+l, is merely the summation of the various layers expressed by



(3)



r m + l =0r + f l h j=o



j



where r is the radius of the earth. The remaining parameters in Equation (2) a r e defined by 0



R~~ 2 = ro 2 + rm+l 2 - 2ro rm+lcos



[E J=O



(4)



ej]



(5) where I



and



The stratified layer method, although approximate in nature, is capable of rendering refraction e r r o r calcula3



tions to a high degree of accuracy by merely decreasing the thickness of each individual layer



.



The tropospheric index of refraction, n, can be expressed in terms of the functions 6 N = (n - 1) x 10



(8)



and N = Ta



(p+$.)



(9)



where N is the refractivity, T is the air temperature in degrees Kelvin, p is the total pressure in millibars and



E



is



the partial pressure of water vapor in millibars. According to Smith and Weintraub4, the constants, a and b, a r e 77.6oK/mb and 4810%, respectively.



It should be noted that the above expression for the refractivity of a i r is independent of frequency in the 100to 30,000-MHz range. The first term in Equation ( S ) , a p/T, applies to both optical and radio frequencies, and is often referred to as the dry term. The second term, alr /T2, which is the wet term, is the water vapor relationship required only at radio frequencies. The surface refractivity is plotted in Figure 2 as a function of the meteorological parameters for the case of zero percent relative humidity. The refraction e r r o r calculations presented in this paper were based on the CRPL Reference Refractivity Atmosphere- 1958 and an exponential refractivity model. The CRPL Reference Refractivity Atmosphere-1958, a s described by Bean and Dutton5, is given by N(h) = N + (h-h ) AN



(10)



where N 0 is the surface refractivity and h0 is surface height above mean-sea-level. h



0



5



This expression is valid for



h s. (ho + 1)km. The parameter, AN, is defined by N = -7.32 exp (0.005577 No)



For the region defined by (ho + 1)5 h N(h) = NI exp [-c (h
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9 km, the refractivity decays as



- ho -l)]



where N1 is the value of N at 1km above the surface and c=-



[ m)



1 N1 8 - ho loge



4-3 Above 9-km altitude, the exponential decay is of the form N(h) = 105 exp



[ -0.1424



(h - 9)]



It should be noted that at 9-km altitude, the refractivity is assumed to be 105 N-units. The exponential atmosphere which was investigated was based on the assumption that at a height of 30 km above mean-sea-level, the refractivity was 4 N-units. Thus, the exponential model has the form (15) where k=- 30 -1ho loge[



N ?)



The two atmospheric refractivity profiles are shown in Figure 3 for surface refractivities of 240 and 400 N-units. It is seen that, for No = 400, the two models a r e highly correlated and that, a s the surface refractivity decreases, the correlation degrades. The e r r o r computations were performed utilizing double precision computationa! technique in order to ensure



a reasonable degree of accuracy. Layer thicknesses of constant refractivity of 50 meters were taken from the ground level t o an altitude of 30 km. The region above this altitude was assumed to consist of unity refractive index. Figures 4 and 5 contain plots of the maximum elevation angle e r r o r for the two models. It is seen that above 15" the angle e r r o r is less than approximately 1.5 milliradians and that the e r r o r increases with decreasing elevation angle. At an elevation angle of lo,the angle e r r o r could vary between about 6 and 12 milliradians depending on the surface refractivity. According to Figure 6, the refraction e r r o r resulting from the exponential model is greater than the CRPL Reference Atmosphere-1958 for surface refractivities less than about 360 to 380 N-units. A t the very low elevation angles, the reverse occurs while the e r r o r s are the same for angles of elevation of 10" and above. It is of interest to note that the elevation angle e r r o r s are highly correlated with the surface refractivity. This correlation was also 6 7 The results of an arctic refraction study by found to exist in refraction studies of Bean and Cahoon and Bean



.



indicated that empirical equations can be derived for expressing the propagational e r r o r s in Leestma and Millman" t e r m s of a minimum of meteorological and radar observational data. Since the troposphere, in reality, is not stratified into spherical shells of constant index of refraction, azimuthal bending can occur which is dependent upon the horizontal gradients of the refractivity. Meteorological observations have shown that the horizontal variations of the refractivity are small compared to the vertical variation. From an analysis of refractometer data, the average value of the azimuth angle e r r o r has been estimated to 10 be on the order of 0.1 milliradian on cloudy days and 0.03 milliradian on clear days



.



A study of the effects of the dynamic movements of the troposphere revealed that at a 13" elevation angle and an altitude of 50,000 feet, the angular refraction could change by about 0.1 milliradian". In addition, it was found that the refraction e r r o r , for two locations separated by 40 miles, differed by approximately 10 percent, the discrepancy being attributed t o horizontal inhomogeneities in the refractive index profile". Based on these results,. it appears that the deviations in the refraction angle e r r o r due to meteorological measurements made along different propagation paths could be on the order of 10 percent. Thus, the theoretically calculated angular refraction (and also the range e r r o r discussed in the following section) could be in e r r o r by this magnitude. This deviation is referred to as the residual-bias e r r o r . Experimental measurements of the angular deviation of solar radiation imposed by the troposphere are shown in Figure 7. The 9300-MHz data cf Aarons et all2 are the mean refraction e r r o r s based on observations taken on 17 days. The flattening of the data points above the 15" elevation angle is indicative 0f.a bias measurement e r r o r . The difference in the elevation angle e r r o r s measured by Marner and Ringoen" and Tolbert et all4 could be attributed possibly to the difference in meteorological conditions existing at the time of the observations. It should be noted, however, that the refraction data of Mehuron15 and Tolbert et all4, are in good agreement. The optical refraction curve was computed on the basis of a ground temperature of 10°C (50°F) and a ground pressure of 1010 millibars (29.83 inches of mercury). According to Figure 2, the refractivity at the earth's surface under these conditions would be approximately 280 N-units. Optical refraction should theoretically be less than the refractive bending at radio frequencies. III.



TIME DELAY EFFECTS



Radio waves transmitted through the troposphere encounter a time delay which, in terms of a position measurement, increases the effective propagation path length between a ground terminal and a space vehicle. The time delay phenomenon results from the fact that the velocity of electromagnetic propagation in the troposphere is less than the free space velocity. The increase in the path length brought about by the refractive bending of the ray is an additional source of error. According to Bean", the geometric range e r r o r , which is the difference in length between the ray path and direct path illustrated in Figure l, does not represent a significant portion of the total range e r r o r except at very small elevation angles between 0" and about 3".



4-4



In the computation of the range e r r o r as presented in this paper, both sources of e r r o r , i.e., propagation velocity and refractive bending, a r e taken into account. Referring to Figure 1, it can be shown that, for the stratified layer method, the range e r r o r can be expressed by
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and where Rom, r. and 8 . a r e the parameters defined in the previous section.
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The range e r r o r s computed for both the CRPL Reference Atmosphere-1958 and the exponential model a r e presented in Figures 8 and 9, respectively. It is seen that, for elevation angles greater than 25"' the range e r r o r should be less than approximately 6.5 meters (21 feet) and that, for propagation near the zenith, the e r r o r could be on the order of 1.5 to 3.0 meters (5 to 10 feet).



As shown in Figure 10, the CRPL-1958 model atmosphere produces range e r r o r s which are larger than those obtained with the exponential model. This is contrary to the elevation angle e r r o r calculations depicted in Figure 6. The e r r o r s derived from both models a r e approximately the same at high values of the surface refractivity but diverge as the surface refractivity decreases.



IV.



SCINTILLATION EFFECTS



Although the tropospheric refractivity is generally modeled only as a function of altitude, the existence of spatial variations in the refractive index has been demonstrated by microwave refractometer measurements made in aircraft. In Florida, the fluctuations in the refractive index were found to be on the order of 25 N-units peak to 5 peak at a constant altitude of 600 meters17. Observations conducted in New Zealand and Sweden" showed the variations to be * l O N-units at altitudes less than 300 meters and about 5 N-units at 3000-meter altitude, respectively.



In addition to the spatial variation, there is a temporal variation in the radio refractivity19y20 which is brought about by the instability and dynamic movements of the irregularities in the atmosphere. Experimental refractometer observations have indicated that approximately 90 percent of the refractivity fluctuations occur below 6-km altitude and that the fluctuations were correlated with cloud The correlation with clouds indicated that the water vapor content was, to a large extent, responsible for the temporal randomness of the refractive index. The measurements also revealed that the greatest amount of instability occurred in the vicinity near the earth's surface and that the magnitude of the fluctuations decreased somewhat exponentially with increasing altitude to approximately 6 km. Above this level, the troposphere appeared to be spherically stratified2'.' 2 2 . From the measurements of temperature, water vapor, and radio refractivity at an altitude of 11meters in Colorado, Bean and Emmanue12' have found that the temperature fluctuations contributed little to radio refractivity fluctuations which were primarily caused by variations in the water vapor density. The non-stationary, turbulent movements of the irregularities in the refractive index in the troposphere impart a random fluctuation in the amplitude, phase, travel time, and angle-of-arrival of electromagnetic radiation transmitted through the medium.



5,the mean square fluctuation of the logarith-



Tatarskia4 predicts that, for the condition in which (A ZO)lI2>>



mic amplitude for a plane wave in a turbulent medium can be represented by the function



where Zo is the path length through the scintillation region, P o is the scale size of the smallest irregularity, A. is the mean signal amplitude, k ( = 2 TA)is the wave number of the radiation and Co: is the'value at the earth's surface 2 of C which is a parameter related to the structure constant of the refractive index. n 2 The constant K is equal to 0.53 for the case in which Cn decreases exponentially with the altitude Z in the form



and K is equal to 3.4 for the model
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2 Assuming that Cno = 5 X



cm-2/3 and Zo = 2 Ian, which a r e the values suggested by Lane25 as deduced



from experimental data, the root-mean-square amplitude fluctuation, as shown in Figure 11, is estimated to be contained within the limits of 0.16 0.40 dB and 2.31 - 5.85 dB at a frequency of 10 GHz and 1000 GHz, respectively.



-



An analysis by Allen et a1 26 of 1200- and 2980-MHz radiation emitted from the radio star Cygnus A revealed amplitude fluctuations with peaks several times the mean values of the source and with fading rates of 3 to 0.5 per minute. The correlation between the amplitude peaks and nulls at the two frequencies varied between 0.4 to 0.7 which indicate a very slight frequency dependence for the scintillation mechanism. The mean rate of fluctuation increased with elevation angle and generally disappeared above an angle of 5". It is of interest to note that the magnitude of the amplitude scintillations did not correlate with the weather conditions. Peak;to-peak amplitude fluctuations of 15.3-GHz transmissions along a 20-lan clear air path were found by Straiton et a127 to be less than 1.5 dB with periods of less than 1 minute except during the passage of a cold front when rapid fluctuations up to 5 dB occurred. Straiton et a127 noted that long term fades up to 6 dB were evident during pre-sunrise periods when a strong ground moisture layer was present. The phase variations that can take place across the wavefront for a wave traversing the troposphere, according to TatarskLa4, can be expressed by the function



where D ( p ) is the mean-square phase variation over a distance p across the wavefront and k = 2 d.The constant 0 2 K is equal to 2.91 and 4.57 for the Cn models defined by Equations (20) and (21), respectively.



In the study of the effects of inhomogeneities in the troposphere, Muchmore and Wheelon", using a ray theory approach, developed an expression for the root-mean-square phase shift, U , in a single ray which is of the form



0



where u0 is in radians, L is the path length through the turbulent medium, P is the scale length of the turbulent eddy, 2 AN is the mean-square fluctuation in the refractivity N and h is the transmitted wavelength. This relationship which was derived on the assumption of an exponential space correlation for the scale of turbulence, is applicable for a point antenna. The r m s phase shift for a finite antenna aperture is given by
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1/2 where r is the radius of the antenna.
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In estimating the magnitude of uO, it is assumed that the values of AN and P are such that 5 meters SPAN S



500 meters. The path length L, depicted in Figure 12, can be expressed in terms of the function h + (r sin E)2] 0.



1/2



- ro sin E



where ro is the radius of the earth, h is the height above the earth's surface within which the turbulent medium is contained and E is the propagation-elevation angle. In this calculation, the turbulent medium is assumed to be located in the height interval of 5 lan.



A s shown in Figure 13, the r m s phase jitter at near vertical incidence at 10,000 MHz could vary between approximately 2.5" and 25" and decreases linearly with frequency. These estimates are in agreement with the radio phase measurernenta taken simultaneously over the same 6-km path by Herbstreit and Thompson" by Deam and Fannin"



on 1040 MHz and



on 9350 MHz which yielded r m s phase variations of 1.09" and 12.6O, respectively.



The r m s range fluctuation, uR, can be derived directly from Equation (23). Since ad = (21r uR/x), it follows that 1/2
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The maximum r m s range fluctuation, a s presented in Figure 14, could be on the order of 1.5 cm which corresponds to a time jitter of 50 picoseconds.



(26)



4-6 From an experimental study of the time and space statistics of the phase-front distortion of 9.4-GHz signals transmitted from a ground to an elevated terminal on the Island of Maui, Hawaii, Janes and Thompson2' have reported the standard deviations of the range fluctuations to be between 0.08 cm and 4.26 cm for time averaging greater than about 0.07 second. Similar measurements conducted by Janes and Thompson3' in Boulder, Colorado, over a path length of approximately 15 km, revealed a range variation of about 40 cm in a 24-hour period. The r m s optical path length fluctuation of 1-second averages relative to 30-second moving average is reported to be 3 X 16' of the total 10.6 km path distance (0.035 mm)31.



A precision of 3 X



the 10.6 km path using 10-second averages has also been demonstrated
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for optical mediation over
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According\to Muchmore and WheelonS8, the r m s deviation in the angle-of-arrival introduced by the irregular-



ities in the troposphere can be approximated by the function
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where ua is in radians. It should be noted that this relationship was derived on the assumption of a Gaussian correlation function for the scale of turbulence. In the calculation of aa, it is assumed that 2 X 10-4/meter 2 s 2 X 10- /meter.
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Figure 15 reveals that the r m s angular deviation for propagation along the horizon is approximately an order of magnitude greater than that at the zenith. At 10" elevation angle, the angular fluctuation could be about 0.0045 0.045 milliradian, the spread in the estimation of the random variation being due to the uncertainty in the statistical characteristics of the medium.



It is of interest to note that the deviations in both phase and range a r e directly proporational to the size of the turbulent eddies while the angular jitter decreases with an increase in eddy size.



V.



DOPPLER EFFECTS



According to the generallconcept of the doppler phenomenon, when an electromagnetic wave emitted from a moving space vehicle is detected on the earth, the observed frequency is found to differ from the original transmitted frequency. Because of the refractive characteristics of the troposphere, an e r r o r can be introduced in the determination of the doppler frequency shift o r the radial velocity of the moving object. The e r r o r results from the fact that the direction of the refracted ray at the space vehicle differs slightly from the direct line-of-sight path. 2 It can be shown that the e r r o r encountered in the measurement of the doppler frequency shift of a satellite transmission can be described, to a first approximation, by the function



Afd = -



AE T



where Af is the e r r o r in the difference between the received frequency and the transmitted frequency, V is the d velociiy of the moving object, h is the wavelength of the transmitted signal, and $, as shown in Figure 16, is the angle between the velocity vector and the line-of-sight direction. The parameter AET which is the angle betweenthe line-of-sight and the ray path direction is given by the relationship
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and where n and nT a r e the refractive indices at the ground and space vehicle, respectively, ro is the radius of the G earth, and AE is the refraction angle e r r o r corresponding to the elevation angle, E, and height, h. It is evident from the above expressions that the doppler e r r o r , and thus the radial velocity e r r o r , is a maximum when the velocity vector is oriented perpendicular to the unrefracted line-of-sight path. An additional source of doppler e r r o r which is not considered in this analysis is that introduced by the incorrect assumption of the magnitude of the refractive index at the space vehicle, nT. The e r r o r resulting from the nT inaccuracy m a y b e significant for vehicles located at altitudes less than 30 km where the index of refraction is greater than unity.



In the calculations of the function DET presented in Figures 17 and 18, the values of the refraction e r r o r , LIE, were based on the exponential refractivity model defined by Equations (15) and (E). It is seen that AET decreases monotonically with increasing elevation angle and maximizes at low altitudes and high surface refractivities. The region of maximum DET depicted in Figure 18 varies with the angle of elevation. At zero degree elevation angle, AET is a maximum at approximately 8 km altitude. For elevation angles greater than 2", the maximum LET appears to remain constant in the vicinity of 10 km. According to Equation (28), assuming a space vehicle located at an altitude of 100 km and traveling with a velocity of 10 km/sec and with an angle JI oriented at go", the doppler frequency e r r o r at a frequency of 10,000 MHz could vary between 80 and 102 Hz for propagation directed along an elevation angle of 6". The e r r o r could increase to a value between 490 and 950 Hz at zero degree elevation angle.



VI.



DUCTING



At certain times, meteorological conditions could a r i s e which could cause radio waves to undergo severe bending. Since the amount of refraction o r bending of an electromagnetic ray is dependent upon the vertical negative gradient of the refractive index, the bending will increase as the negative gradient increases. Ducting o r trapping of the wave occurs when the veritical gradient of the refractivity is equal to o r less than -157 N-units/km. The ducting phenomenon which is caused by a temperature inversion, i.e., temperature increasing with altitude, could be a serious detriment to space communication and radar systems required to operate at extremely low angles of elevation. The propagation of electromagnetic waves through a tropospheric duct is analogous to the propagation through a wave guide in that there is a cut-off frequency below which the duct mode is ineffective. The walls of the duct a r e for the most part the earth, in the case of a surface duct, and the top of the temperature inversion layer which generally extends to a few hundred meters in altitude. The necessary conditions under which the trapping of a wave takes place for surface and elevated ducts a r e 5



considered by Bean and Dutton



.



For a surface duct, the angle of penetration, E (in radians), i.e. the elevation angle above which the rays P



penetrate the duct is given by



where h



W



is the duct width (in km), No is the surface refractivity, AN/Ar is the vertical gradient of the refractivity



(N-units/km) and ro is the radius of the earth (6371 km).



In the case of an elevated duct, Equation (32) is modifled to
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where Nb is the refractivity at the base of the duct,



h,, is the height of the base of the duct above the surface of the



earth, and (E ) is the angle of penetration as measured at the base of the duct. Pb The angle (E ) can be described in terms of the ground elevation angle, Eo, by the function, which according Pb to Snell's law for spherically symmetkical surfaces, is
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where n and nb a r e the index of refraction at the ground and at the base of the duct, respectively. 0



According to Kerr32, the maximum wavelength, Am, that can be trapped in a duct is basically dependent upon the duct width, the functional relationship being given by A



m



=cy



1/2
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This expression was derived on the assumption that the refractive index decreased linearly with altitude in the duct. For Am expressed in centimeters and hw in meters, the constant, C, is 2.514X



lo2,



and the coefficient, y, is



where Nw is the refractivity at the top of the duct. When the duct is ground-based, the surface refractivity, No, is used in place of Nb.
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The angle of penetration force surface duct is presented in Figure 19 as a function of meteorological parameters. It is evident that, for a constant refractivity gradient, the maximum elevation angle for a ray to be trapped in a duct increases with the duct width and is independent, to a first approximation, of the ground refractivity in the range between 240 and 400 N-units. For a gradient of 300 N-units/km and duct width of 100 meters, ducting will occur for propagation at elevation angles between 0" and 3". Figure 20 is a plot of the duct characteristics for an elevated duct. It is seen that, assuming constant duct parameters, the surface refractivity has a slight effect on the ground elevation angle at which ducting will occur. F o r a constant refractivity gradient and duct width, the ground elevation angle at which the rays will penetrate the duct increases as the duct altitude decreases. The minimum frequency of a radio wave trapped by a surface duct, a s shown in Figure 21, is independent of the ground refractivity and is inversely proportional to the duct width. The statistical characteristics of the ducting phenomenon can be deduced for various geographical locations from the cumulative distributions of the ducting gradients prepared by Bean, et a133



.



VII.



ATTENUATION



Absorption and scattering a r e the two mechanisms which cause attenuation of electromagnetic waves in the troposphere. In an uncondensed atmosphere, the absorption is basically due to the interaction of the electromagnetic signal with the electric dipole moment of the water vapor molecule and with the magnetic moment of the oxygen molecule. In the case of suspended particles such a s water droplets condensed in fog and rain, the attenuation is the result of both absorption and scattering. The molecular resonance lines due to the electric dipole moment of the water vapor molecule result in absorption bands centered at a frequency of approximately 22.2 GHz (X = 1.35 cm), 183 GHz ( h = 1.64 mm), 325 GHz ( h = 0.92 mm) and at higher frequencies up through the infrared region of the electromagnetic frequency.spectrum. For oxygen, the resonance lines occur in the band of frequencies centered around 60 GHz (A = 0.5 cm) and 119 GHz (A = 0.252 cm). According to Van Vleck's theory34, a s presented by Bean and Abbotts5, the absorption by oxygen due to the resonance line at 0.5 cm wavelength, is given by



where y o is the oxygen absorption coefficient, i. e., decay constant, in dB/km, h is the wavelength at which the * absorption is being calculated in cm, (AV), is the line-breadth constant at s e a level for the nonresonant part of absorption with dimensions in om-',



and (AV), is the line-breadth constant for the resonant part in cm-'. 34



quencies near resonance, the second term is predominant



At fre-



.



The water vapor absorption due to the 1.35-cm line at a temperature of 293% is described by 5



where y



is the water vapor absorption coefficient in dB/km, p is the water vapor density, i.e., absolute humidity, W in grams of water vapor per cubic meter, (AV), is the line-breadth constant of the 1.35-cm water vapor resonance line and (AV), is the effective line-breadth constant of the absorption bands at h < 1.35 cm. The theoretical calculations by Van V l e ~ of k the ~ ~anticipated absorption of electromagnetic waves by oxygen and uncondensed water vapor at s e a level for a temperature of 20°C are shown in Figure 22. The oxygen curve



was derived on the basis of (AV), = (AV), = 0.02 cm-l while, for the water vapor curve, the assumptions were that 3 (AV), = ( A v ) = ~ 0.1 c m - l and p = 7.5 gm/m



.



It is seen that, at the resonant frequency of 60 GHz and 119 GHz, the decay constant of oxygen, as predicted by 34 Van Vleck , is 14 dB/km and 3.2 dB/km, respectively. A t the resonant frequency of 22.2 GHz, the decay constant 3 of water vapor is on the order of 0.02 (dB/km)/(gm H20/m ).



It should be noted that Bean and Dutton5, in computing the oxygen and water vapor absorption, used the linebreadth constant values of (AV) = 0.018 cm-', (AV), = 0.049 cm-', and (AV), = (AV), = 0.087 cm-l. In addition, the 1 constant in the third term of Equation (38), was increased by a factor of 4 over Van Vleck's value of 0.012 in order to correlate with experimental measurements. A partial list of experimental measurements of the decay constant of oxygen (References 12, 36, 37 and 38) and water vapor (References 37, 38, 39, 40, 41, 42 and 43) are presented in Tables 1 and 2, respectively. Experimental measurements of the absorption of radio waves by atmospheric gases conducted prior to 1960 by the University of Texas, the Bell Telephone Laboratories, and the Naval Research Laboratory have been compared with theoretical



4-9 predictions by Tolbert et and-by Straiton and T 0 1 b e r t ~ ~They . found that there was reasonably good agreement between the experimental and theoretical absorption for oxygen, However, in the case of water vapor, the experimental absorption was greater than that predicted.



It should be noted that the decay constants of oxygen and water vapor decrease with altitude; for example, at an altitude of 7.6 km, the oxygen absorption at 3 GHz has decreased to approximately 22 percent of its value at the ground46. F o r a frequency of 10 GHz, both the oxygen and water vapor value at the 7.6-km level is about 17 percent 46 of that at the ground



.



Absorption measurements made at an altitude between 12,000 feet (3.66 km) and 14,000 feet (4.27 km) by



a value of 0.22 dB/km for the oxygen decay constant at 69.77 GHz ( A = 0.43 cm) and Straiton and T 0 1 b e r t ~indicate ~ 3 a value of 0.003, 0.01, and 0.12 (dB/km)/(gm H20/m ) for the water vapor decay constant at 34.88 GHz (A = 0.86 cm), 69.77 GHz, and 139.53 GHz (A = 0.215 cm), respectively. Experimental measurements of the total tropospheric attenuation at the zenith (References 14, 36, 47, 48, 49, 50 and 51) a r e presented in Table 3. Wulfsberg'sC7 zenith measurements of 0.09 dB and 0.28 dB attenuation, at 15 MHz and 35 GHz, respectively, were exceeded 50 percent of the time, while, at 5" elevation angle, the corresponding attenuations were 0.92 dB and 3.2 dB. W ~ l f s b e r also g ~ ~noted that, at 45" elevation angle, fair weather-cumulus clouds produced an additional attenuation of 0.1 to 0.5 dB at 35 GHz, while, at 15 GHz, the maximum observed was on the order of 0.15 dB. 52 A statistical analysis of the losses in clouds obtained from emission measurements at 33.5 GHz by Foster revealed that the zenith cloud attenuation exceeded 0.1 dB, 0.05 dB, and 0.01 dB approximately 10 percent, 50 percent and 90 percent of the time, respectively. Measured zenith attenuations at 15 and 35 GHz by Falcone et a153 were found to be correlated with the absolute humidity at the ground level. The empirical relationships, derived by applying a least squares fit to the experimental data, were of the form a
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where a15 and a35 a r e the zenith attenuations at 15 MHz and 35 MHz, respectively, in dB and p is the absolute 3 humidity in gm/m



.



An experimental study of the effects of rain on polarized transmissions at 30.9 GHz along a 1.89-km path by Sernplak5' showed that there was a significant difference in the attenuation of horizontal and vertical polarization for the same rain-filled space. For a rain induced fade of 18.5 dB/km, the horizontal polarization attenuation was a s much as 3 dB/km greater than the vertical attenuation. The theoretical estimates of the total tropospheric attenuation, for a one-way transmission path, is shown in Figure 23. The data were computed by Blake55 using the Van Vleck theory for oxygen and water vapor absorption and assuming the following: (1) the CRPL Exponential Reference Atmosphere with a surface refractivity of 313 Nunits, (2) pressure-temperature profile based on the International Civil Aviation Organization Standard Atmosphere, 3 and (3) surface water vapor density of 7.5 gm/m It is evident from Figure 23 that the attenuation for frequencies below 10 GHz is quite small for transmissions made at elevFtion angles greater than about 5'.



.



The attenuation of electromagnetic waves by rain, fog, clouds, hail, and snow are the result of both absorption and scattering. R ~ d has e ~shown ~ that the attenuation of condensed water droplets is a function of the size of the particles, the transmission frequency and the temperature. F o r fog and clouds, where the particle radii are smaller than 0.01 cm, the attenuation basically r&ults from absorption at all frequencies up to at least 60 M H z ~ ~In. the case of rain, where the particle radii may vary from 0.05 to 0.7 cm, the absorption mechanism is still predominant up to frequencies in the microwave range. 57 Gunn and East proposed an empirical expression for rainfall attenuation having the form y =kRff



where y is the decay constant (dB/km), R is the rainfall rate (mm/hour) and k and quency dependent, as shown in Figures 24 and 25, respectively.



(41) CY



are parameters which are fre-



The theoretical computations of Gunn and East57 apply to a temperature of 18°C while the Blevis et a158 data were deduced from experimental measurements made at Ottawa, Canada, at temperatures ranging from 4' to 17°C. The temperatures at which Semplak and Turrin5' conducted the rain observations in New Jersey were not available. The 8.39-GHz and 14.91-GHz results of Blevis et a146 a r e valid for R 2 6 m m / h r and R 2 1 mm/hr, respectively. Figure 26 is a plot of the rainfall attenuation coefficient for various precipitation rates a s postulated by Ryde 32 ) and by Medhurst" who modified the Ryde computations. The correction factors necessary for adjusting



(see Kerr



410



the rain attenuation to different temperatures than those presented in Figure 26 have been derived by Ryde (see 32 Kerr ). For frequencies greater than approximately 24 GHz, the change in attenuation is less than 20 percent for temperatures in the 0" to 40°C range.



It should be noted that the precipitation rate of 0.25 mm/hr is classified as a drizzle, 1m m / h r a s a light rain, 4 m m / h r as a moderate rain, 16 m m / h r a s a heavy rain, and 30 m m / h r as an extremely heavy rain. Precipitation measurements6' conducted in New Jersey revealed that severe rain storms are relatively rare events and, when they do occur, come in irregular bursts. The statistical characteristics of the rainfall were such.that intensities greater than 50 mm/hr, 100 mm/hr, 150 mm/hr, and 200 mm/hr may be present 230 min/yr, 70 min/yr, 22 min/yr, and 5 min/yr, respectively. An analysis by Hogg62 of rainfall data obtained in England showed that 25 m m h r , 50 mm/hr, and 80 m m / h r precipitation rates may be exceeded approximately 39 min/yr, 7 min/yr, and 3 min/yr, respectively. According to R ~ d e the ~ ~rain , intensity in the tropics may occasionally reach a s high a s several hundred m m / h r and values of 70 m m / h r may occur for as long a s 60 minutes. The rain decay constant, a s measured by Chu and Hog63, for a 2.6-km path at wavelengths of 0.63 microns 5 4 4 (4.76X 10 GHz), 3.5 microns (8.57XlO GHz), and 10.6 microns (2.83X 10 GHz) were approximately 5.5 dB/km, 8.0 dB/km, and 10.2 dB/km, respectively, for an average path rain rate of 10 m m h o u r . For precipitation rates of 50 mm/hr, the decay constants increased to about 10.7 dB/km, 13 dB/km, and 15.5 dB/km. It is of bterest tonote that even under extremely heavy rain showers of the order of 100 m m h o u r , the decay constant of the 0.63-micron 63 radiation never exceeded 20 dB/km which is less than millimeter attenuation at the same rainfall rate



.



Fog is caused by water droplets suspended in the air in sufficient concentrations to reduce the visibility at the in Figure 27 for various ground below 1000 meters64. The decay constant of fog, a s calculated by R ~ d e is ~ plotted ~ , grades of visibility. It is seen that the attenuation at 20°C is about a factor of one-half smaller than at 0°C. At 15" and 25"C, the value at 0°C should be multiplied by 0.6 and 0.4, respectively. Measurements of the effects of fog at micron wavelengths by Chu and Hog63 indicate that, for light fogs with decay constants less than 25 dB/km, the attenuation of 3.5-micron radiation for 50 percent of the time is 0.62 less than that at 0.63 microns, while 10 percent of the time it is less than about 0.32. In addition, it was found that, for light fogs, the attenuation at 10.6 microns was up to one order of magnitude less than at 0.63 micron.



Figure 28 is a plot of the decay constant of water and ice clouds a s calculated by Bean46 utilizing the data of Gunn and East57. It is seen that the attenuation is directly proportional to frequency and is also temperature dependent. The losses encountered by transmission through an ice cloud are about two orders of magnitude smaller than 46 the losses through an equivalent cloud of water particles



.



Under severe hail storm cmditions such a s particle diameter of 2 cm and melting rates of 100 mm/hour, . ice spheres of 0.25 cm 1.7 dB/km attenuation could exist a t X-band frequencies and 0.036 dB/km at 3 G H z ~ ~For diameter, the attenuation decreases by about a factor of 46 and 16, respectively. 65



Signal loss in snow is the result of both scattering and absorption. Based on the analysis of Atlas et a1 snow exhibits very small attenuation at X-band and lower frequencies even for excessive rates of snowfall of 125 m m h .



,



VIII. NOISE Oxygen, water vapor and rain emit electromagnetic energy in the radio frequency spectrum in addition to being highly absorbing atmospheric constituents. When this. radiation is intercepted by an antenna, it affects the receiver system sensitivity in the same manner as thermal receiver noise. Because of the dependency of water vapor content on attenuation, sky temperatures during periods of cold, dry weather a r e less than that obtained during humid periods. The effect of water vapor on the brightness temperature, i.e., thermal noise o r sky temperature, is clearly 66 evident in the theoretical calculations of Dutton et a1 presented in Figure 29. The data show that the brightness temperature in the arctic tends to approach that of the tropics as the freFency nears the 60-GHz oxygen resonant line. Table 4 contains a partial list of experimental observations of the sky temperature conducted at the zenith (References 38, 48, 67 and 68). The temperature measurements of WulfsbergG8 presented in Table 4 correspond to the median value. The upper decile at a frequency of 15 GHz and 35 GHz was on the order of 12% and 37%, respectively. The median value a t an elevation angle of 5" was approximately 58% and 140% at 15 GHz and 35 GHz, respectively, while, for the upper decile, the temperature increased to 108% and 215%. Wulfsberg68 found that, in the presence of fair-weather cumulus clouds, the zenith noise temperature increased between 5' and 25% at 35 GHz and only a few degrees at 15 GHz. Cumulus clouds which consist of ice crystals produced a slight increase in the sky temperature. Richer's and B a u e r l e I ~temperature ~~ readings along the horizon taken during the same time as the data in Table 4 we= 277%, 283%, and 295% at 35 GHz, 68.5 GHz, and 138 GHz, respectively. A moderate rain increased the zenith temperature at 69.5 GHz by approximately 45%.
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Sky noise generated by rain is a function of the rate of rainfall and the propagation path length through the rain. Hogg and Semplak" observed an increase in the sky temperature of approximately 110°K at 6 GHz for a rainfall rate of 47 mm/hour while, at 4 GHz, the temperature increase was only 1 5 X for a 46 mm/hour rate. Estimates of sky temperature due to rain have been made by Hogg and Semplak" 30 GHz.



for the frequency range between 3 GHz and



Because snow is a poor absorber of electromagnetic energy at centimeter wavelengths, i t produces relatively



little



sb noise.
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TABLE 1 EXPERIMENTAL MEASUREMENTS OF THE DECAY CONSTANT OF OXYGEN FREQUENCY (GHz)



WAVELENGTH (cm)



DECAY CONSTANT (dB/km)



INVESTIGATOR



9.17



3.27



0.00644



~astelli"



9.38



3.20



0.00585



Aarons et a112



34.48



0.87



69.77



0.43



0.5



Tolbert and StraitonJ7



93.75



0.32



0.06



Hoffman



*O. 033



12 Aarons et a1



38



TABLE 2 EXPERIMENTAL MEASUREMENTS OF THE DECAY CONSTANT O F WATER VAPOR FREQUENCY



(GW



WAVE LENGTH (cm)



DECAY CONSTANT (dB/km)/(gm H20/m3)



INVESTIGATOR



20



1.50



0.014



Dicke et a139



22.39



1.34



0.025



Becker and Aulter40



24



1.25



0.026



39 Dicke et a1



30



1.00



0.011



Dicke et a13'



34.88



0.86



0.010



Tolbert and Straiton'



69.77



0.43



0.024



Tolbert and Straiton37



93.75



0.32



0.05



Hoffman



171



0.175



0.375



Whaley and Fannin41



172



0.174



1.75



42 Coats et a1



182.9



0.164



*4.17



182.9



0.164



**3.90



183.6



0.163



4.15



Coats et a142



194



0.155



0.88



42 Coats et a1



304



0.099



3.35



316



0.095



5.55



*Clear Sky **Overcast



38



Whaley and Fannin41 41



Whaley and Fannin



43 Chang and Lester 43 Chang and Lester



TABLE 3 EXPERIMENTAL MEASUREMENTS OF THE TOTAL ZENITH ATTENUATION WAVELENGTH (cm)



ATTENUATION (dB)



INVESTIGATOR



3.27



0.065



36 Castelli



15



2.00



0.09



Wulfsberg4



35



0.857



0.28



47 Wulfsberg



35



0.857



0.45



Richer and Bauerle



68.5



0.438



2.86



69.77



0.43



48 Richer and Bauerle 49 Coates



69.77



0.43



**2.5*0.2



69.77



0.43



2.8



Tolbert et all4



116.8



0.257



5.5



Tolbert et a150



120.2



0.249



7.5



Tolbert et a150



138



0.217



3.65



Richer and Bauerle



185



0.162



240



0.125



320



0.094



9.17



*Clear Skies **Fair Weather



- Cumulus



*l.81.0.2



48



49



Coates



30



48



Ulaby and Straiton5' Ulaby and Straiton5'



5.5 35



Ulaby and Straiton"



Skies



TABLE 4



WAVELENGTH (cm)



TEMPERATURE



INVESTIGATOR



(90



6



5.0



3



Hogg and Sernplak'



15



2.0



.5.5



Wulfsberg68



35



0.857



18



Wulfsberg68



35



0.857



30



Richer and Bauerle



68.5



0.438



142



Richer and Bauerle



93.75



0.32



74



138



0.217



48 48



Hoffman38 Richer and Bauerle



168



-



48
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Atmospheric Layer Stratification
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Surface Refractivity a s a Function of Meteorological Parameters
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Refractivity Profiles -



APPARENT ELEVATION ANGLE( DEGREES) Figure
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Elevation Angle E r r o r Based on the CRPL Reference Atmosphere 1958
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NO 5 SURFACE REFRACTIVITY (N-UNITS)



APPARENT ELEVATION ANGLE (DEGREES)



Figure



5.



Elevation Angle Error Based on the Exponential Model



SURFACE REFRACTIVITY ( N- UNITS) Figure
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Elevation Angle Error as a Function of Surface Refractivity
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OPTICAL REFRACTION TEMPERATURE = l 0 " C ( 50"F) PRESSURE = IOIOMILLIBARS MARNER AND RINGOEN DATA AT 34,500 MHz (LIMITS ARE THE RMS VARIATION 1
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TOLBERT, BRITT AND BAHN DATA AT 69,800 M Hz
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Tropospheric Refraction Measurements Utilizing Solar Radiation
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Range Error Based on the CRPL Reference Atmosphere
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Figure 10.
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Range E r r o r Based on the Exponential Model



Range E r r o r as a Function of Surface Refractivity



90



4-2 1



-



FREQUENCY (GHz) Figure 11.



Root-Mean-Square Amplitude Fluctuation at Vertical Incidence, One-way Transmission Path
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Geometry for Propagation Through a Turbulent Region
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RMS ,PHASE FLUCTUATION ( DEGREESI Figure 13.



Root-Mean-Square Phase Fluctuation, One-way Transmission Path
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Figure 14.



Root-Mean-Square Range Fluctuation, One-way Transmission Path
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ASSUMPTION TURBULENT MEDIUM IS CONTAINED IN A HEIGHT INTERVAL OF 5 KM
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Root-Mean-Square Angle-of-Arrival Fluctuation, One-way Transmission Path
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Angle AE as a Function of Surface Refractivity T
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Figure 19.



Angle of Penetration for a Surface Duct as a Function of Meteorological Parameters
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Maximum Ground Elevation Angle for Trapping in an Elevated Duct as a Function of Meteorological Parameters
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The Minimum Frequency Trapped by a Surface Duct as a Function of Meteorological Parameters
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Figure 22.



Decay Constant of Oxygen and Uncondensed Water Vapor at Sea Level for a Temperature of 20°C (after Van Vleck)
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FREQUENCY ( M H z ) Figure 23.



Total Attenuation Through the Troposphere, One-way Transmission Path (after Blake)
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Frequency Dependency of Parameter, k, for Rainfall Attenuation
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Decay Constant a s a Function of Frequency for Rainfalls of Various Intensities
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DECAY CONSTANT ( d b l K M 1



Decay Constant of Fog (after Ryde)



Figure 27.
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Decay Constant of Water and Ice Clouds (from Bean, after Gunn and East)
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Climatic Effects on Brightness Temperature (after Dutton, Bean and Westwater)
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SATELLITE VIEWED CLOUD COVER AS A DESCRIPTOR OF RADIO-RADAR PROPAGATION CONDITIONS



R. H . Blackmer, J r . S. M. Serebreny Aerophysics L a b o r a t o r y S t a n f o r d Research I n s t i t u t e Menlo Park, C a l i f . 94025 SUMMARY



Comparison i s made between t h e appearance of s a t e l l i t e viewed cloud c o v e r and r a d i o - r a d a r propag a t i o n c o n d i t i o n s t o d e t e r m i n e whether cloud c o v e r can d e s c r i b e a t m o s p h e r i c c o n d i t i o n s i n f l u e n c i n g r a d i o r a d a r p r o p a g a t i o n . Radar performance r e c o r d s from t h e e a s t e r n P a c i f i c ocean and t r o p o s p h e r i c s c a t t e r s i g n a l s from t h e s o u t h w e s t e r n P a c i f i c Ocean were compared w i t h s a t e l l i t e photographs of cloud c o v e r .over t h e r e s p e c t i v e a r e a s . I t i s shown t h a t t h e n a t u r e of t h e cloud c o v e r h e l p s t o i n d i c a t e whether p r o p a g a t i o n w i l l be normal o r abnormal b u t more r e s e a r c h i s needed t o o b t a i n q u a n t i t a t i v e p r o p a g a t i o n d a t a over s m a l l scale areas. 1.



INTRODUCTION



T h i s paper i s a r e p o r t on t h e i n i t i a l s t a g e s of a two-year s t u d y of t h e comparison between t h e appearance of s a t e l l i t e viewed cloud c o v e r and r a d i o - r a d a r p r o p a g a t i o n c o n d i t i o n s . The o b j e c t of t h e res e a r c h i s t o d e t e r m i n e whether cloud c o v e r can d e s c r i b e o r p r e d i c t atmospheric c o n d i t i o n s i n f l u e n c i n g r a d i o r a d a r p r o p a g a t i o n . The p r o j e c t i s s u p p o r t e d by Army Research Office-Durham under Contract No. DAHOC4-690065. S t u d i e s have e s t a b l i s h e d r e l a t i o n s h i p s between cloud c o v e r and t e m p e r a t u r e p r o f i l e s , p r e c i p i t a t i o n , p r e s s u r e p a t t e r n s , winds and o t h e r p a r a m e t e r s . The r e a s o n t h i s work was u n d e r t a k e n i s t h a t s i n c e p r o p a g a t i o n of e l e c t r o m a g n e t i c energy t h r o u g h t h e atmosphere depends on t h e d i s t r i b u t i o n of p r e s s u r e , t e m p e r a t u r e , and m o i s t u r e , w e f e l t t h e r e was a p o s s i b i l i t y t o e s t i m a t e r e f r a c t i v i t y from t h e cloud c o v e r . W e have a v a i l a b l e t h e e x c e l l e n t cloud d a t a provided by m e t e o r o l o g i c a l s a t e l l i t e s . For comparisons of cloud d a t a and propag a t i o n c o n d i t i o n s i t i s n e c e s s a r y t o have d a t a on r a d i o - r a d a r p r o p a g a t i o n c o n d i t i o n s . The p r o p a g a t i o n c o n d i t i o n s b e i n g s t u d i e d a r e , f i r s t , anomalous d e t e c t i o n of t a r g e t s by s h i p b o r n e r a d a r i n t h e e a s t e r n P a c i f i c Ocean and, second, f l u c t u a t i o n s i n d a i l y r e c e i v e d s i g n a l l e v e l s on a t r o p o s p h e r i c s c a t t e r l i n k i n t h e w e s t e r n P a c i f i c Ocean. 2.



BACKGROUND



P r o p a g a t i o n of e l e c t r o m a g n e t i c energy through t h e atmosphere depends upon t h e r e f r a c t i v e c o n d i t i o n s a l o n g t h e p a t h . The r e f r a c t i v e c o n d i t i o n s a r e determined by t h e magnitude and v a r i a t i o n ( p a r t i c u l a r l y i n t h e v e r t i c a l ) of p r e s s u r e , t e m p e r a t u r e , and humidity. The r e l a t i o n s h i p between r a d i o r e f r a c t i v e index, N, and a t m o s p h e r i c p a r a m e t e r s i s g i v e n by Smith and Weintraub (1) a s : P N = 77.6 - + 3.73 lo5 52 T T where P = Pressure i n millibars T = Temperature i n d e g r e e s K e l v i n e = Vapor p r e s s u r e i n m i l l i b a r s



I t i s p o s s i b l e t o m o n i t o r t h e s u r f a c e v a l u e s of p r e s s u r e , t e m p e r a t u r e , and vapor p r e s s u r e a l o n g a g i v e n p a t h a t f r e q u e n t i n t e r v a l s u s i n g s u r f a c e weather o b s e r v a t i o n s and t h u s compute t h e s u r f a c e r e f r a c t i v e However o b s e r v a t i o n s a t h i g h e r a l t i t u d e s a r e r e q u i r e d s i n c e t h e p r o p a g a t i o n p a t h may e x t e n d index, NS. above t h e s u r f a c e , and s i n c e s u r f a c e v a l u e s of t e m p e r a t u r e and vapor p r e s s u r e f r e q u e n t l y p r o v i d e l i t t l e i n d i c a t i o n of t h e c o n d i t i o n s a l o f t , p a r t i c u l a r l y of t h e a l l - i m p o r t a n t v e r t i c a l v a r i a t i o n s . For many y e a r s p r o f i l e s of t e m p e r a t u r e and m o i s t u r e from r a d i o s o n d e a s c e n t s ( t a k e n u s u a l l y twice a day) have been used t o d e t e r m i n e v e r t i c a l p r o f i l e s of r e f r a c t i v e i n d e x . There a r e w e l l r e c o g n i z e d l i m i t a t i o n s i n t h e r e s o l u t i o n of s m a l l s c a l e a t m o s p h e r i c s t r u c t u r e by r a d i o s o n d e s due t o sampling r a t e s and i n s t r u m e n t t i m e r e s p o n s e s . The r a d i o s o n d e and s u r f a c e o b s e r v a t i o n s however a r e u s e f u l i n d e f i n i n g l o n g term a v e r a g e r e f r a c t i v e i n d e x a s a f u n c t i o n of t i m e and a l t i t u d e i n v a r i o u s c l i m a t i c a r e a s . Bean e t a l . (2) p r e p a r e d a world a t l a s of r a d i o r e f r a c t i v e c o n d i t i o n s and Bean and Dutton (3) p r e s e n t examples of t h e a v e r a g e s e a s o n a l and d i u r n a l v a r i a t i o n s of r e f r a c t i v e c o n d i t i o n s f o r a number of s t a t i o n s . Data s u c h a s t h e s e a r e v a l u a b l e f o r d e s i g n purposes and f o r e s t i m a t i n g t h e performance of r a d i o o r r a d a r equipment on a s t a t i s t i c a l b a s i s , p a r t i c u l a r l y on t h e l o n g term. I n a d d i t i o n , a s i s shown i n R e f e r e n c e s 2 and 3, r e g u l a r s e a s o n a l and d i u r n a l v a r i a t i o n s a r e o f t e n a p p a r e n t . These may t a k e a s i n u s o i d a l form, and a t Oakland, C a l i f o r n i a f o r example, may be approximated by NS = 329 - 8 Cos n(M-2) + (4 - 2Cos % ) s i n 5 (t + 4) 6 6 12 where M i s month from 1 ( J a n ) t o 1 2 (Dec) and t i s t i m e of day from 1 t o 24.
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From e q u a t i o n s s u c h a s t h i s t h e p r o b a b l e s u r f a c e v a l u e of r e f r a c t i v e i n d e x f o r a g i v e n l o c a t i o n By u s i n g a s u r f a c e v a l u e determined i n such a manner and, i n t h e absence of upper a i s d a t a , assuming an a v e r a g e d e c r e a s e i n r e f r a c t i v e i n d e x w i t h a l t i t u d e , v e r t i c a l g r a d i e n t s may be p o s t u l a t e d t h a t a r e u s e f u l f o r o v e r a l l e s t i m a t e s of p r o b a b l e p r o p a g a t i o n conditions.



a t a g i v e n time can be e s t i m a t e d .



I n s p e c i f i c i n s t a n c e s , however, i t must be r e a l i z e d t h a t t h e atmosphere u s u a l l y d e p a r t s c o n s i d e r a b l y from mean v a l u e s a t any g i v e n p l a c e and t i m e and t h a t t h e s e d e p a r t u r e s c a n n o t be d e s c r i b e d a d e q u a t e l y i n t h r e e dimensions by t h e e x i s t i n g weather networks t h a t measure p r e s s u r e , t e m p e r a t u r e , and m o i s t u r e . I t is n e c e s s a r y , t h e r e f o r e , t o d e t e r m i n e whether i n f o r m a t i o n from o t h e r s o u r c e s i s u s a b l e . The f a c t t h a t c l o u d s are dependent upon, and may i n d i c a t e , t e m p e r a t u r e and m o i s t u r e d i s t r i b u t i o n s s u g g e s t s t h e p o s s i b i l i t y t h a t r a d i o p r o p a g a t i o n c o n d i t i o n s ( t h a t a l s o depend on t e m p e r a t u r e and m o i s t u r e ) c a n be i n f e r r e d from t h e s a t e l l i t e viewed cloud d a t a . The advantage of b e i n g a b l e t o u s e cloud photographs from s a t e l l i t e s i s t h a t t h e y c o v e r l a r g e a r e a s and, i n t h e c a s e of t h e synchronous s a t e l l i t e s , p r o v i d e d a t a a t about h a l f hour i n t e r v a l s . Cloud c o v e r a s photographed from s a t e l l i t e a l t i t u d e s f i r s t became a v a i l a b l e w i t h t h e s u c c e s s f u l l a u n c h of TIROS I on 1 A p r i l 1960. While TIROS I and s e v e r a l of t h e l a t e r TIROS s a t e l l i t e s provided o n l y i n t e r m i t t e n t coverage, subsequent s a t e l l i t e s (beginning w i t h TIROS I X i n 1965) p r o v i d e f u l l g l o b a l c o v e r a g e . S t u d i e s of t h e s a t e l l i t e viewed cloud c o v e r have shown t h a t much s i g n i f i c a n t i n f o r m a t i o n about t h e atmos p h e r e c a n be deduced. Lee and T a g g a r t (4) p r e s e n t a summary of t h e c h a r a c t e r i s t i c s t h a t s e r v e t o i d e n t i f y v a r i o u s c l o u d t y p e s i n t h e s a t e l l i t e photographs. The t y p e s of c l o u d s p r o v i d e i n d i c a t i o n s of r a d i o - r a d a r p r o p a g a t i o n c o n d i t i o n s i n two ways. F i r s t , t h e form of i n d i v i d u a l c l o u d s p r o v i d e s i n f o r m a t i o n on l o c a l c o n d i t i o n s by d i s t i n g u i s h i n g between s t a b l e and c o n v e c t i v e l a p s e r a t e s of t e m p e r a t u r e . Second, cloud d a t a c a n p r o v i d e i n f o r m a t i o n on a l a r g e r s c a l e by r e v e a l i n g t h e more g e n e r a l m e t e o r o l o g i c a l c o n d i t i o n s from which r a d i o r a d a r p r o p a g a t i o n c o n d i t i o n s may be i n f e r r e d . For example, t h e p o s i t i o n and movement of h i g h and low p r e s s u r e a r e a s c a n be monitored from a series of s a t e l l i t e photographs. F r o n t a l banrfs, j e t s t r e a m % a r e a s of thunderstorm, e t c a r e r e a d i l y i d e n t i f i a b l e and t e l l much about t e m p e r a t u r e , p r e s s u r e , m o i s t u r e , and winds over a g i v e n a r e a . Cloud d a t a , and t h u s i n f e r e n c e s about a i r masses and t h e i r s t a b i l i t y , a r e a v a i l a b l e d a i l y on a g l o b a l b a s e s and even a t h a l f - h o u r l y i n t e r v a l s f o r a r e a s viewed by synchronous s a t e l l i t e s .



.,



Our comparison of s a t e l l i t e viewed cloud c o v e r and r a d i o - r a d a r p r o p a g a t i o n c o n d i t i o n s r e q u i r e s p r o p a g a t i o n d a t a t h a t a r e commensurate w i t h t h e q u a l i t y o f t h e cloud d a t a . Data on r a d i o - r a d a r performance may be recorded, i n t h e case of r a d a r , by photographing t h e PPI a s h a s been done f o r many y e a r s a t many weather r a d a r i n s t a l l a t i o n s . S i n c e many s t u d i e s of weather r a d a r d a t a have been concerned w i t h t h e d i s t r i b u t i o n of p r e c i p i t a t i o n o v e r extended a r e a s t h e r a d a r s have been o p e r a t e d a t maximum r a n g e . When a l o n g r a n g e i s d i s p l a y e d t h e p r e s e n c e of d u c t i n g or t r a p p i n g may be recognized by d i s t a n t d e t e c t i o n of s u r f a c e t a r g e t s normally below t h e h o r i z o n b u t t h e Occurrence of s u b r e f r a c t i o n is d i f f i c u l t t o d e t e c t . I n our s t u d y w e have c o n c e n t r a t e d on r a d a r r e c o r d s showing s u p e r r e f r a c t i o n or r a d a r d u c t i n g t h a t were . o b t a i n e d by s h i p s o p e r a t i n g i n t h e e a s t e r n P a c i f i c ocean. Data on t h e performance of e i t h e r l i n e - o f - s i g h t or t r o p o s p h e r i c s c a t t e r systems a r e n o t abundant a t f r e q u e n t i n t e r v a l s o v e r many y e a r s a t many l o c a t i o n s i n a c o n v e n i e n t form f o r comparison w i t h t h e cloud photographs. There a r e , however, d a t a which s u f f i c e f o r e x p l o r a t o r y s t u d i e s . For our i n v e s t i g a t i o n d i s c u s s e d i n t h i s paper,we have s e l e c t e d d a t a on f l u c t u a t i o n s i n d a i l y r e c e i v e d s i g n a l l e v e l s on a t r o p o s p h e r i c s c a t t e r l i n k i n t h e w e s t e r n P a c i f i c Ocean. 3.



COMPARISON OF CLOUD COVER AND PROPAGATION CONDITIONS



3.1.



Radars i n t h e E a s t e r n P a c i f i c Ocean



For many y e a r s t h e United S t a t e s maintained a l i n e of r a d a r p i c k e t s h i p s o f f t h e west c o a s t of t h e United S t a t e s . During 1959 and a g a i n i n 1965 S t a n f o r d Research I n s t i t u t e had c o n t r a c t s w i t h t h e U. S. Navy t o e q u i p t h e s e s h i p s w i t h r a d a r s c o p e cameras and o b t a i n d a t a on maritime p r e c i p i t a t i o n p a t t e r n s . The cameras were o p e r a t e d 24 h o u r s a day ( a s l o n g a s t h e y d i d n o t i n t e r f e r e w i t h t h e s h i p s ' primary m i s s i o n ) . A s a r e s u l t many n o n - p r e c i p i t a t i o n e c h o e s a s w e l l as p r e c i p i t a t i o n echoes were r e c o r d e d . F i g u r e 1 shows t h e l o c a t i o n of t h e Radar P i c k e t S h i p s i n 1965. These a r e t h e c i r c l e s l a b e l e d 1, 3, 5, 7 , and 9 . A l s o shown i s Ocean S t a t i o n "Papa" and two United S t a t e s Weather Bureau and two A i r Defense Command s t a t i o n s . The d i a m e t e r of t h e c i r c l e s i s t h e a r e a of "normal" r a d a r c o v e r a g e a t t h e v a r i o u s i n s t a l l a t i o n s . F i g . 2 shows examples of s e a r e t u r n a t extended r a n g e s w i t h some m u l t i p l e t r i p l a n d e c h o e s i n t h e n o r t h e a s t q u a d r a n t (from Blackmer 5 ) . Note t h a t t h e s e a r e t u r n e x t e n d s o u t t o t h e 150 n a u t i c a l m i l e r a n g e of t h e r a d a r and t h i s i s f a r beyond t h e normal r a d a r h o r i z o n . F i g u r e 3 ( a l s o from Blackmer 5) shows t e r r a i n f e a t u r e s t h a t were d e t e c t e d and t h e manner i n which t h e y were d i s p l a y e d on t h e PPI. These land echoes are d e t e c t e d t o r a n g e s of about 500 n a u t i c a l miles and t h e more d i s t a n t echoes are p r e s e n t e d on t h e PPI a s second or even t h i r d t r i p r e t u r n s . During 1965, when s a t e l l i t e photographs were a v a i l a b l e , s i m i l a r e c h o p a t t e r n s were observed e s p e c i a l l y d u r i n g t h e p e r i o d 9 t o 24 March. During t h e



I
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p e r i o d t h e Commanding O f f i c e r of one of t h e s h i p s r e p o r t e d " s e v e r a l u n u s u a l p r e s e n t a t i o n s were observed on a l l f o u r of t h e s h i p ' s r a d a r s on 9 and 10 March. Land masses on t h e g e n e r a l b e a r i n g of, and of t h e g e n e r a l shape o f , t h e West Coast of North America, t h e Hawaiian Archipelago, and t h e A l e u t i a n I s l a n d Chain were recorded on t h e s u r f a c e s e a r c h (AN/SPS 5D) and on two a i r s e a r c h (AN/SPS 12C and AN/SPS 17A) r a d a r s . S u r f a c e s h i p p i n g , normally de'tected no f a r t h e r t h a n 25 m i l e s from t h e s h i p , w a s a p p a r e n t a t r a n g e s i n e x c e s s of 50 miles. Other s h i p p i n g was e v i d e n t on t h e a i r s e a r c h r a d a r s a t r a n g e s of 200 miles and more. A t s e v e r a l t i m e s d u r i n g t h e p e r i o d of most pronounced d u c t i n g , t h e AN/SPS 5D, AN/SPS 12C, and AN/SPS 17A were more t h a n 50 p e r c e n t s a t u r a t e d . " During t h i s p e r i o d , r a d i o s o n d e a s c e n t s ( a l s o t a k e n by t h e p i c k e t s h i p s ) showed t r a p p i n g g r a d i e n t s i n t h e lower 0 . 5 k i l o m e t e r on a number of soundings. For example, F i g . 4 shows t h e r e f r a c t i v e i n d e x g r a d i e n t s a t P i c k e t S t a t i o n s 1 and 3 a t 2330 GMT 10 March 1965. The low l e v e l g r a d i e n t s a r e 225 and 210 N-units p e r k i l o m e t e r r e s p e c t i v e l y -- b o t h of t r a p p i n g magnitude. The f i g u r e a l s o shows t h e appearance of t h e r a d a r s c o p e a t P i c k e t S t a t i o n 1 a t t h e f o u r times l i s t e d . The r a d a r echoes i l l u s t r a t e t h e v a r i a b i l i t y of t h e p r o p a g a t i o n c o n d i t i o n s w i t h azimuth. A t 2056 n o s e a r e t u r n a t extended r a n g e s i s e v i d e n t i n t h e s o u t h w e s t q u a d r a n t b u t by 2345 t h e r i n g of extended s e a r e t u r n i s complete. Time l a p s e r a d a r s c o p e photog r a p h s shown a s a movie, t o i l l u s t r a t e t h e v a r i a b i l i t y of d u c t i n g i n v a r i o u s q u a d r a n t s , a r e q u i t e s p e c t a c u l u r and a p p a r e n t l y r e v e a l t h e s h o r t ' p e r i o d changes t h a t t a k e p l a c e i n atmospheric s t r u c t u r e . I n t h e example i l l u s t r a t e d by F i g . 4 s u r f a c e weather o b s e r v a t i o n s a t P i c k e t S t a t i o n 1 and 3 (and a t many a d j a c e n t s h i p s ) r e p o r t e d v i s i b i l i t y reduced by f o g d u r i n g t h e p e r i o d of d u c t i n g . F i g u r e 5 combines a number of s o u r c e s of i n f o r m a t i o n about t h i s c a s e . I t shows t h e cloud photog r a p h s , 500 mb c o n t o u r s , P i c k e t S t a t i o n 1 r a d a r s c o p e photograph and v e r t i c a l t e m p e r a t u r e dew-point p r o f i l e . The c l o u d c o v e r does n o t have t h e b r i g h t c e l l u l a r appearance common i n unstab1,e s i t u a t i o n s b u t i n s t e a d h a s a r a t h e r d u l l s t r i n g y p a t t e r n t y p i c a l of fog. A l s o t h e r e a r e i r r e g u l a r edges t o t h e f o g bank such a s t h e one j u s t n o r t h of P i c k e t S t a t i o n 5. S u r f a c e o b s e r v a t i o n s of cloud c o v e r t a k e n a t P i c k e t S t a t i o n s 1 and 3, and a t many a d j a c e n t s h i p s r e p o r t e d reduced v i s i b i l i t y i n f o g a t t h i s t i m e . T h i s t y p e of cloud c o v e r i s t y p i c a l of w e l l s t r a t i f i e d s i t u a t i o n s where t h e r e i s low l e v e l m o i s t u r e t r a p p e d below a s t r o n g s u b s i d e n c e i n v e r s i o n and a i r a l o f t i s very d r y . The r a d i o s o n d e d a t a show a very s t r o n g t e m p e r a t u r e i n t e r s i o n and a r a p i d d e c r e a s e of m o i s t u r e w i t h a l t i t u d e . The 500 mb c o n t o u r s show t h a t t h i s i s a s o c a l l e d b l o c k i n g s i t u a t i o n , i . e . , a h i g h p r e s s u r e a r e a a l o f t a t n o r t h e r l y l a t i t u d e s . Such b l o c k s u s u a l l y i n d i c a t e a p o t e n t i a l f o r anomalous p r o p a g a t i o n of a s u p e r r e f r a c t i v e o r t r a p p i n g n a t u r e because of t h e s u b s i d e n c e . During t h e p e r i o d t h e block e x i s t e d , t h e s a t e l l i t e photographs of cloud c o v e r had t h i s t y p i c a l s t r a t i f i e d appearance and r a d a r echoes confirmed t h a t s u p e r r e f r a c t i o n and t r a p p i n g was w c u r i n g . Thus, over t h e e a s t e r n P a c i f i c Ocean when t h e s a t e l l i t e d a t a were i n d i c a t i v e of t h e m e t e o r o l o g i c a l c o n d i t i o n s r e q u i r e d f o r marked s u p e r r e f r a c t i o n and t r a p p i n g r a d a r d a t a confirmed such was t h e c a s e even though t h e radal. d a t a showed marked s m a l l s c a l e v a r i a b i l i t y . 3.2.
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D a i l y r e c e i v e d Radio Frequency (RF) medians were made a v a i l a b l e t o u s from t h e P h i l l i p i n e s Taiwan - Okinawa t r o p o s p h e r i c s c a t t e r network. F i g . 6 shows t h e l o c a t i o n s and t h e e l e v a t i o n s of t h e f o u r s t a t i o n s i n t h e network. T r a n s m i s s i o n s between t h e s e s t a t i o n s a r e a t f r e q u e n c i e s r a n g i n g from 500 t o 950 MHz. F i g . 7 shows d a i l y r e c e i v e d RF medians on t h e l i n k between Yaetake and Seven S t a r f o r t h e month of December 1968. During t h i s month t h e r e were some marked changes from day t o day. For example d u r i n g t h e p e r i o d 10-12 December t h e r e c e i v e d s i g n a l d e c r e a s e d 18 dBm. S i n c e t h e r e i s n o r e p o r t e d i n s t r u m e n t a l m a l f u n c t i o n s on t h i s l i n k d u r i n g December 1968 it i s assumed t h a t t h e s e changes were due t o a t m o s p h e r i c c h a n g e s . Radiosonde d a t a f o u r times d a i l y a r e a v a i l a b l e from C l a r k AFB, P h i l l i p i n e s ( s o u t h of Cabuyo) and from Kadena AFB, Okinawa ( n e a r Yaetake) I n a d d i t i o n , s u r f a c e weather o b s e r v a t i o n s are a v a i l a b l e from a number of s t a t i o n s i n t h e a r e a s o b o t h s u r f a c e r e f r a c t i v e i n d e x and v e r t i c a l g r a d i e n t s c o u l d b e computed. F i g . 8 shows t h e d a i l y RF medians a t Yaetake v s s u r f a c e r e f r a c t i v e i n d e x a t t h i s s t a t i o n .



.



P o i n t s c o r r e s p o n d i n g t o d a t a f o r s i x s e l e c t e d days of marked changes a r e i d e n t i f i e d on t h e f i g u r e . The s c a t t e r and t h e g e n e r a l t r e n d of t h e p o i n t s a r e s i m i l a r t o t h a t found by Dennis (6) ( s e e dashed l i n e ) i n a summary of d a t a on t h e Cape C a n a v e r a l - New Providence I s l a n d l i n k . The d a t e d p o i n t s show a s much s c a t t e r as t h e o t h e r p o i n t s s o s u r f a c e r e f r a c t i v i t y c l e a r l y does n o t u n i q u e l y d e s c r i b e t h e performance of a t r o p o s p h e r i c s c a t t e r l i n k . T h i s , of c o u r s e , i s n o t a new f i n d i n g and i s o n l y p r e s e n t e d t o show t h a t a s e a r c h should c o n t i n u e f o r o t h e r t y p e s of i n f o r m a t i o n t h a t could e v e n t u a l l y r e s u l t i n b e t t e r r e l a t i o n s h i p s between some m e t e o r o l o g i c a l parameter and p r o p a g a t i o n c o n d i t i o n s . I n t h i s study, v e r t i c a l r e f r a c t i v e i n d e x g r a d i e n t s a t t h e two r a d i o s o n d e s t a t i o n s mentioned p r e v i o u s l y were examined b u t showed no s p e c i f i c f e a t u r e s t h a t would c o r r e l a t e u n i q u e l y t o t h e d a i l y r e c e i v e d RF medians. A t t e n t i o n i s now d i r e c t e d t o t h e r e l a t i o n s h i p of s a t e l l i t e viewed cloud c o v e r and r a d i o - r a d a r p r o p a g a t i o n c o n d i t i o n s . Before examining t h e cloud c o v e r i t i s n e c e s s a r y t o have some i d e a of what t o l o o k f o r . Dennis (6) s t a t e d i n h i s summary of t h e e f f e c t s of weather s y s t e m s on t h e performance of
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t r o p o s p h e r i c s c a t t e r systems t h a t s i g n a l l e v e l s were g e n e r a l l y h i g h e r i n summer t h a n i n w i n t e r , t h a t t h e most marked changes o c c u r r e d w i t h c o l d f r o n t a l p a s s a g e s when d r y p o l a r a i r r e p l a c e d m o i s t t r o p i c a l a i r , and t h a t r e c e i v e d s i g n a l s sometimes f e l l as much a s 15 dB i n two or t h r e e h o u r s d u r i n g t h e s e f r o n t a l p a s s a g e s . I n s a t e l l i t e photographs, t h e r e f o r e , one should l o o k f o r f r o n t a l p o s i t i o n s , whether m a r i t i m e or p o l a r a i r was over a t r o p o s p h e r i c s c a t t e r l i n k , and, i f p o s s i b l e q u a n t i t a t i v e e v i d e n c e of m o i s t u r e s t r a t i f i c a t i o n t h a t could be c o r r e l a t e d w i t h r e c e i v e d s i g n a l . Such q u a n t i t a t i v e e v i d e n c e is beyond t h e s c o p e of t h i s p r e l i m i n a r y r e p o r t . Only :he g r o s s f e a t u r e s of t h e s a t e l l i t e viewed cloud c o v e r d u r i n g two t h r e e day p e r i o d s i n December 1968 w i l l be d i s c u s s e d . I n t h i s d i s c u s s i o n sme s u r f a c e weather o b s e r v a t i o n s a r e p r e s e n t e d a l t h o u g h t h e e x p e r i e n c e d s a t e l l i t e m e t e o r o l o g i s t would n o t r e q u i r e them t o i n t e r p r e t t h e weather s i t u a t i o n on an o p e r a t i o n a l b a s i s . S u r f a c e o b s e r v a t i o n s f o r t h e 10, 11, and 12 December are shown i n F i g . 9 . These o b s e r v a t i o n s a r e f r m s t a t i o n s l o c a t e d a l o n g an i r r e g u l a r l i n e e x t e n d i n g from t h e n o r t h e a s t of Yaetake ( l a b e l e d Y on F i g . 9) t o s o u t h of Cabuyo ( l a b e l e d C ) . [Seven S t a r and J u z o n are l a b e l e d S and J , r e s p e c t i v e l y . ] The n e g a t i v e numbers above e a c h series of s u r f a c e o b s e r v a t i o n s a r e t h e d a i l y r e c e i v e d RF medians between two a d j a c e n t s t a t i o n s i n t h e system. For example t h e s i g n a l r e c e i v e d a t Yaetake from Seven S t a r on 10 December was -69 dBm w h i l e t h a t r e c e i v e d a t Seven S t a r from Yaetake was -77 dBm, e t c . S u r f a c e r e f r a c t i v e i n d e x is a l s o l i s t e d beneath e a c h s t a t i o n . U n f o r t u n a t e l y d a t a from some s u r f a c e weather s t a t i o n s were m i s s i n g a s i n d i c a t e d by t h e absence of d a t a i n some of t h e boxes. What o b s e r v a t i o n s a r e a v a i l a b l e show a g e n e r a l t r e n d from t r o p i c a l a i r on t h e 1 0 t h t o P o l a r a i r on t h e 1 2 t h . T h i s change, i n t h e s e s u r f a c e o b s e r v a t i o n s , is r e f l e c t e d p r i m a r i l y i n t h e s t r o n g e r n o r t h t o n o r t h e a s t s u r f a c e winds on t h e 1 2 t h a s compared w i t h l i g h t e r winds on t h e 1 0 t h and a l s o t h e g e n e r a l l y d r i e r a i r a s i n d i c a t e d by t h e lower dew p o i n t t e m p e r a t u r e s (lower l e f t i n e a c h box) on t h e 1 2 t h . The c l o u d photographs f o r t h i s t h r e e day p e r i o d ( s e e F i g . 10) show a f r o n t a l system moving s o u t h e a s t w a r d a c r o s s t h e a r e a of t h e t r o p o s p h e r i c s c a t t e r system. On t h e 1 0 t h t h e f r o n t a l system is n o r t h w e s t of t h e a r e a i l l u s t r a t e d . On t h e 1 1 t h bands of c l o u d s a r e e v i d e n t between t h e P h i l l i p i n e s and Taiwan. By t h e 1 2 t h t h e banded cloud c o v e r e x t e n d s a c r o s s t h e P h i l l i p i n e s . The movement of t h i s f r o n t a l band a c r o s s t h e a r e a s i g n i f i e s t h a t p o l a r a i r is r e p l a c i n g t h e t r o p i c a l a i r and a c c o r d i n g t o Dennis (6) s i g n a l l e v e l s should be reduced - which t h e y were. Thus, a series o f cloud photographs o v e r an extended a r e a showing c o l d f r o n t a l bands moving toward a s p e c i f i c l o c a t i o n could s e r v e t o p r e d i c t t h e r e d u c t i o n of s i g n a l l e v e l s . The p e r i o d 22-24 December was one when s i g n a l l e v e l s a t t h e n o r t h e r n s t a t i o n s reached a minimum, t h e n i n c r e a s e d . F i g u r e 11 shows t h e s u r f a c e o b s e r v a t i o n s on t h e s e t h r e e d a y s . On t h e 22nd, t h e r e a r e s t r o n g n o r t h t o n o r t h e a s t winds t h a t become more e a s t e r l y and d i m i n i s h i n speed t h e n e x t two d a y s . T h i s r e p r e s e n t s a r e t u r n from p o l a r a i r t o t r o p i c a l a i r . The cloud photographs f o r t h e p e r i o d (see F i g . 12) show t h e w e l l d e f i n e d f r o n t a l band on t h e 22nd w i t h t h e l e a d i n g edge j u s t n o r t h of t h e P h i l l i p i n e s . During t h e n e x t two d a y s t h e c o l d a i r mass is modified by t h e warmer w a t e r and t h e c l o u d s become s t r a t i f o r m i n appearance i n d i c a t i v e of a r e t u r n t o t h e c o n d i t i o n s i n which s i g n a l l e v e l s might be expected t o i n c r e a s e These i n c r e a s e s did,in f a c t , t a k e p l a c e . Thus, over t h i s t r o p o s p h e r i c s c a t t e r system, marked changes i n d a i l y r e c e i v e d power a r e q u a l i t a t i v e l y c o r r e l a t e d t o changes i n t h e cloud c o v e r t h a t s i g n i f y changes i n a i r mass. 4.



CONCLUSI ONS



The appearance of c l o u d c o v e r a s viewed by m e t e o r o l o g i c a l s a t e l l i t e s p r o v i d e s a v a r i e t y of i n f o r m a t i o n on t h e s t a t e o f t h e atmosphere w i t h i n t h e volume photographed. The photographs show t h e amount, t y p e and r e l a t i v e a l t i t u d e s of cloud f e a t u r e s t h a t i n t u r n i n d i c a t e t h e t y p e of a i r mass and i t s s t a b i l i t y . T h i s i n f o r m a t i o n i s only s u f f i c i e n t a t p r e s e n t , t o make p o s s i b l e a g e n e r a l i n f e r e n c e a s t o whether p r o p a g a t i o n c o n d i t i o n s t h r o u g h t h e s a t e l l i t e viewed atmosphere a r e above or below normal. More r e s e a r c h is needed t o e x t e n d t h e t e c h n i q u e from t h e broad s c a l e i n f e r e n c e s now p o s s i b l e t o more s p e c i f i c a s s e s s m e n t s on f i n e r s c a l e s . REFERENCES 1.
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PPI Presentation and Lwation of Targets frm which Radar Bchoee were Received During the Oocvrrence of a Strong Elevated Duct
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Surface Weather Observations along the P h i l l i p i n e -Taiwan Okinaws Network on 10, 11, and 12 December 1968
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Fig. 5-11 Surface Weather Observations along the Phillipine -Taiwan Okinawa Network on 22, 23, 24 December 1968
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Fig. 6-12 ESSA satellite Photographs over the Phillipine -Taiwan Okln*wP Network 011 22, 23, 24 December 1968
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SUMMARY



I n o r d e r t o s a t i s f y f u t u r e e a r t h - t o - s p a c e communications needs, new r e g i o n s o f t h e e l e c t r o m a g n e t i c spectrum must b e e x p l o i t e d . A program t o determine t h e f e a s i b i l i t y o f u s i n g m i l l i m e t e r waves f o r t h i s a p p l i c a t i o n has been p r e v i o u s l y conducted and i t has been shown t h a t a t 15 and 35 GHz atmospheric a t t e n u a t i o n i s r e l a t i v e l y low except f o r c o n d i t i o n s o f heavy c l o u d s and p r e c i p i t a t i o n . In this investigation ( I ) T o t a l atmospheric r a i n a t t e n u a t i o n i s measured i n H i l o , Hawaii and t h e f o l l o w i n g r e s u l t s o b t a i n e d . a t t e n u a t i o n i s m o d e r a t e l y low a t 15 and 35 GHz f o r r a i n f a l l r a t e s l e s s than IO mm/hr and z e n i t h angles For h i g h e r r a i n f a l l r a t e s and angles c l o s e r t o t h e h o r i z o n t h e a t t e n u a t i o n becomes p r o l e s s t h a n 450. ( 2 ) T o t a l atmospheric a t t e n u a t i o n can b e a c c u r a t e l y c a l c u l a t e d f r o m a h i b i t i v e , p a r t i c u l a r l y a t 35 GHz. (3) Atmospheric a t t e n u a t i o n s a t I 5 and 35 GHz a r e h i g h l y measurement o f apparent sky temperature. co r r e 1 a t ed
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I.



I NTROOUCTI ON.



I n o r d e r t o s a t i s f y f u t u r e e a r t h - t o - s p a c e communications needs, new r e g i o n s o f t h e e l e c t r o m a g n e t i c A program t o determine t h e f e a s i b i l i t y o f u s i n g m i l l i m e t e r waves f o r t h i s spectrum must be e x p l o i t e d . a p p l i c a t i o n has been conducted a t A i r Force Cambridge Research L a b o r a t o r i e s (AFCRL) f o r a p p r o x i m a t e l y 5 y e a r s and i t has been shown t h a t a t f r e q u e n c i e s o f I 5 GHz ( h = 2.0 cm) and 35 GHz (1 = 8.6 mm) atmospheric a t t e n u a t i o n i s r e l a t i v e l y low except f o r c o n d i t i o n s o f heavy c l o u d s and p r e c i p i t a t i o n [I]. A l t h o u g h e x t e n s i v e e x p e r i m e n t a l and t h e o r e t i c a l s t u d i e s o f r a i n f a l l a t t e n u a t i o n a t m i l l i m e t e r wavelengths have been conducted f o r 1 i n e - o f - s i g h t p a t h s on e a r t h [ 2 ] , r a i n f a l l d a t a a r e v e r y sparse f o r e a r t h - t o - s p a c e T h e r e f o r e , t h e main o b j e c t i v e o f t h i s program i s t o conduct l o n g term r a i n f a l l a t t e n u a p a t h s [3,4,5]. t i o n measurements f o r e a r t h - t o - s p a c e paths.



A p o r t a b l e r a d i o m e t r i c system designed t o measure a t t e n u a t i o n a t 15 and 35 GHz under c o n d i t i o n s o f p r e c i p i t a t i o n was c o n s t r u c t e d and l o c a t e d i n H i l o , Hawaii ( F i g u r e I ) , a r e g i o n where i t r a i n s f r e q u e n t l y thus making i t p o s s i b l e t o conduct many a t t e n u a t i o n measurements f o r v a r y i n g r a i n f a l l r a t e s . I t should b e mentioned t h a t most Hawaiian r a i n s a r e due t o o r o g r a p h i c l i f t i n g o f m o i s t t r o p i c a l a i r and t h u s . a r e n o t c o m p l e t e l y r e p r e s e n t a t i v e o f t h u n d e r s t o r m o r f r o n t a l r a i n types; a l s o , o r o g r a p h i c r a i n d r o p d i a m e t e r s seldom exceed 2 mm, as compared t o 6 mm f o r thunderstorms. A f a v o r a b l e c h a r a c t e r i s t i c o f o r o g r a p h i c r a i n i s t h a t t h e c o r r e l a t i o n between drop s i z e and r a i n f a l l r a t e i s supposedly b e t t e r t h a n t h a t found i n nonorographic rains. The r a d i a t i v e t r a n s f e r e q u a t i o n d e s c r i b e s t h e r a d i a t i o n f i e l d i n t h e atmosphere t h a t absorbs, e m i t s , and s c a t t e r s energy. The amount o f r a d i a t i o n t h a t i s r e c e i v e d when t h e antenna i s p o i n t e d a t a source i s



where Tat i s t h e antenna temperature w i t h no i n t e r v e n i n g atmosphere, A i s t h e a t t e n u a t i o n due t o t h e atmosphere and Tm i s t h e mean a b s o r p t i o n temperature o f t h e atmosphere. The antenna temperature Ta i s I t i s e q u i v a l e n t i n a sense t o t h e temperature t h a t a p r o p o r t i o n a l to t h e power r e c e i v e d by t h e antenna. r e s i s t o r would have i f i t were r a d i a t i n g t h e same amount o f n o i s e power as i s r e c e i v e d by t h e antenna w i t h i n t h e same frequency band. The f i r s t term on t h e r i g h t s i d e o f t h i s e q u a t i o n r e p r e s e n t s d i r e c t energy f r o m t h e s o u r c e t h a t has been a t t e n u a t e d by t h e atmosphere and t h e second term i s t h e c o n t r i b u t i o n r e s u l t i n g f r o m n o i s e r a d i a t e d by t h e atmosphere. The i n t e n s i t y o f t h i s r a d i a t i o n i s u s u a l l y r e p r e s e n t e d by an e q u i v a l e n t black-body temperature and i s r e f e r r e d t o as t h e apparent sky temperature. I n p r i n c i p l e , t h e r e a r e two ways o f d e t e r m i n i n g atmospheric a t t e n u a t i o n w i t h o u t h a v i n g t o use a space v e h i c l e . I n t h e f i r s t method a t t e n u a t i o n i s measured by o b s e r v i n g t h e e x t i n c t i o n o f an e x t r a t e r The sun i s t h e o n l y source s u i t a b l e f o r r e s t r i a l source ( f i r s t term on r i g h t s i d e o f e q u a t i o n ( I ) ) . a t t e n u a t i o n measurements o f w i d e dynamic range a t m i l l i m e t e r wavelengths. Atmospheric a t t e n u a t i o n , A , i s determined by p o i n t i n g t h e antenna a t t h e sun and measuring i t s antenna temperature, Ta. T a l can be I n t h e second method t h e atmospheric e m i s s i o n (second term on r i g h t s i d e o f determined e m p i r i c a l l y . e q u a t i o n ( I ) ) i s measured by p o i n t i n g t h e antenna away f r o m t h e sun and t h e c o r r e s p o n d i n g a t t e n u a t i o n i s c a l c u l a t e d . The advantage o f t h e f i r s t method i s t h a t atmospheric a t t e n u a t i o n can be measured q u i t e a c c u r a t e l y even under c o n d i t i o n s o f p r e c i p i t a t i o n . The advantage o f t h e second method i s t h a t a r a d i o source i s n o t r e q u i r e d and measurements can t h e r e f o r e be made a t any a n g l e e i t h e r day o r n i g h t v e r y r a p id l y



.



The main o b j e c t i v e s o f t h i s program a r e t h r e e f o l d . a t t e n u a t i o n as a f u n c t i o n o f r a i n f a l l r a t e u s i n g t h e sun as measure t h e apparent sky temperature (atmospheric e m i s s i o n ) , w i t h t h e v a l u e o b t a i n e d u s i n g t h e sun as a source. Lastly, i s studied.



II.



The f i r s t i s t o measure t o t a l atmospheric a source. The second i s t o s i m u l t a n e o u s l y c a l c u l a t e t h e a t t e n u a t i o n and then compare i t t h e wavelength dependence o f t h e a t t e n u a t i o n



EQUl PMENT.



S i n c e ' s i m u l t a n e o u s measurements a t b o t h I 5 and 35 GHz a r e r e q u i r e d , two complete r a d i o m e t e r s The r a d i o m e t e r s a r e housed i n an coupled t o a s i n g l e p a r a b o l i c h o r n - r e f l e c t o r antenna a r e employed. 8 x IO f o o t e n c l o s u r e mounted on an azimuth t u r n t a b l e , shown i n F i g u r e 2. The antenna i s mounted on an e l e v a t i o n t u r n t a b l e f i x e d t o one s i d e o f t h e e n c l o s u r e . E l e v a t i o n and azimuth p o s i t i o n s a r e d i s p l a y e d on readout d i a l s w h i c h i n c o n j u n c t i o n w i t h t a b u l a t e d sun c o o r d i n a t e s f a c i l i t a t e antenna p o i n t i n g .



1-2 Antennas s u i t a b l e f o r use i n r a i n a r e a problem i n t h a t any t r a n s p a r e n t c o v e r i n g s o v e r t h e apert u r e o r f e e d g r e a t l y degrade t h e performance i f m o i s t u r e c o l l e c t s on t h e s u r f a c e . The h o r n - r e f l e c t o r antenna used i n t h i s system i s p a r t i c u l a r l y w e l l s u i t e d f o r t h i s a p p l i c a t i o n ; r a i n i s f r e e t o e n t e r t h e a p e r t u r e , b u t i s r a p i d l y d r a i n e d by h o l e s a t t h e j u n c t i o n o f t h e r e f l e c t o r and horn. The f e e d i s a l s o l e f t uncovered t o a v o i d t h e problem o f m o i s t u r e condensation; some d i f f i c u l t y was experienced, however, w i t h i n s e c t s e n t e r i n g t h e f e e d and becoming lodged i n t h e d i p l e x e r , d e s p i t e t h e p e r i o d i c b l o w i n g o f compressed a i r t h r o u g h t h e feed. Both r a d i o m e t e r f r o n t ends a r e coupled t o t h e antenna by means o f a diplexer. The a p e r t u r e o f t h e antenna i s 27 inches i n diameter, p r o v i d i n g beamwidths o f 2.0° a t 15 GHz a t 35 GHz. and 0.9' The two r a d i o m e t e r s , which a r e o f t h e comparison l o a d t y p e , a r e f u n c t i o n a l l y i d e n t i c a l ; a b l o c k The f e r r i t e s w i t c h , o p e r a t i n g a t 97 Hz, a l t e r n a t e l y couples t h e m i x e r t o diagram i s shown i n F i g u r e 3. a l o a d m a i n t a i n e d a t a c o n s t a n t temperature o f 313OK and t o t h e antenna f e e d l i n e . The d i r e c t i o n a l c o u p l e r i n t h e f e e d l i n e p e r m i t s t h e a d d i t i o n o f n o i s e t o t h a t r e c e i v e d by t h e antenna, t h e l e v e l b e i n g determined b y t h e p r e c i s i o n a t t e n u a t o r . A f t e r synchronous d e t e c t i o n t h e s i g n a l i s passed t h r o u g h an i n t e g r a t i n g c i r c u i t w i t h a s e l e c t i o n o f t i m e c o n s t a n t s r a n g i n g f r o m 1 t o 25 seconds. The o u t p u t s o f t h e r a d i o m e t e r s a r e d i s p l a y e d on a two-channel c h a r t r e c o r d e r . To m i n i m i z e waveguide runs and t o e l i m i n a t e r o t a r y j o i n t s , a l l waveguide components a r e mounted on a p l a t e t h a t i s f i x e d t o and r o t a t e s w i t h t h e e l e v a t i o n t u r n t a b l e . (See F i g u r e 4) R a i n r a t e i s measured by a t i p p i n g b u c k e t r a i n gauge mounted on t h e r o o f o f t h e e n c l o s u r e , b u c k e t C a l i b r a t i o n o f t h e r a d i o m e t e r system i s f a c i l i t i p s b e i n g recorded as hack marks on t h e r e c o r d e r paper. t a t e d . b y a s e c t i o n o f a b s o r b i n g m a t e r i a l mounted on a tower i n such a way t h a t t h e antenna,when p o i n t e d a t z e n i t h , may be swung d i r e c t l y below t h e absorber. The temperature o f t h e absorber i s m o n i t o r e d t h r o u g h t h e use o f a t h e r m i s t o r embedded i n t h e m a t e r i a l .



Ill.



MEASUREMENT PROGRAM.



Two modes o f o p e r a t i o n a r e employed: (1) d i r e c t measurement o f a t t e n u a t i o n u s i n g t h e sun as a s o u r c e and ( 2 ) c o n t i n u o u s sky temperature measurements. C a l i b r a t i o n o f t h e system i s t h e same f o r e i t h e r mode and i s a two s t e p procedure. F i r s t t h e r e c o r d e r pen i s m e c h a n i c a l l y a d j u s t e d so t h a t z e r o pen d e f l e c t i o n corresponds t o an antenna temperature o f OOK; t h e system g a i n i s then a d j u s t e d t o g i v e f u l l s c a l e d e f l e c t i o n f o r an antenna temperature o f 300°K. The l a t t e r i s accomplished by s w i n g i n g t h e antenna under t h e absorber and a d j u s t i n g t h e g a i n so t h e pen d e f l e c t i o n corresponds t o t h e a b s o r b e r temperature on t h e b a s i s o f 300' f u l l s c a l e . The f i r s t s t e p i s somewhat more i n v o l v e d , s i n c e a c o l d l o a d i s n o t a v a i l a b l e . R e f e r r i n g t o F i g u r e 3 t h e f o l l o w i n g r e l a t i o n h o l d s under c o n d i t i o n s o f RF balance, i.e. equal n o i s e temperatures a t t h e two i n p u t p o r t s o f t h e f e r r i t e s w i t c h : Ta
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K/A



=



TL



where Ta i s t h e antenna temperature, A i s t h e s e t t i n g o f t h e p r e c i s i o n a t t e n u a t o r , TL i s t h e l o a d temperat u r e (313'K) and K i s t h e maximum n o i s e temperature t h a t can be coupled i n t o t h e f e e d l i n e (a c o n s t a n t ) . A s seen f r o m t h e above r e l a t i o n , t h e K f a c t o r can be computed i f Ta i s known and t h e p r e c i s i o n a t t e n u a t o r i s a d j u s t e d f o r RF balance, as evidenced by z e r o r a d i o m e t e r o u t p u t . T h i s may be done by b r i n g i n g t h e antenna under t h e absorber, i n w h i c h case Ta may be assumed equal t o t h e measured a b s o r b e r temperature. Once t h i s v a l u e o f A i s determined t h e system The v a l u e o f A f o r RF b a l a n c e when Ta = Oo i s then K / 3 1 3 . The antenna i s b r o u g h t under t h e absorber and A i s s e t f o r Ta = Oo; t h e c a l i b r a t i o n i s q u i t e simple. s i g n a l t o t h e r e c o r d e r i s then d i s c o n n e c t e d and t h e pen s e t on t h e z e r o l i n e . The s i g n a l i s then connected and t h e system g a i n a d j u s t e d as d e s c r i b e d above. Once c a l i b r a t e d , c o n t i n u o u s sky temperature measurements can be made by s i m p l y s w i n g i n g t h e antenFor a t t e n u a t i o n measurements t h e sequence i s as na i n a z i m u t h so as t o c l e a r t h e a b s o r b i n g s e c t i o n . follows: ( 1 ) The antenna i s swung o f f t h e sun by about 5 degrees; t h e pen d e f l e c t i o n then g i v e s t h e sky temperatures d i r e c t l y (300° f u l i s c a l e ) . ( 2 ) The r e c o r d e r ranges a r e then changed t o g i v e 600° f u l l s c a l e a t I 5 GHz and l 5 O O 0 a t 35 GHz, The n e t d e f l e c t i o n i s then p r o p o r t i o n a l and t h e antenna p o i n t e d t o g i v e maximum d e f l e c t i o n f r o m t h e sun. t o t h e atmospheric t r a n s m i s s i o n . (3) The antenna i s t h e n swung t o t h e o t h e r s i d e o f t h e sun and t h e r e c o r d e r ranges changed t o 300°K. I f t h e d e f l e c t i o n s o f (.I ). and (3) . . a r e s i g n i f i c a n t l y d i f f e r e n t , the net d e f l e c t i o n i n step (2) i s considered u n c e r t a i n due t o sky temperature g r a d i e n t s , and t h e d a t a a r e d i s c a r d e d . To determine t h e a t t e n u a t i o n f r o m t h i s sequence o f measurements, t h e antenna temperature ( o r pen d e f l e c t i o n ) when p o i n t e d a t t h e sun w i t h no atmospheric a t t e n u a t i o n must be determined. T h i s was done by n o t i n g t h e n e t d e f l e c t i o n under c l e a r sky c o n d i t i o n s and c o r r e c t i n g f o r atmospheric a t t e n u a t i o n u s i n g t h e empirical relations [ I ] A(6) =
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where A(6) i s t h e a t t e n u a t i o n i n d e c i b e l s a t a z e n i t h a n g l e 6 and p i s t h e a b s o l u t e h u m i d i t y a t t h e s u r f a c e i n grams/meter3. IV.



RESULTS.



A l t h o u g h one o f t h e main o b j e c t i v e s o f t h i s program was t o a t t e m p t t o c o r r e l a t e t o t a l atmospheric a t t e n u a t i o n w i t h r a i n f a l l r a t e , i t was r e a l i z e d t h a t t h e r e were s e v e r a l r a t h e r o b v i o u s reasons why one might not expect'a very high c o r r e l a t i o n . F i r s t o f a l l , r a i n tends t o be v e r y l o c a l i z e d i n n a t u r e and t h e r e a r e a l s o w i d e v a r i a t i o n s i n c l o u d t h i c k n e s s and c o n t e n t ; t h e r e f o r e , a measurement o f r a i n f a l l r a t e



7-3 a t the antenna is not necessarily representative of the rain or clouds along the propagation p a t h particularly for low elevation angles. A second complication is illustrated in Figure 5 which shows both apparent sky temperature (increases with attenuation) and rainfall rate plotted as a function of time. It can be seen that the apparent sky temperature increases sharply before any rain is recorded b y the rain gauge on top of the shelter. Approximately three minutes after this initial rise, rain is observed. It appears t h a t the propagation p a t h is traversing rain cells (or rain clouds) when the rain is just beginning to fall. It is interesting to note that if one assumes a terminal velocity and cloud height typical for Hawaiin rain, then the time lapse between the increase in sky temperature and onset of rain is consistent with the time it takes for the rain to reach the ground. Therefore one cannot hope to obtain a meaningful correlation between attenuation and rainfall rate when the rain rate is changing. In order to overcome this problem data were selected for times when the rain rate was reasonably steady. In addition rainfall rates above 50 mm hour could not be measured very accurately with the tipping bucket rain gauge because the hack marks on the strip chart used to determine the rate were on a non-linear scale and the differences in separation were extremely small for h i g h rates. It was also observed t h a t h i g h rainfall rates were not very steady so these data are not considered too accurate. However, with the above limitations in mind, the data were reduced and the following results obtained.



Total atmospheric attenuation is shown as a function of rainfall rate for frequencies of 15 and 6 a n d 7 for rainfall rates u p to IO mm/hr and in Figure 8 for rates greater than IO mm/ hr. It can be seen that a t 15 GHz the attenuation is only of the order of 1 or 2 d B for light rain and zenith angles less than 450. The correlation coefficient is approximately .65 and the regression line is



35 GHz



in Figures



A (dB) =
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(5)
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For zenith angles from 45O-75' the attenuation is S I ightly higher but is essentially uncotrelated with rainfall rate (r .08) as would. be expected.



-



A t 35 GHz the attenuation increases to as h i g h as 6 d B for l i g h t rain and zenith angles less than 45O and is again fairly well correlated (r .63). The regression line is A (dB)



=



.57



R (mm/hr)



+ .70



(6)



For angles from 45O-75' the attenuation increases to values greater than 20 d B in some cases; also the correlation coefficient is poor, (r = . I S ) . For higher rainfall rates attenuations at 15 GHz start to approach IO dB at zenith angles less than 60' and 20 dB for angles between 60 and .'57 The correlation coefficients of .66 and .SI are much higher t h a n expected. A t 35 GHz the attenuation is generally between IO and 20 d B and often exceeds 20 dB. The correlation of attenuation and rainfall rate is once again higher than expected. For almost all cases where the zenith angle was greater than 60' the attenuation at 35 GHz for rainfall rates greater than IO mm/hr was at least 20 dB. As has been mentioned previously, in order to calculate the attenuation from an emission measurement it is necessary to assume a value of the mean absorption temperature. T, of the atmosphere. The following procedure was used to determine Tm. Simultaneous measurements of attenuation and apparent sky Temperature were conducted and the distribution o f values o f T, which would produce agreement between the measured and calculated attenuations were plotted. The mean value of this distribution was found to be 284OK a n d this value was then used to calculate attenuation using the expression T



where T, = apparent sky temperature. Scatter plots of calculated vs measured attenuations are shown in Figures 9 and IO for frequencies of 15 and 35 GHz respectively. I t can be seen that the correlations are extremely high, particularly for low attenuations a n d even for higher attenuations the agreement remains excellent. Correlation coefficients of .98 and .97 were calculated for frequencies of I5 and 35 GHz. On the basis of these results it can be concluded that attenuation can be determined very accurately from an emission measurement. Whereas the value of Tm is a function of the temperature of the atmosphere or even more so the temperature of the rain, consideration was given to calculating T, from an empirical expression related to raindrop temperature, however, the variations were small and on the basis of the results obtained assumed unnecessary. The attenuations at 15 and 35 GHz were found to be very well correlated (r = .96) as can be seen in Figure 1 1 . The regression line for this scatter plot is



It is only The frequency dependence compares well with results t h a t have been reported by Wilson [3]. His Table V predicts a ratio of .I7 for an slightly different from that based on Medhurst's data [2]. average rainfall rate of approximately 5 mm/hr. Whereas the frequency dependence is a function of drop size and therefore rainfall rate and since Medhurst's results are based on a Laws and Parsons distribution (which may not satisfy Hawaiin rain) this difference is not too surprising.



v.



CONCLUS IONS.



The measurement of total atmospheric attenuation as a function of rainfall rate constitutes a very difficult experimental program. In addition to the usual equipment problems encountered with millimeter wave radiometers, there is the very difficult problem of categorizing the meteorological conditions along the propagation path particularly when the rainfall rate is rapidly changing which is usually the case for



7-4 heavier rain. The r e s u l t s t h a t were o b t a i n e d f o r r a i n f a l l r a t e s l e s s than 10 mm/hr a r e b e l i e v e d t o be reasonably a c c u r a t e s i n c e they a r e based on a l a r g e s t a t i s t i c a l sample and b o t h a t t e n u a t i o n and r a i n f a l l r a t e c o u l d be p r e c i s e l y measured. On t h e o t h e r hand, r e s u l t s o b t a i n e d f o r r a i n f a l l r a t e s g r e a t e r than IO m / h r a r e n o t considered as a c c u r a t e because o f fewer d a t a p o i n t s , t h e l i m i t e d dynamic range o f t h e radiometer, and t h e d i f f i c u l t y i n measuring t h e h i g h e r r a i n f a l l r a t e s . On t h e b a s i s o f t h e r e s u l t s which have been o b t a i n e d we conclude ( I ) A t t e n u a t i o n i s f a i r l y w e l l c o r r e l a t e d w i t h r a i n f a l l r a t e a t f r e q u e n c i e s o f IS and 35 GHz f o r r a i n f a l l r a t e s l e s s than IO mm/hr and f o r z e n i t h angles l e s s than 4 5 O w i t h maximum a t t e n u a t i o n s o f t h e o r d e r o f 1.5 dB a t 15 GHz and 7 dB a t 35 GHz. For p r o p a g a t i o n paths w i t h i n 4 5 O o f t h e h o r i z o n a t t e n u a t i o n i s h i g h e r and e s s e n t i a l l y u n c o r r e l a t e d w i t h r a i n f a l l r a t e . ( 2 ) For r a i n f a l l r a t e s g r e a t e r than IO mm/hr t h e a t t e n u a t i o n a t I5 GHz reaches 8-10 dB f o r z e n i t h angles l e s s than 60' b u t approaches values o f I 8 dB a t angles w i t h i n 30' o f t h e h o r i z o n . A t 35 GHz t h e a t t e n u a t i o n v a r i e s f r o m a few dB t o o v e r 20 dB f o r z e n i t h angles l e s s than 60' and i s almost always g r e a t e r The c o r r e l a t i o n c o e f f i c i e n t s o f a l l h i g h r a i n f a l l d a t a a r e h i g h e r than 20 dB w i t h i n 30° o f t h e h o r i z o n . than expected. ( 3 ) T o t a l atmospheric a t t e n u a t i o n can be a c c u r a t e l y c a l c u l a t e d from apparent sky temperature even for r e l a t i v e l y high attenuations. T h i s i s a s i g n i f i c a n t r e s u l t s i n c e i t enables one t o o b t a i n a t t e n u a t i o n d a t a more e a s i l y . (4) Atmospheric a t t e n u a t i o n s a t I5 and 35 GHz a r e h i g h l y c o r r e l a t e d thereby e n a b l i n g one t o e s t i m a t e a t t e n u a t i o n a t one frequency based on d a t a a t another. I n c o n c l u s i o n i t has been shown t h a t t o t a l atmospheric a t t e n u a t i o n i s moderately low a t f r e q u e n c i e s o f I5 and 35 GHz f o r r a i n f a l l r a t e s l e s s than IO m / h r and z e n i t h angles l e s s than 45O and should n o t For h i g h e r r a i n f a l l r a t e s and angles c l o s e r t o t h e h o r i z o n s e r i o u s l y l i m i t communications performance. t h e a t t e n u a t i o n becomes p r o h i b i t i v e , . p a r t i c u l a r l y a t 35 GHz. Since heavy r a i n tends t o be q u i t e l o c a l i z e d i t appears t h a t system r e l i a b i l i t y may be m a i n t a i n e d by u s i n g space d i v e r s i t y techniques. T h i s w i l l be t h e n e x t phase o f o u r program. ACKNOWLEDGEMENT The a u t h o r s would l i k e t o thank D r . David C. Hogg o f B e l l Telephone L a b o r a t o r i e s f o r a r r a n g i n g t h e l o a n o f t h e h o r n - r e f l e c t o r antenna used w i t h t h e system.
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APPLICATION OF WEATHER RADAR DATA T O PROPAGATION QUESTIONS



R. R. R o g e r s McGill University Montreal, Canada SUMMARY T h e weather r a d a r facility a t McGill University is equipped with an i n s t r u m e n t that provides a r e a l - t i m e display of the lOGHz attenuation due to r a i n along the r a d a r line of sight. T h r e e months' data f r o m two s u m m e r s have been analyzed to give attenuation s t a t i s t i c s for application to communications over t e r r e s t r i a l and s a t e l l i t e microwave links. P r e l i m i n a r y r e s u l t s a r e p r e s e n t e d f o r the azimuth extent, duration, and frequency of o c c u r r e n c e of attenuations ranging f r o m 5 t o 30GHz a t elevation angles between 3O and 20°. 1.



INTR ODU C T ION



One of the m a i n c a u s e s of s e v e r e microwave attenuation in the t r o p o s p h e r e is r a i n . F o r frequenc i e s i n the range of approximately 4 t o 20GH2, r a i n is in f a c t the only significant c a u s e of attenuation f o r propagation paths up to 100 km in length. At higher frequencies attenuation by cloud and water vapor is no longer negligible, but r a i n s t i l l accounts for the e x t r e m e attenuation o c c u r r e n c e s . Conventional r a i n gauge networks do not give an adequate description of the rainfall s t r u c t u r e f o r application t o communications p r o b l e m s . Such networks depict only the p a t t e r n of rainfall on the ground; what is relevant in communications is the t h r e e - d i m e n s i o n a l s t r u c t u r e . M o r e o v e r , the s m a l l s c a l e i r r e g u l a r i t i e s of r a i n intensity a r e not r e s o l v e d by o r d i n a r y r a i n gauge networks. The r a d a r reflectivity of r a i n i s r e l a t e d to rainfall intensity. Consequently, r a d a r d a t a provide, in principle, the information needed f o r application to communications. Quantitative weather r a d a r d a t a actually r e q u i r e r a t h e r specialized equipment and a r e available for only a v e r y few l o c a l i t i e s . Austin') h a s given e s t i m a t e s of the frequency of o c c u r r e n c e of lOGHz attenuation for New England based on t h r e e y e a r s of r a d a r data. She a l s o cited J a p a n e s e work (Ugai and Kaneda2, Tokunagu and Tanaka3) in which r a d a r d a t a w e r e used in connection with r a i n gauges to give improved e s t i m a t e s of attenuation over microwave r e l a y links. In e a r l i e r work a t McGill ( R o g e r s and Rao4) a "model s t o r m " b a s e d on r a d a r d a t a was employed in attenuation e s t i m a t e s for the Montreal a r e a . While the r e s u l t s of t h i s work w e r e in fair a g r e e m e n t with those of Austin, a s one would expect f r o m the c l i m a t i c s i m i l a r i t i e s of the two regions, the model s t o r m f r o m which they w e r e d e r i v e d i s now in doubt since i t w a s based on 3 - c m r a d a r d a t a that m a y have been s e r i o u s l y affected by attenuation. F o r the p a s t two y e a r s a new r a d a r s y s t e m h a s been in operation a t McGill which provides unattenuated data on r a i n reflectivity. During the s u m m e r s e a s o n s an i n s t r u m e n t is used with the r a d a r that gives a r e a l - t i m e display of the attenuation a t 1OGHz over the r a d a r line of sight. F r o m the d a t a s t a t i s t i c s a r e being compiled on the frequency of o c c u r r e n c e , duration, and azimuth extent of slant-path attenuation f o r v a r i o u s elevation angles. T h e s e s t a t i s t i c s have application t o the design of s u r f a c e and s a t e l l i t e communication links i n the Montreal a r e a . By.the use of s i m p l e conversion f a c t o r s , the r e s u l t s f o r lOGHz c a n be extrapolated t o higher frequencies. It is e s t i m a t e d that the attenuation values for lOGHz a r e u s u a l l y a c c u r a t e to within b e t t e r than a f a c t o r two, while the values obtained by extrapolation to higher f r e q u e n c i e s have a somewhat g r e a t e r uncertainty. 2.



RADAR REFLECTIVITY AND ATTENUATION The r a d a r "reflectivity factor" of r a i n , denoted by Z , is defined by 0



z = Jn(D)D6m



(1)



0



where n(D)dD is the number of r a i n d r o p s ( a s s u m e d s p h e r i c a l ) p e r unit volume of air whose d i a m e t e r s lie in the i n t e r v a l dD. The reflectivity f a c t o r s f o r snow and hail a r e defined s i m i l a r l y in t e r m s of the particle melted diameters. The reflectivity factor of r a i n is e m p i r i c a l l y r e l a t e d to the r a t e of rainfall R by the formula b Z = p R .



( 2)



The coefficient and index in t h i s e x p r e s s i o n depend on the d r o p - s i z e distribution and i t s relation to rainfall r a t e . T h e utility of the reflectivity factor r e s t s on the fact that the b a c k s c a t t e r c r o s s section of precipitation is proportional to 2 f o r the c a s e of Rayleigh s c a t t e r i n g . When attenuation e f f e c t s a r e negligible, the s h o r t - t e r m a v e r a g e power received f r o m a p r e c i p i tation t a r g e t which f i l l s the b e a m at r a n g e r is given by



Pr = Z / c r 2 .



(3)



F o r r a d i o frequencies of about 3GHz and lower Rayleigh s c a t t e r i n g is a good assumption and attenuation m a y be r e g a r d e d a s negligible. Then (3) m a y be used for estimating 2 on the b a s i s of r e c e i v e d power. T h e factor C is a r a d a r calibration constant.
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In a f o r m analogous t o ( 2 ) the microwave attenuation by r a i n is e x p r e s s e d as (4)



Y=kRa



where Y is the specific attenuation in units of decibels p e r unit path length. k and a a r e e m p i r i c a l f a c t o r s that depend on r a d i o frequency, d r o p - s i z e distribution, and t e m p e r a t u r e . The attenuation over a path extending f r o m point P to point Q is given by



Q A(P,Q)



Y(r)dr.



P



(5)



It follows f r o m combining t h e s e r e l a t i o n s that the attenuation m a y be e x p r e s s e d in t e r m s of reflectivity factor a s



I



Q



A(P,Q) =



KZadr



P



where K



k p - a / b and a = a /b.



In o r d e r to e s t i m a t e the attenuation over a path of i n t e r e s t on the b a s i s of (6) it is n e c e s s a r y to specify the values of k , a , p. and b. Moreover, the calibration f a c t o r C m u s t be known to obtain 2 f r o m the r a d a r m e a s u r e m e n t s . Uncertainties in each of t h e s e quantities introduce possible e r r o r in r a d a r e s t i m a t e s of A. Two principal methods have been used for evaluating the e m p i r i c a l quantities k and a in (4). T h e f i r s t method c o n s i s t s of computing k and a f o r a m e a s u r e d o r an a s s u m e d f o r m of the d r o p - s i z e d i s t r i b u i e s c a t t e r i n g theory. A useful presentation of r e s u l t s f r o m t h i s method w a s given tion on the b a s i s of They computed k and a f o r ten wavelengths ranging between 0 . 6 2 and 10 c m and by Wexler and A t l a s f o r t h r e e model d r o p - s i z e s p e c t r a : the Mar s h a l l - P a l m e r ( M - P ) exponential approximation to r a i n d r o p s p e c t r a m e a s u r e d in Ottawa, a modified M - P f o r m to d e s c r i b e m o r e s a t i s f a c t o r i l y the s m a l l droplet portion of the s p e c t r a , and the Mueller-Jones distribution based on d r o p s p e c t r a f r o m F l o r i d a showers. R e s u l t s for t h e s e m o d e l s , a s s u m i n g a t e m p e r a t u r e of 0 C, w e r e c o m p a r e d with e a r l i e r findings of Cunn and E a s t 6 ) based on the L a w s and P a r s o n s 7 ) d r o p - s i z e data and a t e m p e r a t u r e of 18 C. Differences w e r e m o r e pronounced a t long than a t short wavelengths, and w e r e attributed p r i m a r i l y to the t e m p e r a t u r e difference. T h e s e r e s u l t s a r e p r e s e n t e d in Table 1. Two values a r e occasionally given in the M - P column: the f i r s t is valid for low rainfall r a t e s of about 2 m m / h r and the second is valid n e a r 50 m m / h r . In m o s t c a s e s the attenuation is proportional t o r a i n intensity to a good approximation ( i . e . a = l in ( 4 ) ) . The l a r g e s t deviation f r o m t h i s proportionality is a t 3. 2 c m .



3.



-1 1 Table 1. Attenuation Y/R (db lun- / m m h r ) ( f r o m Wexler and Atlas) M -P ( a t OC)



Wavelength (cm) 0. 62 0. 8 6



1. 24 1. 8 1 . 87 3. 21 4. 67 5.5 5.7 10



I



Modified M - P (0C )



Mueller-Jones (OC) ,



0.50-0. 37 0. 27 0. 1 17R0*07



0 . 52 0. 31 0.13~0’07



0. 66 0.39 0. 18



0.045Ro. l o 0. OllRO. 15 0.005-0. 007 0.003-0.004



0 .‘050R O. 0. 013R0. l 5 0.0053 0.0031



0.065 0. 018 0.0058 0. 0033



0.0009-0.0007



0.00082



0.00092



Cunn-East (18 C )



0. 1 2R0. O5 0.045RO. 11



0.0074RO- 31 0. O022R0* l 7 0.0003



The second method of determining k and a is experimental, requiring the simultaneous m e a s u r e m e n t of attenuation over a propagation path and rainfall r a t e a t one o r m o r e points on the path. A s u m m a r y of t h e s e e x p e r i m e n t s was given by Medhurst8), who c o m p a r e d the experimental r e s u l t s with theoretical attenuations a s s u m i n g L a w s and P a r s o n s d r o p s p e c t r a . He found that the m e a s u r e d attenuations tended t o exceed the values predicted by theory, and that uncertainties due t o t e m p e r a t u r e effects and a s p h e r i c a l droplet shape w e r e not sufficient to explain the d i s c r e p a n c i e s . Neither method is infallible owing to the r a t h e r wide n a t u r a l variability of d r o p - s i z e distribution and rainfall r a t e . In the experimental method it is difficult to m e a s u r e rainfall r a t e with the space resultion needed for attenuation c o m p a r i s o n s ; in the a l t e r n a t e a p p r o a c h the r e s u l t s based on model d r o p - s i z e distributions can only be expected t o apply on the a v e r a g e . Until it is proved otherwise, one m u s t proceed a s s u m i n g that the Mie single-scattering theory applies t o precipitation and that d i s c r e p a n c i e s between theoretical and observed attenuations a r i s e f r o m m e a s u r e m e n t e r r o r s o r uncertainties i n the f o r m of the d r o p s p e c t r u m . Constants in the e m p i r i c a l relation ( 2 ) between Z and R have likewise been determined by the i n d i r e c t route through d r o p - s i z e distribution and by d i r e c t simultaneous m e a s u r e m e n t s of 2 and R. F o r the often-used L a w s and P a r s o n s d r o p s p e c t r u m , the relation is 2 = 200R1* to good approximation, with Z in m m 6 / m 3 and R i n m m / h r . The M - P distribution gives 2 = 295R1-45 and the Mueller-Jones distribution f o r F l o r i d a s h o w e r s gives 2 = 810R (Wexler and Atlas5). D i r e c t m e a s u r e m e n t s of 2 and R show a s c a t t e r about t h e s e model predictions that c a n be r a t h e r wide. The Y-R and 2-R r e l a t i o n s a s used by v a r i o u s a u t h o r s w e r e combined t o show the dependence of K and a in (6) on r a d i o frequency ( F i g . 1). It i s noteworthy that the points group t h e m s e l v e s according to the model f o r m of the d r o p - s i z e distribution. The L a w s and P a r s o n s model and the M - P model give
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only slightly different r e s u l t s , while the data of M u e l l e r - J o n e s stand s h a r p l y in c o n t r a s t . F o r applications i n the Montreal region and generally in continental mid-latitudes, it is reasonable t o d i s r e g a r d the M u e l l e r - J o n e s points, which m a y be a p p r o p r i a t e f o r tropical showers but not f o r m o s t of the r a i n c h a r a c t e r i s t i c of m o r e n o r t h e r l y latitudes. Table 2 gives values of K and a f o r mid-latitudes, taken f r o m F i g . 1 a s a c o m p r o m i s e between the points f o r the L a w s and P a r s o n s model and the M - P model. These values s e r v e a the b a s i s of r a d a r e s t i m a t e s of attenuation. They a r e in good a g r e e m e n t with values used by McCormick') f o r frequencies of 4, 8, and 15GHz. T a b l e 2. Frequency (SHz)



I



C o m p r o m i s e values of K and a f o r use in (6) 10.



15



20



30



35



0.70



0. 66



0. 64



40



K (dB k m - l ) a ( F o r Y in dB and 2 in m m 6 / m 3 )
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THE MCGILL RADAR AND ADA



Table 3 l i s t s s o m e c h a r a c t e r i s t i c s of the F P S - 1 8 r a d a r used in the e x p e r i m e n t s . The antenna s c a n s continuously in azimuth with a 10 second period of rotation. During t h e s e s c a n s the elevation i n c r e a s e s in s t e p s f r o m the horizontal up t o about 20°, and then d e c r e a s e s , according to a p r e s e l e c t e l scanning p r o g r a m . The p r o g r a m c u r r e n t l y i n use c o n s i s t s of 24 azimuth rotations and r e q u i r e s 4 minutes for a complete cycle. T a b l e 3.



The McGill F P S - 1 8 r a d a r s y s t e m



T r a n s m i t t e d frequency Wavelength P e a k power PRF P u l s e duration Antenna Half -power beamwidth Minimum detectable signal



2.8 10.4 0.8 300 1 30 0.9 -1.03



~



GHz cm Mw sec-l psec ft paraboloid degrees dbm



T h e echoes a r e displayed on two P P I s c o p e s which a r e photographed f o r e v e r y antenna rotation. On one of the d i s p l a y s the echoes a r e p r e s e n t e d in d i s c r e t e s t e p s of illumination intensity w h i c h , a r e c a l i b r a t e d in t e r m s of the reflectivity factor 2 . Depending upon the di-splay convention used on a given day, the reflectivity factor a t a p a r t i c u l a r location in a n echo can be d e t e r m i n e d f r o m t h i s P P I with a p r e c i s i o n of 5 dB or 10 dB. On the second P P I the echoes a r e p r e s e n t e d in continuous tone and the f i l m exposure and p r o c e s sing a r e carefully controlled in an attempt t o maintain a fixed and known relationship between t a r g e t reflectivity and optical density on the f i l m . An example of r a i n echoes on t h i s display is shown in F i g . 2 T h e deflection t r a c e a r o u n d the p e r i m e t e r of t h i s display is p r uced by a device called ADA (Azimuth Display of Attenuation). D e s c r i b e d by Zawadzki and R o g e r s , ADA is e s s e n t i a l l y a n analog computer that evaluates the i n t e g r a l (6) over the r a d a r line of sight f o r e v e r y t r a n s m i t t e d pulse. The range of integration is f r o m 9 . 3 km ( 5 nautical m i l e s ) to 204 k m (110 n. m i . ) with K and a taken f r o m Table 2 f o r a frequency of lOGHz. The 9. 3 k m inner l i m i t of integration was selected as the minimum range r e q u i r e d to eliminate ground c l u t t e r a t the elevation a n g l e s of i n t e r e s t . The ADA deflection is thus proportional t o the 10GHz attenuation due t o r a i n over r a d i a l paths, a s s u m i n g that the r a d a r t a r g e t s c o n s i s t of r a i n f o r which t h e e m p i r i c a l values of K and a apply. Although ADA application is consequent1 r e s t r i c t e d t o s u m m e r t i m e convective precipitation in which snow is not likely t o be p r e s e n t , m o s t of the o c c u r r e n c e s of attenuation i n e x c e s s of 10 dB a t lOGHz, a r e accounted f o r by t h i s kind of precipitation.



T8)



T h e m a i n s o u r c e s of e r r o r in ADA m e a s u r e m e n t s in convective s t o r m s a r e uncertainties in the r a d a r calibration f a c t o r C i n ( 3 and the occasional p r e s e n c e of hail, which invalidates the f a c t o r s K and a i n (6). Zawadzki and R o g e r s i o ) showed that the possible e r r o r in attenuation due to uncertainties i n calibration amounts t o h 60%. T h e p r e s e n c e of hail will evidently c a u s e ADA t o indicate attenuations that a r e too h i g h - - s o m e t i m e s excessively so (McCormick9). While it is possible, in principle, t o compute the attenuation over a r b i t r a r y paths on the b a s i s of the field of reflectivity, t h i s t u r n s out t o be a difficult job in p r a c t i c e b e c a u s e of the p r o b l e m of a c c u r a t e s t o r a g e of t h e reflectivity data. ADA o v e r c o m e s t h e p r o b l e m by operating d i r e c t l y on the r e c e i v e d signal although t h i s r e s t r i c t s i t s application t o attenuations along r a d i a l paths. McCormick9) p r o c e s s e d r a d a r d a t a digitally t o compute attenuation, but h i s application was a l s o r e s t r i c t e d t o r a d i a l paths. Although t h i s r e s t r i c t i o n could evidently be o v e r c o m e by additional d a t a p r o c e s s i n g , ADA s t i l l o f f e r s the advantage of displaying r e s u l t s in r e a l t i m e . B y adjustment of the index a in a c c o r d a n c e with the values in Table 2, ADA could be m a d e to display the attenuation at any d e s i r e d frequency. The index i s sufficiently constant over the range f r o m 10 t o 40GHz, however, that i t is possible t o e s t i m a t e the attenuation a t any frequency within t h i s r a n g e on the b a s i s of the indicated lOCHz attenuation. The a p p r o p r i a t e f a c t o r s by which the lOGHz attenuation m u s t be multiplied t o give a n e s t i m a t e of attenuation a t higher f r e q u e n c i e s a r e l i s t e d in Table 4. T h e s e
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f a c t o r s a r e applicable in c a s e s of m o d e r a t e but not e x t r e m e attenuation, when the r e f l e c t i v i t y range between l o 4 and lo5 m m 6 / m 3 contributes m o s t toward total path attenuation. In c a s e s of weaker attenuation the c o r r e c t i o n f a c t o r s should be somewhat l a r g e r . Table 4.



Approximate f a c t o r s f o r converting lOGHz attenuation to attenuation at higher f r e q u e n c i e s



Frequency(GHz)



I



15



20



30



35



40



Conversion factor



I



4



7



15



18



20



A s used in 1968 and 1969, the minimum d i s c e r n a b l e (10GHz) attenuation of ADA was 5 dB. T h i s c o r r e s p o n d s to about 35 dB a t 20GHz and to even higher attenuation beyond 20GHz. Consequently, the r e s u l t s f r o m t h e s e two s e a s o n s of operation a r e of useful p r e c i s i o n only f o r frequencies l e s s than 20GHz. In the s u m m e r 1970 season, the display h a s been adjusted to allow m e a s u r e m e n t of weaker attenuations, that will be of i n t e r e s t t o propagation a t higher frequencies. 4.



ATTENUATION DATA



ADA w a s operated p a r t of the t i m e during the s u m m e r s of 1968 and 1969. E s s e n t i a l l y complete coverage of all r a i n within r a d a r range of Montreal is available f o r the months of August and September of both y e a r s . P l a n s c a l l f o r continuous operation during the s u m m e r of 1970. At p r e s e n t all the 1968 d a t a and the August 1969 d a t a have been analyzed. T h e n a t u r a l coordinates of the d a t a a r e azimuth and time. Fig. 3 is a n example of the field of attenuation i n t h e s e c o o r d i n a t e s due t o intense t h u n d e r s t o r m s . T h e p a t t e r n contains information about t h e i r extent, duration, and motion r e l a t i v e t o the r a d a r . E x c e s s i v e l y high values, such as the 50 dB regions on t h i s map, a r e now believed to b e spurious on the b a s i s of McCormick's m e a s u r e m e n t s 9 ) , and indicative of the p r e s e n c e of hail. Attenuation p a t t e r n s in continuous r a i n show l e s s v a r i a b i l i t in azimuth and time than this example. By analyzing s e v e r a l such p a t t e r n s for t h u n d e r s t o r m s , FindletonY1) concluded that the g e n e r a l f o r m of the attenuation envelopes was i n a c c o r d with a s t r a i g h t - l i n e movement of the s t o r m s with a speed of 40 m i l e s p e r hour; that t h i s assumption could often be used for extrapolating the position of the attenuation region up to one hour i n advance; but that t h e r e was no way of predicting the o c c u r r e n c e of s u c c e s s i v e peaks within the envelope. Most of the work h a s been d i r e c t e d toward compiling attenuation s t a t i s t i c s r a t h e r than studying individual c a s e s . F o r t h i s purpose, the following information is r e c o r d e d f o r e a c h o c c u r r e n c e of an attenuation of 5 dB o r g r e a t e r : (1) elevation angle #, in d e g r e e s . (2) the sextant of azimuth e : B = 1, 2, 3, 4, 5, o r 6, with 8 = 1 corresponding to a z i m u t h s between Oo and 60°, 8 = 2 corresponding to azimuths between 60° and 120@, etc. (3) azimuth extent x , in d e g r e e s , of attenuation exceeding 5 dB, 10 dB, 15 dB, . , within each sextant. (4) t i m e and date.



..



H i s t o g r a m s of the azimuth extent of attenuation o c c u r r e n c e s of August 1969 a r e shown in F i g . 4. T h e s e c u r v e s i l l u s t r a t e the rapid d e c r e a s e of attenuation likelihood with r e s p e c t to elevation angle and attenuation amount. The s t r o n g peaking of the h i s t o g r a m s a t s m a l l values of azimuth extent is a c h a r a c t e r i s t i c of low elevation a n g l e s because of the viewing geometry. Distant s t o r m s intercept n a r r o w angles, and t h e s e a r e only visible a t low elevations. By the s a m e token a s t o r m which c a u s e s attenuation at a r e l a t i v e l y high elevation angle m u s t be c l o s e , and will t h e r e f o r e intercept a relatively broad angle of azimuth. The f a c t that extents w e r e m e a s u r e d within sextants a l s o tends t o impose a b i a s i n favor of n a r r o w extents, but t h i s effect i s probably negligible except for 5 dB attenuations a t 3 O elevation. T a b l e 5, based on F i g . 4, p r e s e n t s the azimuth extent that is exceeded i n only 10 p e r cent of the c a s e s as a function of elevation angle and attenuation amount. Thus, in 90 p e r cent of the c a s e s 5 dB attenuations a t 3O extended over 20 d e g r e e s azimuth o r l e s s , and a t loo over 17 d e g r e e s o r l e s s . F o r the lower elevations, the azimuth extent is s e e n to be i n v e r s e l y proportional t o attenuation. Data a r e not e n t e r e d f o r c a s e s in which the sample s i z e was too small t o w a r r a n t a 90 p e r cent e s t i m a t e . Table 5. Azimuth interval within a sextant ( d e g r e e s ) containing 90% of the observed attenuations (August 1969) Elevation angle ( d e g r e e s )
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Table 6.



F r a tion of t i m e ( p e r cent) that attenuation was exceeded in a t l e a s t one sextant (August 1969)



[



3



6. 5



13



15



20



7.4 3.5 1.4 0. 83



2.3 0.76 0.17 0.06



0. 81 0. 28 0.06 0.01



0. 38 0. 14 0. 05 0.01



0. 06 0.03 0 0



Elevation angle ( d e g r e e s )



3



6.5



10



15



20



Attenuation (dB)



30 17



19 13



12 9



9 7



5 4



.Elevation angle ( d e g r e e s )



I



Attenuation (dB)



5 10 20 30



5 10



w h e r e p(x) is the.frequency distribution of x. with any extent is



I&



T h e probability that A>Ao owing t o a n attenuating region p(x)dx =



x



x / 360



is the m e a n azimuth extent of the r e g i o n s in which A>Ao. where formula x



F r o m the data,



is e s t i m a t e d by the



1 =-rzxi. n



The probability that A7A0, evaluated f o r the e n t i r e observation time. is given by



T h i s probability is p r e s e n t e d in Fig. 6 as a function of elevation angle f o r s e v e r a l values of A,. F o r c o m p a r i s o n a t h e o r e t i c a l c u r v e is shown, based on the assumption that attenuating r a i n s h o w e r s have uniform reflectivity and width f r o m the s u r f a c e up t o a height H of 5 m i l e s , beyond which they c a u s e no attenuation. A s s u m i n g that s u c h idealized s h o w e r s occur with equal probability over the r a d a r map, the frequency of o c c u r r e n c e of a given attenuation f o r a randomly chosen bearing is proportional t o r o , where r g = 5 m i is the inner cutoff of ADA. While the 5 dB d a t a ( e s p e c i a l l y f r o m 1969) (H c o t + ) a r e s e e n t o a g r e e s u r p r i s i n g l y well with the t h e o r e t i c a l curve, d a t a f o r higher attenuations fall off m o r e rapidly with i n c r e a s i n g elevation than the s i m p l e model p r e d i c t s . T h i s m a y imply that the r a i n r e s p o n sible f o r v e r y high attenuation is confined to relatively low altitudes.



-



T h e d i f f e r e n c e s i n F i g . 6 between the d a t a f r o m 1968 and 1969 indicate significant y e a r l y variability of the attenuation s t a t i s t i c s . Climatic r e c o r d s show that the months of June, July, and August tend t o contain all the heavy r a i n o c c u r r e n c e s f o r the Montreal a r e a (Bradley12). T h e s e months thus c o m p r i s e the extreme-attenuation season. A quick check of r a i n r e c o r d s f r o m about a dozen stations within 100 m i l e s of Montreal indicated that August and September of 1968 w e r e distinctly d r y months*, while the rainfall of August 1969 was not far f r o m n o r m a l a t all stations. T h i s difference in rainfall amount is not sufficient t o explain the differences evident i n F i g . 6, and in f a c t is j u s t the opposite of what one might expect on the b a s i s of the c u r v e s . Analyzing the attenuation probabilities s e p a r a t e l y by sextant r e v e a l s even m o r e differences between the two y e a r s . I n 1968, sextants 1 and 2--directions f r o m due north to s o u t h e a s t - - w e r e regions of r e l a t i v e l y s m a l l attenuation likelihood. In August 1969, on the other hand, sextant 2 had about t h r e e t i m e s higher attenuation probabilities than any other direction. Although the r a d a r survey.cl and r e c o r d s attenuations of hundreds of r a i n s t o r m s during a n y s u m m e r month, it is evident that m o r e than one or two y e a r s ’ d a t a is r e q u i r e d f o r r e l i a b l e e s t i m a t e s of all the s t a t i s t i c a l p a r a m e t e r s that have been considered. S e v e r a l t i m e s the p r e s e n t amount of d a t a would be n e c e s s a r y t o d r a w conclusions about d i r e c t i o n a l dependence of attenuation. Even with t h i s dependence a v e r a g e d out t h e r e r e m a i n s considerable year -toyear variability, as shown i n Fig. 6.



+In the r e p o r t by Zawadzki and R o g e r s ” ) , of r a i n r e c o r d s a t a single station.



t h i s period w a s i n c o r r e c t l y d e s c r i b e d as n o r m a l on the b a s i s
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5.



CONCLUSIONS



Although the preliminary r e s u l t s presented h e r e a r e based on a l a r g e number of attenuation observations, the total time over which the observations were taken ( 3 months f r o m two s u m m e r s ) is not sufficient f o r reliable predictions to be made of all the attenuation p a r a m e t e r s that have been considered. F o r example, the 30 dB attenuations, especially a t high elevations, a r e r a r e events, and only a v e r y s m a l l sample of these is available a t present. Also, it is not yet possible to predict the dependence of attenuation likelihood on azimuth, since the two y e a r s analyzed gave conflicting r e s u l t s . Over a period of many seasons t h e r e m a y in fact be no directional dependence of attenuation likelihood. It is suggested, however, that the broad data b a s e of 5 and 10 dB attenuations. considered without r e g a r d to azimuth, is sufficient to p e r m i t some general conclusions about tropospheric slant-path attenuation in the Montreal a r e a . (1) (2)



(3)



(4)



Summertime attenuations of 5 dB a t lOGHz ( o r 20 dB a t 15GHz) have azimuth extents that r a r e l y exceed approximately 20 d e g r e e s for elevation- angles between 30 (essentially horizontal) and ZOO. The fraction of time during which a n attenuation event o c c u r s in some direction f r o m the r a d a r diminishes rapidly with increasing attenuation amount and with elevation angle. At a given elevation, 10 dB attenuations occur with somewhat l e s s than half the frequency of 5 dB attenuations. The likelihoods of 5 and 10 dB attenuations fall off roughly by a n o r d e r of magnitude as the elevation is increased f r o m the horizontal to 100, and by another o r d e r of magnitude f o r 200 elevation. The average duration of s u m m e r t i m e attenuation occurrences a l s o d e c r e a s e s with elevation and attenuation amount. F o r near-horizontal paths the average duration of 5 dB ( a t 10GHz) attenuation is about a half hour. With increasing elevation this duration d e c r e a s e s rapidly a t first. and then m o r e gradually, to a value of about 5 minutes at 20°. F o r any elevation the average duration of a 10 dB attenuation occurrence is about 2.13 the duration of a 5 dB occurrence. With l e s s certainty, it a p p e a r s f r o m Fig. 6 that for a bearing picked a t random with the elevation near horizontal, the attenuation would be expected to exceed 5 dB about 0. 15% of the time and 10 dB about one-third as often. Over the range of elevation angles considered, the dependence of these probabilities on elevation can be adequately explained by assuming that the attenuating rainshowers have uniform s t r u c t u r e f r o m the surface-up to 5 miles, and occur with equal probability over all p a r t s of the r a d a r map.
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The dependence of K and a in ( 6 ) on frequency, from Zawadzki and Rogers
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Fig. 2



Example of PPI picture with ADA deflection and calibration, adapted from Zawaszki and Rogers
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DURATION. MINUTES Fig. 5



Histograms of the duration of 5 and 10 dB attenuation events, August 1969. Data a r e entered in 4 min time intervals, a s this is the period of one antenna cycle
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Fig. 6



Fraction of time that various attenuations are exceeded for a bearing chosen a t random. Heavy solid lines a r e for 1968 data. Dashed lines a r e for 1969. The light solid line is a theoretical curve explained i n the text
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SIMULTANEOUS MEASUREMENTS OF PRECIPITATION ATTENUATION AND RADAR REFLECTIVITY AT CENTIMETRE WAVELENGTHS



K. S. McCORMICK Communications Research Centre Department of Communications Ottawa, Canada SUMMARY Measurements have been made of precipitation attenuation along slant paths through the troposphere. Beacons at 4, 8 and 15 GHz were carried by an aircraft which flew in circular paths around a receiving antenna, with elevation angles to the aircraft,for different flights between 3 and 20 degrees. Simultaneous measurements of backscatter from precipitation along the propagation path were made using a 2.9 GHz weather radar. The radar data have been used to calculate values of the path attenuation, using empirical relations to relate attenuation to reflectivity factor. Data were obtained for situations including moderate widespread rain, an intense shower, rain cells which apparently contained hail in their cores, and situations in which a distinct melting layer was present. On the basis of the measured data, it is concluded that the radar can be used to calculate values of path attenuation that give satisfactory agreement with the observed values, provided that hail o r a melting layer is not intercepted by the radar beam. If these conditions exist, the attenuation calculated from the radar data can be greatly in excess of that observed. Except in the case of a stable melting layer, it is difficult to recognize these conditions solely on the basis of the radar data.



1.



INTRODUCTION.



At frequencies greater than a few GHz, one of the most serious problems encountered in the transmission of radiowaves through the troposphere is attenuation by precipitation. While much is known about the specific attenuation (dB/ unit length) due to rain of given rate, little information is available on the percentage occurrence of given path attenuations for different elevation angles and geographic locations. An aircraft, equipped with microwave beacon transmitters at 4, 8 and 15 GHz, has been used in a study of precipitation attenuation. A weather radar provided simultaneous measurements of backscatter along the propagation path. In a paper describing experiments conducted during 19673 quantitative estimates of path attenuation were made using radar data obtained for intense showers. Measurements obtained during 1968 for a wider range of meteorological situations are discussed in this paper. Emphasis is placed on a comparison of measured path attenuations with those calculated from the radar data, since radar provides a means of rapid acquisition of statistical information on the shape, size, intensity, and motion of storms within radar range of any given location. It is important, therefore, to establish the accuracy with which path attenuations can be calculated from radar measurements, and to identify those situations in which the calculations do not satisfactorily predict the attenuation. 2.



THEORETICAL CONSIDERATIONS.



2.1.



Measurements of Radar Reflectivity Factor.



The radar equation developed by Probert-Jones2 for a distributed target such as rain can be written as



where.P = average received power Pt = peak transmitted'power h = radar pulse length in space Ae



-



effective antenna aperture



K = E-l , where E is the dielectric constant of the rain E4-2 A



=



radar wavelength



e



=



distance from the radar to.the pulse volume



2



-



radar reflectivity factor



'6 , where Di are the iameters of the individual raindrops, and the sum is taken is defined to be C Di It hasunits of (length)' and is commonly expressed as mm6/m3. Equation (1) was over unit volume. derived on the assumptions that the radar pulse volume is uniformly filled by the rain, that the signal is unattenuated by the rain, and that the wavelength is much greater than the raindrop diameters. This 2



9-2 equation can be rewritten as



z=



2CRL Pr



where the value of the "radar constant" CR depends not only on the radar characteristics but also on the dielectric factor and therefore varies with the temperature of the rain. In principle, CR can be determined with fair accuracy by careful measurement of the radar parameters.



-



Marshall and Hitschfeld' showed that, in order to obtain a reliable estimate of the average value P of the fluctuating received p wer, it is necessary to obtain several independentsamples of P from tf;e same volume of space. Smith2 suggested that an equivalent procedure is to retain only the 'largest value of a number of samples. A correction, the magnitude of which depends on the sample size, can then be made to obtain the best estimate of the true average. Rogers5 extended this work by evaluating the-errorlikely to be caused by variations of reflectivity within the sample volume. The procedure suggested by Smith was adopted in the present work since it is particularly suitable for the computer techniques used in recording the data. 2.2



Attenuation and Reflectivity Factor.



As the result of theoretical and experimental investigations of the attenuation due to rain, it is generally accepted that the specific attenuation A (dB per unit length) and the rainfa 1 rate R can be related by an equation of the form A = kRy as originally proposed by Gunn and East', where k and Y depend on frequency. Similar studies have been conducted to relate the reflectivity fzctor Z of the rain to rainfall rate, resulting in an equation of the form Z = aRb. This implies that the radar frequency is sufficiently low that attenuation of the radar signal is negligible, that the Rayleigh approximation for scattering is satisfied and that a and b can be considered independent of frequency. It is convenient to combine these relations by eliminating the rainfall rate R, to obtain an equation of the form a A = CZ dB/unit length (3) relating attenuation and reflectivity factor, where c and adepend on frequency. Provided the radar constant in Equation (2) is known, the total path attenuation A' can be calculated from measurements of 2 as a function of range using



(4) where the integration is carried out over the entire distance, d, from which echoes are received. In practice, the integral can be replaced by a summation since the values of Z are normally determined at discrete intervals. 3.



EXPERIMENTAL ARRANGEMENT



The beacon transmitters used in this study were mounted in the wing-tip of a CF-100 aircraft. The antennas were arranged so that they would be directed towards the receiving antenna located at the Communications Research Centre (CRC) as the aircraft flew in a near-circular path around a TACAN station 8 km north of CRC. Flight profiles included altitudes up to the maximum aircraft altitude of 40 thousand feet (12km), and radii of the flight path up to 100 km. The three frequencies used, 4.2375, 8.475 and 15.255 GHz, were derived from a crystal oscillator followed by varactor multipliers to provide power outputs on the order of 10 mW at each frequency. The transmitting antennas were circularly polarized. They were chosen to have circular symmetry and the largest possible beamwidth (typically 60' to the 3 dB points), consistent with aircraft mounting, so that small variations in the aircraft attitude would have a minimal effect on the received signal strength. The receiving antenna consisted of a 30 foot precision paraboloidal reflector and a near-field Cassegrain feed with a three-frequency mode coupler which provided automatic tracking at 4 GHz. This frequency was not severely attenuated by the heaviest rains encountered, and therefore automatic tracking could be maintained during such periods. The three received signals were down-converted to 60 MHz and fed to separate phase-lock receivers whose A.G.C. outputs, with a time constant of one second, were used to derive the received signal strengths. A dynamic range of about 40 dB was available at each frequency. The weather radar, collocated with the receiving antenna, was operated at 2.9 GHz, a frequency not significantly attenuated by rain. It has a 10 foot paraboloidal antenna giving a beamwidth of about 2.3 degrees, and was operated with a pulse duration of 0.75 Us, a pulse repetition frequency of 1040 per second, and a peak output power of approximately 150 kW. During these experiments, the aircraft was manually tracked by the radar operator by maximizing the return signal from the aircraft. The distance to the aircraft was measured using an aircraft-mounted transponder. The time interval between the transmission of a pulse from the ground statfon and the reception of the return pulse from the aircraft was recorded and used later to range-normalize the received signal strengths. A block diagram of the data recording system is shown in Figure (1). The received signal strengths were fed to an analogue-to-digital converter in the computer. Sampling rates of either one or two per second were used at different times. The radar data were obtained using a device which has been described previously7, and consisted of measurements of the backscattered power from each 112.5 m out to a range of about 115 km. A set of radar data, therefore, is similar to a normal A-scan presentation of backscattered power as a function of range. At regular intervals, the signal strengths, radar measurements, aircraft range and housekeeping data were transferred from the computer memory to



9-3 digital magnetic tape for later analysis. Calibration data for the three receivers and the radar were recorded before and after each experiment.



4.



DATA ANALYSIS.



The simultaneous measurement of attenuation at the three frequencies presented no serious difficulties, except that, on occasion, some loss of data resulted from instabilities in the 8 GHz transmitter. After range normalization of received power, it was possible in almost all cases to establish with an accuracy estimated to be better than 0.5 dB, the unattenuated received signal levels from which the attenuations could be determined. r Analysis of the radar data is a more difficult problem. To make quantitative estimates of reflectivity factor, an absolute calibration of the radar, including line losses, is required in order to determine C in Equation (2). Even using sophisticated techniques, the error in such a calibration may be a few ffB'.8 For this reason, in the present study, the radar constant was derived using the attenuations measured on 24 September 1968, and this constant was then used in the analysis of the remaining data. Since the attenuations at 15 GHz cover the greatest range of values, and are of the greatest interest, they were used to determine the radar constant CR in conjunction with the empirical relations z:= 200 R ~ mm*6/m~3 (5) and A15 =: 0.0333 R dB/km (6) where A15 denotes the specific attenuation at 15 GHz and R is expressed in mm/hr. Equation (5) is commonly used a d can be derived from the Laws and Parsons9 drop-size distrffution. Equation ( 6 ) was calculated" for a frequency of 15 GHz using values published by Oguchi Combining Equations (5) and ( 6 ) by eliminating the rainfall rate yields hhe equation



.



A15 = 7.15 x



Z0*725



dB/km



(7)



which was used to calculate the total path attenuation. Since the exponent in Equation (3) is not subject to modification by a change in the radar calibration, a linear regression between measured and calculated values of attenuation was used to determine CR. Two sets of data were available for 24 September (as shown in Figures 3 and 4 ) , and an average value of CR was obtained by weighting the regression coefficients obtained for each by the number of observations made in each case. Only values of attenuation greater than 0.5 dB were used, and times for which the receiver had lost lock on the signal were ignored. The value so obtained for CR differed by several dB from measurements and estimates of the radar parameters. To establish relations between reflectivity and attenuations at 4 and 8 GHz, Equation (5) was combined with A4 = 0.00185 RIeo dB/km (8) I



and to obtain respectively



A8 = 0.00535 Rle2' dB/km



(9)



A, = 6.74 x 10-5 z0.625



(10)



and



(11)



Equatiopo(8) was interpolated from values tabulated by Wexler and Atlas12, and Equation (9) was derived from Oguchi's data for a frequency of 8.4 GHz. The validity of (10) and (11) was tested using the value of CR already found, and the measurements made at 4 and 8 GHz on 24 September. These equations underestimated the measured values of attenuation, and it was found that at 8 GHz a more appropriate relation would be =



1.16 x



z0m8O6



(12)



It is not surprising that the multiplier in this equation differs from the value in equation (11). It depends strongly on the assumed exponent, and both may be expected to depend on the actual drop-size distributions in the rain. In addition, since the true value of CR is unknown, the assumed value of the multiplier for 15 GHz may be in error by a small factor, which could increase the discrepancy. Evidence will be presented that on the average the drop-size dependence of the constants is weak, and that a single A-2 relation for each frequency can be used with good accuracy for rains of different origin. The measured data at 4 GHz were multiplier of Equation (10) by a factor was not made in the results presented. attenuations at 4 , 8 and 15 GHz for all 5.



too few to reach definite conclusions, but an increase in the of two would be approximately correct. This modification Equations (lo), (12) and (7) were used to compute path data obtained in 1968.



RESULTS.



During the 1968 measurement period, four classes of storms were observed. Two of these, cumuliform and stratiform, may be expected to contain very different drop-size distributions because of the different storm dynamics involved. The third type is also cumuliform, but on the basis of the attenuation measurements is considered to contain hail. The fourth case represents stratiform rain in which a distinct melting layer is present.
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Chuliform Rain.



The rain cell which caused the largest attenuations during the measurement period, and which was used to calibrate the radar, was observed on 24 September 1968 during the early evening. Two sets of measurements of received signal strengths and radar backscatter were obtained at times separated Signal strength measurements were made twice per second, and a set by approximately one-half hour. of radar data was obtained each five seconds. Figure (2) shows an isoecho polar diagram of the radar reflectivity measurements which has been reconstructed from the radar data. Since the rate of change of azimuth to the aircraft was only a few degrees per minute, the instantaneous structure of the cell is distorted due to its motion during the course of the measurements and its inherent nonstationary nature. Apart from this the diagram is equivalent to the familiar plan-position indicator presentation. The c ntours are separated by 10 dB in 2, with the lowest contour starting at 30 dBZ (30 dB above Z = 1 mm6/mg). Two scales are plotted along the radii of the diagram, the slant range along the propagation path, and the height above the earth's surface, based on an approximate elevation angle of the radar and a 4/3 earth's radius. The time that the measurements were taken, and the corresponding azimuths (degrees measured east from north) are plotted around the circumference. Also shown are the measured attenuations at 15 GHz to show clearly the correlation with storm structure. In the cell of interest, at a range of about 12 km, the maximum reflectivity factor lies between 50 and 60 dBZ. The areas of greatest 2 are localized and are surrounded by more diffuse regions of smaller 2. Of particular interest are the large gradients occurring along the edge of the cell nearest the radar where 2 increased by 20 dB within a range increment of less than 250 m. Assuming the relation 2 = 200 Rla6, this implies that the rainfall rate increased from 3 to 50 mrn/hr, a factor of 17, in this range interval. This cell was again observed 30 minutes later during a second circuit by the aircraft. The cell had moved farther away, so that it was intercepted at a greater altitude. The structure of the cell was more diffuse, the area of greatest reflectivity had increased, and the gradients of reflectivity along the edges nearest the radar had decreased. In addition, the cell had become aligned so that its long axis was almost parallel to the propagation path. The attenuation measurements which were made for this cell are shown as a function of time in Figures (3) and (4). For clarity, the unattenuated signal levels have been separated by 10 dB, as shown by the dashed lines, and the elevation angles to the aircraft are shown along the top.of each diagram. During this experiment, the received signal strengths were sampled twice per second. In the interval 0051-0110 GMT, the measured attenuations reached 25 dB at 15 GHz, and 9 dB at 8 GHz during the period the area of maximum Z was intercepted. Negligible attenuation was observed at 4 GHz. In the interval 0128-0142 GMT, when the l o n g axis of the cell was parallel to the propagation path, 20 dB attenuation was measured at 8 GHz, and the 15 GHz receiver lost lock on the signal when the attenuation exceeded 41 dB. A peak value of 2 dB was measured simultaneously at 4 GHz. Otherwise, little variation at 4 GHz is apparent except for the fluctuations that occurred at 0057 GMT. These are also evident at 8 and 15 GHz with somewhat increased amplitudes but are not believed to be due to precipitation. They are possibly a result of turbulence and refractive effects in the troposphere. The rapid low-amplitude fluctuations evident in the recordings are probably caused by similar effects. They were always present in the recordings, with varying degrees of severity as may be expected for propagation through the troposphere. Although the peak-to-peak amplitudes of these fluctuations were usually of the order of 1-2 dB, it was noted that on those occasions for which the pilot reported turbulent conditions, the amplitude of the fluctuations tended to be small. Presumably the reason for this is that the refractive structures whfch give rise to scintillations are not formed in a wellmixed atmosphere. Also plotted in Figures (3) and (4) as the lighter, smoother lines are the attenuations which were calculated from Equations (lo), (12) and (7) using the measured backscatter data. At times (eg. at 0053 GMT) the measured attenuations are underestimated by the calculated values. While part of this difference can be attributed to the finite radar beamidth, some of it undoubtedly results from difficulties in manually tracking the aircraft with the radar. In general, the correlation between the measured and calculated attenuations is quite acceptable. 5.2.



Stratiform Rain.



On 17 May 1968, observations were made during a period of widespread rain which resulted from a low-pressure area moving into the Ottawa area. The reflectivities which were measured between 0034 and 0103 GMT are shown in Figure (5), and the corresponding values of measured attenuation in Figure (6). No measurements of attenuation at 8 GHz were obtained because of difficulties with the transmitter. The measured attenuation at 15 GHz reaches a maximum of 15 dB, and at no time did the attenuation at 4 GHz exceed 1 dB. Also shown in Figure (6) are the values calculated from the radar data. The regression line computed for these data has a slope of 0.94, with a variance of 0.35 (dB) 2



.



As well as varying widely in time and space, drop-size distributions in rain may be expected to vary with the type of rain, and each distribution will have a unique corresponding A-2 relation. Although the 17 May rain was of the stratiform type, and that discussed previously was cumuliform, the same A-2 relation for 15 GHz gives, on the average, equally good results for both storms. It appears that variations in the A-2 relation arising from differences in the drop-size distributions are suppressed by the averaging over a volume of space that is inherent in a radar reflectivity measurement, and the further averaging that occurs when the backscatter signal is integrated over the propagation path.
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Hail.



Figure (7) is a reflectiirity diagram for measurements made from 2014 to 2024 GMT on 12 June 1968. Showers and thunderstorms were reported for the Ottawa area. Due to a deterioration of the mixer diodes, the sensitivity of the radar was less than normal, and the lowest contour shown corresponds to 40 dBZ. The main feature of the diagram is a cell at a range of 60 km, for which the values of reflectivity exceed 60 dBZ. Figure (8) shows the measured values of attenuation at 4 and 15 GHz, and the attenuations calculated from the radar data, which were obtained at 10 second intervals. Again, no useful data were obtained at 8 GHz. Little effect occurred at 4 GHz, and the maximum attenuation at 15 GHz is about 10 dB. In this case, however, the calculated values at 15 GHz exceed 50 dB, and are about six times those measured. The small cell observed near an azimuth of 327 degrees gave measured attenuations of 2 to 4 dB, with calculated values reaching 8 dB. During later periods of this experiment, some cells were intercepted for which good agreement between measured and calculated values was obtained. A possible contribution to this discrepancy is the effect of gradients of reflectivity within the cell. The use of the peak values of received power as described previously is based on the assqnption of uniform reflectivity throughout the radar pulse volume. In practice, and particularly at large ranges, this condition will never be completely satisfied. Rogers5 has shown that for a sample size of 16 echo returns, as was used in this case, a variation of 30 dB in reflectivity within the sample volume is likely to cause an overestimate of 2 by 2.5 dB. This is clearly insufficient to account for the differences found, although it may be a contributing factor. 6 An alternative explanation is bhat some of the rain cells contained hail. Gunn and East , using as an example a water-coated ice sphere of radius 0.06 cm and a frequency of 10 GHz, concluded that when 10 percent of the sphere is melted its extinction cross-section will be twice that of an equivalent all-water sphere. At the same time, the backscattering cross section of the same sphere is less than 60 percent of that of an all-water sphere. However, as the result o an extensive set of calculations for a frequency of 34.8 GHz, and for larger sphere radii, Oguchi15 has shown that the backscattering cross-section of a water-coated ice sphere can be enhanced by a factor of eight relative to a water sphere, while the extinction cross-section is increased by a factor of two or less. This enhancement of the backscattered power in the presence of hail is consistent with the data presented 5.4.



Melting Layer.



A similar argument can be used to explain the observations made on 10 October 1968. A reflectivity diagram for part of this experiment is shown in Figure (9) for the period 2025-2048 G M , and the corresponding measurements of attenuation in Figure (10). The elevation angle to the aircraft was more than 16 degrees, and a well-defined melting layer, or bright band, is clearly shown. Radiosonde data taken at Maniwaki, 100 km north of Ottawa, at 0000 GMT place the zero degree isotherm at a height of 2.5 km, very close to the position of the radar bright band. Values of reflectivity exceeding 60 dBZ occur in this layer between azimuth angles of 270 and 320 degrees. In this example the unattenuated signal levels probably vary by a few dB since, at the short aircraft range (40-50 km) required to achieve the large elevation angles, the transmitting antennas were not pointing directly at the receiving antenna. As a result, variations in received signal strength for small changes in the aircraft attitude would be significant.



As seen in Figure (lo), the calculated attenuations for the most part are larger than those measured, and the discrepancy increases rapidly when the intense bright band is encountered at about 2037 GMT. Even for times before this, when no bright band was intercepted, the radar estimates of attenuation tend to be excessive. It seems likely that a significant part of the reflecting region may have contained wet snow, with somewhat enhanced reflectivity relative to the amount of absorbing water present. 6.



CONCLUSIONS.



For two very different meteorological situations, cumuliform and stratiform rain, path attenuations at 15 GHz have been calculated with good accuracy from radar reflectivity measurements using the same constants in the A-2 relation for each case. Results at 8 GHz are less complete, but the calculated values are of comparable accuracy. This agreement is obtained despite expected variations in the drop-size distributions for the two cases since the radar measurements average over significant volumes of the rain. In cases where hail o r a melting layer were illuminated by the radar, the calculated attenuations were greatly in excess of those measured. lhis is interpreted as being due to enhanced backscattering cross sections of water-coated ice particles. Such meteorological situations may not have distinguishing features and may be difficult to recognize solely on the basis of radar measurements. Additional studies of these phenomena, and experimental verification of the use of radar to Iredict attenuations at frequencies higher than 15 GHz are required. ACKNOWLEDGEMENTS The cooperation of the Aerospace Engineering Test 'Establishment,Canadian Forces Base Uplands, Ottawa, and the assistance of Mr. T.E. Ashdown, who completed much of the data analysis, are gratefully acknowledged.
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Measured and calculated attenuations as a function of time for the period shown in Fig. 2. The heavier lines are measured values and the lighter lines are calculated values.
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Measured and calculated attenuations as a function of time for part of the period shown in Fig. 5
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Fig. 7



Radar reflectivity measurements for 12 June 1968
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Fig. 9



Radar reflectivity measurements for 10 October 1968
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COMPARISON O F 15 GHz PROPAGATION DATA FROM THE ATS-5 SATELLITE WITH GROUND BASED RADIO AND METEOROLOGICAL DATA A. W. Straiton and B. M. Fannin E l e c t r i c a l Engineering R e s e a r c h Laboratory The University of T e x a s a t Austin Austin, Texas SUMMARY This paper d i s c u s s e s observations of 15 GHz signals t r a n s m i t t e d f r o m the ATS-5 satellite m a d e a t The University of Texas a t Austin and r e l a t e d ground based observations. The purpose of the experiments is to determine the reliability and predictability of communication f r o m s p a c e at frequencies higher than presently used. The ATS-5 satellite was launched in August 1969 and put in synchronous orbit a t 108" West longitude. F a i l u r e in one of the positioning j e t s prevented stabilization with a resulting rotation 76 cycles p e r minute. However, i t was possible to determine significant information on the t r a n s m i s s i o n c h a r a c t e r i s t i c s of the atmosphere. Various ancillary data w e r e taken including wind speed and direction, t e m p e r a t u r e , r a i n r a t e and distribution, sky t e m p e r a t u r e and s u r f a c e radio wave attenuation. This p a p e r gives a brief description of the experiments and p r e s e n t s p r e l i m i n a r y r e s u l t s . I.



Introduction



The ever expanding r e q u i r e m e n t s for the radio spectrum dictates the u s e of as high frequencies as are p r a c t i c a l , T h e r e has been considerable r e t i c e n c e , however, in the u s e of the m i l l i m e t e r and s h o r t centimeter waves because of their absorption by water vapor and oxygen and their attenuation by rain. Theoretical analyses and ground based experiments have indicated that a feasible application of the longer m i l l i m e t e r wavelengths is in t r a n s m i s s i o n between the e a r t h and satellites. In o r d e r to demons t r a t e this u s e and to obtain m o r e information on the l i m i t s imposed by the a t m o s p h e r e , the National Aeronautics and Space Administration through its Goddard Space Flight Center included s h o r t wavelength t r a n s m i s s i o n t e s t s in i t s ATS-5 satellite project. This experiment includes a 31.65 GHz "uplink" to the satellite and a 15. 3 GHz down link f r o m the satellite. The University of Texas a t Austin was chosen as one of s e v e r a l receiving stations for the 15. 3 GHz signal. In o r d e r to i n t e r p r e t the data and extrapolate them to other situations, various auxiliary m e a s u r e m e n t s w e r e made. This paper gives a g e n e r a l description of the satellite experiment and in p a r t i c u l a r the observations made a t The University of Texas at Austin. Accordingly, i t will be concerned only with the down link m e a s u r e m e n t s a t 15. 3 GHz.



11. Spectrum C h a r a c t e r i s t i c s The attenuation for a wave traveling vertically through t h e earth's a t m o s p h e r e in the absence of r a i n o r r a i n clouds i s shown in F i g . 1. The calculations w e r e based on a standard a t m o s p h e r e with ground level water vapor density of 7 . 5 g r a m s p e r cubic m e t e r . The points shown r e p r e s e n t experimental data that support the validity of the theoretical curves. It i s noted that the attenuation for these conditions i s approximately 0.1 dB for 1 5 . 3 GHz and 0.25 dB for 31.6 GHz. These values would i n c r e a s e a s the secant of the angle m e a s u r e d away f r o m the zenith, doubling only when this angle r e a c h e s 60". T h e s e l o s s e s are insignificant a s compared to the other possible path l o s s e s . A potentially m o r e s e r i o u s problem is the attenuation due t o r a i n . Meteorological data a r e inadequate to calculate the r a i n attenuation along a slant path to a satellite. Measurements a t 16 GHz have been m a d e in New J e r s e y by Bell Telephone L a b o r a t o r i e s by tracking the sun and by m e a s u r e m e n t of sky temperatures. Probability c u r v e s for that location, which i s prone to heavy r a i n s , show that attenuation for all elevation angles due to r a i n will exceed 9 dB only 0.12 p e r cent of the daylight hours and only 0.081 of the nighttime hours. The horizontal attenuation a t 15. 3 GHz as a function of rainfall r a t e i s shown in Fig. 2 . The line was calculated using Laws and P a r s o n s drop s i z e distribution. The points r e p r e s e n t m e a s u r e m e n t s made on a path a t Austin, Texas. Although the r a i n distribution along a slant path i s not known, i t a p p e a r s f r o m Fig. 2 that heavy r a i n can cause s e v e r e attenuation even on s h o r t paths. The determination of the actual severity of the effect is the main object of the satellite test.



c2]
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111. General P l a n of Observations The 31.65 GHz t r a n s m i s s i o n to the satellite was made by Goddard Space Flight Center f r o m Rosman, North Carolina. T h e 15. 3 GHz t r a n s m i s s i o n f r o m the satellite was received by Goddard and a number of other ground stations s o located as to sample different weather situations. The signals for both frequencies w e r e to be operated either as a single c a r r i e r o r a s a c a r r i e r and two sidebands equally displaced on either side of the c a r r i e r . F o r each link the sidebands would be displaced by h1.0, * l o o r f 5 0 MHz f r o m the carrier. Identical 15. 3 GHz r e c e i v e r s made by Martin Company, Orlando, Frorida w e r e provided to the Naval Electronics Laboratory for operation at La P o s t a , California, t o The University of T e x a s at Austin, T e x a s , to Ohio State University a t Columbus, Ohio, and to Goddard Space Flight Center f o r o p e r a t i o n a t Rosman, North Carolina. This paper will be p r i m a r i l y concerned with the m e a s u r e m e n t s a t Austin, Texas. IV.



Projected Path Characteristics The planned operational c h a r a c t e r i s t i c s of the down link w e r e as follows: C a r r i e r Frequency T r a n s m i t t e r Power Unmodulated Modulated F r e e Space LOSS Spacecraft Antenna Gain . Ground Antenna Gain, Austin System L o s s Receiver Input Signal Level Unmodulated Modulated Receiver Noise Power Bandwidth Signall nois e Unmodulated Modulated



15.3 GHz 23 dB'm (200 mw) 17.8 dBm/line (60 mw) -208 dB 19.6 dB 54 dB -1.5 dB -111.9 dBm -117.1 dBm -138.5 dBm . 1 kc 25.6 dB 20.4 dB



T h e s e figures do not include the atmospheric attenuation f r o m g a s e s o r rain.



V. The University of Texas Antenna System In the original plans f o r the experiment, The University of Texas r e c e i v e r was t o be located a t Mount Locke i n West Texas using the 16-foot m i l l i m e t e r radio telescope. However, shortly before launch, i t was decided to make the observations i n Austin, Texas and a new antenna s y s t e m was devised. This s y s t e m was located at the Balcones R e s e a r c h Center of T h e University of T e x a s at Austin. This antenna s y s t e m utilizes two 10-foot parabolic dishes mounted side by s i d e and operated a s a s u m m e d i n t e r f e r o m e t e r . The o v e r a l l s y s t e m i s shown in Fig. 3. The r e f l e c t o r s w e r e m a d e by S t r u c t u r a l Technology, Inc. of Menlo P a r k , California. The s u r f a c e i r r e g u l a r i t i e s w e r e estimated to be 0. 33 m m r m s . The r e f l e c t o r s have a r a t h e r s m a l l f / D r a t i o (0.375) but w e r e equipped nevertheless with p r i m e focus feeds. The antenna s y s t e m gain was estimated to be 5 4 . 0 dB. Although the antennas w e r e guarant e e d t o o p e r a t e satisfactorily i n a 45 mph wind, the s y s t e m was installed between rows of b r i c k walls which originally housed magnesium electrolytic c e l l s in o r d e r to reduce the exposure to wind. The two ten foot dishes w e r e mounted on the a r m s of a surplus velometer (doppler r a d a r ) and r e placed the s i x foot dishes originally u s e d with the system. T h e r e c e i v e r and auxiliary equipment w e r e located in the s m a l l i n s t r u m e n t shelter shown in Fig. 3. VI.



Satellite P e r f o r m a n c e



The ATS-5 satellite was launched i n mid-August 1969 f r o m Cape Kennedy, F l o r i d a , and was positioned in a nearly synchronous o r b i t at 108' W longitude i n approximately one month. Due to the f a i l u r e i n one of the control j e t s , i t was not possible to deploy the gravity gradient s y s t e m intended for u s e on the satellite. As a r e s u l t , the satellite continued to spin a t a r a t e of 76 revolutions p e r minute, and accordingly, the intended cw operation f r o m the ground r e c e i v e r standpoint was not achieved. The a i r c r a f t antenna p a t t e r n i s 12' between 1 dB points and 15" between half power points. This antenna b e a m pattern sweeps the r e c e i v e r s i t e once p e r rotation giving a pulse with a duration of approhimately 40 milliseconds. This change f r o m a cw to pulsed signal resulted in a reduction of the a v e r a g e power by 14 dB.
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The main m i l l i m e t e r t r a n s m i t t e r was turned on in mid-September 1969, with a n initial power generation of 2 4 dBm. It was operated p r i m a r i l y i n the c a r r i e r only mode while the stations w e r e locating the satellite f r o m pointing data provided by NASA. On November 22, 1969, the output power of the main t r a n s m i t t e r suddenly dropped by about 6 dB and r e m a i n e d a t this new level until December 17, 1969. Since that t i m e this output level h a s gradually d e c r e a s e d another 3 dB. In addition to the m a i n t r a n s m i t t e r on the s a t e l l i t e , a backup t r a n s m i t t e r was provided which t r a n s mitted the c a r r i e r frequency only. This t r a n s m i t t e r functioned well f o r the f i r s t month but since October 22, 1969, its power output has been v e r y e r r a t i c , frequently s t a r t i n g a t 2 4 dBm a t turnon but dropping to z e r o in 2 0 to 30 minutes.



VII.



Receiver Modifications



The 1 5 . 3 GHz r e c e i v e r u s e d the phase locked principle operating with a s e a r c h and lock capability and was designed with v e r y n a r r o w bandwidth IF channel ( 100 Hz). Spinning of the satellite limited signal reception to only 4 0 milliseconds p e r revolution and revolution and r e q u i r e d the modification described below., The pulsed s a t e l l i t e signal caused the loss of phase lock with a n ensuing searching every t i m e the s a t e l l i t e rotated. T o prevent t h i s , the automatic s e a r c h f e a t u r e was removed and initial s e a r c h i n g for the signal done manually. However, the d r i f t i n the integrator which c o m p r i s e s the loop f i l t e r caused the r e c e i v e r frequency to d r i f t sufficiently between received pulses so that the amplitude through the n a r r o w band I F channel was e r r a t i c . Also the r e s p o n s e t i m e was too slow t o allow lock before the peak of the 4 0 m s pulse. A new loop f i l t e r was constructed using a chopper stabilized operational amplifier i n o r d e r to minimize the d r i f t problem. The loop gain was a l s o i n c r e a s e d by four t i m e s which h a s the effect of multiplying the bandwidth of the phase locked loop by a factor of four s o that the loop achieves lock with minimum e r r o r before the peak of the 4 0 m s received pulse. T h e r e f o r e the received signal is properly c e n t e r e d in the n a r r o w band I F channel and the amplitude is r e a d c o r r e c t l y . Two peak detector and r e c o r d e r d r i v e r c i r c u i t s w e r e installed t o d r i v e s t r i p c h a r t r e c o r d e r s . The fade m a r g i n for the m e a s u r e m e n t of phase difference between the sidebands (when transmitted) h a s been reduced by the c i r c u i t modifications and the l o s s i n t r a n s m i t t e r power to. a n extent that precludes obtaining meaninful m e a s u r e m e n t s of this quantity.



VIII.



Observations During G e n e r a l Light Rain



As a n illustration of the c h a r a c t e r i s t i c s of F e signal received f r o m the satellite during a rather' steady day-long r a i n , data taken on F e b r u a r y 23, 1970 are p r e s e n t e d i n this' section. Data w e r e r e c o r d e d during the i n t e r v a l f r o m 1000 t o 1800 local time. The antenna tracking was done manually using previously computed pointing positions on t e n minute i n t e r v a l s s o that when the azimuth o r elevation'changed rapidly s o m e difficulty i n maintaining adequate tracking was experienced. F i g u r e s 4 and 5 show the elevation and azimuth angles of the satellite as s e e n f r o m , A u s t i n , T e x a s during t h i s interval. The daily variations of t h e s e angles w e r e approximately 8 d e g r e e s i n elevation and 2 d e g r e e s in. azimuth. The r e q u i r e d antenna pointing was changing rapidly during the first and last p a r t s of the observing p e r i o d and m o r e slowly during the middle interval. . F i g u r e 6 shows the s t r i p c h a r t s of the peak detector response during t h e i n t e r v a l of rapid change and slow change in antenna pointing. The difficulty observed in pointing the antenna is sh'own a t one point w h e r e , a sudden jump in level o c c u r s when.repointing. During the i n t e r v a l of slower change i n satellite direction, this problem did not exist. In o r d e r to examine the effect of the' r a i n on t h e signal attenuation, a v e r a g e values over one-hour p e r i o d s w e r e taken f r o m the peak detector output. In addition, the a v e r a g e r a i n r a t e . over the s a m e periods w a s - o b s e r v e d . F i g u r e 7 s h o w s ' a comparison of the a v e r a g e attenuation as a function of the a v e r a g e rainfall r a t e . The point a t z e r o r a i n r a t e was taken f r o m the satellite observations on a c l e a r , day. Although the s c a t t e r of points i n F i g u r e 7 i s l a r g e , t h e r e is a t r e n d i n the data as indicated by the line shown. This line indicates a n attenuation of one dB for 3 m m / h r of r a i n rate. This is approximately the value f o r a horizontal path of one-third kilometer length. IX.



Other Observations



An example of significant attenuation i n the absence of r a i n o c c u r r e d on 20 March 1970 around 1500 local time. T h e r e was a thick cloud cover over the whole a r e a and at t i m e s a significant r e t u r n on a 15 GHz r a d a r pointing along the path to the satellite was noted. The sky t e m p e r a t u r e m e a s u r e d on a n 8 . 6 m m r a d i o m e t e r v a r i e d f r o m 115°K at 1530 to 50°K at 1630. The attenuation during this i n t e r v a l r e m a i n e d essentially constant at 1 dB below the value observed on c l e a r days. This is as much attenuation as was observed during periods with r a i n r a t e s of s e v e r a l m i l l i m e t e r s p e r hour mentioned in the l a s t section. Numerous other m e a s u r e m e n t s through clouds o r light r a i n showed l i t t l e or no attenuation.
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An o v e r a l l description of the x p e r i m e n t and s o m e of the observations m a d e by Goddard Space Flight Center a r e given by Ippolito [ 37 T h e s e r e s u l t s a l s o indicated s m a l l attenuation due to the atmos p h e r e at n e a r l y all t i m e s . On a few occasions, attenuation g r e a t e r than a few dB was a s s o c i a t e d with m o d e r a t e and heavy rainfalls.



.



X.



Conclusions



Although the data p r e s e n t e d i n this paper and those d e s c r i b e d by Ippolito[31 a r e v e r y p r e l i m i n a r y anc' limited, it would appear that the u s e of the s h o r t e r c e n t i m e t e r and m i l l i m e t e r wavelengths hold p r o m i s e f o r s a t i s f a c t o r y u s e i n s a t e l l i t e communication. Choice of receiving s i t e s i n low rainfall a r e a s and the u s e of s p a c e d i v e r s i t y receiving stations should p e r m i t attaining a l m o s t any reliability requirement.
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MICROWAVE ATTENUATION MEASUREMENTS USING THE ATS-5 SATELLITE



J . I . S t r i c k l a n d and J.W.B. Day Communications Research Centre Department o f Communications Ottawa, Canada



SUMMARY



The a t t e n u a t i o n by p r e c i p i t a t i o n o f a 15.3 GHz signal i s being measured f o r s l a n t paths o f 30 degrees e l e v a t i o n angle using the beacon transmissions. o f the ATS-5 s a t e l l i t e . The sky temperature a t 15.3 GHz along the propagation p a t h i s measured simultaneously w i t h a t o t a l power radiometer. Predicted attenuations are c a l c u l a t e d from measured values o f the sky temperature. Backscatter o f r a d i a t i o n a t 2.9 GHz i s measured w i t h a c o l l o c a t e d S-band radar. Values o f mean radar r e f l e c t i v i t y a r e c a l c u l a t e d and path attenuations a t 15.3 GHz derived. Generally good agreement between radiometer predicted, radar predicted, and d i r e c t l y measured attenuations i s obtained. 1.



INTRODUCTION



The experimental determination o f p r e c i p i t a t i o n a t t e n u a t i o n along s l a n t paths has been hindered by tt(f l a c k o f s able sources o f r a d i a t i o n a t the desired frequencies. Experiments conducted i n and 1968Yhf measured s l a n t path attenuations a t 15, 8 and 4 GHz using an a i r c r a f t equipped w i t h 1967 microwave beacons a t these frequencies. Simultaneous measurements o f backscatter along the propagation path were obtained w i t h a weather radar, and measured path attenuations compared w i t h those c a l c u l a t e d from the radar data. Since September 1969, the ATS-5 s a t e l l i t e has provided a source o f coherent r a d i a t i o n a t 15.3 GHz. As i n the experiments using beacons c a r r i e d by an a i r c r a f t , a weather radar i s used t o determine the s p a t i a l d i s t r i b u t i o n o f i n t e n s i t i e s o f backscattered r a d i a t i o n , a t 2.9 GHz, f r o m p r e c i p i t a t i o n along the propagation path. The attenuations measured using ATS-5 a r e compared w i t h those c a l c u l a t e d from radar data obtained when t h e radar antenna i s pointed a t the s a t e l l i t e . These comparisons are used t o e s t a b l i s h the r e l i a b i l i t y o f attenuations p r e d i c t e d f o r propagation paths i n o t h e r d i r e c t i o n s . I n a d d i t i o n , path attenuations can be p r e d i c t e d from measurements o f sky temperature along the propagation path. The comparison o f d i r e c t l y measured attenuations a t 15.3 GHz w i t h those p r e d i c t e d from sky temperature and radar backscatter measurements w i l l be discussed i n t h i s paper.



2.



THEORY



2.1.



R e f l e c t i v i t y Factor and Attenuation The radar equation f o r a pulse volume u n i f o r m l y f i l l e d w i t h raindrops can be w r i t t e n as (2)



-



i s the distance where Z i s the radar r e f l e c t i v i t y f a c t o r o f the r a i n , Pr i s the average received power, from the radar t o the pulse volume, and CR i s a radar constant i n c l u d i n g n o t o n l y the c h a r a c t e r i s t i c s o f the radar b u t a l s o the d i e l e c t r i c constant o f the raindrops. I t i s assumed t h a t t h e raindrop diameters a r e much l e s s than t h e wavelength, and t h a t t h e signal i s unattenuated by r a i n , an assumption t h a t i s j u s t i f i e d f o r a frequency o f 2.9 GHz. Because o f the f l u c t u a t i n g nature o f the power backscattered from an ensemble o f randomly d i s t r i b u t e d s c a t t e r e r s , su as r a i n , several independent samples o f P r are required t o estimate the 1 A l t e r n a t i v e l y , an estimate o f Pr can be obtained from the maximum average received power Fr e t o f n measured values o f P r by applying a c o r r e c t i o n which depends on n, the received power i n number o f samples



c9 .



.f4j



Since the radar s i g n a l i s unattenuated, t h radar r e f l e c t i v i t y f a c t o r can be r e l a t e d t o the r a i n f a l l r a t e R by an equation o f the form Z = aRE, where a and b a r e constants independent o f frequency. S i m i l a r l y , f o r frequencies which are attenuated, the s p e c i f i c a t t e n u a t i o n A (dB/unit l e n g t h ) varies w i t h r a i n f a l l r a t e as A = kRY, where k and y depend on frequency. By combining these equations, the path a t t e n u a t i o n A ' i s given by



A ' = c E Zi8 i



Ari



dB



where c and 8 depend on frequency, and the summation i s over a l l i n t e r v a l s f path l e n g t h A r i from which used are 7.15 x 10-4 and 0.725 r e s p e c t i v e l y . s i g n i f i c a n t echoes are received. The values o f c and Attenuations p r e d i c t e d f r o m radar backscatter measurements can be excessive (2) i f the radar beam i n t e r s e c t s h a i l o r a e l t ' n g ayer due t o the enhanced r e f l e c t i v i t y o f these hydrometeors. R e f l e c t i v i t y f a c t o r s o f 10 mm m- and higher are u s u a l l y due t o h a i l . An enhanced r e f l e c t i v i t y f a c t o r a t a constant a l t i t u d e f o r a wide range o f azimuth angles, o r a t t h e a l t i t u d e o f the zero degree isotherm, i f known, u s u a l l y i n d i c a t e s the presence o f a m e l t i n g l a y e r . For o t h e r meteorological conditions, however, p r e d i c t e d attenuations should be i n good agreement w i t h those measured d i r e c t l y .
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Sky Temperature and Attenuation



According t o K i r c h o f f ' s law, the atmosphere, i n c l u d i n g hydrometeors, emits as w e l l as absorbs. Under the c o n d i t i o n t h a t a t t e n u a t i o n i s predominantly due t o absorption, the sky temperature i s given



where TR i s the temperature o f the r a i n , L i s the l o s s f a c t o r o f the path, and t h e path a t t e n u a t i o n A ' i s 10 l o g L. For l a r g e l o s s factors, the measured sky temperature TS approaches TRY and thus the p r e d i c t e d a t t e n u a t i o n A ' i s s t r o n g l y influenced by the assumed value o f TR and inaccuracies i n the measured value o f Ts. I n t h i s work, attenuations are p r e d i c t e d from measurements o f sky temperature assuming a Kain temperature o f 275OK. 3.



EXPERIMENTAL ARRANGEMENT



The ATS-5 s a t e l l i t e i s i n a near geo-stationary o r b i t and i s v i s i b l e from Ottawa a t an average e l e v a t i o n angle of 30°. Due t o launch d i f f i c u l t i e s , i t i s spinning a t approximately 76 rpm. Since the sate1 1it e employs an earth-coverage antenna , the received s i g n a l consists o f a 40 m i 11isecond pulse of the 15.3 GHz t r a n s m i t t e d s i g n a l every 785 milliseconds. Although the o r i g i n a l output power o f the main t r a n s m i t t e r was 250 m i l l i w a t t s , t h i s power has dropped twice r e s u l t i n g i n a s t a b l e The back-up t r a n s m i t t e r on ATS-5 provides. 250 m i 11i transmitted power of approximately 30 m i 11i w a t t s watts output. I t s usefulness i n t h e measurement o f a t t e n u a t i o n i s r e s t r i c t e d , however, since i t can be energized o n l y f o r s h o r t periods o f ' time.



.



-



A block diagram of the experimental system i s shown i n Figure 1. The r e c e i v i n g antenna consists o f a 30 f o o t p r e c i s i o n paraboloidal r e f l e c t o r and a modified n e a r - f i e l d Cassegrain feed system. No radome i s used, and the design of the feed system ensures t h a t the waveguide window remains d r y a t a l l times. The r e q u i r e d antenna p o s i t i o n i s determined every second by the computer using l i n e a r i n t e r p o l a t i o n between c a l c u l a t e d values o f azimuth and e l e v a t i o n tabulated a t h o u r l y i n t e r v a l s . Offsets i n azimuth and e l e v a t i o n can be entered i n t o the computer a t any time t o a d j u s t the actual p o s i t i o n o f the antenna and ensure reception o f the maximum possible s i g n a l . The received s i g n a l i s down-converted t o 60 MHz using Schottky-barrier mixer diodes and a gains t a b i l i z e d p r e a m p l i f i e r o f 20 MHz bandwidth. A p o r t i o n o f the 60 MHz s i g n a l i s sent t o a phase-lock receiver, which acquires phase-lock on each s i g n a l pulse from the s a t e l l i t e . The output o f the receiver, which i s very n e a r l y p r o p o r t i o n a l t o the logarithm o f the received s i g n a l power, i s stored by a peakr i d i n g d e t e c t o r w i t h an automatic r e s e t synchronized t o the r o t a t i o n period o f the s a t e l l i t e (Figure 2). The output o f the peak-riding detector i s sampled by an A/D converter every 50 milliseconds, and the maximum voltage i n a one second i n t e r v a l i s retained. The o v e r a l l r e s o l u t i o n o f the r e c e i v e r and peakr i d i n g detector i s b e t t e r than 0.2 dB. The r e c e i v e r r e t a i n s phase-lock on s i g n a l s as low as -133 dBm, r e s u l t i n g i n a dynamic range o f about 18 dB when r e c e i v i n g the main t r a n s m i t t e r o f the ATS-5 s a t e l l i t e . The remaining p o r t i o n o f the 60 MHz signal i s a m p l i f i e d by a g a i n - s t a b i l i z e d 60 MHz a m p l i f i e r o f 10 MHz bandwidth and detected by a square-law detector t o form a t o t a l power radiometer. The output, i n t e g r a t e d w i t h a 2 secosd time constant, i s sampled by the computer. The t h e o r e t i c a l s e n s i t i v i t y o f the radiometer i s 0.2 K. With g a i n s t a b i l i z a t i o n and a c o n t r o l l e d temperature environment f o r a l l a m p l i f i e r s , the u n c e r t a i n t y i n the measured temperature due t o gain i n s t a b i l i t y i s l e s s than -f 2.5'K. A t o t a l power radiometer introduces no r a d i o frequency losses due t o r a d i o frequency switching components, and since the s i g n a l t o the phase l o c k r e c e i v e r i s unaltered, no degradation o f the phase l o c k loop a c q u i s i t i o n o r hold threshholds occurs. Since the radiometer uses the main r e c e i v i n g antenna, i t s b e a m i d t h i s 0.15 degrees, and alignment w i t h the propagation path i s ensured. Backscatter f r o m p r e c i p i t a t i o n i s measured by a weather radar operating a t 2.86 GHz, a frequency a t which attenuation by r a i n i s i n s i g n i f i c a n t . A 10 f o o t diameter antenna provides a conical beam o f 2.3 degrees width. The radar i s operated w i t h a peak output power o f approximately 150 kW, a pulse width o f 0.67 ps, o r 0.1 km i n space, and a pulse r e p e t i t i o n time o f 682.7 ps r e s u l t i n g i n a maximum range o f 102.4 kin. The o v e r a l l dynamic range, i n c l u d i n g the l o g a r i t h m i c IF a m p l i f i e r , i s g r e a t e r than 70 dB. The two p r i n c i p a l modes o f operation o f the radar antenna are computer and slave. I n computer mode, the antenna f o l l o w s a programed scan determined by the computer. The antenna i n incremented i n azimuth by 2 degrees every second, r e q u i r i n g 3 minutes t o complete one azimuthal sweep. W i t h i n each second, the antenna i s v i r t u a l l y s t a t i o n a r y f o r 0.7 seconds d u r i n g which time A-scan data i s acquired. A complete scan c y c l e consists o f 3 such azimuthal scans a t e l e v a t i o n angles o f . 5 , 10 and 20 degrees. A survey o f p r e c i p i t a t i o n w i t h i n a s l a n t range o f 100 km o f the radar i s obtained f o r three e l e v a t i o n angles every 10 minutes. I n slave mode, the radar antenna i s pointed i n . the same d i r e c t i o n as the 30 f o o t r e c e i v i n g antenna. Hence, the radar antenna i s p o i n t i n g a t the s a t e l l i t e , and the backscatter from p r e c i p i t a t i o n along the s a t e l l i t e - e a r t h propagation path can be recorded. Radar backscattered power as a f u i o n o f range i s obtained w i t h a device which i s an extensive The basic time i n t e r v a l , o r range gate o f the device, m o d i f i c a t i o n o f one described previously has been reduced t o 0.67 ps, which corresponds t o a range q u a n t i z a t i o n i n t e r v a l o f 0.1 km. A . t r a n s m i t t e r pulse occurs every 1024 range gates. Following each t r a n s m i t t e r pulse, 16 samples o f the radar video output, each separated i n time by 64 range gates, are obtained. Thus 64 t r a n s m i t t e r pulses, o r 42.7 ms, are r e q u i r e d t o o b t a i n one complete d i g i t a l A-scan. For convenience, successive A-scans are acquired every 50 ms. During the a c q u i s i t i o n o f each A-scan, the r e t u r n w i t h i n each range gate i s r e t a i n e d o n l y i f i t exceeds t h a t recorded previously. I n 0.7 seconds, an estimate o f the backscatter power and hence radar r e f l e c t i v i t y f a c t o r i s obtained f o r each range i n t e r v a l from the



.
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maximum of 14 samples o f backscatter power. One complete d i g i t a l A-scan consists o f 1024 such estimates o f backscatter power. An a d d i t i o n a l 0.3 seconds i s r e q u i r e d f o r data manipulation and recording on d i g i t a l magnetic tape. Thus, radar data s p e c i f y i n g the power backscattered from p r e c i p i t a t i o n as a function o f range a t a given azimuth and e l e v a t i o n can be acquired every second. 4.



RADAR REFLECTIVITY FACTOR



The radar constant, C R Y i s c a l c u l a t e d from the measured parameters o f the radar system, assuming an antenna e f f i c i e n c y o f 40%, and a d i e l e c t r i c constant o f water o f 0.928. Values o f r e f l e c t i v i t y f a c t o r f o r p r e c i p i t a t i o n are then calculated. Attenuations , p r e d i c t e d from these values o f r e f l e c t i v i t y f a c t o r , are smaller than those d i r e c t l y measured using the ATS-5 s a t e l l i t e . Predicted attenuations are i n good agreement w i t h those measured d i r e c t l y i f the radar constant i s increased by 8 dB. I n the r e s u l t s presented, t h i s reased value o f the radar constant i s used. This m o d i f i c a t i o n agrees w i t h t h a t found by McCormick , although the r e c e i v i n g system has now been completely changed. This discrepancy between radar p r e d i c t e d and d i r e c t l y measured attenuations i s under i n v e s t i g a t i o n .



i BF



When the radar antenna i s pointed a t the s a t e l l i t e , values o f the r e f l e c t i v i t y f a c t o r o f , p r e c i p i t a t i o n w i t h i n the radar volume centred on the propagation path from the s a t e l l i t e are obtained as a f u n c t i o n of s l a n t ra#ge3and time. By rounding these values o f r e f l e c t i v i t y f a c t o r t o the nearest 10 dBZ (dB above Z = 1 mm /in ), contour maps are constructed which show the passage o f c e l l s o f p r e c i p i t a t i o n through the radar volume and hence across the propagation path from the s a t e l l i t e . , 5.



RESULTS



The m i l l i m e t r e wave t r a n s m i t t e r s on the ATS-5 s a t e l l i t e were f i r s t energized on September 27, 1969. On t h a t date, and a t frequent i n t e r v a l s since then, the received s i g n a l s t r e n g t h o f the beacons has been measured during both c l e a r weather and periods o f p r e c i p i t a t i o n . The received s i g n a l strength i n the absence o f p r e c i p i t a t i o n e x h i b i t s an approximately d i u r n a l v a r i a t i o n o f 3.8 dB due t o the beam p a t t e r n o f the s a t e l l i t e antenna and i t s i n c l i n a t i o n t o the propagation path. During periods o f l i g h t t o moderate r a i n , attenuations up t o 5 dB have been observed. On a few occasions, heavier p r e c i p i t a t i o n has caused attenuations exceeding 10 dB. Two such events w i l l be discussed. The received s i g n a l s t r e n g t h and attenuations p r e d i c t e d from radiometric and radar measurements f o r the p e r i o d 2000-2030 GMT on 29 June 1970 are shown i n Figure 3. Attenuation o f the 15.3 GHz signal exceeded 10 dB on two occasions f o r a t o t a l time o f approximately 3.8 minutes. Attenuations predicted from the radiometric data agree very c l o s e l y w i t h those measured d i r e c t l y , except f o r the peak o f a t t e n u a t i o n a t 2010. I n t h i s case, the measured a t t e n u a t i o n exceeds 14 dB, whereas the maximum radiometer p r e d i c t e d a t t e n u a t i o n i s o n l y 8 dB. Attenuation o f the s a t e l l i t e beacon s i g n a l i s produced by r a i n along an e s s e n t i a l l y l i n e - o f - s i g h t path independent o f the beam-width o f the r e c e i v i n g and t r a n s m i t t i n g antennas. Since t h e radiometer beamwidth a t a distance o f 10 km i s o n l y 25 m y the r a i n c e l l almost c e r t a i n l y f i l l e d the radiometer volume a t t h i s time. I t i s i n f e r r e d that., f o r t h i s c e l l , s c a t t e r i n g by the r a i n caused a s i g n i f i c a n t p o r t i o n o f the a t t e n u a t i o n observed a t 15 GHz. Attenuation o f t h e s a t e l l i t e signa1)exceeded the dynamic range o f the r e c e i v e r from 2015 t o 2018. The a t t e n u a t i o n predicted from the radiometer data exceeds 20 dB during t h i s period. However, p r e d i c t e d values exceeding approximately 10 dB w i 11 n o t necessarily agree w i t h those measured d i r e c t l y since the accuracy o f the p r e d i c t i o n decreases as the a t t e n u a t i o n increases. Attenuations p r e d i c t e d from the radar data agree f a i r l y c l o s e l y w i t h those measured d i r e c t l y . The p r e d i c t e d a t t e n u a t i o n exceeds 14 dB f o r more than 3 minutes, i n good agreement w i t h the measured attenuation. I n a d d i t i o n , the radar p r e d i c t e d a t t e n u a t i o n shows a small maximum o f approximately 6 dB a t 2012. This i s probably due t o a p r e c i p i t a t i o n c e l l which extends i n t o the radar volume b u t does n o t s i g n i f i c a n t l y i n t e r c e p t the radiometer volume o r the d i r e c t propagation path from the sate1 lit e . The radar map f o r t h i s p e r i o d shows three areas whose r e f l e c t i v i t y f a c t o r l i e s between 45 and 55 dBZ. Two small areas o f 60 dBZ i n an area o f 50 dBZ coincide w i t h the f i r s t peak o f attenuation. The second peak o f a t t e n u a t i o n exceeding 14 dB i s due t o the l a r g e area o f 50 dBZ, i n c l u d i n g two areas o f 60 dBZ, which l a s t e d from 2015 t o 2018 GMT. The t h i r d area o f 50 dBZ extending from 2011 t o 2014 i s responsible f o r the a d d i t i o n a l radar p r e d i c t e d a t t e n u a t i o n o f 6 dB. The received signal s t r e n g t h and attenuations p r e d i c t e d from radiometer and radar measurements f o r the p e r i o d 2210-2310 GMT on 20 J u l y 1970 a r e shown i n Figure 4. From 2248 t o 2301, a t t e n u a t i o n o f the s a t e l l i t e s i g n a l exceeded the dynamic range o f the r e c e i v i n g system. A t 2301, the a t t e n u a t i o n decreased s u f f i c i e n t l y t h a t phase l o c k was achieved. A t 2302, the main t r a n s m i t t e r was turned o f f and the back-up t r a n s m i t t e r turned on a t the request o f another p a r t i c i p a n t . Since the transmitted frequency had changed by more than 30 kHz, phase lock was n o t achieved u n t i l 2306. However, the a t t e n u a t i o n event was e s s e n t i a l l y complete, and no a d d i t i o n a l a t t e n u a t i o n data were obtained. The attenuations predicted from the radiometer data agree very c l o s e l y w i t h those measured d i r e c t l y f o r the i n t e r v a l from 2210 t o 2248. However, a t 2248, the p r e d i c t e d a t t e n u a t i o n does n o t increase as r a p i d l y as t h a t measured d i r e c t l y . For l e s s than 30 seconds before the main t r a n s m i t t e r was turned o f f a t 2302, the p r e d i c t e d and d i r e c t l y measured attenuations could once again be compared, and show very good agreement. Attenuations c a l c u l a t e d from the radar data agree f a i r l y w e l l w i t h the measured attenuations, although not, i n general, as w e l l as those predicted by the radiometer. However, the increase i n a t t e n u a t i o n a t 2248 calculated from the radar data agrees very c l o s e l y w i t h t h a t measured d i r e c t l y . I n addition, the radar data p r e d i c t a peak a t t e n u a t i o n o f n e a r l y 32 dB, which would be unobservable w i t h e i t h e r the radiometer o r the ATS-5 s a t e l l i t e .



46-4



The radar map f o r t h i s p e r i o d shows an area whose r e f l e c t i v i t y f a c t o r i s 60 dBZ extending from 2248 t o 2256 GMT. For t h i s time i n t e r v a l , the radiometer p r e d i c t e d attenuations are smaller than those measured d i r e c t l y , whereas the radar p r e d i c t e d attenuations show close agreement. R e f l e c t i v i t i e s greater than 45 dBZ extend from 2245 t o 2305 GMT. From 2256 t o 2310, the radar data underestimate the radiometer p r e d i c t e d and d i r e c t l y measured attenuations. 6.



CONCLUSIONS



Path attenuations a t 15.3 GHz have been c a l c u l a t e d f o r s l a n t paths o f 30 degrees e l e v a t i o n from simultaneous measurements o f sky temperature a t 15.3 GHz and radar backscatter measurements a t 2.86 GHz. These predicted attenuations have been compared w i t h path attenuations measured d i r e c t l y using the ATS-5 s a t e l l i t e beacons a t 15.3 GHz. Generally good agreement between measured and p r e d i c t e d attenuations has been found. ACKNOWLEDGEMENTS The p r o v i s i o n o f beacon t r a n s m i t t e r s a t 15.3 GHz by the Advanced Technology S a t e l l i t e program o f the United States National Aeronautics and Space Administration and the k i n d cooperation o f the Advanced Technology S a t e l l i t e Control Center i s g r a t e f u l l y acknowledged. REFERENCES (1)
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Fig.1 Block diagram of experimental system
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Fig.2 Phase lock receiver output showing the received signal pulse from the ATS-5 satellite. The output of the peak-riding detector is superimposed for comparison
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Received signal strength, predicted attenuations, and radar reflectivity map for 29 June 1970. An area of SO dBZ includes all reflectivities from 45 dBZ to 55 dBZ, etc
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INFLUENCE OF THE TROPOSPHERE ON LOW INCIDENT SATELLITE SIGNALS I N THE RANGE OF WAVELENGTH 15 TO 2 m
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12-1 I n f l u e n c e o f t h e T r o p o s p h e r e on Low I n c i d e n t S a t e l l . i t e S i g n a l s i n , t h e Range o f w a v e l e n g t h 15 t o 2 m by C.K. Hartmann M a x - P l a n c k - I n s t i t u t f u r Aeronomie Abt. h ' e l t r a u m p h y s i k , 3411 L i n d a u / H a r z W-Germany Summary_ The a m p l i t u d e o f r a d i o s i g n a l s f r o m t h e b e a c o n s a t e l l i t e E x p l o r e r 2 2 h a s b e e n r e c o r d e d s i n c e November 1 9 6 4 f o r t h e p u r p o s e o b o b t a i n i n g t h e i o n o s p h e r i c e l e c t r o n c o n t e n t f r o m t h e F a r a d a y e f f e c t . On a c o n s i d e r a b l e number o f o c c a s i o n s when t h e s a t e l l i t e w a s a t low e l e v a t i o n a n g l e s , s u d d e n i n c r e a s e s i n s i g n a l a m p l i t u d e were o b s e r v e d . From d e t a i l e d i n v e s t i g a t i o n s w e c o n c l u d e t h a t t h e s e e n h a n c e m e n t s a r e t h e r e s u l t o f d i f f r a c t i o n o f t h e r a d i o waves by s t r u c t u r e s w i t h i n t h e t r o p o s p h e r e . T h e s e e f f e c t s were o b s e r v e d on 2 0 billz, 40 I~IlIz, 41 X!lz.and 136 NHz. D e t a i l e d i n v e s t i g a t i o n s o f Pxp l o r e r 22 r e c o r d s f r o m 1965-1968 r e v e a l e d t h a t a b o u t 6 >A o f a l l r e c o r d i n g s showed t h e s e T r o p o s p h e r i c e f f e c t s . Very r e c e n t o b s e r v a t i o n s w i t h s i ( l ; n a l s f r o m t h e g e o s t a t i o n a r y s a t e l l i t e ATS-3 on . 137.350 iWz a n d 412.05 llllz d u r i n g d e c e m b e r 1 9 6 9 c l e a r l y d e m o n s t r a t e d t h a t s i m i l a r e f f e c t s were d e t e c t a b l e on 137.350 hillz a n d 412.05 biHz. The e f f e c t s i n t h e 400 X;iz r a n g e were p r e d i c t e d b u t o b v i o u s l y m e a s u r e d f o r t h e f i r s t t i m e w i t h s a t e l l i t e s i g n a l s . Some p r e l i m i n a r y r e s u l t s a r e p r e s e n ted. 1. I n t r o d u c t i o n The a m p l i t u d e o f r a d i o s i g n a l s from t h e b e a c o n s a t e l l i t e E x p l o r e r 22 h a s b e e n r e c o r d e d s i n c e November 1 9 6 4 f o r t h e . p u r p o s e o f o b t a i n i n g t h e i o n o s p h e r i c e l e c t r o n c o n t e n t f r o m t h e F a r a d a y - e f f e c t . On a c o n s i d e r a b l e number o f o c c a s i o n s when t h e s a t e l l i t e w a s a t low e l e v a t i o n a n g l e s , s u d d e n i n c r e a s e s i n s i g n a l a m p l i t u d e w e r e o b s e r v e d . We c a l l t h e s e e f f e c t s s a t e l l i t e r i s e e f f e c t (SRE) a n d s a t e l l i t e s e t e f f e c t (SSP). N o r m a l l y a t l o w e l e v a t i o n a n g l e s t h e s i g n a l s t r e n g t h w a s q u i t e weak only 2 3 dB a b o v e t h e n o i s e l e v e l , However, when t h e e f f e c t s o c c u r r e d , t h e f i e l d s t r e n g t h s u d d e n , l y i n c r e a s e d t o u p t o 15 dB s h o r t l y a f t e r s a t e l l i t e r i s e or s h o r t l y b e f o r e s a t e l l i t e s e t . U s u a l l y t h e e f f e c t s o c c u r r e d o n l y on e i t h e r s a t e l l i t e r i s e or on s a t e l l i t e s e t b u t i n s e v e r a l i n s t a n c e s t h e y o c c u r e d b o t h on r i s e a n d s e t i n t h e o n e t r a n s i t . The e f f e c t s o c c u r r e d a t e l e v a t i o n a n g l e s 8' a n d e i t h e r S l l E f s or SSE's were o b s e r v e d on 6 p e r c e n t o f t h e r e c o r d s o b t a i n e d between 2 and 2 w i t h i n t h i s r a n g e o f . e l e v a t i o n s . The d u r a t i o n s o f t h e i n c r e a s e i n s i g n a l s t r e n g t h were b e t w e e n 3 a n d 2 0 s e c a n d o f t e n t h e s e i n c r e a s e s were r e p e a t e d u p t o t h r e e t i m e s . d u r i n g a SRE or SSE, a t i n t e r v a l s a b o u t one minute a p a r t . W e have examined s i n i u l t a n e o u s i n d e p e n d e n t ionograms a n d t r o p o s p h e r i c r a d i o s o n d e measurements i n o r d e r t o s e e w h e t h e r t h e e f f e c t s a r e a s s o c i a t e d w i t h t h e i o n o s p h e r e or t h e t r o p o s p h e r e . From t h e d e t a i l e d c h a r a c t e r i s t i c s o f t h e SIU's a n d SSE's a n d t h e i r a s s o c i a t i o n w i t h t h e o c c u r r e n c e o f t r o p o s p h e r i c i n v e r s i o n l a y e r s , as d e s c r i b e d b e l o w , w e c o n c l u d e t h a t t h e s e s a t e l l i t e r i s e a n d s e t e f f e c t s a r e v e r y l i k e l y t h e r e s u l t o f d i f f r a c t i o n of t h e r a d i o waves by s t r u c t u r e s w i t h i n t h e t r o p o s p h e r e .
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2 . C h a r o c t e r i s t i c s of t h e rise and set effects



F i g u r e 1 is a r e c o r d i n g o f t h e a m p l i t u d e s o f t h e r a d i o s i g n a l s r e c e i v e d d u r i n g a s a t e l l i t e r i s e , r e c o r d e d a t a c h a r t s p e e d o f 2 mm/sec. The u p p e r most t r a c e s h o w s 1 s e c t i m e m a r k e r s . The o t h e r t r a c e s , r e a d i n g downwards a r e 20, 40, 41, 40 a n d 41 I4lz s i g n a l s r e c e i v e d on v a r i o u s d i f f e r e n t ant e n n a s y s t e m s . The a m p l i t u d e o f e a c h s i g n a l i n c r e a s e s l i n e a r l y downwards ( b u t is l i m i t e d a t a b o u t 2 0 dU a b o v e r i s e ) a n d time g o e s from l e f t t o r i g h t . T h r e e a u c c e s s i v e s u d d e n i n c r e a s e o f a m p l i t u d e c a n b e s e e n on t h e 40 a n d 4 1 MHz s i g n a l s . No unambiguous e f f e c t s a r e v i s i b l e on t h e 2 0 lIHz s i g n a l i n t h i s p a r t i c u l a r r e c o r d i n g , t h o u g h t h e y a r e s o m e t i m e s p r e s e n t on o t h e r o c c a s i o n s . The s u d d e n i n c r e a s e s of a m p l i t u d e ( S W ' s ) a r e f o l l o w e d on t h e r i g h t o f t h e f i g u r e by t h e u s u a l r e g u l a r F a r a day f a d i n g . (The l o n g p e r i o d F a r a d a y , f a d i n g n e a r t h e e n d o f t h e r e c o r d is a s s o c i a t e d w i t h pro-' n o u n c e d h o r i z o n t a l g r a d i e n t s i n t h e i o n o s p h e r e a n d is n o t r e l e v a n t t o t h e p r e s e n t d i s c u s s i o n , see a l s o c o n c l u s i o n ) . The mean a m p l i t u d e d u r i n g t h e SRE's ,is more t h a n 1 2 dB a b o v e n o i s e l e v e l . A l l o f t h e F a r a d a y a m p l i t u d e r e c o r d s have been examined f o r r i s e a n d s e t effects. I n d o i n g t h i s , a l l e f f e c t s o c c u r r i n g when t h e e l e v a t i o n a n g l e o f t h e s a t c l l i t e was l e s s t h a n 2' h a v e been e x c l u W e d e d , b e c a u s e t h e l o c a l h o r i z o n f r o m t h e s t a t i o n is s h i e l d e d by t h e s u r r o u n d i n g s t o u p t o .'1 d e f i n e t h e e l e v a t i o n a n g l e as t h e a n g l e between t h e h o r i z o n t a l p l a n e a n d t h e s t r a i g h t l i n e from t h e s t a t i o n t o t h e s a t e l l i t e . The a c t u a l a n g l e o f a r r i v a l o f t h e r a y a t t h e r e c e i v i n g a n t e n n a is somewhat g r e a t e r t h a n t h i s e l e v a t i o n a n g l e b e c a u s e o f r e f r a c t i o n i n t h e i o n o s p h e r e . S a t e l l i t e r i s e a n d s e t e f f e c t s h a v e b e e n o b s e r v e d f o r e l e v a t i o n a n g l e s w i t h i n t h e r a n g e 2 t o 280. The f i e l d p a t t e r n s o f t h e r e c e i v i n g a n t e n n a s were m e a s u r e d w i t h t h e a i d o f a h y d r o g e n - f i l l e d b a l l o o n c a r r y i n g a small t r a n s m i t t e r , a t a n a v e r a g e h e i g h t o f 2 0 0 metres. The m e a s u r e m e n t s a g r e e d w i t h t h e t h e o r e t i c a l l y c a l c u l a t e d f i e l d p a t t e r n a n d d i d n o t show a n y d i s t o r t i o n s a r i s i n g f r o m t h e s u r r o u n d i n g s . F u r t h e r m o r e , t h e a n t e n n a s were moved 150 metres i n November 1 9 6 5 b u t t h i s h a d n o i n f l u e n c e on t h e r i s e a n d s e t e f f e c t s . O t h e r s a t e l l i t e o b s e r v i n g s t a t i o n s i n o u r v i c i n i t y h a v e a l s o o b s e r v ' e d s j m i l a r e f f e c t s . I t t h u s a p p e a r s t h a t t h e s a t e l l i t e r i s e a n d s e t e f f e c t s are n o t c a u s e d by t h e s u r r o u n d i n g s n e a r t h e r e c e i v i n g s t a t i o n . The SLtE's a n d SBE's p o s s e s s a c h a r a c t e r i s t i c s t r u c t u r e i l l u s t r a t e d i n F i g . 2 . The l o w e r t r a c e show a n a m p l i t u d e . r e c o r d on 4 1 blllz r e c o r d e d a t a p a p e r s p e e d o f 5 m m / s e c . ( A l l s i g n a l s were a l s o r e c o r d e d on m a g n e t i c t a p e , s o t h a t i t was p o s s i b l e l a t e r t o d i s p l a y p o r t i o n s o f t h e r e c o r d on h i g h e r s p e e d p a p e r c h a r t . ) The r e c o r d i n g s y s t e m h a d a f r e q u e n c y r e s p o n s e f r o m D.C. t o 300 tlz. I t is s e e n t h a t d u r i n g t h e s i g n a l e n h a n c e m e n t t h e r e is a q u a s i - p e r i o d i c o s c i l l a t i o n w i t h a f r e q u e n c y o f t h e o r d e r o f 1 Hz. T h i s f i n e s t r u c t u r e i s q u i t e d i f f e r e n t f r o m t h a t o f s a t e l l i t e s c i n t i l l a t i o n s . I n o r d e r t o e x c l u d e p o s s i b l y s p u r i o u s e f f e c t s s u c h as t h o s e r e s u l t i n g f r o m i n t e r f e r e n c e by s i g n a l s from b r o a d c a s t i n g and o t h e r t r a n s m i t t e r s w e have n o t e d , f o r c o r r e l a t i o n p u r p o s e , o n l y t h o s e o c c a s i o n s i n w h i c h a SRE or SSE w a s o b s e r v a b l e on b o t h 4 0 a n d 41 NlIz a n d f o r w h i c h t h e i n c r e a s e i n a m p l i t u d e w a s g r e a t e r t h a n 6 dB. T h e r e were a b o u t 1 7 0 s u c h o c c u r r e n c e s . A p p a r e n t e f f e c t s w i t h a m p l i t u d e i n c r e a s e s o f l c s s t h a n 6 dB h a v e n o t y e t been examined i n d e t a i l . Only a b o u t 10 p e r c e n t o f t h e 1 7 0 o c c u r r e n c e s a l s o showed u n m i s t a k a b l e SRE's or SSE's on t h e 2 0 blllz c h a n n e l . The 2 0 NHz



12-2 s i g n a l s u f f e r s g r e a t e r a b s o r p t i o n a n d a l s o is much more l i k e l y t o b e p a r t i a l l y or t o t a l l y r e f l e c t e d by t h e i o n o s p h e r e a t low e l e v a t i o n a n g l e s . B r o a d c a s t i n g i n t e r f e r e n c e is a l s o more comnion a t t h i s frequency. F i g u r e 3 s h o w s a n e x a m p l e o f a n S1tE on 20 tlllz a s well a s on 40 a n d 41 Xllz. I t is p a r t i c u l a r l y i m p o r t a n t t o n o t e t h a t t h e SIE o c c u r s l a t e r on 20 MI2 t h a n on 40 illlz a n d 41 1 4 1 ~ . I n g e n e r a l , SItE's o c c u r u p t o 1 0 s e c l a t e r a n d SSE's u p t o 10 s e c e a r l i e r on 20 b!lIz t h a n on 40 a n d 41 FllIz. The t i m e d i f f e r e n c e b e t w e e n t h e o c c u r r e n c e s on 40 a n d 41 FIHz is l e s s t h a n 0.5 s e c . The r i s e a n d s e t e f f e c t s on 20 MtIz m e n t i o n e d a b o v e t h a t o c c u r r e d w i t h t h e s e on 40 a n d 41 tiilz were d e f i n i t e l y r e c o g n i z a b l e by t h e i r s t r u c t u r e when r e c o r d e d a t h i g h e r s p e e d a n d by t h e i r d i s t i n c t i v e s o u n d . S i m i l a r r i s e a n d s e t e f f e c t s h a v e b e e n o b s e r v e d on a m p l i t u d e r e c o r d i n g s of s i g n a l s f r o m E x p l o r e r 27 b u t w e h a v e n o t so f a r e x a m i n e d them i n d e t a i l . I n a d d i t i o n , t h e 136 dlllz t e l e m e t r y s i g n a l s from t h e NIMBUS a n d ESSA s a t e l l i t e s were o b s e r v e d v i s u a l l y on a n o s c i l l o s c o p e a n d showed mean a m p l i t u d e e n h a n c e m e n t s of a b o u t 10 dB, o f t e n r e p e a t e d u p t o t h r e e times a n d e a c h l a s t i n g f o r u p t o 10 s e c . W i t h i n e a c h e n h a n c e m e n t w a s a n a m p l i t u d e m o d u l a t i o n w i t h a f r e q u e n c y o f a b o u t 1 IIz. T h e s e e f f e c t s o c c u r r e d f o r e l e v a t i o n a n g l e s o f up t o a b o u t l o o . The o r b i t a l d a t a f o r t h e s e s a t e l l i t e s were t a k e n f r o m t h e p r e d i c t i o n b u l l e t i n s a n d b e c a u s e of t h e r e l a t i v e l y low a c c u r a c y n o p e r manent r e c o r d i n g s were made. A n o t h e r t e l e m e t r y s t a t i o n i n o u r v i c i n i t y h a s a l s o o b s e r v e d t h e s e e f f e c t s on 136 M z . F o r t h e p r i m a r y p u r p o s e o f o b t a i n i n g t o t a l e l e c t r o n c o n t e n t , d i f f e r e n t i a l D o p p l e r r e c o r d i n g s were made a l o n g w i t h t h e F a r a d a y r e c o r d i n g s o f s i g n a l a m p l i t u d e . The d i f f e r e n t i a l D o p p l e r r e c o r d e s s e n t i a l l y d i s p l a y s t h e p h a s e d i f f e r e n c e o f two c o h e r e n t l y r e l a t e d s i g n a l s a n d is b a s i c a l l y a m e a s u r e o f t h e r a t i o o f c h a n g e of p h a s e p a t h b e t w e e n t h e s a t e l l i t e a n d r e c e i v e r d u e t o t h e i o n o s p h e r e . Two s i m u l t a n e o u s r e c o r d s of a m p l i t u d e ( F a r a d a y ) a n d p h a s e ( d i f f e r e n t i a l D o p p l e r ) , i n w h i c h a s a t e l l i t s e t e f f e c t o c c u r r e d , a r e shown i n F i g s . 4 a n d 5. The e f f e c t commences a t 11.08.09 h r I4ET on b o t h r e c o r d s a n d t h e d i f f e r e n t i a l D o p p l e r r e c o r d shows t h a t t h e p h a s e of t h e s i g n a l becomes i r r e g u l a r d u r i n g t h e SSE. T h u s i t a p p e a r s t h a t t h e i n c r e a s e i n a m p l i t u d e is n o t t h e r e s u l t o f a f o c u s s i n g e f f e c t , f o r t h e n o n e would e x p e c t t h e p h a s e t o r e m a i n c o n s t a n t . S a t e l l i t e r i s e a n d s e t e f f e c t s were o b s e r v e d a t a l l times o f t h e d a y a n d n i g h t b u t were l e s s f r e q u e n t by n i g h t t h a n by day. A t n i g h t t h e e f f e c t s a r e o f t e n o b s c u r e d by s c i n t i l l a t i o n s o r were much s m a l l e r , w i t h a m p l i t u d e i n c r e a s e s o f b e t w e e n o n l y 3 t o 6 dB.



3. Absence o f a s s o c i a t i o n w i t h I o n o s p h e r i c e f f e c t s I n o r d e r t o l o o k f o r a p o s s i b l e a s s o c i a t i o n between t h e o c c u r r e n c e o f t h e s a t e l l i t e r i s e and s e t e f f e c t s a n d t h e s t a t e o f t h e i o n o s p h e r e , i t was a s s u m e d t h a t t h e r a y p a t h b e t w e e n s a t e l l i t e a n d o b s e r v i n g s t a t i o n w a s a s t r a i g h t l i n e a n d t h e g e o g r a p h i c c o o r d i n a t e s were c a l c u l a t e d o f t h e p o i n t s o f i n t e r s e c t i o n o f t h e r a y w i t h a h o r i z o n t a l s u r f a c e 100 Itm a b o v e t h e e a r t h , a t t h e b e g i n n i n g a n d end of t h e observed effects. W e t h e n l o o k e d f o r i o n o s p h e r i c o b s e r v a t o r i e s w i t h t h e same c o o r d i n a t e s b u t , a l t h o u g h t h e r e a r e many i o n o s p h e r i c o b s e r v a t o r i e s t h r o u g h o u t E u r o p e , s u i t a b l e o n e s were f o u n d f o r o n l y 6 o c c a s i o n s , d i s t r i b u t e d t h r o u g h o u t t h e d a y . The r e l e v a n t i o n o g r a m s were e x a m i n e d b u t t h e y showed n o i o n o s p h e r i c e f f e c t s t h a t m i g h t b e a s s o c i a t e d w i t h t h e s a t e l l i t e r i s e a n d s e t e f f e c t s . However, n o s u c h a s s o c i a t i o n w i t h t h e i o n o s p h e r e i s v e r y l i k e l y . B e c a u s e r e f r a c t i o n i n t h e i o n o s p h e r e is g r e a t e r f o r low f r e q u e n c i e s t h a n f o r h i g h f r e q u e n c i e s o n e would e x p e c t , i f t h e r i s e a n d s e t e f f e c t s o r i g i n a t e d i n t h e i o n o s p h e r e , t h a t a SRE would o c c u r e a r l i e r on t h e 20 blHz t h a n on t h e 40 a n d 41 blHz s i g n a l s , a n d v i c e v e r s a f o r a SSE. The o p p o s i t e o r d e r o f o c c u r r e n c e is, i n f a c t , o b s e r v e d . F o r f i n a l comments see " c o n c l u s i o n s " .



4. Comparison w i t h T r o p o s p h e r i c - e f f e c t s The p o i n t s o f i n t e r s e c t i o n o f t h e r a y w i t h a h o r i z o n t a l s u r f a c e a t a h e i g h t o f 3 km d u r i n g SRE's a n d S S E ' s l a y w i t h i n a c i r c l e of r a d i u s 150 km c e n t e r e d i n L i n d a u . Two t r o p o s p h e r i c s t a t i o n s , Hannover a n d Bergen-Hohne, a r e l o c a t e d w i t h i n t h i s c i r c l e a n d t h e y l a u n c h r a d i o s o n d e s t h r e e times a day. S e v e n t y o f t h e o b s e r v e d SlUC's o r SSEIs o c c u r r e d w i t h i n o n e h o u r o f t h e l a u n c h i n g times o f r a d i o s o n d e s t h a t were l a u n c h e d w i t h i n 100 km o f L i n d a u . On e a c h o f t h e s e 70 o c c a s s i o n s a s t r o n g i n v e r s i o n l a y e r w a s p r e s e n t i n t h e t r o p o s p h e r e . The " r e f r a c t i v e v a l u e " N, w h i c h is r e l a t e d t o t h e r e f r a c t i v e i n d e x n by
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1) x io6,



w a s measured a t v a r i o u s h e i g h t s . I n a l l t h e s e cases t h e f o l l o w i n g c o n d i t i o n s were v a l i d (FENGLER, 1967):
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5 ( p e r 100 m).
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Normally w e have:
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3.9 ( p e r 100 m).



T h e r e were a l s o 30 s a t e l l i t e s i g n a l a m p l i t u d e r e c o r d s f o r l o w e l e v a t i o n a n g l e s w h i c h showed n o SRE o r SSE a n d which c o u l d b e compared w i t h t h e r a d i o s o n d e d a t a . I n a l l 30 cases t h e a t m o s p h e r e w a s e i t h e r homogeneously mixed or e x h i b i t e d o n l y v e r y small d i s c o n t i n u i t i e s o f r e f r a c t i v e index. I n o r d e r t o be a b l e t o k e e p t h e s e n s i t i v i t y of t h e m e a s u r i n g equipment c o n s t a n t , w e r e c o r d e d o n l y t h o s e s a t e l l i t e p a s s a g e s f o r which t h e e l e v a t i o n a n g l e a t t h e p o i n t o f C l O S e 8 t a p p r o a c h (PCA) of t h e s a t e l l i t e was g r e a t e r t h a n 25O. The i n c l i n a t i o n o f t h e s a t e l l i t e w a s 80'. T h e r e f o r e t h e a z i m u t h r a n g e i n which w e can o b s e r v e t h e s a t e l l i t e between 2 a n d 2 8 O e l e v a t i o n i s l i m i t e d . Azimuth is r e c k o n e d as i n astronomy f r o m 0 -9 90 + 3 6 0 ° from s o u t h 4 w e s t e t c . The f o l l o w i n g s e c t o r s must b e c o n s i d e r e d 0 45O, 135 160°, 200 225' a n d About 65 p e r c e n t o f a l l e f f e c t s were m e a s u r e d b e t w e e n 345+ 0 -3 1 5 ' . The rest h a d 315 3 6 0 ' . a u n i f o r m d i s t r i b u t i o n i n t h e o t h e r r a n g e s . If o n e may g i v e a p h y s i c a l i n t e r p r e t a t i o n t o t h i s d i s t r i b u t i o n f o r s u c h l i m i t e d a z i m u t h r a n g e s , t h e n it means t h a t t h e s t r u c t u r e i n t h e t r o p o s p h e r e t h a t produces t h e effects has a p r e f e r r e d d i r e c t i o n . F l y i n g w i t h a n a e r o p l a n e one c a n s o m e t i m e s o b s e r v e a w a s h b o a r d - l i k e o r wavy s t r u c t u r e o f t h e c l o u d s . T h i s f a c t l e a d s u s t o a model d e s c r i b e d i n t h e f o l l o w i n g c h a p t e r .
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12-3 5. T r o p o s p h e r i c d i f f r a c t i o n g r a t i n g model
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With t h e s i m p l e a s s u m p t i o n t h a t one h a s a s o c a l l e d " e c h e l l e g r a t i n g " Fig. 6 f o r example w i t h g r o o v e s i n e a s t - w e s t d i r e c t i o n , i t i s e a s y t o s i m u l a t e t h e " e f f e c t s " by r e l a t i v e l y s i m p l e c a l c u lations. W e s u p p o s e t h a t t h e h e i g h t h of t h e g r a t i n g v a r i e s between 300 m and 3000 m above t h e s u r f a c e o f t h e e a r t h . T h i s was v e r i f i e d by t h e r a d i o s o n d e measurements. L e t u s assume t h a t t h e t r o p o s p h e r e is s p h e r i c a l l y s t r a t i f i e d . The s o c a l l e d " g r a t i n g c o n s t a n t " is d e f i n e d by d F i g . 6. I n o u r case t h e e f f e c t i v e " g r a t i n g constant'" dl is a p p r o x i m a t e l y g i v e n by
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d1 = d



0



s i n y o .



(2)



E l : e l e v a t i o n a n g l e of t h e i n c i d e n t r a y . I n o u r c a s e w e have:



=yo.



El



(3)



The d i s t a n c e between t h e r e c e i v i n g a n t e n n a and t h e c e n t e r of one g r o o v e of t h i s g r a t i n g is d e t e r mined by h s . F r a u n h o f e r ' s d i f f r a c t i o n t h e o r y is a p p l i c a b l e , w h e n t h e f o l l o w i n g c o n d i t i o n s a r e v a l i d : dl
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and
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hs/lO



(5)



: vacuum w a v e l e n g t h o f t h e i n c i d e n t e l e c t r o m a g n e t i c wave. I n a l l o t h e r c a s e s t h e more complicat e d F r e s n e l d i f f r a c t i o n t h e o r y h a s t o be used. A s t h e r e f r a c t i v e i n d e x n i n t h e t r o p o s p h e r e d i f f e r s o n l y s l i g h t l y from u n i t y one can assume t h a t n - 1 and t h a t a d i s c o n t i n u i t y d n e x i s t s a t t h e boundary l a y e r . I f t h e n o r m a l i z e d i n t e n s i t y o f t h e i n c i d e n t e l e c t r o m a g n e t i c wave is t a k e n a s u n i t y one o b t a i n s t h e f o l l o w i n g f o r m u l a f o r t h e i n t e n s i t y d i s t r i b u t i o n of a g r a t i n g c o n s i s t i n g of N* s i m i l a r e q u i d i s t a n t p a r a l l e l s l i t s (SOMMERFELD, 1959; POHL, 1 9 5 8 and HARTMANN, 1 9 6 7 ) . S e e Pig. 6.
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The t o t a l p h a s e d i f f e r e n c e between l i g h t a r r i v i n g a t t h e d i s t a n t p o i n t o f o b s e r v a t i o n from c o r r e s p o n d i n g p o i n t s i n two n e i g h b o u r i n g g r o o v e s is



The f o r m u l a ( 6 ) e x p r e s s e s I ( p ) as t h e p r o d u c t of two f u n c t i o n s : one o f them, Io, r e p r e s e n t s t h e e f f e c t of a s i n g l e p e r i o d o f t h e g r a t i n g ; t h e o t h e r , H , r e p r e s e n t s t h e e f f e c t o f i n t e r f e r e n c e of l i g h t from d i f f e r e n t p e r i o d s . The f u n c t i o n H h a s maxima, e a c h of h e i g h t N*2, a t a l l p o i n t s where t h e denominator v a n i s h e s , i.e. where A / 2 is z e r o o r a n i n t e g r a l m u l t i p l e of 'iT. Hence H h a s maxima of h e i g h t N*2 when ( 9 ) is v a l i d . The i n t e g e r m r e p r e s e n t s t h e o r d e r of i n t e r f e r e n c e . Formula ( 9 ) y i e l d s .
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we find in the case m = 0
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(Ila)



Between t h e s e p r i n c i p a l maxima t h e r e a r e weak s e c o n d a r y maxima, t h e f i r s t s e c o n d a r y maxima b e i n g o n l y a few p e r c e n t of t h e p r i n c i p a l maximum when N* is l a r g e . The maxima a r e s e p a r a t e d by p o i n t s of z e r o i n t e n s i t y a t A = 2 n'ii"/N*, i.e. i n d i r e c t i o n s g i v e n by
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The case where n/N* is a n i n t e g e r b e i n g e x c l u d e d . The f u n c t i o n I o ( p ) depends on t h e form of t h e g r o o v e s . Suppose t h a t it h a s a p r i n c i p a l maximum f o r same d i r e c t i o n p = p' and t h a t on b o t h s i d e s of t h e maximum i t f a l l s o f s l o w l y i n comparison w i t h H. Then I ( p ) w i l l have t h e g e n e r a l form o f t h e i n t e r f e r e n c e f u n c t i o n H , b u t w i l l be "modulat e d " by I o ( p ) . Thus I ( p ) w i l l s t i l l h a v e f a i r l y s h a r p maxima n e a r t h e d i r e c t i o n s p = m / t / d . A program i n FORTRAN I V w a s made t o c a l c u l a t e I ( p ) u n d e r v a r i o u s a s s u m p t i o n s . Formula ( 6 ) shows t h a t w e have t h e f o l l o w i n g p a r a m e t e r s which can v a r y ( I ) = E l , ( 2 ) 6 ,(3) d, ( 4 ) d n , ( 5 ) N*, ( 6 ) hs. ' y ois v a r y i n g d u r i n g t h e s a t e l l i t e p a s s a g e a s a s t e a d y f u n c t i o n of time. The o t h e r f i v e p a r a m e t e r s a r e f r e e and n o t w e l l known y e t . V a r y i n g 6' w i t h i n t h e r a n g e 2' 5 cf 6 25O, and d w i t h i n t h e r a n g e 0.2 km S d ,C 5 km, and A n w i t h i n t h e r a n g e >. A n A 10-6 and assuming N* >/ 4 and h s 0.1 km, w e c o u l d s i m u l a t e o u r o b s e r v e d a m p l i t u d e enhancements w i t h i n t h e
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, 6 dI.3 a m p l i t u d e v a r i a t i o n . ( I n more t h a n 60 % of a l l c a s e s e f f e c t s on 136 f1lIz were s i m u l taneously observable).



Year Time 1965 1966 1967 1968



23



1



1 3 4 1



5 6



3



5



7



9



11



3 5 4 5 3 8 6 1 2 8 1 4 1 2 2 1 2 5 2 5



6 3 3 6



13



15



17



19



21



4 3 3 1 1 9 1 4 1 8 1 1 6 1 6 1



7 6 3 6



3 3 1 1



Total



Number of



-49 71 73 48



965 1091 1067 880



Percentarce 5.1 6.5 6.8 5.5



%a



% % % 6.0 %



Average :



-



During December 1969 s i m i l a r e f f e c t s a m p l i t u d e enhancements which were o f t e n a s s o c i a t e d by p h a s e distortions were o b s e r v a b l e w i t h s i g n a l s from t h e g e o s t a t i o n a r y s a t e l l i t e ATS-3. Its t o p o c e n t r i c a s i n astronomy from c o o r d i n a t e s were: a z i m u t h 65O, e l e v a t i o n 12'. Azimuth is reckoned O o 3 9 0 ° j 360' from s o u t h 3 west e t c . The r e c e i v e d f r e q u e n c i e s were 137.350 Mile L.H.Z. (left hand c i r c u l a r l y p o l a r i z e d ) and R.H.P., and 412.050 M H z R.H.P. The e f f e c t s i n t h e 130 MHz-range a r e known s i n c e s e v e r a l y e a r s . The e f f e c t s i n t h e 400 b11Iz-range were p r e d i c t e d b u t o b v i o u s l y meas u r e d f o r t h e f i r s t t i m e w i t h s a t e l l i t e s i g n a l s . On 17 from 31 d a y s i n December 1969 t h e r e w e r e o b s e r v a b l e v e r y s t r o n g a m p l i t u d e v a r i a t i o n s on 137 MHz and s i m u l t a n e o u s l y on 412 MHz. I n a l l t h e s e c a s e s t h e a m p l i t u d e v a r i a t i o n s e x c e e d e d 6 dB and were a s s o c i a t e d by heavy phase d i s t o r t i o n s . The l a t t e r was d e m o n s t r a t e d by t h e so c a l l e d D i f f e r e n t i a l - D o p p l e r - e f f e c t , measured w i t h 137.350 MHe a n d 412.05 Mliz. P r e l i m i n a r y e v a l u a t i o n s showed t h a t t h e mean d u r a t i o n of t h e s e e f f e c t s was a b o u t 45 min. More d e t a i l e d i n v e s t i g a t i o n s c o n c e r n i n g a s e p a r a t i o n o f I o n o s p h e r i c and T r o p o s p h e r i c e f f e c t s were s t a r t e d b u t a r e n o t f i n i s h e d y e t . S i n c e t h e s a t e l l i t e is now below t h e h o r i z o n w i t h r e s p e c t t o o u r o b s e r v i n g s t a t i o n s i n c e t h e m i d d l e of J a n u a r y , w e o n l y have a v a i l a b l e d a t a from a p e r i o d o f one month. For g e o p h y s i c a l i n v e s t i g a t i o n s t h i s p e r i o d is much t o o s h o r t t o g e t any r e p r e s e n t a t i v e results. Anyhow t h e e v a l u a t i o n of t h e d a t a from December c l e a r l y d e m o n s t r a t e d which t y p e of e f f e c t s may o c c u r and c a u s e t r o u b l e on r a d i o n a v i g a t i o n s y s t e m s . F i g u r e s 7 and 8 show t h e s e e f f e c t s .
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7. C o n c l u s i o n s



Even i f t h e a s s u m p t i o n of a n e c h e l l e g r a t i n g is o n l y a v e r y rough a p p r o x i m a t i o n of t h e a c t u a l s i t u a t i o n i n t h e t r o p o s p h e r e t h e computed r e s u l t s i n d i c a t e t h a t a r e a s o n a b l e model w a s a p p l i e d . During t h e XVIth G e n e r a l Assembly of UWI, h e l d i n August 1969 i n O t t a w a , Prof.Dr.D.Atlas, Univ e r s i t y of Chicago, and Yrof.Dr.R.0olgiano J r . , C o r n e l 1 U n i v e r s i t y , I t h a c a , d i s p l a y e d v e r y e x c e l l e n t r e c o r d i n g s o f a 10 cm r a d a r s y s t e m which gave f o r t h e f i r s t time c l e a r e v i d e n c e o f a s t r o n g wavy s t r u c t u r e w i t h i n t h e t r o p o s p h e r e . The r e s u l t s o f t h e s e s o c a l l e d c l e a r a i r t u r b u l e n c e r e c o r d i n g s w i l l be p u b l i s h e d soon. For t h e a p p l i c a t i o n o f a b e t t e r model it is n e c e s s a r y t o u s e more d e t a i l e d i n f o r m a t i o n o f t h e v e r t i c a l and h o r i z o n t a l s t r u c t u r e o f t h e t r o p o s p h e r i c l a y e r which we hope t o o b t a i n from t h e above mentioned r a d a r r e c o r d i n g s . The r e s u l t s w i l l be d i s c u s s e d i n det a i l w i t h c o l l e a g u e s from a H a d i o m e t e o r o l o g i c a l i n s t i t u t e (FENCLER, 1967). I n any case t h e r e s u l t s d e m o n s t r a t e t h a t g e o m e t r i c a l o p t i c s h a s t o be r e p l a c e d by wave o p t i c s e.g. models of t h e t r o p o s p h e r e f r e q u e n t l y u s e d f o r p u r p o s e s of s a t e l l i t e - t r a c k i n g and s a t e l l i t e - g e o d e s y a r e n o t a p p l i c a b l e i n our cases. I f w e s h o u l d have once i n a w h i l e a g e o m e t r i c a l l y a p p r o p r i a t e wavy s t r u c t u r e w i t h i n i o n o s p h e r i c l a y e r s w e p o s s i b l y may d e t e c t a l s o d i f f r a c t i o n phenomena due t o t h e b e h a v i o u r of t h e i o n o s p h e r e . R e g a r d l e s s t o t h i s f a c t w e o n l y i n v e s t i g a t e d t h o s e e f f e c t s which o c c u r e d s i m u l t a n e o u s l r w i t h t r o p o s p h e r i c i n v e r s i o n l a y e r s , so t h a t it is v e r y l i k e l y t h a t t h e o r i g i n of o u r e f f e c t s was i n t h e t r o p o s p h e r e and n o t i n t h e i o n o s p h e r e . S i m i l a r measurements were c a r r i e d o u t d u r i n g s e v e r a l months i n Tsumeb, SW-Africa, and i n Oulu,



-
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North-Finland. Whilest the latter ones showed many distinct SRE's and SSE's, those from Tsumeb showed practically no effects. This might be due to the fact that there the Troposphere cannot form stable inversion layers for a longer time because of the continuous heating of the atmosphere. Measurements with signals of geostationary satellites are strongly recommended for investigations of amplitude, phase and polarization effects the origin of which is in the Ionosphere and Troposphere. Even on higher frequencies, e.g. 400 MHz such effects are detectable. 8. References
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SUMMARY



If satellites are employed as active repeater stations i n space, their optimum use depends to a large degree upon the communication system utilized. The requirement of maximum channel capacity leads to the employment of higher frequency ranges. On the other hand, the effects of tropospheric path parameters increase with increasing frequencies.



This paper attempts to clarify a l l relevant aspects and intends to present design aspects for optimized multiple access systems with reference to variable tropospheric conditions. Particular mention w i l l be made of frequency division multiple access (FDMA), time division multiple access (TDMA), and code division multiple access (CDMA). In a further section, the paper w i l l deal with the tropospheric parameters which are likely to influence the choice of the multiple access systems, as, for instonce, turbulence with variable turbulence characteristics, layer-like occurrences in the lower and upper troposphere, and effects of ground inversion layers. In each case, the dependence of the tropospheric path links upon the effective elevation angle of operation can be considered a major criterion and w i l l therefore be treated accordingly. Particular reference w i l l be made to new results. In a concluding section, the main objective of this paper w i l l again be addressed with full particulars on a l l critical parameters on the basis of the resulfs presented i n the previous sections. In each case, the possible general effect of t r o p e spheric characteristics and their variations upon channel capacity i s considered on item of major importance for future practical opplicatian. Recent results and their implications on multiple access systems w i l l be treated.
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TROPOSPHERIC PATH PARAMETERS WITH MULTIPLE ACCESS SYSTEMS IN SPACE COMMUNICATIONS



H.J. Albrecht and R. Makoruschka



1.



INTRODUCTION



Since telecommunications in the thirties and particularly during the second world war commenced using frequencies above 30 MHz, the troposphere and its characteristics as o propogation medium have become a major subject of research work. Such studies were more and more intensified with the first results of tropospheric scatter propagotion i n the fifties and with space communications during the lost decade. And even with regard to the last-mentioned field, a considerable number of apers may already be found in literature, important review papers being for example the contributions of Millman [15 ond Bean [2]. These papers dealt with ottenuotion characteristics governed by the troposphere and with other effects of general noture. Results allow overage data to be obtained for the planning of communications links with a signal passage through the troposphere on both, the up-link and the down-link. The advantages gained by using satellite repeaters i n space are not confined to the fact that world-wide communication i s possible by means of line-of-sight links, and, i n particular, include the possibility of transmitting information at high data rates due to the use of high corrier frequencies. However, the effects of tropospheric path parameters increase with increasing operating frequencies, and represent the limiting conditions with fixed ground terminals. However, with highly mobile users such as military airborne ond seaborne terminals, the upper frequency l i m i t may be governed by other disadvantogeous factors, e.g. problems i n satellite acquisition with smoll beamwidth and excessive Occurrence of multipath signals. For completeness' sake, more odministrotive conditions must not be ignored, e.g. ITU agreements referring to the limitation of bandwidths to 500 MHz with carrier frequencies up to 10 GHz ond the general allocation of frequency blocks availoble. Using hitherto unpublished results this paper deals i n its various sections with special considerations regarding modern multiple occess systems and the relevant influence of tropospheric disturbances, including possibilities of adaptation and the comparative reliability with respect to geographical terminal location which may also be expressed by a kind of "figure of merit" varying os a function of frequency.



2. 2.1



CRITERIA OF TROPOSPHERIC CHARACTERISTICS Frequency-Dependent Transparency and Disturbances



Rather thon a duplication of the description of well-known tropospheric effects upon propagation paths, the objective of this contribution i s a careful examination of possible effects upon high-frequency satellite communication up to 200 GHz and the overall reliability of such links. Particular attention i s to be directed at disturbances occurring i n the tropospheric region of concern to the actual path between ground and space. The average behaviour under undisturbed conditions with respect to frequency shows two predominating peaks of ottenuotion, viz. at about 25 GHz the water vapour absorption and around 60 GHz the oxygen absorption. For details reference i s made to oppropriate reviews i n literature, including the upto-date review paper at the beginning of this session of the symposium [l, 2,3]. In the category of disturbonces, precipitation of any kind i s a predominant cause of additional attenuation, increasing with increosing operating frequency. Numerous papers may be found dealing with this subject, resulting in a number of expressions for the calculation of ottenuation os a function of drop-size or rainfall rate [4,5). Paying particular attention to disturbances, measurements of air temperature effects ~ p o n rain attenuation computed are of special interest, an example being the work of B.C. Blevis, R.M. Dohoo, and K.S. McCormick [6]. Within the objective of this poper, the lengths of periods offected by high attenuation are of interest. This automatically leads to the connection between rainfall and synoptic meteorology. In mid-latitudes, obave about 30'N and NOS, low rainfall rates coincide generally with the passoge of warm fronts while high rates occur close to cold fronts or thunderstorms, which may be caused by such fronts unless they ore isolated ones. A more detailed categorization of rainfall rates with respect to frontal parameters may be possible under certoin conditions and for certain locations, with on immediate consequence



13-2 for the recognition and prediction of effects upon propagation paths. For the purpose of analyzing weather disturbances on a larger basis with regard to wave propagation, fronts in general may be considered the major type of disturbance. This also refers to changes .in the tropospheric structure which may have a frequency-dependent effect in connection with attenuation or distortion in the time domain. Details on the prediction of disturbed operational periods ond appropriate basic data are to be discussed in the relevant review paper i n this symposium [7J.



2.2



Analvzina Effects of Variable Trooosoheric Structure and Elements



In a number of papers on tropospheric scatter propagation with the emphasis on side-scatter, one of the authors reported upon results which may directly be used to obtain a clearer picture of changes occurring i n line-of-sight propagation, as long as fluctuations i n the turbulence characteristics of the troposphere are significant. Referring to appropriate publications [8,9], the predominant scale of turbulence was found to decrease with the passages of fronts, depending upon some frontal parameters, such as its age. These effects are particularly pronounced with cold fronts, but also happen with warm fronts, especially with those of the "younger" type. Verified by measurements of tropospheric scatter propagation, and theoretically analyzed by methods of dynamic meteorology, the predominant scale of turbulence 1 was found to obey the following relationship :
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AT = temperature difference between cold and warm air, deg. K



T = temperature (average), deg. K g = acceleration of gravity U



= angular velocity of point on earth



JI =



geographical latitude



A = frontal age ( 1 .O c A s 5.0) (Yo



= 0.0175 rad



k = 1.85~10'~ c = 40 Although this expression was derived assuming a change in the inclination of the boundary layer between cold and warm air, and employed the age parameter established previously [8], the decrease i n turbulence scale also agrees ualitatively with the assumption of wind shearing within cumulo-nimbus clouds and cloud formations leading to this type t
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With regard to the effect of turbulence structure upon propagation conditions for any line-of-sight path, including such used i n space communications, R.B. Muchmore and A.D. Wheelon published a comprehensive and detailed analysis of relevant considerations [lo]. Accordingly, the angle-of-arrival scintillation increase with decreasing turbulence scale, while phase scintillations and range increase with increasing scale. O f these quantities, the phase scintillation i s also inversely proportional to the square of the wavelength. Other variables are the path length, depending upon elevation angle and structure of disturbance, as well as the variations i n the refractive index. Side-scatter experiments lead to the conclusion that the order of magnitude of the last-mentioned parameter does not significantly change when fronts pass [9J. If the path length i s also assumed constant within certain limits during the passage of a disturbance, the turbulence scale remains the only variable. This may however be taken into account using eq. (1) above. Decreases of the order of ten to one and more may be considered normal in the turbulence scale [8]. Particular attention has to be paid to precipitation nuclei present i n frontal clouds. With increasing frequency, they produce an increasing phase scintillation. Measurements using interferometers i n radio astronomy were published by Boars [ll]. His correlation results allow to consider the RMS value of phase fluctuations to be proportional to intensity of frontal activity and rainfall. Assuming that the reported maximum value of over 30 degrees for a wave length of 11 centimetres i s caused by relatively large precipitation nuclei present within cold fronts, such as hailstones, and that showers and ordinary rainy conditions agree with average values of 20 and 10 degrees, respectively, a qualitative agreement may be established. Supposing "showers" to represent rainfall and drop sizes with cold front, and "rainy" conditions to coincide with those i n warm fronts, the phase fluctuations may be given by AQ=2.73



degrees



B = 25 for cold front conditions = 10 for warm front conditions f = operating frequency i n GHz. Another important type of disturbance may be represented by layers i n the troposphere with changes i n the refractive index. The passage of a signal through such regions may be interfered with by a variation i n the normal refraction angle, and, i n extreme cases, by a reflection and continuation of the signal path into space after an initial duct propagotion. Meteorologicolly, the formation of such a structure generally requires quiet conditions which may be present with anticyclonic situations, but may also occur under more disturbed conditions. Unusual refractive index characteristics thus



13-3 affect the range and may be regarded as a change i n the time domain according to a range increase of a maximum order of magnitude of about 1 km.



2.3



Signal Distortion



Modern communication links use digital signals which are designed for optimum efficiency i n all respects. An essential parameter exists i n dispersion effects experienced by the signal on its atmospheric passage. This results i n a distortion of pulses transmitted. Such changes i n the pulse shape can affect the demodulation limits at the receiving terminal. Main effects are found to be caused by the ionospheric portion of the path, or rather by the integral value of the electron density. Counter and Reidel have analyzed such dispersion by means of the dispersive characteristics of waveguide on pulse shape degradation In analogy,: extensive duct propagation may similarly cause a dispersion to occur under limiting Conditions for this type of propagation. Considering the diurnal variation existing in the integral value of electron density, and therefore i n the appropriate dispersion effects, the additional dispersion possible with such a tropospheric path may become significant under night-time conditions.



[lg.



2.4



Intensity and Duration of Disturbances



Disturbances affecting the communication path between a ground terminal and a spacecraft have been analyzed i n terms of weather disturbances of the type of weather fronts as a representative parameter. The categorization of tropospheric irregularities with respect to frontal characteristics has proved to be advantageous [8], as a l l effects may be expressed i n such terms. Furthermore, predictions of tropospheric radio wave propagation may thus be directly connected to methods of weather forecast [ 7]. The predominant scale of turbulence decreases, and precipitation generally exists in the fomi of rain, hail, or snow. Consequently, attenuation increases with increasing frequency. Depending upon actual operating conditions, angleof-arrival scintillations increase because the scale of turbulence decreases. For the same reason, the appropriate component of the phase fluctuations i s effectively reduced while that due to precipitation nuclei increases i n accordance with eq. (2). Summarizing single effects and estimating the intensity, the following points may be emphasized :



A warm front causes precipitation either as rain of low rainfall rate (up to the order of 1 mm/h), or as snow. The former w i l l cause an increase of attenuation, the latter might yield considerably more attenuation if precipitation nuclei are of the order of the wavelength. Depending upon the age of the cyclonic system, the predominant turbulence scale may change to lower values with young fronts. The cold front usually following the warm front displays high rainfall rates, and other precipitation, such as hail and snow. The attenuation increases i n each case and may be such that communication between ground terminal and satellite becomes impossible. The angle-of-arrival scintillation increases and can be estimated by substituting eq. (1)in the appropriate expression mentioned by Muchmore and Wheelon [lo]. A similar procedure leads to range fluctuations. With reference to the duration of disturbances, an average speed of frontal passage i s of the order of 30 km/h, and a valid assumption of maximum width along the front i s about 100 km. On the other hand, these factors change according to meteorological conditions, but may be predicted within reasonable limits.



3.



CRITERIA OF MULTIPLE ACCESS SYSTEMS



3.1



General Characteristics of Multiple Access Methods



Simultaneous ,use of a single satellite repeater by a large number of .earth stations separated by long distances and geographical locations i s of great interest i n a civil ond military communication system. An optimum multiple access system via satellite i s one which not only allows simultaneous use by a large number of earth stations but makes optimum use of the transponder power and the'fr4uency spectrum of the satellite. The main characteristic of a multiple access system i s that the message waveforms of each user station must be modulated onto a specific multiple access waveform, which provides the means by which each receiver can obtain its desired signal from the composite signals transmitted from the satellite repeater.



3.1.1



Basic Considerations ------------------



The flexibility of channel assignment and the flexibility of access to the system depends on the mode and the modulation technique used for the earth-to-satellite link. We w i l l consider here three types of multiple access modulation. One technique i s the frequency division multiple access modulation (FDMA), the others are the code division (CDMA) and the time division (TDMA).



.%!I



The difference between these three systems, FDM, TDM and CDM, i n a communication link, i n their use of frequency andwidth), time and power of the satellite repeater i s illustrated in Figure 1 through the use of a three-dimensional cube



In the FDMA system the common parameter to a l l subscribers i s the time axis; on the frequency or bandwidth axis each user station has a fixed marked position. I t means that in the frequency division system the carriers of several earth stations are separated i n frequency within the satellite bandwidth and that the carriers arrive simultaneously at the satellite input. The third dimension in our cube i s the power axis. Though this parameter i s free to a l l users i t i s the most critical parameter



13-4 'in the'whole FDMA-system. To achieve optimum power efficiency the amplifier of a satellite transponder must be operated at or near saturation. When several signals are simultaneously present at the repeater they interact on passing through the repeater due to the non-linearity characteristic of the satellite repeater input. The non-linearity of the transponder causes intermodulation noise and intelligible crosstalk. Operating i n a frequency-division multiple access mode the choice of a proper frequency plan, the efficient power level control and the intermodulation noise can be considered to be the main disadvantages in the implementation of this system. The other multiple access system was time division modulation (TDM). As the designation implies this type of multiple access i s based on the use of the satellite by several channels on a time multiplex basis. Referring to Figure l b we can distinguish that the common parameters of a l l users are power ond bandwidth. The only free dimension i n the cube i s the time axis. It can be seen that each user has his fixed slot on the time axis and the different time slots are assigned to the individual users i n accordance with time-slot allocation control. In contrast to the FDMA-system a l l user stations occupy the whole bandwidth and the whole power of the repeater so that the time-division system needs no control of transmitted power. In the CDMA system ( a system which separates the channels of the individual users by coding) represented i n Figure IC, commcn parameters are time and bandwidth, only the power of the satellite has to be shared among participating terminals. Similar to the behaviour of FDMA, u p l i n k power coordination i s required to make'full use of the repeater capacity. Figure 2 illustrates the three multiple access systems at the satellite repeater input. In the TDMA and CDMA system we consider digital data rates and the RF carrier modulation i n PSK (Phase Shift Keying). PSK communications i s qualified to utilize data rates from a few bits per second to GHz-rates [14].



Special Criteria with TDMA ........................



3.1.2



Although the TDMA system needs no up-link power control and no intermodulation products are developed within the satellite repeater the main question i s the accuracy to which separated earth stations can be synchronized. The bursts of different stations must be inbedded i n a time frame without overlapping and be separately distinguishable during reception. The frame has to contain synchronizing signals for coherent modulation and a local clock has to be derived i n phase with the incoming b i t stream for eificient demodulation. As can be seen from Figure 3 a guard time i s needed to prevent an overlapping of two odjacent bursts. Due to phase jitter an overlap of bursts w w l d increase the bit-error rate of the system. At high data rates i t i s not feasible to establish the clock phase of each burst with efficient accuracy. Greater accuracy of time slot acquisition and a reduction of guard time can be obtained by using a predicting synchronizer, this means that phase jitter and other irregularities i n the communication link have to be predicted. It can be said that the system efficiency i s determined by the time needed as guard time b5, 161.



........................



Special Criteria with CDMA



3.1.3



In the CDMA system the detection of messages occurs by means of correlating the incoming signal with a stored reference sequence i n the receiver by a so-called "slide-by" type of correlation technique, which permits a very high efficiency of - 3 0 db). The correlation technique, e.g., can be accomplished by assigning a distinct pseudosignal detection (S/N noise carrier to each transmission station. The pseudo-noise multiple-access carrier utilizes wide-band coding and transmits ' i t through the satellite to the receiving terminals. The bandwidth of the dota i s small relative to the signal bandwidth (1:lG). The ratio of the signal bandwidth to the information bandwidth i s also called the processing gain WT. W T = -W =



bm where



W =



TS



signal bandwidth



bm =



1 =



information bandwidth.



Tm



(20



...50 db)



(3)



It can be shown that with increasing processing gain the resistance against interferences increases. Let us now assume that an active user station transmits simultaneously through a hard limiter transponder to n receivers, the signal at the repeater input for two-phase modulation can be represented by



si(t)



c o s [ u O t t m,(t)



=



+ PN,



V = l



where m(t) = the message signal of bit-time Tm



1 --b,



PN(t) = the transmitted pseudo-noise synchronization sequence



T: = the propagation delay of the PN-sequence (random phase)



fo =



; l= carrier frequency (common to a l l transmitters)



c



2 P = the signal power.



(t - T



}



+ noise



13-5 A model for a multiple access satellite communication link i s presented in Figure 4. The output of the correlation detector i s given by



where r ( t ) i s the reference signal at the demodulator u0t



+



PN(t-t')



1



(6)



The phase difference E = t - T ' i s called the delay error phase of the system. The discriminator has an operating threshold below which the receiver i s likely to lose lock. This occurs when the delay error le1 i s approximately 0.15 0.3A or more, where A i s the digit width of the PN-code. The reference signal r ( t ) has therefore to be coherent i n carrier phase and i n chip with the desired incaning signal, The main problem concerning this system i s to maintain bit.streom synchronization by the receiving station. Hence this depends on the system noise performance on the phase-lock discriminator and the phase error fluctuation that can be tolerated without losing the locked-on condition [17, 181.



-



Although we have assumed that a l l n signals arriving at the repeater have equal signol strengths due to atmospheric anomalies corresponding for instance to clear weather and heavy rainfall the signals would suffer from the "capture phenomenon"; this means that the strong signal at the satellite repeater dominates and diminishes the signal-to-noise ratio at the receiver of the other user stations. In order to determine synchronization i t i s necessary to maintain the minimum power spectrum at the discriminator input. Certoin improvements in the signal-to-noise performance can result for instance i f the loop filter i s made adaptive. Particulor attention has to be paid therefore to the atmospheric influence upon both paths, u p link and down-link, between sotellite and ground terminals and its dependence on operating frequency and variable atmospheric charocteristics.



3.2



Signal-to-Noise Ratio and Error-Rate Thresholds



An important criterion in a communication I ink i s the determination of the signal-to-noise ratio. Propagation disturbonces due to absorption and scattering in the atmosphere, as modulation of the signal amplitude, of the phase, of the polarization, and of the direction of arrival, Doppler due to relative motion of the satellite and also multipath caused by mainbeam and sidebeam picked up of reflected rays, cause uncertainty in the communication links and increases the error probability. Operations i n a military communication system specify some performance tolerances, e.g. reliability i n traffic handling, protection against jamming, procedures for obtaining an access channel etc. System designs w i l l influence the choice of the multiple access modulation, which depends on the bandwidth and frequency occupancy, the efficiency of available p w e r utilization in the transponder and the sensitivity to the disturbances to be expected of the electromagnetic wave through the atmosphere. Before we proceed to discuss further system designs, we w i l l define several basic communication parameters which serve to characterize the distribution and the performance of the receiver, i.e. the probability of error which i s a fundamental E This parameter represents sensitivity criterion i n a digital communication system. First there i s the signal-to-noise ratio the ratio of the received signal energy to the spectral density of the noise, where E i s the energy per bit and No i s the noise power density.



.



The signal-to-noise rotios



where



S = N



T = -



S E and - are related by the bit rate N No



Rb as:



signal-to-noise ratio in channel baseband



'



the b i t duration time



Rb No = kTs = noise power density B = signal bandwidth. E -



For the digital coding system a threshold value of = 6 - 8 db has to be considered i n order to mointain a constant kT s error rate. Assuming that the satellite repeater i s a single wide-band hard limiting channel the equations for the signal-to-noise ratio in a FDM and CDM multiple access system have to be valued additionally by the suppression factor due to the presence of other signals



n6].



The above equation illustrates thot with increasing b i t rate odditional power w i l l be required to maintain a minimum value of corresponding to a particular bit error rate. This means also that i f the signal-twnoise ratio decreases due to atmospheric criteria the bit rate must be diminished or the energy per bit must be increased to maintain a particular b i t error rate.



,



13-6 The probability of bit error rate i s a function of the signal-to-noise ratio. Figure 5 illustrates the error probability as a function of the signal-to-noise ratio, where the parameter i s the RF carrier modulation. Assuming that the information signal appears in digital rates the error probability Pe can be calculated from the Gaussian Q) error integral os



where d i s the root of the signal-to-noise rotio.



A comparison of the several digital modulation techniques i n Figure 5 illustrates that the probability of bit error increases rapidly as the signal-to-noise ratio diminishes, and that the error probability depends on the modulation technique used. A comparison shows that M-PSK modulation technique permits the lowest bit error rate for a specified signal-to-noise ratio [I9]. In oddition, Table 1 shows the power and bandwidth requirements for several modulation techni ues. I t can be seen that M-ory PSK and FSK provide a good power efficiency but the bandwidth efficiency i s not optimal [24.



3.3



Effects in Time Domain and Synchronization



For optimizing a canmunicotion system we have to consider the main disturbances which cause an efficient degradation of the system parameters. Parameters which could increase the probability of bit error, ore the phase jitter of carrier waveform, the jitter of the incoming data stream canpared with the reference clock of the b i t generotor, the optimizing of filters bandwidth due to the signal-to-noise ratio at the demodulator input and the instabilities of the solid equipment, which are somewhat beyond the scope of this paper.



3.3.1



Phase Jitter of the Carrier Waveform ...............................



The detection of digital signals requires a synchronization of the receiver to the received corrier waveform and the received sequences of digital data. A correction of the receiver time bose to the received signal i s referred to as bit synchronization.



If the carrier synchronization reference signal i s out of phase to the incoming signal by a phose angle of CP , e.g., then the efficiency of the detection process w i l l be degraded by o factor of cos CP. In the carrier synchronization sub-system the input signol at the receiver i s filtered by a bandpass filter centered at the corrier frequency. The filtered carrier frequency component i s tracked by means of a phase lock loop. Although the bondpass filters have to reduce the noise components outside the signal bondwidth, the bandpass filters also reduce the signol power. Usable information detection i s only guaranteed as long os the minimum signal-to-noise power density factor w i l l not be lost. Figure 6 shows the change of the signal-to-noise loss due to the carrier phase jitter. This function i s obtained by the product of a sine wove, phase modulated by noise, and a sine wave of the same frequency and phose [21].



3.3.2



Bit Jitter --------



In the bit-synchronization sub-system one of the functions of the phosed controlled oscillator i s to clear up the phase jitter i n the transmitted digital signals. If the jitter i s very slow compared to the loop time constants, the loop w i l l track i t and the jitter w i l l be passed on to the output. Suppose the jitter i s very rapid then the integrating action of the oscillator would smooth out the jitter, so that the output would be stable. When the bit jitter becomes too large the signal-to-noise ratio i n the discriminator loop could reach the threshold value where the system synchronization w i l l collapse. The response distribution of a phase-lock loop circuit i s dependent on the filter which i s placed i n the loop because the loop threshold i s a function of the bandwidth. Certain improvements in noise performance can result i f the loop filter i s made adaptive, i t meons i f the probability distribution of the phose-error could be predicted. I t would be reasonable to consider the loop as a filter that passes signal and rejects noise. Results have shown that the system threshold occurs when the delay error i s about 0.15 A where A i s the bit duration.



,



4. ADAPTING MULTIPLE ACCESS 4.1



METHODS TO TROPOSPHERIC CRITERIA



Link Transfer Parameters



General characteristics of multiple access systems having been described in 9.1.1, the employment of the frequency range 100 MHz to obout 500 MHz seems to call for the use of FDMA or TDMA, while all three multiple access systems of theoretically possible and feasible above this frequency. However, FDMA cannot be considered a very useful system due to the disadvantages mentioned under 3.1.1. On the other hand, effects of attenuation and phase jitter caused by the tropospheric portion of a path predominate above 500 MHz and are thus within the objectives of this poper.



13-7 For meteorological reosons pointed out under 2.1 and 2.4, the criterio emphosized i n the last paragraph of 3.1.3 may become Significant, viz. the fact thot meteorological poth conditions con certoinly not be assumed equal for geographical locations of 01 I users. Considering thot detrimental effects of attenuation and phase jitter increose with increosing operating frequency, conditions may become more and more critical i f higher frequency ronges are token into account.



4.1.2



Mutual Link Transfer Parameters ...........................



As has been mentioned, link transfer porameters may fundomentally be described by two quantities, viz. attenuation and phase jitter. These variobles may differ from link to link. They have therefore to be considered for each link using the satellite simultaneously. This calls for an appropriate adaptation. If o "figure of merit" Q i s to be defined for each terminol location, i t should be o function of both, intensity and duration of disturbance, Q = Y



(Intensity, Duration, Path Length affected)



(9)



where intensity i s given in terms of attenuation 6 , and phase jitter A@ and duration i n terms of arbitrary time units. The poth length offected may be derived from height of terminal location and elevation angle. For FDMA, the effects of phase jitter are not detrimental and may therefore be neglected. On the other hand, the path attenuation of one link has to be considered with respect to that of each other link as well os their actual operating frequency. Considering TDMA, the effects of path attenuation ore not important but phase jitter may be a Significant parameter. This quantity as referred to one link has to take into account the maximum phase jitter of each other link. Obviously, phase jitter effects caused by tropospheric chorocteristics ore addition01 to any orbital fluctuations and resultant changes i n travelling time between ground terminal and satellite, which i n effect results in another phase jitter. With CDMA, the otherwise advantageous system, both, the attenuation values of each other link, as well as the phase jitter of the link to be considered, are significant.



4.1.3



Typicol Values -----------



Considering the frequency criterion mentioned previously, typical values are assumed to be of major interest above With regard to the fact mentioned i n section 2., a cold front passage with the appropriate precipitation may yield additional attenuation, about 0.4 db/km on 8 GHz and 2 db/km on 15 GHz and 4 db/km on 30 GHz, 9 db/km on 100 GHz. O n the other hand, the duration of a cold front disturbonce shou'ld generally be of the order of three hours. If, for example, three terminals are supposed to be offected by passages of cold fronts but not the terminal tronsmitting, the signal-to-noise ratio at the satellite input with regard to the link under consideration w i l l increose i n the case of CDMA and a hard limiter charocteristics at the satellite. This represents a favourable case for the link under consideration. If, on the other hand, the cold front passage affects only this link but not any of the other links, any other unaffected link can 'kapture" the satellite with respect to the link of interest and therefore reduces that link's input signal by 6 db, i n addition to the detrimental change i n signal-to-noise rotio at the satellite input.



500 MHz. Details may be found i n [l].



In a l l porometers referring to the attenuation, the elevation angle used at the ground terminals may be of significant influence. The length of the actual path affected depends on this angle and on the extent of the weother disturbonce under consideration. O n the other hand, the small beamwidth encountered with high gain antennas used i n higher frequency ronges also enable to reduce multipath effects due to ground reflections to a minimum i f the elevation angle does not decrease below a certain value. With regard to an important parameter i n the time domain, the phase jitter encountered on a poth between the ground terminal and a point i n spoce decreases for decreasing scale of turbulence with operating frequencies up to about 1 GHz. Above this frequency the drop size of precipitation elements existing in clouds may become the decisive parameter, in accordance with 2.2. This thqn would result i n an appropriate increase in the phase jitter.



4.2



Possibilities of Adaptation



A l l factors mentioned under 4.1.3 may differ according to the geographic01 location of the ground terminal. This results in the possibility of statistically predicting on o long-term basis the worst case behaviour of a link. Depending upon the accuracy of both long-term and short-term predictions of disturbed conditions, signal characteristics such as output power and channel quantity may be adapted to operating conditions i n order to improve the general efficiency of such o ground terminal. Several charocteristics of both satellite and ground terminal offer themselves as parameters which may be adapted manually or automatically i n occordonce with the conditions of the path encountered. On the other hand, attention has to be drawn to the fact the total available bandwidth, power, the time slot, are limited and that any adoptive control should be carried out within the control range defined by these limits. The following parameters seem to be suitoble for adaptation :



-



-



control control control control



of of of of



ground terminol transmitting power satellite transmitting power antenna gain at the ground terminal satellite antenna gain
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-



-



control of transmission bandwidth control of transmission rote control of transmission codes.



4.3



Automatic Control and Adaptation



The factors mentioned i n previous subsections lead to the conclusion that any possible type of adaptation could be applied automatically and would then include an automatic control of both, power and channel quantity. The essential factor i s the accuracy and reliability of predictions of both signal attenuotion and phose jitter. Such systems moy be subdivided into a long-term automatic control taking into account monthly, weekly and diurnal variations and short-term automatic control being defined by immediate adjustments to both power ond channel characteristics on the bosis of the information actually obtained by monitoring the operation of the actual link or by secondary sensing devices, e.g; RADAR analysis of clouds [22]. With regard tosuch possibilities, porticulor attention has to be paid to the stability of the control circuit. Considering entirely outornotic systems, i t i s important to use appropriate integration circuits in the sensing circuitry such as to avoid transients originally present in the sensing circuit on account of abrupt meteorological changes to be transferred to the control portion of the circuit. Transients which may be produced by the sudden occurrence of thundering clouds i n the path between the ground terminal and the point i n space, i n other words by the change of porometers mentioned i n this paper, should be smoothed to o degree acceptable to the control system within its own stability criterion. O n the other hand, the use of automotic control ond adoptation i s definitely feasible. The prediction of path behaviour has now reached such a reliability that appropriate eorly warnings and outomoticolly detection ond adjustment are possible. A future paper by one of the authors (R. Mokoruschka) w i l l refer to an automatic adaptation technique.



5. RELIABILITY OF SPACE COMMUNICATIONS 5.1



Selection of Frequency and Communication System



One of the.basic considerations i n selecting the communication satellite system refers to the type of operation desired: "mobile" operation, such as airborne ond seaborne equipment, "semi-mobile" operotion with the terminols normally being tronsported from one place to the other between periods of operation, and "fixed" ground terminols which may be built in a rather permanent fashion. This first-mentioned category requires a ground terminal to be insensitive to any sort of changes i n the antenna or its environment, together with on optimum signol performance under the criteria mentioned. Semi-mobile terminals hove to be easily transportable and should be capable of commencing operation at very short notice. In the last category, the main advantage i s the possibility of knowing the geographical location of the ground terminal with a l l its characterizing porometers. As a rule, however, such terminals connot be tronsported. Multipath effects, satellite acquisition and power level considerotions lead to o relotively low frequency range for the first-mentioned category, possibly below 500 MHz. Mobile terminals may successfully use higher frequencies up to the order of 10 GHz, and perhaps more. On the other hand, fixed terminals con employ very high frequencies. Present-doy experiments and future operational use of frequencies up to 100 GHz and above for space communications w i l l certoinly rely on fixed ground terminols. The previous sections of this paper have indicated that many of the significant detrimental parometers display o frequency dependence. The combination of a l l these parometers may lead to a frequency dependence of the "figure of merit" for each ground terminal.



5.2



Geographical Factors



The larger the influence of weather and its disturbances, the more important becomes a connection between the geographical location of the ground terminal under consideration ond its communication reliability. This mainly depends upon the change i n climatic conditions from one locotion to the other. Considering e.g. equatorial orbits, terminals located i n northern latitudes and southern latitudes have to use lower elevation angles thus resulting i n increasing a l l disturbing effects which depend upon the path lengths, such as ottenuotion with scattering and scintillations as well as phase jitter. Considering long-term statistical effects on reliabi lity, the sums of durations of different disturbances may be used on an annual or monthly basis for terminals participating i n a sotellite communication system. Statistical occurrence sums of meteorological parameters mentioned in section 2. may be dealt with similarly. A total of disturbed hours per year is, cog., obtained for Oslo and Rome, respectively.



5.3



Figure of Merit



The basic form of a figure of merit for terrestrial satellite terminals i n several types of communication systems wos discussed i n 4.1. Eq. (8) showed the fundament01 approach. Considering duration sums for different weother disturbances, multiple access systems, and their susceptibility to attenuation and phase fluctuations we obtain
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E
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+ 6cF



DCF)



- 1)$ 0



Q = figure of merit



where



a = elevation angle to satellite



h = hTp =



altitude of terrestrial terminal average altitude of tropopause i n region of terminal



TFD = time percentage of FDMA operotion (incl. frequency hopping)



TTD



= time percentage of TDMA operation



TCD



= time percentage of CDMA operation = sum of warm front durations



= sum of cold front durations



Q-F



6~~ =



average attenuation with warm front i n db/km



~ C F = average attenuation with cold front i n



A@,



db/km



= phase jitter with warm front i n degrees



A@CF =



phase jitter with cold front i n degrees



NCF = number of cold front occurrences



G ,



= antenna gain aboard mobile terminal (numerical value)



no = number of phased array elements required for perfect operation n = equivalent number of phosed array elements available



-dd_et



-



operational turning rate of mobile carrier i n degrees/sec



The above formula uses additive as well as multiplicative terms to take into account a l l possible parameters which might affect transmission quality and usefulness of fixed and mobile terrestrial satellite terminals outside the tropical region. Commencing with the reference term ( 1 .O) representing o "unit satellite link", the major term refers to three different multiple access methods and another term occounts for mobile operation. For the purpose of this figure of merit the "unit satellite link" may here be defined by o link equivalent to minimum CClR recommendation referring to undisturbed conditions. The major term includes a coefficient which tokes care of geometrical and geographical conditions, the elevation angle ond the ratio of terminal altitude to altitude of tropopause [7]. These two values are used to account far the path length affected by the disturbance. The remainder of this major term consists of three single terms referring t o particular conditions with multiple access systems used i n percentage of total time available. In other words, the coefficients TFD, TTD, and TCD refer to the percentages of traffic on a stotistical basis i n each type of multiple access. The sum of these three coefficients remains constant, equal to 100 %. Annual sums of disturbance durations for warm front and cold front conditions represent the effect of durotion as mentioned i n eq. (8). They are multiplied by representative values of attenuation or phase jitter which comprise the effects of disturbance intensity, as i n eq. (8). As ects of,relative multiple access efficiency were accounted for by numerical constants, c, = 4 x c2= 2 x lo-', c3= 2 x , '-OI valid for a typicol satellite link. The last term refers to mobile operation of terrestrial terminals. An attempt has been made to generalize parameters valid for any mobile terminal, including aircraft. With regard to satellite acquisition ond antenna tracking, emphasis i s concentrated on the operational turning rate of the mobile carrier together with the beamwidth of the ontenna used. The derivative of the turning angle 8 with respect to time and the square root of the antenna gain Gm have been used for this purpose. O n the other hand, automaticolly directed phosed array antennae would compensate difficulties existing with mobile terminals, provided that complete angular coverage can be maintained i n a l l positions of the mobile carrier with respect to the satellite direction. In the formula, no has been employed to represent such ideal conditions, while n refers to the actual phased array efficiency i f such an antenna system i s used at all. The numerical constant c, = 6 x i s given by dimensional considerations.



loe6,



Figure 7 shows the figure of merit for a geostationary satellite at 15OW and its dependence for Oslo and Rome, being two representative northern and southern locations i n the mid-latitude region. Sums of durations apply to the year 1968. The sums of occlusion durotions were equally divided and added to worm and cold front sums. Using criteria mentioned before,
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be 90 % up to 500 MHz, with 5 % each for TTD and TcD, respectively. Above this frequency, TFD = 45 % each. These values may be changed i n accordance with systems selected ond traffic required. Another curve refers to mobile operation with de/dt = 100 deg/sec, n=O, and a constant antenna dimension of 1.5 m ., yielding .G T F D was assumed to



10 % and TTD and DT,



If in any system detrimental effects of attenuotion and phose jitter are compensated by power reserve and reduction of channel quantity, the appropriate values, 6 and A @ , equal zero. A redundancy in fact shows a compensation identical to that of a reduction of channel quantity. For completeness' sake mention should be made of the universal possibilities offered. by this figure of merit which os o whole generally indicates how elaborate o system or terrestrial terminal is. In tropical regions, reference moy be made to regular periods of rainfall rather than frontal activities.



6.



CONCLUSIONS



Following o discussion of weother disturbances with respect to their effect upon space communication links ond modern multiple occess systems, a comparative study of different frequency ranges and geographic01 locations led to a figure of merit which permits a direct comparison between different terminols and olso accounts for the relotive use of the three multiple access systems.



ACKNOWLEDGEMENTS More thon an averoge paper, this contribution i s based upon the tedious analysis of a vast amount of statistical data. The conscientious work done in evaluating this material as well os i n the preporotion of manuscript and drawings i s gratefully acknowledged. The teom comprised Miss I. Drolshagen, Miss M. FaRbender, and Messrs. G. Kltiser, F. Martellock, H. Reppermund, and H. von Uslar.



1 3 - 11



REFERENCES



Millman, G.H.



A Survey of Tropospheric, Ionospheric, and Extra-Terrestrial Effects on Radio Propagation Between the Earth and Space Vehicles, AGARD Conference Proceedings No. 3 "Propagation Factors i n Space Communications", 1967



Bean, B.R.



Attenuotion of Radio Waves in the Troposphere, Advances i n Radio Research, Vol. 1, Academic Press, London, 1964



Millman, G.H.



Tropospheric Effects with Space Communications, Review Paper to be held in AGARD-EPP Symposium an Tropospheric Radio Wave Propagation, September 1970, DUsseldorf, Fed. Rep. of Germany



Ryde, J.W. Ryde, D.



Attenuation of Centimetre and'MiIlimetre Waves by Rain, Hail, Fogs and Clouds, General Electric Co., Wembley, England, Rep. 8670, May 1945



Oguchi, T.



Attenuation of Electromagnetic Wave Due to Rain with Distorted Raindrops (pt. II), J.Radio Res.Labs. (Tokyo), Vol. 11, pp. 19-37, January 1964 '



Blevis, B.C.



Measurements of Rainfall Attenuation at 8 and 15 GHz, IEEE Trans. on Antennas and Propagation; Vol. AP-15, No. 3, pp. 394-403, May, 1967



Dohoo, R.M. McCormick, K.S.



I



Albrecht, H.J.



Doily and Hourly Forecast of Tropospheric Propagotion Parameter, Review Paper to be held in AGARD-EPP Symposium on Tropospheric Radio Wave Propagation, September 1970, DUsseldarf, Fed. Rep. of Germany



Albrecht, H.J.



Coincidence Tests i n Tropospheric Side-Scatter Propagation, Proc. IEEE, Vol.54, pp. 1982 1983, 1966



Albrecht, H.J.



Theoretical Analysis of Medium-Dependent Fluctuations with Tropospheric Scatter Links and Comparison with New Experimental Data Including Side-Scatter Characteristics, AGARD Conference Proceedings No. 37 "Scatter Propagation of Radio Waves", Part 1, August 1968



Muchmore, R. B. Wheelon, A.D.



Line-of-Sight Propagation Phenomena 1449, 1955



Boars, J.W.M.



Meteorological Influences on Radio Interferometer Phase Fluctuations, IEEE Trans. on Antennas and Propagation, Vol. AP-15, No. 4, pp. 582-584, July 1967



Counter, V.A. Riedel, E.P.



Calculations of Ground-Space Propagation Effects, Lockheed Aircraft Corporation, Rep. LMSD-2461, 1958



Assadourian, F. Jacoby, D.L.



Multiple Access Considerations for Communication Satellites, RCA Review, June 1966



Schwartz, J.W. Aein, J.M.



Modulation Technique for Multiple Access to a Hard-Limiting Satel l i t e Repeater, Proceedings of the IEEE, Vol. 54, No. 5, May 1966



Gabbard, 0. G.



Design of a Satellite Time-Division-Multiple-Access Burs Synchronizer, IEEE Trans. an Communication Technology, Vol. COM-16, No. 4, August 1968



Hultberg, R.M.



Time Division Access for Military Communications Satel lites, IEEE Trans. on Aerospace and Electronic Systems, Vol. AES-1, No. 3, December 1965



Aein, J.M.



Multiple Access to a Hard-Limiting Communication Satellite Repeater, IEEE Trans. on Space Electronics and Telemetry, December 1964



Spilker, J.J.



Delay-Lock Tracking of Binary Signals, IEEE Trans. Space Electronics and Telemetry, Vol. SET-9, March 1963



Tieman, C.R.



Airborne Microwove Satellite Communications Terminals, Supplement to IEEE Trans.on Aerospace and Electronic Systems, Vol. AES-3, No. 6, November 1967



I



-



- 1.



Ray Treatment, Proc. IRE, pp. 1437-



-



Cuccia, C.L.



Sensitivity of Microwave Earth Stations for Analog and Digital Communications, Microwave Journal, February 1969



Balakrishnan, A.V.



Advances in Communication Systems, Academic Press, New York, London, 1965



Day, J.W.B. McCormick, K.S.



Propagation Measurements at 7 GHz on a Satellite to Earth Path, IEE Conference on Tropospheric Wave Propagation, Conference Publication No. 48, pp. 138



-



142, 1968



~



13-12



-Q,



Q,



c



c



L



L



a



a



..a a c.



c



-% c



X



N



K-



0 CD-



Q,



v)



a



c



c



L



Q, L Q,



.-



U



Y



cn .e



c



Y a c vr 0



a



LL



13-13



P = Power b = Bandwidth



Power Control



b



(frequency) t = time l . . . n = terminals



t Figure l a



Frequency division multiple-access method



.



. .



.



tp \



i



-,b



-.



I



lime Control t Figure



lb



Time division multiple-access method



Power Control



--b



. Figure 1 c



.



Code division *multiple-access method



a



13-14



ency ground stations: 1 ... s a ) Frequency division m u l t i p l e - access power spectrum



2



1



...



3



S



tiiie



channels: 1.- m ground stations: 1 ... s b ) Time division m u l t i p l e -access f r a m e



L



I



I I



I



I



s - 1 signa I S desired si gna l noise



p i ---



Pass-band



I



frequency



I



c] Code division mutt iple- access power spectrum distribution Figure 2



Multiple-access modulation



13-15



Burst



--+--



0 0 It I



Preamble



-



c-4



1



I



I



c



Message data



c



Chon. 2



Chan.l



Chon. m



Channel 1 (information bits, voice and data) Address of transm. station








.r 0)



0



o



LL



-0



K



ry)



m



E c, c,



.r



-I.



I K



m L t-



o



r +r



ce 0



9



L m



m



.r



n



Y 0



0



I



7



m . )



7



o L



3



m



.r



LL



14-7



0 0



P c



Noulical Milea



Figure 3, Ray Tracing f o r 27 March 1968 (0700) Transmitter a t 5000 ft.



May 15. 1966



Figure 4 , Data Sample Showing E f f e c t s Observed During a Thunderstorm.
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DII-1 DISCUSSION ON THE PAPERS PRESENTED IN SESSION II



( PROPAGATION THROUGH THE TROPOSPHERE )



Discussion on Paper 7, "Rain Attenuation at Millimeter Wavelengths", by E.E.



ALTSHULER, V. J. FALCONE, and



K.N. WULFSBERG R.R. ROGERS: While I agree that there are uncertainties i n the empirical relation between attenuation and rainfall rate, your experiment was not capable of determining whether such a relation exists. In a properly designed experiment, one must measure simultaneously the distribution of rainfall rate along a propagation path and the attenuation over the same path. As the rainfall rate was measured at only one paint in your experiment (the surface), the wide scatter of data points i s not unexpected. E.E. ALTSHULER: In practice i t would be extremely difficult to measure the distribution of rainfall rate along an earthto-space propagation path, Since rain in general i s not too localized for low rainfall rates and since a statistical rather than deterministic relationship was being pursued, i t was assumed that a measurement of rainfall rate at the receiver may represent a meaningful parameter for propagation paths close to zenith. The results obtained tend to support this assumption. F. FEDI: In a l l the experimental research on correlation between rainfall rate and attenuation the scatter diagram i s usually very wide for low rainfall rates (and low attenuation) and much more ccmpact for high rainfall rates. This i s probably also due to the fact that a tipping bucket raingauge i s not very precise at low rainfall rates (due to the high Haw could you explain that the scatter diagrams you derived present characteristics opposite to those integration time). mentioned?



-



E.E. ALTSHULER: I do not recall the exact integration time of our raingauge; however, i t seemed that rainfall rates over the range from about 2 to 20 mm/hr could be measured with reasonable accuracy. Far lower rates the problem you have mentioned certainly arises. We found that far very high rates it became more difficult to determine the rate accurately since the hack marks an the paper chart recorder (which were used to measure rainfall rate) were very close together and therefore higher rates could not easily be distinguished. For these reasons along with the facts that heavy rain tended to be less uniform than light rain and higher attenuations could not be as accurately measured as lower attenuations because of limitations i n the system dynamic range, the scatter diagram was not spread out more for low rainfall rates.



J.A. LANE: One would like to exploit the radiometric technique for measuring attenuation up to the maximum possible frequency and highest rainfall rate. But to do this we need to evaluate the rate of scattering compared with absorption. Has any quantitative assessment of the error caused by neglecting scattering yet been made? E.E. ALTSHULER: In principle one would expect the error due to neglecting scattering lasses in the calculation of atmospheric attenuation from an emission meosurement to begin to appear i n Figure 9 and certainly appear in Figures 10 and 11. I cannot explain why these data did not show this effect unless the theoretical model used to calculate this error did not accurately represent the true rainfall distribution. I t would appear that i f a significant error due to neglecting scattering lasses does exist using the method we employed then an empirical expression could be generated to take this additional loss into account.



Discussion on Paper 9, "Simultaneous Measurements of Precipitation Attenuation and Radar Reflectivity at Centimeter Wavelengths", by K. S . McCORMlCK



F. FEDI: In the conference on "Tropospheric Wave Propagation" (London, 1968) you presented some results derived with the same experimental set-up but with a different approach as far as data processing i s concerned. You derived an empirical relationship between Z (reflectivity factor) and A (attenuation) with an independent calibration of the radar set. Now you use a relationship between Z and A derived from other theoretical results (Oguchi ) or experimental ones (Laws Parson distribution), on which there i s not a general agreement,and you use this relationship to calibrate the radar set. I would like to ask you two short questions: (1) Are the two relationships significantly different and which one would you use mare confidently for a forecast of attenuation along a short path based on radar data? (2) Having noticed how hail or melting layers can affect the radar data, do you s t i l l feel that these data could be used to obtain a forecast of attenuation for satellite communications?



-



K.S. McCORMICK: In reply to the first question, the discrepancy of 9 db in the radar calibration obtained by the two methods was not recognized i n the earlier work. However, i t i s possible to adjust the earlier relation between A and Z by the factor of 9 db, and to obtain a relation which i s consistent with those used here. Therefore, I believe that the existing theoretical results for rain are adequate, at least for frequencies up to 15 GHz, and that the Laws' and Parson's or the Marshall-Palmer drop-size distributions are reasonable representations on the average of the rain which occurs at Ottawa. The 9 db difference i s believed to be due to some factor which has not been fully considered in the radar calibration, and i t i s hoped to resolve this point i n the near future. The melting layer shown i n this paper i s of exceptionally large reflectivity. Melting layers which occur more commonly 4 have reflectivity factors near 10 mm' m-' , and as yet we do not have measurements which can be definitely identified as being of this class. I t may be that such melting layers, of smaller reflectivity, w i l l not cause a significant discrepancy i n the prediction of attenuation. Hail, i f i t can be shown to consistently cause excessive estimates of attenuation, may



011-2 occur sufficiently rarely that i t w i l l not seriously affect statistical results from techniques such as those described by Dr. Rogers in paper no. 8. O n the other hand, i t may be possible to identify the presence of hail from i t s extremely high reflectivity



.



Since these questions are of considerable importance, i t i s hoped that a continuation of the work with the addition of radiometric measurements as described by Dr. Strickland in paper no. 46, w i l l help to clarify the answers.



I. RANZI: I refer to the correction coefficient of 9 db you use in your radar reflectivity measurements: did you observe any variation of this coefficient with the rainfall rate? K.S. McCORMlCK: For the data obtained i n 1968, i t was found that in cases of light to moderate rainfall rates, the use of a 9 db correction factor in the measurement of backscattered power gave consistently good agreement between the measured and calculated attenuations. For cases of very heavy rainfall, the agreement i s somewhat poorer. For example, i n Figure 3, at about 0131 GMT, the calculated attenuations are smaller than those measured. In addition to being associated with the radar beamwidth (2.5 degrees) this discrepancy could be interpreted as being due to a change i n the radar calibration factor, or, as i s considered more likely, as being due to a failure of the relations between A and Z which were used. This would result, of course, from the presence of unusual drop-size distributions at the very high rainfall rates. As discussed in the reply to Dr. Fedi, i t i s believed that existing theoretical relations, based on model drop-size distributions, are adequate for the Ottawa area, and that an accurate absolute calibration of the radar i s essential. In practice, it i s possible that the technique described in this paper may be the most satisfactory method of obtaining such a ca Iibration. F. EKLUND: At measurements of transmission loss aver paths traversing the troposphere at low elevation angles, loss variations have been observedwhich are caused by ray bending giving rise to ray divergence. Have such loss variations been considered as's possible explanation for some of the discrepancy between one way attenuation data and radiometric or backscatter data? K.S. McCORMICK, J.I. STRICKLAND: The existing data have not been examined for evidence of ray divergence as a possible mechanism of path loss. In the measurements using the beacons of the ATS-5 satellite, the elevation angle from Ottawa to the satellite i s approximately 30 degrees, and refraction effects would be insignificant. In the measurements using the aircraft beacons, the elevation angle to the aircraft was generally greater than 5 degrees, so that refraction should again be unimportant. However, i n other observations, using the 7.3 GHz beacons on the DCSP satellites, fades greater than 16 db in received signal strength have been observed at elevation angles of about 2 degrees and less. The fading structure was found to follow Rayleigh statistics, and had the greatest amplitude on warm, humid days.



Discussion on Paper 46, "Microwave Attenuation Measurements Using the J.W.B. DAY



ATS-5 Satellite", by J. I. STRICKLAND and



I. RANZI: What temperature of the attenuating medium did you assume in your radiometric measurements and haw did you establish its value? J. I. STRICKLAND: A temperature of 275O K was assumed, which i s i n approximate agreement with that measured when the radiometer was saturated. The results are not greatly altered by assuming a value of, say 280°, for the temperature of the attenuating medium.



I . RANZI: In connexion with the same problem of the determination of the temperature of the attenuating medium, the possibility of an approximate solution may be i n the use of a multi-frequency radiometric measurement; the rain temperature may result from the measurements on the more attenuated frequencies. J.I. STRICKLAND: In the case of moderate to heavy precipitation which i s distributed along a slant path, the higher frequency radiometer w i l l be saturated by radiation from only that portion of the precipitation which lies closest to the radiometer. This temperature i s not necessarily that of precipitation along the path at higher altitudes. In addition, scattering phenomena may alter the measured temperature by significant amounts. Thus, i t i s probably sufficient to estimate the temperature of the medium from o knowledge of the distribution of precipitation along the path (by radar) and the meteorological situation (type of rain, etc.).



Discussion on Paper



12,



"Influence of the Troposphere on Low Incident Satellite Signals in the Range of Wavelength



15 to



2 m", by G. HARTMANN



-



J. HORTENBACH: You explained the satellite rise and set effects by atmospheric mechanism. I could observe very similar effects when measuring satellite beacon signals at h 1.3 m at elevation angles below 10 degrees, but I could identify Did you ever take these effects to nearly 100 % as multiple ground reflections from the hilly antenna foreground terrain. into account such ground reflections?



-



-



G. HARTMANN: Our antenna pattern (h/2 dipoles height: h / 4 above ground) were measured twice by the aid of hydrogen filled balloons which carried transmitters, fbrthermore the effects were measured on antennas at various places (far distant) simultaneously. The positive and negative correlation with tropospheric data indicates that far a l l elevation



DII-3 angles 2 '5 we actually have atmospheric effects, H.J. ALBRECHT: This i s an additional ,&mark to the comment made by Mr. Hortenbach, with regard to your paper: Mr. Hortenbach's contribution, presently in print in the IEEE Transactions on Antennas and Propagation, gives some more details on his studies which yielded the result that i n almost a l l instances ground reflections are responsible at elevation angles not only up to five degrees but depending upon ground structure.



G. HARTMANN: In addition to my remarks to Mr. Hortenbach's question I would like to emphasize that we just tried to avoid these ground reflections; due to the h / 4 height of the antennas and elevation angles 2 '5 this was valid for our h / 2 dipoles. It should be highly recommended however to measure also with mare sophisticated antenna,systems the ground reflection influences. L. LIGTHART: Mr. Hartmann, you use a periodic diffraction grating as a model far the troposphere. It i s known that, for the solution of the fields at diffraction gratings, you can use Green functions when the boundary conditions are known. Only when the period and amplitude of the diffraction grating are bigger than the wavelength there are higher order patterns of the field. Mr. Hartmann, I want to ask i f you have looked at this problem.



G. HARTMANN: Only first order effects were treated. Only the Fraunhofer case was salved. The actual field at the antenna was not solved since the distance between the receiving antenna and the grating was too small. C. FENGLER: Other observations lead also to the assumption of elevated layers with a wave structure (gravity waves) (AGARD CP 37, 21). Secondly, audibility observations lead also to the conclusion that reflecting processes against inclined layers are effective.
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SUMMARY The paper reviews t h e experimental evidence on t h e nature of elevated l a y e r s of l a r g e v e r t i o a l gradient of r e f r a c t i v i t y i n t h e troposphere. I n a d d i t i o n t o t h e e t t r l i e r observetions with refractometers on aircraft, muoh i m o r t a n t information has been obtained r e c e n t l y with balloon-borne instruments, o p t i c a l r a d a r (lidar!, aooustio radar, and centimetrio r e d a r of high resolution. Some degree of s t r a t i f i c a t i o n i n t h e first few kilometres above ground i s now known t o be r e l a t i v e l y oomon, but t h e p r e c i s e e f f e c t of suoh s t r a t i f i o a t i o n on s i g n a l strength’, fading c h a r a o t e r i s t i o s , Doppler spectrum, a v a i l a b l e bandwidth, space d i v e r s i t y and g a i n degradation has been i n v e s t i g a t e d i n r e l a t i v e l y few investigations. The aignifioanae of dpamio s t a b i l i t y i s disoussed and recent experiments of s p e c i a l importanoe are reviewed in r e l a t i o n t o those results which are e s p e o i a l l y relevant t o t h e physical nature of l a y e r s t r u c t u r e and t h e o r i e s of tiirbulence.
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EFFECTS OF TROPOSElIERIC LAYSH STRUCTURE ON PROPAGATION



AND SIGNAL DISTORTION



J.A. Lane



.



For m a n y y e a r s t h e r e has been considerable i n t e r e s t i n very-high-frequenoy propagation beyond t h e normal horizon, both i n r e l a t i o n t o p r a o t i c a l coimunication and t o t h e o r i e s of r e f r a c t i o n , r e f l e c t i o n and s c a t t e r i n g . With t h e exception of super-refraotion i n surfaoe ducts ( e s p e c i a l l y important a t centimetre wavelengths over t h e s e a ) and coherent r e f l e o t i o n from t h i n e l e v a t e d l a y e r s a t metre wavelengths, t h e propagation mode whioh has dominated much of t h e analytical work i s incoherent s o a t t e r from a t u r b u l e n t , homogeneous troposphere. It i s now reoognised t h a t t h i s model hap severe l i m i t a t i o n s . Although i t s use may be j u s t i f i e d i n s t a t i s t i c a l or empirioal work f o r p r e d i c t i o n purposes, it i s u n r e e l i s t i o i n s e v e r a l r e s p e o t s i n r e l a t i o n t o t h e a o t u a l atmosphere. Some degree of 'layering' or inhomogeneity i n t h e first few kilometres above t h e surfaoe i s now known t o be more prevalent t h a n previously thought l i k e l y . 'i'he physical ncture of t h e l e y e r s t r u c t u r e and i t s e f f e c t on wave propagation are t h e subject of t h i s review. The m.thematica of r e f l e c t i o n and S c a t t e r i n g from such f e a t u r e s h a s been considered by s e v y a l authors i n e a r l i e r papers (see f o r example t h e recent review papers by Gjessing' and by Cox ). The main theme of t h e following diaoussion i s t h e r e f o r e one of emphasis on r e a l i s t i c physical models and i n t e r p r e t a t i o n , based on experimental data. By t h e term 'layer' we mean a stratum, of v e r t i c a l thiokness say from a few metres t o a hundred metres, w i t h i n which t h e mean v e r t i c a l gredient, and/or t h e variance, of r e f r a c t i v e index are much g r e a t e r than elsewhere. 2.



LVDENCE ON "ROWSPHERIC LAYERS



The d a t a supporting t h e general concept of a layered troposphere, as a r e a l i s t i c ;ode1 f o r much of t h e time, derive from several sources. They include d i r e c t measurements with equipment on balloon or a i r o r a f t , probing at or near v e r t i c a l incidence with back-scatter teohniques ( c e n t i m e t r i o radar, o p t i o a l o r aooustio methods), or i n d i r e c t l y by beyond-the-horieon transmission of r a d i o waves. From t h e point of view of o l a r i f y i n g t h e physical s t r u c t u r e , t h e s e techniques are i n decreasing order of importanoe. Nevertheless, it i s often of value t o oombine them i n one composite i n v e s t i g a t i o n . 2.1



Refractometer Measurements on Elevated Layers



The r e s u l t s obtained with microwave refractometers are of s p e o i a l value f o r they contain a degree of d e t a i l unobtainable by o t h e r methods. Maw papers have presented such r e s u l t s and only a few examples of p a r t i c u l a r relevanoe are given here. They are derived from measurements made a t Cardington, England, with spaced-cavity, balloon-borne reYractometera. The use of a multi-cavity a r r a y on a oaptive balloon has s e v e r a l advantages i n s t u d i e s of f i n e s t r u c t u r e e s p e c i a l l y when suoh soundings can be conducted j o i n t l y with vertical-incidence r a d a r probing. An exemple of t h e r e s u l t s from one suoh composite exporiment i s shown i n Figure 1.



',



The Cardington soundings were made i n f i n e , but not n e o e s s e r i l y anticyclonio, daytime oonditions between May and October. In t h e s e soundings, t h e * a r i a t i o n with height of t h e small-scale s t r u o t u r e ( t h e variances and instantaneous g r a d i e n t s on s o a l e s of t h e order of 1 metre) r a r e l y conformed t o any 'homogeneous' model. Even i n t h e absence of cloud layers, some degree of s t r a t i f i o a t i o n was o f t e n evident, g e n e r a l l y i n t h e height range 0.8-1.41cm. Large values of t h e variance i n r e f r a c t i v i t y and small valueu of s c a l e s i z e 8 were o f t e n observed i n p a r o e l s of t h e o r d e r of 30-50 metres i n diameter a t suoh heights, where t h e mean v e r t i o a l g r a d i e n t s of r e f r a c t i v e index and humidity were s t e e p e r than normal. The value of t h e s o a t t e r i n g parameter /& i n these p a r o e l s was of t h e order of i o y metre". The meteorological conditions necessary f o r t h e production of strata oontaining l a r g e v a l u e s Of 2; obviously then,q = 0.6 is not the c o r r e c t 1-dependence for t h e s e data.



,



F i g u r e 7 shows the P1/P, distribution f o r a scaled, two-frequency propagation experiment conducted i n the United States over a 302.5-km path between Round Hill, Massachusetts, and Crawford's Hill, New J e r s e y . l1 T h e median value of PJP, is 6.5 dB, o r q 2 0.9, and the standard deviation, taken f r o m the 16 and 84 percent levels, is 5.0 dB. T h e observed distribution is consistent with the hypothesis that the received signals w e r e reflected f r o m l a y e r s that w e r e mostly l a r g e compared with the effective F r e s n e l zone, i. e. , D > 14 km. In an analysis of t h e s e s a m e data, 12, hourly median values of PJP, f o r 76 winter h o u r s i n F e b r u a r y and M a r c h showed a median of 6.5 dB o r q 2 0.9 the s a m e as the total and a standard deviation of 4 dB; 80 s u m m e r values f r o m June and July showed a median of sample 10 dB or q E 1.35 and a standard deviation of 7 dB. T h e s e s e a s o n a l data, i f i n t e r p r e t e d in t e r m s of layer-mechanism propagation, suggest m o r e well-developed and v a r i a b l e layer s t r u c t u r e i n the s u m m e r than in the winter. This is consistent with t h e higher level of atmospheric humidity observed i n the



--



--



16-5 s u m m e r , upon which s t r o n g r e f r a c t i v e index gradients depend. T h e s e d a t a a r e f o r a 259-km path F i g u r e 8 shows P,'P, d a t a f o r a m o r e r e c e n t experiment. between Stockholm and Mora i n Sweden; the authors s t a t e that the c r o s s o v e r height is 1200 m, and the minimum grazing angle 8 is approximately 17 m r a d (1/2 of the minimum s c a t t e r angle). The elevated l a y e r s in that experiment would be considered "large" by our c r i t e r i o n if the m e a n horizontal d i a m e t e r exceeded 8.2 km. T h e r e s u l t s in F i g u r e 8 show during August a median of q 2 1 and a standard deviation of P,/P, of 4.0 dB, values that a r e consistent with a n hypothesis that "1arge"Layers a r e t h e dominant propagation mechanism. The value of q together with the standard deviation of P,/P, d e c r e a s e s as the weather becomes c o l d e r , This, in turn, is consistent with either a d e c r e a s e i n the s i z e of layers o r a t r e n d toward tropospheric forward s c a t t e r as the dominant propagation mechanism, for which theory indicates q 2 -1/3. Because the winter c l i m a t e i n Sweden is cold, absolute humidity levels a r e low, s o t h a t a d e c r e a s e i n the strength of elevated layers should be expected: this suggests that forward s c a t t e r might be expected t o be the dominant winter propagation mechanism. Results for t h e s e two experiments,



11*3 a s



well a s t h r e e o t h e r s ,
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a r e s u m m a r i z e d in Table I.



Table I Summary of Experimental Results f o r Wavelength Dependence



Path Length L km



Q,



Wavelengths



Min. Elev. Angle



11, 1,



e



2



cm



mrad



km



Q"



E 28



Dates



q6 0



'{?I



71.9, 13.1 71.9, 13.1 71.. 9, 13.1 35.7, 10.7 10.7, 3.3 35.7, 3.3 meant meant



17 17 17 4.8* 4.8* 4.8s 4.8* 4.8*



233 233 233 196 108 196



14 14 14 41 23 41



2-7/ 57 2-3/ 57 6-7/ 57 8/60-7/61 8/ 60-7/ 61 8/ 60-7/ 61



275. 259 259 259 306



65.2, 7.3 30, 10 30, 10 30, 10 24.0, 8.8



13 17 17 17 15



212 140 140 140 136



16 8 8 8 9



4/ 56-12/ 57 8/ 66 9/ 66 12/ 66,4/ 67 2/ 12/ 59



0.9 1.0 0.2 -0.1 0.6



4.0 4.0 3.5 2.5 4.4



306 306 306



24.0, 8.8 8. 8, 3.2 8.8, 3.2



15 15 15



136 82 82



9 5.5 5.5



2/ 11/ 59 2/ 12/ 59 2/11/59



-0.2, -0.2, -0.1



2.6 2.6 3.1



302.5 302.5 302.5 108 108 108 108 108



.



0.9 0.9 1.35 0 0.4 0.2



5.0 4.0 7.0 6.5 8.0 11.0 4.0 3.5



?;This path was a s y m m e t r i c ; calculations a r e for a layer tilted a t 1.65 m r a d . ?The hourly medians used w e r e the a v e r a g e of the hourly median P,/P, and P,/P, P, 35.7 c m , P, 10.7 c m , and P, 3.3 c m .
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values, where



T h e r e s u l t s r e p o r t e d by Crawford et al. l4 a r e consistent with the l a r g e layer propagation mechanism. T h e r e s u l t s f o r Bolgiano's 1964 paper13 are variable: the winter d a t a a r e suggestive of the l a r g e layer propagation mechanism, whereas the s u m m e r d a t a suggest either conventional t r o p o s c a t t e r o r a m i x t u r e of small and medium-sized l a y e r s , T h e s e data a r e confined to daylight hours and the c r o s s o v e r height was only about 150 m above the t e r r a i n ; daytime l a y e r formation i n the s u m m e r t i m e at this height is r a t h e r unlikely because of the strong convection expected near the ground. This may explain why Bolgiano's 1964 datal3 show a behavior opposite to s o m e of the other experiments, in which the s u m m e r d a t a show q 2 1 and the winter d a t a show q = 0. T h e data r e p o r t e d by Ortwein e t al. l6 a r e only for a twoday period, carefully selected f o r the lack of a strongly layered atmosphere. T h e d a t a for F e b r u a r y 12, 1959, are suggestive of layer-mechanism propagation. Ortwein et al. s t a t e that "data f r o m t h e morning of F e b r u a r y 12 indicated a dependence when t h e r e w e r e slight i r r e g u l a r i t i e s i n the profile, but a 1 O o W Their dependence was observed i n the afternoon when a turbulent layer had been m o r e established. r e f r a c t o m e t e r data could a l s o b e i n t e r p r e t e d as indicating a sharply layered s t r u c t u r e well above the s u r face, r a t h e r than a turbulent s t r u c t u r e . F o r the 11th t h e s e authors s t a t e that "[this] followed p a s s a g e of a frontal zone which left a n unstable standard a t m o s p h e r e with no layering. ' I We can be reasonably c e r t a i n that the data f o r F e b r u a r y 11 r e p r e s e n t a t r o p o s c a t t e r propagation mechanism. In total, the r e s u l t s shown i n Table I do not indicate unambiguously any specific propagation mechanism; however, the r e s u l t s for many of the experimental periods a r e consistent with our e s t i m a t e s of t h e standard deviation of the P,/P, power r a t i o s if we a s s u m e a reasonable d e g r e e of F r e s n e l zone and suggest that much of the t i m e propagation is accomplished via l a y e r s of relatively l a r g e averaging
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horizontal extent. This horizontal extent, as indicated by the values f o r Q, i n Table I, i s on the o r d e r of 10 km o r m o r e . F o r a n a s s u m e d a v e r a g e v e r t i c a l thickness of 100 m , a IO-km d i a m e t e r r e p r e s e n t s an aspect r a t i o of 100 to 1, which s e e m s t o be a reasonable figure when compared for example, with the n o r m a l r a t i o of v e r t i c a l t o horizontal r e f r a c t i v e index gradients encountered in the atmosphere. 3; 4.



Angular Dependence of Layer -Mechanism Propagation.



The dependence of received power on the grazing angle 8 c a n be obtained f r o m (13). T h e function (1 + X)-l v a r i e s as Er1 i f X and h a r e held constant in (7). F o r "large" l a y e r s F(Q)is independent of 8, and PR(e)0:



P . e > Jxz; 2D



F o r "medium" and "small" l a y e r s F(Q) is proportional to PR(e)=



e+,



ea,



*



(19)



and



e < JXI; 2D



'



T h e a b o v e . i s mainly of theoretical i n t e r e s t s i n c e i t would apply only to radio paths with the s a m e and hence different 8 -- whereas m o s t c e n t e r point and c r o s s o v e r height but different path lengths experiments a r e s e t up with a common length and varying c r o s s o v e r heights to achieve varying 8. Layer c h a r a c t e r i s t i c s tend to change markedly with the height of the l a y e r .



--



3.5.



Multiple Reflections and the "Whispering-Gallery" Mode of Propagation by Elevated L a y e r s .



T h e r e a r e a t l e a s t two elevated l a y e r tropospheric propagation mechanisms other than the single p a r t i a l reflection that we have considered thus f a r : multiple reflections and the "whispering-gallery" mode. In this instance, multiple reflections r e f e r s to two o r m o r e p a r t i a l reflections of a radio wave f r o m an elevated l a y e r ; this mechanism h a s been t r e a t e d by Hall.4 T h e o v e r a l l reflection coefficient is the product of the reflection coefficients at each point of reflection; the resulting d e c r e a s e i n efficiency may be offset by the d e c r e a s e i n layer height, and hence of. grazing angle, that is r e q u i r e d t o satisfy the geometry. F o r two p a r t i a l reflections, the wavelength and grazing angle dependence derived previously a r e presumably squared; they would b e cubed f o r t h r e e -reflections, etc. Otherwise, the mechanism behaves quite like the single reflection t r e a t e d previously. Multiple reflections between a n elevated layer and the ground have a l s o been t r e a t e d theoretically. lo Propagation by a "whispering-gallery" mode h a s been t r e a t e d by W a i t . l7 I n this m e c h a n i s m radio energy is guided i n a waveguidelike mode along the undersurface of a s h a r p tropospheric l a y e r , possibly with v e r y low attenuation. T h e r a d i o energy m u s t first be introduced along the layer a t a grazing angle v e r y c l o s e t o zero. The m e c h a n i s m responsible f o r this introduction of energy is presumably a p a r t i a l reflection f r o m reflecting elements o r facets of the l a y e r that a r e slightly tilted f r o m the horizontal; the tilt angle required is one-half of the actual grazing angle at the point where the main radio beam i n t e r s e c t s the r e q u i r e d tilt angles a r e thus typically 0.5' o r l e s s . the layer



--



Aside f r o m the wavelength dependence of the attenuation in the "whispering-gallery" mode, t h e o v e r a l l c h a r a c t e r i s t i c s of this propagation mechanism a r e quite s i m i l a r t o the ordinary p a r t i a l reflection p r o c e s s , and, except f o r a possible low frequency "cut-off" effect, it would probably be indistinguishable by ordinary experimental techniques f r o m s i m p l e p a r t i a l reflections. 4.



SUMMARY O F RESULTS.



We have demonstrated s e v e r a l significant points regarding tropospheric radio propagation by p a r t i a l reflections f r o m elevated l a y e r s : The power reflection coefficient of elevated l a y e r s in the t r o p o s p h e r e should, on t h e average, vary (1) as x , where X e Zreh/h; e is the grazing angle, h is the v e r t i c a l thickness of the l a y e r , and X is t h e radio wavelength. (2) The wavelength dependence of beyond-the-horizon tropospheric t r a n s m i s s i o n s when layer mode propagation is p r e s e n t m a y a v e r a g e between X" and A+=, depending on the horizontal s i z e of the l a y e r s compared with the s i z e of the f i r s t F r e s n e l zone. (3) Computed d a t a on l a y e r reflection coefficients indicate that experimental values of power r a t i o s at two o r m o r e wavelengths on s c a l e d tropospheric radio paths should show standard deviations of up t o 14 dB when l a y e r mode propagation exists. Experimental d a t a for t i m e s when l a y e r - m e c h a n i s m propagation is believed to have o c c u r r e d indicate that 4 to 7 d B a r e typical figures f o r this standard deviation of power r a t i o s .



T h e angular dependence of received power f o r layer-mechanism propagation is expected t o be (4) for "large" l a y e r s and f o r "medium" and "small" layers.



16-7 The similarity of the wavelength dependence for a mixture of "small" and "medium" layers and (5) the A'v3 dependence expected f o r traditional troposcatter propagation, i n addition to the expected s c a t t e r i n t h e observed r a t i o of received powers, m a k e s it difficult to s e p a r a t e t h e s e two mechanisms in experimental data without additional information, such as off-great-circle path received power m e a s u r e m e n t s , Hence, frequency diversity experiments a r e of limited usefulness f o r revealing the nature of transhorizon propagation mechanisms. Comparison of theory with radio data indicates that elevated l a y e r s with horizontal dimensions on (6) the o r d e r of tens of kilometers occur often i n the troposphere. Many other aspects of radio data c a n be interpreted i n t e r m s of layer-mechanism theory. F o r example, Eklund and Wickerts3 found that the value of q i n the wavelength dependence Aq tended to i n c r e a s e as the level of received power at the longer wavelength increased. In t e r m s of layer-mechanism theory, the higher values of received power on one of the wavelengths, would tend to be associated with R(X) values well above t h e m e a n (1 + X)-l dependence, as well as with l a y e r s having a high value of An or s m a l l thickn e s s h. If the two frequencies are separated enough that the departures of t h e respective R(X) values f r o m the m e a n (1 + X ) - l can be considered statistically independent, then the value of R(X) for the s h o r t e r wavelength would tend to fall c l o s e r to t h e mean. Thus the observed power ratios i n instances where P, is well above the long term median would b e l a r g e r than normal, and the resulting values of q would a l s o be l a r g e r than average, If this interpretation is c o r r e c t , then the r e v e r s e should b e t r u e i f q is plotted as a function of received power a t the s h o r t e r wavelength, and q would b e expected to at l e a s t show a l e s s e r dependence on P, i f not actually a n i n v e r s e dependence. This is t r u e f o r Eklund's and Wickerts' data;3 the median value of q as a function of P, (30 c m ) v a r i e s f r o m -0.3 to + 1.7 between the 93 and 7 percent levels of P,, but as a function of P, (1 0 cm), q v a r i e s only f r o m 0.2 to 0.6 between the 93 and 7 percent levels of P,. Finally, we c a n make a table of the expected c h a r a c t e r i s t i c s of four tropospheric propagation mechanisms: p a r t i a l reflections f r o m elevated l a y e r s for the t h r e e s i z e categories and troposcatter. The wavelength dependence of the "small" and "medium" l a y e r s is shown as variable since it depends on the number of individual l a y e r s occurring in a F r e s n e l zone, which is usually much s m a l l e r than the beam width. The standard deviation of P1/P, is f o r scaled, multifrequency experiments, and the values are taken f r o m Table I. Table I1 C h a r a c t e r i s t i c s of F o u r Tropospheric Propagation Modes



Mode



Description



Wavelength Dependence q



(1 ) "Large" layers



Coherent reflection







=



+1



(2) "Medium" layers



Incoherent reflection







=



0 to



(3) "Small" layers



Anisotropic forward s c a t t e r







Quasi-isotropic







(4) "T ropo scatter



-



Angle Dependence



-



0-6



+$



-



Std. Dev. PJP,



-



4 to 7 dB



e-=



Remarks Rather common



Difficult to separate from



1



"troposcatter



- 1 to 0



-



8- 14/3



forward scatter



o r a-14/3*



2.5 to 3.5 dB



"



Difficult to isolate a s a "pure" mechanism.



*a is the scattering angle, not n e c e s s a r i l y in the v e r t i c a l plane. T h e "large" layer mechanism is described as coherent because the reflection is f r o m a s t r u c t u r e that is fairly uniform over t h e first F r e s n e l zone. The "medium" layer mechanism is described as "incoherent" because t h e reflections f r o m s e v e r a l l a y e r s along the length of t h e F r e s n e l zone a r e random i n phase and the powers are additive, The "small" layer mechanism consists of power reflected f r o m many l a y e r s that a r e s m a l l compared with the first F r e s n e l zone but l a r g e compared with a wavelength; in this respect, t h e mechanism is similar to ordinary troposcatter, except that the l a y e r s m a y be confined to a r a t h e r n a r r o w height. interval (a "mother" l a y e r ) and the s t r u c t u r e s and hence the reflectivities a r e the atmosphere strongly anisotropic. Troposcatter is usually defined as a quasi-isotropic p r o c e s s and s c a t t e r being t r e a t e d theoretically as a statistically stationary, homogeneous, isotropic medium ing f r o m off-great-circle paths is a s s u m e d to be about a s efficient as on great-circle paths a t the s a m e scattering angle. Miktures of all four mechanisms m a y occur, resulting i n mixed modes of propagation that a r e v e r y difficult to s e p a r a t e experimentally.
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Simulated distribution of tropospheric propagation wavelength dependence for a scaled-antenna two - f r equenc y experiment.
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Distribution of wavelength dependence f o r a s c a l e d two-frequency tropospheric propagation path i n the United States.
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PROPAGATION OF AN ELFCTROMAGNETIC PULSE I N A nucT BETWEEN GROUND AND ATMOSPHERIC LAYER K a r l - J o r g Langenberg I n s t i t u t f u r Angewandte P h y s i k und E l e k t r o t e c h n i k d e r U n i v e r s i t a t d e s S a a r l a n d e s SWRY It w i l l be s t u d i e d t h e i n f l u e n c e e x e r t e d o n t o an e l e c t r o m a g n e t i c p u l s e by an atmos p h e r i c s u r f a c e d u c t on t h e b a s e of t h e d u c t model of Kahan and E c k a r t , c o n s i s t i n g of a l a y e r of r e l a t i v e p e r m i t t i v i t y &* o v e r l y i n g a n i n f i n i t e l y c o n d u c t i n g p l a n e e a r t h . A t t h e h e i g h t h t h i s p e r m i t t i v i t y d e c r e a s e s d i s c o n t i n u o u s l y t o t h e v a l u e EA. The s o u r c e of t h e e l e c t r o m a g n e t i c f i e l d i s assumed t o be a v e r t i c a l magnetic d i p o l e a t t h e ( $ 4 h ) above t h e s u r f a c e of t h e e a r t h w i t h a r b i t r a r y t i m e v a r y i n g moment. height The a p p l i c a t i o n of a Hankel t r a n s f o r m of z e r o o r d e r l e a d s t o a n i n t e g r a l r e p r e s e n t a t i o n of t h e F i t z g e r a l d v e c t o r i n t h e imaging space of a F o u r i e r t r a n s f o r m d e s c r i b i n g t h e r e c e i v e d s i g n a l a t some p o i n t ( r , z ) i n a c y l i n d r i c a l c o o r d i n a t e system ( r , y , z ) . For l a r g e r t h e r e s t r i c t i o n t o t h e r e a l p o l e s of t h e i n t e g r a n d l e a d s f u r t h e r t o t h e o n l y c o n s i d e r e d normal mode s o l u t i b n . These p o l e s and t h e phase and group v e l o c i t y of t h e p a r t i c u l a r modes d e r i v e d from them a r e computed n u m e r i c a l l y and g i v e n as f u n c t i o n s of f r e q u e n c y . The F o u r i e r r e v e r s e t r a n s f o r m of t h e modal expansion i s c a l c u l a t e d a p p r o x i m a t e l y by t h e method of s t a t i o n a r y phase g i v i n g a c l e a r p i c t u r e of t h e c h a r a c t e r i s t i c s of an incoming s i g n a l w i t h t h e a i d of t h e group v e l o c i t y c o n c e p t .



s



1. INTRODUCTION



I n t h e p r e s e n t p a p e r t h e s t e a d y s t a t e d u c t p r o p a g a t i o n t h e o r y of Kahan and E c k a r t /1/ i s extended t o i m p u l s i v e e x c i t a t i o n i n t h e c a s e of t h e normal mode s o l u t i o n t h a t i s f o r g r e a t d i s t a n c e s between r e c e i v i n g and t r a n s m i t t i n g end. A s t i m e dependence of t h e d i p o l e moment a n i m p u l s i v e ampl.itude modulated c a r r i e r w i t h m o d e r a t e l y small bandwidth and c a r r i e r f r e q u e n c y l e s s t h a n t h e c u t - o f f f r e q u e n c y of t h e f i r s t mode i s c o n s i d e r e d . Following t h e P e k e r i s t h e o r y /2/ of e x p l o s i o n sound p r o p a g a t i o n i n two l i q u i d l a y e r s t h e e l e c t r o m a g n e t i c c a s e g i v e s t h e same time sequence of e v e n t s i n t h e r e c e i v e d s i g n a l , i . e . t h e s u c c e s s i v e a r r i v a l of a s p a c e wave, a t r a i n of a superimposed h i g h t f r e q u e n c y wave and an A i r y phase o c c u r r i n g because of similar group v e l o c i t y c u r v e s i n c o n t r a s t t o t h e t h e o r y of e l e c t r o m a g n e t i c p u l s e p r o p a g a t i o n i n an i d e a l waveguide as t h e e a r t h i o n o s p h e r e waveguide / 3 / . The q u e s t i o n of t h e i n f l u e n c e of t h e p a r a m e t e r s of t h e a t m o s p h e r i c s u r f a c e d u c t on t h e r e c e i v e d s i g n a l i s d i s c u s s e d f o r some t h e o r e t i c a l l y c a l c u l a t e d examples where t h e o r i g i n a l p u l s e shape p l a y s no s i g n i f i c a n t r o l e . '



2. PROBLEM AND SET-UP OF SOLUTION



It i s assumed a l a y e r of r e l a t i v e p e r m i t t i v i t y E, o v e r l y i n g a n i n f i n i t e l y c o n d u c t i n g p l a n e e a r t h which i s r e p r e s e n t e d by t h e p l a n e z = 0 of a c y l i n d r i c a l c o o r d i n a t e system ( r , v , z ) . A t t h e h e i g h t h t h i s p e r m i t t i v i t y d e c r e a e s e s d i s c o n t i n u o u s l y t o t h e value (Duct model of Kahan and E c k a r t /l/-). The s o u r c e i s assumed t o be a v e r t i c a l 4 h ) above t h e s u r f a c e of t h e e a r t h . The r a d i a t i o n magnetic d i p o l e a t t h e h e i g h t 9 f i e l d of s u c h a d i p o l e can be d e s c r i b e & by a F i t z g e r a l d v e c t o r T i = \ O , O , T \ which f u l f i l l s t h e Helmholtz' wave e q u a t i o n i n c y l i n d r i c a l c o o r d i n a t e s presuming a harmonic time dependence e -jut of t h e d i p o l e moment, w b e i n g t h e c i r c u l a r f r e q u e n c y :



s (s



c



0



17-2



i s omitted. Because of t h e r o t a t i o n a l symmetry o f t h e problem t h e t e r m aa/.,L b ( x ) d e n o t e s t h e D i r a c d e l t a f u n c t i o n . The l a y e r O d Z L h i s c h a r a c t e r i z e d t h r o u g h t h e i n d e x i = 1 , t h e h a l f s p a c e z > h t h r o u g h i = 2. The k i ( i = 1 , 2 ) a r e t h e wave numbers a t t a c h e d t o t h e two media. B e s i d e s f u l f i l l i n g t h e d i f f e r e n t i a l e q u a t i o n ( 2 . 1 ) t h e li) a r e t o b e s u b e j e c t e d t o a boundary c o n d i t i o n f o r z = 0 and t o t r a n s i t i o n functions II c o n d i t i o n s f o r z = h , namely



-



A t i n f i n i t y t h e s o l u t i o n i s f u r t h e r s u b j e c t e d t o Sommerfeld’s r a d i a t i o n c o n d i t i o n . Now t h e a p p l i c a t i o n of a Hankel t r a n s f o r m of z e r o o r d e r t o e q u a t i o n ( 2 . 1 ) l e a d s t o an o r d i n a r y d i f f e r e n t i a l e q u a t i o n f o r t h e t r a n s f o r m s o f ~ ‘ i ’ ( + l & ) whose g e n e r a l s o l u t i o n c a n i m m e d i a t e l y be w r i t t e n down. Using t h e r a d i a t i o n c o n d i t i o n and t h e e q u a t i o n s ( 2 . 2 ) t h e r e v e r s e t r a n s f o r m l e a d s t o an i n t e g r a l r e p r e s e n t a t i o n of t h e s o l u t i o n of e q u a t i o n ( 2.1 )



.



3 . AN INTEGRAL REPRESENTATION OF THE SOLUTION G e n e r a l l y t h e Hankel t r a n s f o r m



f ( X ) of a f u n c t i o n F ( r ) i s d e f i n e d by /4/: OD



=



&\ F d J =



J~,C?+~FCc) 4- dit. 0



The c o r r e s p o n d i n g r e v e r s e t r a n s f o r m i s 00



0



t;



ci)



C’h,p)o&,{T c4,dJ With e q u a t i o n ( 2.1 ) g i v e s :



,



t h e a p p l i c a t i o n of t h e Hankel t r a n s f o r m f o r V = 0 t o



Using t h e a b b r e v i a t i o n



t h e g e n e r a l s o l u t i o n of e q u a t i o n ( 3 . 3 ) r e s u l t s :



If t h e s i g n of t h e s q u a r e r o o t of ( 3 . 4 ) i s d e f i n e d by 1 m k ; L O the radiation condition g i v e s i m m e a i a t e l y B2( % ) 0 . Now t h e o t h e r f u n c t i o n s A1( X ) , B 1 ( % ) , A2( h ) a r e t o be d e t e r m i n e d i n s u c h a manner t h a t t h e T‘”C>,*> f u l f i l l t h e equations (2.2) i n t h e - t r a n s f o r m . The wanted i n t e g r a l r e p r e s e n t a t i o n of t h e imaging s p a c e o f t h e s o l u t i o n of e q u a t i o n ( 2 . 1 ) i s o b t a i n e d by s o l v i n g t h i s a l g e b r a i c s y s t e m of e q u a t i o n s



x,
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- transform



and a p p l y i n g t h e



t o t h e e q u a t i o n s ( 3 . 5 ) ; namely



(3.6)



with



I t i s t o be n o t e d t h a t of c o u r s e t h e



k; a r e f u n c t i o n s of t h e c i r c u l a r f r e q u e n c y &



.



4. THE MODAL EXPANSION I n t e g r a l s of t h e t y p e ( 3 . 6 ) were a l r e a d y d i s c u s s e d by Lamb / 5 / , P e k e r i s /2/ and Kahan and E c k a r t / l / . The procedure i s t o t r a n s f o r m t h e p a t h of i n t e g r a t i o n i n t h e complex ? \ - p l a n e i n a s u i t a b l e manner. The s o l u t i o n s can t h e n be e x p r e s s e d as t h e sum of t h e r e s i d u e s of t h e i n t e g r a n d s and two i n t e g r a l s a l o n g branch l i n e s which have t h e i r o r i g i n a t t h e branch p o i n t s 3 = k, and % = k2. The r e s i d u e s which d i m i n i s h as r -ll2 g i v e t h e normal mode s o l u t i o n whereas t h e branch l i n e i n t e g r a l s d i m i n i s h s t r o n g e r w i t h i n c r e a s i n g r and t h u s become n e g l i g i b l e f o r l a r g e r. Following t h i s procedure and n e g l e c t i n g t h e branch l i n e i n t e g r a l s one g e t s a s y m p t o t i c a l l y f o r l a r g e r f o r t h e F i t z g e r a l d v e c t o r w i t h i n t h e duct l a y e r :



The % , a r e t h e p o l e s of t h e i n t e g r a n d s of t h e e q u a t i o n s ( 3 . 6 ) . t h a t ’ s t o say t h e r o o t s o f the equation



- 2;tA



c.4, e



= -



1



(4.2)



With



one d e f i n e s t h e d i m e n s i o n l e s s ductparameter a , which i s p r o p o r t i o n a l t o t h e c i r c u l a r frequency W :



I



Kahan and E c k a r t /1/ have shown t h a t r e a l r o o t s of e q u a t i o n (4.2) on t h e upper s h e e t of t h e Riemann % - s u r f a c e a r e o n l y p o s s i b l e i n t h e c a s e a > ? i S t r i c t l y speaking N real roots exist i f



.



~ 2 t 4 - 4 )o



By a p p l y i n g t h e F o u r i e r t r a n s f o r m on e q u a t i o n ( 4 . 7 ) , one g e t s as a s o l u t i o n of ('4.1) f o r k = kc



According t o t h e c a s e k = k c , f o r k = k ( z ) two i n d e p e n d e n t s o l u t i o n s p ( d , B ; z ) and w(C(,B;z) o f t h e d i f f e r e n t i a l e q u a t i o n ( 4 . 6 ) are i n t r o d u c e d . They may h a v e t h e a s y m p t o t i c be hav i o u r



(4.10)



With t h e s e f u n c t i o n s a n a l o g o u s t o t h e s o l u t i o n ( 4 . 9 ) a s o l u t i o n of t h e m o d i f i e d wave e q u a t i o n ( 4 . 1 ) can be o b t a i n e d , which h a s t h e form



where C ( d , B ) and D(4,B) a r e c o e f f i c i e n t s t o be d e t e r m i n e d .



24-6



5.



REDUCTION OF THE DETERMINATION OF THE PERTURBATION FIELDS TO THE SOLUTION OF A FINITE LINEAR SYSTEM OF EQUATIONS



A c c o r d i n g t o t h e f o r e g o i n g s e c t i o n , t h e p o t e n t i a l s of t h e p e r t u r b a t i o n f i e l d s i n t h e e a r t h a r e g i v e n by



U:l)(x,y,z)



= T-'CAl(d,O)



e''



+



B , ( d , B ) e-"



;x,y



f



The p o t e n t i a l s of t h e p e r t u r b a t i o n f i e l d s i n t h e a t m o s p h e r e may be g i v e n a c c o r d i n g t o



The f u n c t i o n s p ( d , B ; z ) and w ( 4 , B ; z ) a r e d e f i n e d t o be s o l u t i o n s of t h e d i f f e r e n t i a l e q u a t i o n ( 4 . 6 ) i n t h e TE-case and t h e f u n c t i o n s q ( M , Q ; z ) and v(o(,R;z) a r e d e f i n e d t o b e s o l u t i o n s of ( 4 . 6 ) i n t h e TM-case. According t o ( 4 . 1 0 ) t h e a s y m p t o t i c b e h a v i o u r o f t h e s e f u n c t i o n s i s w r i t t e n i n t h e form



q ( d ,B; z )



A c o m b i n a t i o n of e q u a t i o n (3.1 ) and ( 3 . 3



+ ELi)(x,y,z)



=



jmp V K [ u L i ) Zz] +



leads t o



j WP



ki



(5.5)



If t h e c o e f f i c i e n t s Ai(d,B),



B i ( d , B ) , Ci(d,R),



Di(D(,B), i = 1,2,



a r e detemined, t h e



d i s t u r b e d f i e l d s a r e known. To c a l c u l a t e t h e s e c o e y f i c i e n t s , t h e r a d i a t i o n c o n d i t i o n



24-7



and t h e t r a n s i t i o n c o n d i t i o n s ( 2 . 8 ) a r e used. Because of t h e s t a t e m e n t s (5.2) and ( 5 . 4 ) , t h e radiation condition gives



For t h e r e m a i n i n g f o u r c o e f f i c i e n t s one g e t s from ( 2 . 8 ) and ( 5 . 5 ) t h e system of i n t e g r a l equat ions



have been u s e d . By a p p l y i n g t h e - t w o - s i d e d and two d i m e n s i o n a l F o u r i e r t r a n s f o r m on t h i s s y s t e m , one g e t s t h e f o l l o w i n g system of l i n e a r e q u a t i o n s



24-8 from which t h e c o e f f i c i e n t s c a n b e d e t e r m i n e d . Thus t h e p e r t u r b a t i o n f i e l d s a r e known. d As n o t e d by Wait 1964, i n t h e VHF r a n g e t h e t e r m w i t h E I n k2(z) i s n e g l i g i b l e , what implies a great simplification.



6.



CONC LUS ION



The f o r e g o i n g s t a t e m e n t s show t h a t t h e p e r t u r b a t i o n method i s a l s o a p p l i c a b l e i n t h e c a s e of a n inhomogeneous a t m o s p h e r e . The a s s u m p t i o n of c o n t i n u i t y f o r t h e wave number of t h e a t m o s p h e r e was o n l y made t o s i m p l i f y t h e c a l c u l u s . The method i s a l s o p r a c t i c a b l e i n t h e c a s e of a p i e c e w i s e c o n t i n u o u s a t m o s p h e r e . I n t h e c a s e of a homogeneous a t m o s p h e r e , t h e i n t e g r a l r e p r e s e n t a t i o n s of t h e p e r t u r b e d f i e l d s c a n be s o l v e d by t h e two d i m e n s i o n a l s a d d l e p o i n t method. A c o n s i d e r a t i o n of t h e r i g h t hand s i d e of t h e s y s t e m (5.6) of e q u a t i o n s shows t h a t t h e r e i s a l w a y s a d e p o l a r i s a t i o n o f t h e u n d i s t u r b e d f i e l d , e v e n i n t h e c a s e , when t h e p r o f i l e of r o u g h n e s i s assumed t o b e of one d i m e n s i o n , t h a t means f = f ( x ) o r 2 2 f = f ( y ) . One e x c e p t i o n i s g i v e n by t h e c a s e o f c y l i n d r i c a l symmetry f = f ( x +y ) . T h e r e t h e s t r u c t u r e of a p u r e T E - f i e l d o r a p u r e TM-field i s n o t i n f l u e n c e d ( B e c k e r 1969), e x c e p t r o t a t i o n s of t h e p l a n e o f p o l a r i s a t i o n . I n t h e c a s e o f c y l i n d r i c a l symmetry i t i s s u i t a b l e t o u s e t h e Hankel t r a n s f o r m , which i s a d a p t e d t o t h e geometry o f t h e problem, i n s t e a d of t h e two d i m e n s i o n a l F o u r i e r t r a n s f o r m .
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INTERMODULATION ET OUREE DES EVANOUISSEMENTS OUS A LA PROPAGATION (Liaison longue et ?I large bandel G.H. LEFRANCOIS CNET Dept. EST/EFT 3, Avenue de la R6publiaue 92 - LSSY-LZS-N$LINJLUX



RESUME Sur une liaison loneue de faisceau hertzien a 6 GHz et a large bande (32 MHzl nous nous sommes interess6s au bruit d'intermodulation dG 21 la oropagation et a la statistiaue des dur6es des Bvanouissements, dans le but de preciser l'influence de ces ph6nom*nes, l e oremier sur la aualit6 d'une liaison en modulation analoeique, le second Sur celle d'une liaison en modulation num6rique. Les mesures effectuees nous permettent de conclure que le bruit d'intermodulation dG a la prooagation tant en puissance moyenne sur une minute qu'en valeur instantanee devient negliaeable devant le bruit thermique d8s que les Qvanouissements d6passent 10 dB de profondeur et donc ce bruit n'est a prendre en compte que pour la clause ?I 20% du temps du CCIR pour la determination de la qualit6 de la liaison. O'autre part les durees des Bvanouissements de profondeur donnee suivent une loi logarythmique normale dont 1'Qcart quadratique est independant de la profondeur, il ne semble pas y avoir d'6vanouissements tr&s brefs et donc il n'y a pas 3 considerer d'alloneement fictif de la d u d e des Qvanouissements dG a la perte de synchronisation dans le cas d'une modulation numgrique. 1. INTRODUCTION



Les besoins sans cesse croissants en circuits t616phoniaues interurbains necessitent l'implantation de nouvelles liaisons longue distance et a forte capacit6 oar faisceaux hertziens, ou l'extension en capacitg de liaisons deja existantes. Par ailleurs, si actuellement la plupart de ces liaisons hertziennes utilisent des procedes analogiques (modulation de frequence par des multiplex analogiquesl, les multiplex numeriques (NIC) vont Qtre de plus en olus utilises dans l e reseau "cdble et le reseau "hertzien". L'augmentation de la largeur de bande du signal transmis et l'utilisation de la modulation numbrique irnposent d'btudier l'influence de ph6nomhes. jusqu'a oresent consider& comme secondaires, a savoir le bruit d'intermodulation dfi a la propagation et la statistique des dur6es d'6vanouissements. En effet plus un signal est a large bande. plus il est affect6 par les affaiblissements s6lectifs qui sont la cause principale du bruit d'intermodulation. P a r ailleurs la statistique des durees d'evanouissements a une influence sur la qualit6 des liaisons hertziennes numeriques : Un affaiblissement m O m e bref peut provoquer une perte de synchronisation sur la liaison numerique et donc une gene beaucoup plus grave que celle aDport6e par de multiples Bvanouissements de t r h courte d u d e entrainant des pertes de quaLit6 qui ne "debordent" pas la durBe mQme de chacun de ces Qvanouissements. Pour faire les etudes indiquees ci-dessous, nous avons choisi comme base d'exp6rience le bond le plus long du faisceau hertzien PARIS-LYON a savoir FLAVIGNEROT-CUISEAUX de longueur 95,3 km. L'equipement radioelectrique utilise pour ces mesures est le prototvpe de 1'Qauipement CSF type SH6-1800 auquel est adjoint. en dehors des 6quipements de mesures. un d e u x i h e recepteur et une platine de diversite. I1 s'agit d'un Oquipement 1800 voies a modulation de frequence ( excursion 140 kHz eff par voiesl de 32 MHz de largeur de bande a 3 dB et de 74.13 MHz de frequence intermbdiaire. 2. MESURE DU BRUIT O'INTERMODULATION OU A LA PROPAGATION



2.1



. La qualit6 d'une liaison analogique est donnee par la statistique du rapport signal 8 bruit dans



une voie. Si en general dans une liaison hertzienne cette qualit6 est reliee au niveau de signal requ par une loi d6terministe. une telle relation devient de moins en moins exacte quand l e canal considere est ?I bande de olus en plus large, donc de plus en olus sujet aux Qvanouissements selectifs creant du bruit d'intermodulation. Oans



ces



conditions le bruit total de la liaison peut Qtre dBcompos6 comme suit



:



- bruit thermique de la liaison (d6duit du niveau du signal requl - bruit thermique des 6quioements [fixe) - bruit d'intermodulation des Bauipements (fixe1



-



bruit d'intermodulation dO a la prooagation. Le but de l'exo6rience



decrite ci-dessous est d'btudier ce dernier tyoe de bruit.
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2.2. MQthode L e signal h i s est moduli! par du bruit blanc simulant l a charge nominale du 1800 voies (-25.5 dBml, sauf dans une fengtre correspondant b l a voie telephonique en etude [la plus haute en fr6quence soit 8002 kHz car c’est l a voie l a plus d6favoris6el. On mesure l a puissance totale du bruit recueilli dans cette voie et il faut en retrancher les puissances de bruit thermique et d’intermodulation des Bquipements. Pour &iter au maximum les instabilites des appareils, nous avons fait choix d’une methode de mesure diffgrentielle. S u r des durQes T successives, l e signal emis est alternativement l a porteuse pure et l a porteuse modu‘lke. A l a reception nous rnesurons donc dans l a voie de mesure un bruit qui est, dans le premier cas, le bruit thermique dO b l a propagation plus le bruit thermique des Qquipements, dans le second cas, ces mgmes bruits plus le bruit d’intermodulation des Qquipements et le bruit d’intermodulation dfi b l a propagation. Par difference entre maximums et minimums des “cr6neaux” ainsi obtenus sur l’enregistrement et en retranchant l e bruit d’intermodulation des Qquipements (bruit mesure une fois pour toutesl on obtient donc l e bruit d’intermodulation de propagation. La durBe T fut d’abord prise 6gale a une minute d ’ a p d s les recommandations du CCIR sur l a qualit6 des faisceaux hertziens. Oans ce cas nous faisions, d’une part un enregistrement graphique de l a puissance moyenne (sur une minute) du bruit dans l a voie et d’autre part, b l’aide de l’analyseur statistique.de bruit, des comptages du nombre des minutes, durant lesquelles l a puissance moyenne du bruit depassait diffgrents seuils de 3 en 3 dB entre 160 pw et 20 000 pw.



Nous avons ensuite fix6 l a pgriode T b 5 secondes pour 1’Qtude du bruit d’intermodulation dO aux gvanouissements brefs et profonds. 2.3. Remarques Les Qvanouissements selectifs genants proviennent de l’existence de chemins multiples avec une difference de longueur L voisine de C , C Btsnt l a vitesse de propagation des ondes et B la bande passante ‘Or nous avons vu .qu’unereflexion sur l e sol (par ailleurs peu r6fle10 m. du canal. Oans notre cas L chissant) entraine une difference de longueur de 3,2 m, et que l’allure des enregistrements de CAG montre que l’on a principalement des chemins multiples dfis b 1’atmosphPre.



On peut donc pr6voir que les Qvanouissements selectifs seront peu importants et que par suite l e bruit d’intermodulation correspondant doit Btre faible.



2.4. RQsultats pour T



= 1



mn



2.4.1. Variation en fonction du temps L’examen des enregistrements, dont un exemple est represent6 figure 1, montre qu’h aucun moment n’ont bt6 observees de brusques et fortes variations de cette puissance moyenne. Les variations en sont lentes et quelques dizaines de minutes &parent un maximuni d’un minimum de bruit d’intermodulation. 2.4.2. Influence du niveau reGu Le bruit d’intermodulation Qtant dO b l’existence de chemins multiples, sa puissance devrait varier suivant une loi semblable b celle du bruit thermique en fonction du niveau requ. L’expQrience montre qu’il n’en est rien en ce qui concerne l a puissance moyenne s u r une minute. La figure 2 montre en particulier que 1es”crQneaux” disparaissent d&s que l e niveau reFu est de 10 dB inferieur au niveau en espace libre. Oonc l a remont6e du bruit thermique l o r s d’un Bvanouissement masque trPs rapidement l e bruit d’intermodulation dfi b l a propagation. Ce resultat est corrobori! par l e s comptages de l’equipement d’analyse. En effet a partir du compteur no 5 (puissance de seuil 2500 pw, ce qui correspond c3 un affaiblissement de 13 dB environl le nombre de minutes pendant lesquelles l e seuil est d6passQ est identique, qu’il s’agisse des minutes sans modulation ou des minutes avec modulation. D’autre part, en l’absence d’Qvanouissement profond dont 1’Btude est impossible en prenant l a puissance moyenne sur une minute, il apparait que l e bruit d’intermodulation n’est pas corr6lQ avec l e niveau reCu (figure 31. 2.4.3. Loi de distribution de l a puissance rnoyenne du bruit d’intermodulation dO b la propagation Le depouillement d’enregistrement portant s u r plus d’un millier de ”crBneaux” a permis d e tracer l a courbe representant la loi de distribution de l a puissance moyenne du bruit d’intermodulation dO a l a propagation. Cette loi est reprQsent6e sur l a figure 4. On peut faire les constatations suivantes



:



a) l a puissance moyenne du bruit d’intermodulation reste faible et est donc negligeable pendant 30% du temps devant l e bruit therrnique.



b) Sa valeur non pondbrQe, non depassee pendant 20 % du temps est egale b 64 pw ce qui est b comparer aux autres bruits en l’absence d’evanouissernent b savoir : - bruit thermique de la liaison 126 pw - bruit des Bquipements 150 pw.



c ) Sa v a l e u r non ponderee q u i n ' e s t pas dgpassee pendant p l u s de 1 % du temps e s t Q g a l e B 150 pw depass6 pendant 1 % du temps : 4000 pW. q u i e s t & comparer au b r u i t t h e r m i q u e de la l i a i s o n



ce



2.4.4. C o n c l u s i o n Le b r u i t d ' i n t e r m o d u l a t i o n dO & la p r o p a g a t i o n . en p u i s s a n c e moyenne s u r une m i n u t e , ne joue un r 6 1 e dans l a d e t e r m i n a t i o n de l a q u a l i t 6 de la l i a i s o n que s u r la c l a u s e du C C I R r e l a t i v e aux 20 % du temps d ' u n m o i s quelconque.



2.5. R e s u l t a t s p o u r T



=



5



s



Compte t e n u des r e s u l t a t s c i - d e s s u s nous avons pens6 q u ' i l Q t a i t i n t g r e s s a n t d ' e t u d i e r l e b r u i t d ' i n t e r m o d u l a t i o n avec une c o n s t a n t e de temps p l u s c o u r t e (5 secondes). En e f f e t la moyenne s u r une m i n u t e p o u r r a i t masquer des DhenomBnes i m o o r t a n t s l o r s des Qvanouissements b r e f s . Nous r e p r o d u i s o n s f i g u r e 5, un exemple d ' e n r e g i s t r e m e n t obtenu avec des "cr6neaux" de La v i t e s s e de d e f i l e m e n t du p a p i e r e s t de 2,5 mm/ rnn.



5 secondes.



On p e u t y c o n s t a t e r les p o i n t s s u i v a n t s :



1 1 Le b r u i t t h e r m i q u e s u i t une l o i d e t e r m i n i s t e en f o n c t i o n du n i v e a u requ l u sur l ' e n r e g i s t r e m e n t du c o u r a n t de CAG 21 Les creneaux q u i donnent l ' i m p o r t a n c e du b r u i t t o t a l d ' i n t e r m o d u l a t i o n s ' e s t o m p e n t quand le b r u i t t o t a l c r o i t . 11s s o n t p l u s i m p o r t a n t s quand il y a remontee du champ m8me s ' i l n ' y a pas s a t u r a t i o n du r6cepteur.



31 On se r e n d compte au v u de ce t r a c e q u ' i l e s t t r B s d i f f i c i l e d ' e n e x t r a i r e une c o u r b e donnant le b r u i t d ' i n t e r m o d u l a t i o n , ou mEme une s t a t i s t i q u e de c e b r u i t . C e c i e s t p a r t i c u l i s r e m e n t v r a i p o u r l e d e b u t e t la f i n des evanouissements. la v a r i a t i o n t r B s r a p i d e du b r u i t t h e r m i q u e r e n d a n t i l l u s o i r e t o u t e mesure du b r u i t d ' i n t e r m o d u l a t i o n p a r commutation t o u t e s les 5 secondes. En consequence. nous avons e x t r a i t p o u r i n d i c a t i o n les v a l e u r s du b r u i t t o t a l e t du b r u i t d ' i n t e r m o d u l a t i o n aux d i f f e r e n t s p o i n t s r e p e r g s de c e t e n r e g i s t r e m e n t . Les r Q s u l t a t s s o n t r e p r e s e n t e s dans le t a b l e a u I. Num6ro des p l a g e s



Niveai absoli d Bm



Bruit total par rapport B l'espace libre



I



PW



B r u i t d'intermodulation dC & la p r o p a g a t i o n PW



1



-1 9



+8



450



130



2



-22



+5



500



140



n



-26



+I



600



100



-29



-2



930



80



-32



-5



1550



130



-35



-8



2200



170



Tableau I



Les v a l e u r s i n d i q u e e s dans c e t a b l e a u (exemples p r i s parrni d ' a u t r e s ) m o n t r e n t A nouveau que le b r u i t d ' i n t e r r n o d u l a t i o n dC B la p r o p a g a t i o n rnErne mesur6 s u r une E c h e l l e de temps p l u s f a i b l e (5s) d e v i e n t r a p i d e m e n t n e g l i g e a b l e dBs que l e s a f f a i b l i s s e m e n t s depassent 8 dB. Pour s'assurer q u ' i l n ' y a v a i t pas de rernontee de c e b r u i t dans le cas d'evanouissements p l u s p r o f o n d s , nous avons essay6 d ' e n r e g i s t r e r des creneaux avec une v i t e s s e de d e f i l e m e n t p l u s r a p i d e (2,5 mm/s) l ' e n r e g i s t r e m e n t du b r u i t e t a n t c e n t r e s u r la v a l e u r en Qtude. Les f i g u r e s 6 e t 7 r e p r o d u i s e n t des e n r e g i s t r e m e n t s o b t e n u s p o u r des v a l e u r s de b r u i t s t h e r m i q u e s e n t r e - 56 e t - 46 dBm d ' u n e p a r t e t e n t r e - 48 e t - 38 dBm d ' a u t r e p a r t . 11s o n t Qt6 o b t e n u s en d e c l e n c h a n t la v i t e s s e r a p i d e (2.5 mm/sl p o u r des Qvanouissements de - 8 dB e t de - 18 dB. On c o n s t a t e que dans ces deux cas les creneaux n ' a p p a r a i s s e n t pas e t donc le b r u i t d ' i n t e r m o d u l a t i o n dC B la p r o p a g a t i o n e s t donc n e g l i g e a b l e d e v a n t le b r u i t t h e r m i q u e dBs q u e les Evanouissements depassent 10 dB.



3. ETUDE DE LA OUREE DES EVANOUISSEMENTS



3.1. But Le b u t de c e t t e e t u d e e s t d ' o b t e n i r la r e p a r t i t i o n s t a t i s t i q u e de l a d u r b e des f a d i n g s depass a n t une p r o f o n d e u r donnQe. Comme il a e t 6 i n d i q u e dans l ' i n t r o d u c t i o n , il e s t n e c e s s a i r e de c o n n a i t r e c e t t e r e p a r t i t i o n p o u r Q v a l u e r la q u a l i t 6 d ' u n e l i a i s o n numQrique p a r f a i s c e a u h e r t z i e n .
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3.2.



MBthode



P o u r f a i r e c e t t e etude, nous avons e n r e g i s t r e l e n i v e a u du s i g n a l requ IOU l e c o u r a n t de CAG1 pendant une p e r l o d e de rnauvaise p r o p a g a t i o n I o c t o b r e 1969). P o u r p o u v o i r accQder a l a s t r u c t u r e f i n e des Bvanouissernents, nous avons u t i l i s e l e systPme d'augrnentation de v i t e s s e d ' e n r e g i s t r e r n e n t p a r un f a c t e u r 60, e t en r Q g l a n t son seuil de declenchement a un n i v e a u de r e c e p t i o n 20 d 6 au dessous de l ' e s p a c e l i b r e . La v i t e s s e de d Q f i l e m e n t e s t pendant ces p Q r i o d e s de 2.5 rnm/s I l e s e n r e g i s t r e r n e n t s des f i g u r e s 6 e t 7 o n t BtB obtenus p a r c e t t e mBthode avec d i f f B r e n t s seuils]., 3.3.



S t a t i s t i q u e du n i v e a u requ



La durBe t o t a l e correspond a des p B r i o d e s Nous avons t r a c e f i g u r e 8, pendant un pourcentage du e s t l a r e p r o d u c t i o n de l a



des p B r i o d e s de rnauvaise p r o p a g a t i o n BtudiQes e s t de 314.000 secondes. Cela i n t e r m i t t a n t e s d u r a n t l e rnois d ' 0 c t o b r e e t s i t u Q e s p r i n c i p a l e r n e n t l e m a t i n . l a r e p a r t i t i o n s t a t i s t i q u e de l a p r o f o n d e u r des Qvanouissements non dBpassQe temps donn6. La courbe (a1 r e p r Q s e n t e l e s r e s u l t a t s expQrirnentaux, l a courbe I b ) courbe t y p e e x t r a i t e de l a f i g u r e 3 r e f e r e n c e I.



S i p o u r l e s evanouissernents p r o f o n d s I s u p Q r i e u r s ou Qgaux a 35 d61 ces deux courbes s o n t en concordance, il n ' e n e s t p l u s de rnOrne pour l e s f a d i n g s f a i b l e s oh l e pourcentage du temps expQrirnenta1 e s t beaucoup p l u s QlevQ que c e q u ' i n d i q u e l a courbe t y p e . C e c i e s t dO au f a i t que l e s e n r e g i s t r e r n e n t s d k p o u i l l Q s correspondent a des p Q r i o d e s de rnauvaises p r o p a g a t i o n e t nous f a i t supposer que nous a v i o n s pendant l a p Q r i o d e B t u d i B e deux causes aux Qvanouissernents, a s a v o i r un phQnornene d e " d u c t " crQant l e s dvanouissernents f a i b l e s e t l o n g s a u q u e l se s u p e r p o s a i t un phQnornene de chemins m u l t i p l e s c r e a n t l e s Qvanouissernents p r o f o n d s e t b r e f s e t o b e i s s a n t a l a s t a t i s t i q u e t y p e . C e t t e hypothese e s t c o r r o b o r e e p a r 1'Qtude c i - d e s s o u s de l a durBe des Qvanouissements. 3.4.



S t a t i s t i q u e de l a durQe des Qvanouissements



La r e p a r t i t i o n des durQes des Bvanouissernents e s t donnee en Q c h e l l e logarythrnique norrnale sur les f i g u r e s 9 21 13 pour l e s Bvanouissernents depassant r e s p e c t i v e m e n t 20, 25, 35, 38 e t 40 d6. La f i g u r e 14 donne l e nombre



de ces Bvanouissements dQpassant une p r o f o n d e u r donnee.



Rappelons que, compte t e n u de l ' u t i l i s a t i o n d'une Q c h e l l e l o g a r i t h r n i q u e norrnale. pour l e s f i g u r e s 9 13, l e s p o i n t s r e p r Q s e n t a t i f s des durees d'Bvanouissement s ' a l i g n o r a i e n t s u i v a n t une d r o i t e d o n t l a p e n t e d o n n e r a i t 1 ' B c a r t t y p e d u logarythme des durQes s i l a l o i de p r o b a b i l i t e Q t a i t une l o i l o g a r i t h m i q u o n o h a l e .



a



Les r e s u l t a t s obtenus nous c o n d u i s e n t aux c o n s t a t a t i o n s s u i v a n t e s : 11 Pour l e s Qvanouissernents peu p r o f o n d s l e s durQes s u i v e n t p a r f a i t e r n e n t una 101 l o g a r i t h r n i q u e normale. Par c o n t r e p o u r l e s Qvanouissernents p r o f o n d s c e c i n ' e s t p l u s t o u t a f a i t e x a c t e t l e s durees de ces Qvanpuissements o n t une d i s p e r s i o n p l u s f a i b l e .



21 Les p e n t e s des d r o i t e s correspondantes s o n t sensihlernent i d e n t i q u e s q u e l l e que s o i t l e cas c o n s i d g r g e t donc 1 ' 8 c a r t t y p e du logarythme des durQes des Qvanouissements semble independant de l a p r o f o n d e u r des Qvanouissernents. Nous a l l o n s rnaintenant c h i f f r e r ces quelques c o n s t a t a t i o n s g r a p h i q u e s



.



Rappelons d ' a b o r d l e s e x p r e s s i o n de l a v a l e u r rnediane, de l a v a l e u r moyenne e t de 1 ' B c a r t t y p e des durBes des Bvanouissernents en f o n c t i o n de l a rnoyenne rn e t de l ' Q c a r t t y p e o de l e u r logarythrne quand ces durBes s u i v e n t une l o i logarythrnique norrnale : v a l e u r rnediane : em



.



rn 02/2 v a l e u r rnoyenne : e e m 01 02 & a r t type : e . e , e



Le t a b l e a u I1 donne pour l e s d i f f e r e n t e s p r o f o n d e u r s des a f f a i b l i s s e r n e n t s t o u t e s l e s v a l e u r s c i - d e s s u s i n d i q u b e s . A l a l e c t u r e de c e t a b l e a u nous pouvons f a i r e l e s c o n s t a t a t i o n s s u i v a n t e s :



11 La d u r Q e moyenne c a l c u l Q e en supposant que l a l o i e s t logarythrnique normale e s t en t r e s bon a c c o r d avec l a dur6e rnoyenne expQrirnentale c e q u i r e n f o r c e l ' h y p o t h h s e c i - d e s s u s . 21 C e t t e duree rnoyenne p o u r l e s Qvanouissements peu p r o f o n d s e s t t r h s longue e t r e s t e s u p e r i e u r e A 10 secondes, t a n d i s que p o u r l e s Qvanouissernents p r o f o n d s e l l e e s t i n f e r l e u r e a 2 secondes. C e c i r e n f o r c e l a t h e s e que I o r s d e c e t t e Q t u d e nous Q t i o n s en presence de deux phhornenes physiques : d u c t s e t chemins multiples. 3) L ' Q c a r t t y p e du l o g a r y t h m e des durQes e s t q u a s i c o n s t a n t que1 que s o l t l a p r o f o n d e u r des Qvanouissernents c o n s i d 6 r Q s . Ce f a i t e s t d ' a u t a n t p l u s rernarquable que nous sornrnes en prQssnce de deux phQnornhnes physiques d i f f e r e n t s .



5 2-5



'rofondeur par rapport b



Valeur moyenne txperimentale I Theorique



l'espace libre - 20



':::,



- 25



-



35



- 38



0.79



- 40



0.74



1



U



Valeur m6diane S



1,12 1,3 2:,54



11



9



0.93



1 ,O0



0,79



1,05



0,52



0,74



0,92



0,42



Tableau I1 3.5.



Conclusion



Bien que la dur6e effective totale des mesures ait 6t6 relativement faible. les r6sultats obtenus sont interessants, car il nous ont permis de montrer : 1 1 que la loi statistique de la d u d e des 6vanouissements est logarythmique normale 2 ) que l'6cart type du logarythme des dur6es est constant quelle que soit la profondeur des Bvanouissements consid6r6s



31 qu'aucun Bvanouissement n'est d e duree infkrieure b 40 ms.



NOanmoins ce dernier point demanderait b Etre confirm6 par des rnesures plus fines.



4. CONCLUSIONS GENERALES Pour les faisceaux hertziens analogiques, nous avons montr6 que le bruit d'intermodulation dO b la propagation n'est b prendre en compte pour la determination de laqualit6 d'une liaison que sur la clause du CCIR relative b la qualit6 non obtenue pendant 20 % du temps.



Pour les faisceaux hertziens nurngriques, pour une liaison GCI l e s r6flexions sur le sol sont de faibles importances, il semble qu'il n'y ait pas d'Qvanouissement tr&s bref et donc qu'il n'y ait pas b considerer l'allongernent fictif de la dur6e des Bvanouissements par suite de perte de synchronisation. Des essais compl6mentaires sur la qualit6 des liaisons par faisceaux hertziens en modulation num6rique sont ngcessaires. Un programme d'6tude de la statistique du taux d'erreurs sur une telle liaison est btabli, les mesures doivent commencer en septembre 1970.
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ANNEXE



1



1. LIAISON MATERIEL 1.1. La liaison



Fresnel



Le profil de la liaison est represent6 figure 15. On y constate que l e premier Bllipsofde de 6,197 GHzl est completement dQgag4.



Une reflexion sur le sol correspond a un trajet plus long de 3.2 m. Le s o l y est d'ailleurs peu r6flQchissant. La station Qmission est installee B CUISEAUX,.la station de reception B FLAVIGNEROT. A cette dernigra les deux antennes paraboliques de diversite sont distantes en hauteur de 10.7 m et font 3 m de diamhtre. 1.2.



Equipment radioelectrique



- Frequence emission - Puissance aprgs T.O.P. - Niveau d'entrbe en F.1 - Perte du-filtre Qmission



1.2.1.



Emetteur



6197 MHz +40 dBm 300 mV/eff 1,3 dB



1.2.2.



Recepteurs - Frequence de reception 6197 MHz - Facteur de bruit 1 4 dB - Bande passante 21 3 dB 32 MHz - Niveau d'entr6e [avant filtrage) pour propagation -27 dBm norma 1e - Frequence intermediaire 74,13 MHz - Niveau de sortie en F.1 200 mV/eff



1.2.3.



Platine de diversite - Principe : commutation en frequence intermediaire - Oedouplage entre l'entree bloquQe et la sortie 95 dB - Temps de transfert typique 0.51~s - Niveau d'entree F.I. 200 mV/eff - Niveau de sortie F.I. 300 mV/eff - Critere de commutation : niveau du signal F.1 [tension de C.A.G.) - Seuil de fonctionnement : la commutation est r6alisQe B condition qu'elle procure une augmentation supbrieure ou Bgale a 5 dB du niveau requ.



1.2.4.



Modulateur - Bande de base 300 - 8248 kHz Niveau d'entree par voie - 43 dBm Frequence intermediaire 74,13 MHz Sortie F.I. 300 mV/eff Excursion de frequence par voie 140 kHz/eff



1.2.5.



DQmodulateur - Niveau d'entr6e F.I. 300 mV/eff - Niveau de sortie par voie - 24 dBm



1.2.6.



Bruits - Bruit thermique des Bquiperttents : SO pw valeur non ponderbe - Bruit d'intermodulation des eauioements : 100 DW valeur non pond6rQe . . - Bruit thermique dD B la propagation en espace iibre : 120 pw valeur non pondbrke.



1.3. 1.3.1.



Equipements de mesure Oiaphonomhtre MARCONI type 2091



Afin d'effectuer des mesures s u r la liaison "en charge" on utilise un diaphonomhtre Marconi pour simuler le multiplex. Le diaphonomhtre se compose d'un generateur de bruit blanc et d'un recepteur. Le signa1,au niveau ajustable, issu du generateur de bruit simule un trafic dans toutes les voies. I1 est limit6 B la largeur de la bande de base du multiplex considere par l'emploi de filtres passe haut et passe bas. Un filtre coupe bande, de la largeur d'une voie tQl6phonique - 3 , l kHz. permet de menager une fenatre exempte de charge. A la reception, aprhs dQmodulation, on choisit dans le rQcepteur le filtre passe bande dont la frQquence centrale correspond B celle du filtre coupe bande utilise a l'emission. Le niveau de bruit dans cette voie de mesure represente la somme du bruit thermique et du bruit d'intermodulation. Si l'on coupe l e signal du generateur de bruit, c'est B dire, en l'absence de modulation, on n'aura dans la voie de mesure que l e bruit thermique. Par simple difference on obtient B tout moment l a valeur du bruit d'intermodulation.
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1.3.2.



(270



Convertisseur de frequence pour l’enregistrement de l a puissance de bruit Cet equipement transpose dans l a bande de frequences 0.3 B 4 kHz l a voie haute (9050 kHz) ou basse mesure de bruit des faisceaux hertziens B 1800 voies.



kHz1 de



Caractgristiques principales :



-



impedance d’entr6e 75 n dissymetrique



- impedance de sortie 600 0 dissymetrique - gain en tension 23 dB - bande passante 0,3 B 4 kHz - bruit propre de l’equipement (niveau de tension de bruit mesure B l a sortie, l’entr6e etant fermee par 75 521 - 89 dBm Cet appareil a QtQ conCu et realise dans nos laboratoires. 1.3.3. Equipement-transistorise pour l’analvse statistioue de l a Duissance de b r u a La puissance de bruit rnoyenne e s t rnesuree chaque minute par comptage d’impulsions rnodulges par l e bruit detectb. Huit compteurs enregistrent l e nombre de minutes oh la puissance de bruit d6passe une valeur donnee. Les seuils des compteurs sont repartis de 3 ou 3 dB sur une plage de 21 dB. Un compteur totalisateur indique l e nombre total de minutes de fonctionnernent. Une sortie de chacun des compteurs est prevue pour un enregistrement graphique. Cet appareil a et6 conqu et realise dans nos laboratoires. 1.3.4. Commutateur de modulation



Afin de pouvoir alterner automatiquement des periodes de mesures avec et sans modulation ou dispose d’un s y s t e m de commutation synchrone entre l’gmission et l a reception. A l’emission ce dispositif comprend essentiellement un generateur de frequence pilote B 50 kHz, dont le signal de sortie est applique au rnodulateur en meme temps que le signal fourni par l e diaphonometre, et un bloqueur command6 par une base de temps de 5 secondes ou 1 minute. A l a reception, apres demodulation, un detecteur de pilote actionne un relais qui commute les deux Qquipernents d’analyse statistique de l a puissance de bruit [ensembles de compteurs), l’un totalisant l e s puissances de bruit therrnique des periodes sans modulation, l’autre totalisant les puissances de bruit total des periodes avec modulation. 1.3.5.



Eouipement d’enrevistrement



Un enregistreur TELCO type ED 612 M B 6 pistes permet l’enregistrement des courants C.A.G des deux recepteurs, d e s puissances de bruit dans la voie de mesure. des indications des ensembles de compteurs et de l’indication du canal choisi par l a platine de diversite. Cet enregistreur peut automatiquernent enregistrer a une vitesse 60 fois plus grande lorsque le niveau requ sur l’une quelconque des pistes tombe au desous d’un certain seuil reglable. 1.4.



Diagramme de l a



liaison



Un diagramme cornplet de l a liaison et des Qquipernents de mesure est represent6 sur l a figure 1 6 .
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1. .DiaphonomCtre Equipement d'Emission Marconi type T F 2091 [ 1 I 2. GtnCrateur W.G type TFPS 42 [ 1 I .. 3. TClCcommande Emission 4. Modulateur SH 6 1800



Emetteur SH 6 1800 RCcepteur I SH 6 1800 RCcepteur I I SH 6 1800 A.F.I. I SH 6 1800 A.F.I. I I SH 6 1800 A.F.I. Bande Ctroite avec dttecteur A.F.I. Bande Ctroite avec dCtecteur Diversite SH 6 1800 DCmodulateur SH 6 I800 Convertisseur de Frtquence pour I'Enregistrement de la Puissance de Bruit 15. D i a p h o n o m h e Equipement Rtception Marconi type T F 209 1 16. Equipement compltmentaire pour I'analyse statistique de la Puissance de Bruit 5. 6. 7. 8. 9. IO. 11. 12. 13. 14.



17. Equipement normal pour I'analyse statistique de la Puissance de Bruit 18. Signalisation Diversite 19. Compteurs horaires 20. Compteurs horaires 21. Amplificateur B courant continu 22. Enregistreur Chauvin Arnoux 1500 Cl 23. Equipement annexe de I'enregistreur Telco 24. Enregistreur Telco 25. 2 amplificateurs B courant continu 26. Enregistreur Chauvin Arnoux 2 pistes 27. 2 amplificateurs B courant continu 28. Enregistreur Chauvin Arnoux 2 pistes 29. Ttltcommande Rtception 30. GCntrateur Hewlett Packard [ I ] 31. Nepermetre W.G type TFPH [ 1 ] 32. Carte de coupure C.A.G. I I et



commutation alternCe 33. Relais de coupure C.A.G. I1



[ 1 ] Pour Ctalonnage prCalable d la mise en service et maintenance.
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DISCUSSION ON THE PAPERS PRESENTED IN SESSION Ill (REFLECTION AND REFRACTION IN THE TROPOSPHERE)



Discussion on Paper 15. "Effects of Tropospheric Loyer Structures on Prooagation and Signal Distortion",



by J.A. LANE



U.H.W. LAMMERS: You pointed out that vertical layer thicknesses range from a few meters to about 100 m within a tropospheric height range up to 2 km. This i s evident from the various experimental results presented. Do you think layer thicknesses i n the upper troposphere may be of the same order (with a lower limit of a few meters) and i s there experimental evidence of such extremely narrow structures? J.A. LANE: I think they may well be of the same order but so for os I know we hove no direct experimental measurements of the thickness at heights of say 20 30 km. A few soundings by expendable refractometers were made several years ago by the University of Texas, but I do not think they gave the kind of information you want.



-



Discussion on Paper



16,



"Reflections from Elevated Layers in Transhorizon Radio Propagation", by G. D. THAYER



A.P. BARSIS:



The question i s whether the methods shown have been or con be used for line-of-sight problems to determine the phase of the reflected wave in addition to the amplitude. G.D. THAYER: I t i s possible to accomplish Mr. Barsis' oims by the use of this method. One needs to retain the phase information i n the integral for R by not taking the absolute value, and thus retaining the real and imaginary parts of the amplitude reflection coefficient, r



.



L. BOITHIAS: En ce qui concerne I'influence de Io longueur d'onde, s i on considere une liaison de longueur donnee, etablie avec des antennes de meme gain G sur deux longueur d'ondes h, et A 2 , comment se situent I'une par rapport a I'autre les combes des destribution des niveux resus correspondant a ces deux longueurs d'onde? G.D. THAYER: We have not done such calculations as Mr. Boithias suggests; however, Eklund and Wickerts have published such results, referred to in my paper. It would not be possible to colculote joint distributions without knowledge of the distribution i n time and space of layers of different sizes and strengths (grodient); we do not hove such knowledge.



Discussion on Paper 17, "Propagation on an Electromagnetic Pulse in a Duct Between Ground and Atmospheric Layer", bv K. J. LANGENBERG A.P.



BARSIS:



How can these results be used to determine the bandwidth capability of the medium?



K.J. LANGENBERG: Insofar as they are presented here, they can not. To get results obout bandwidth Capabilities one has to assume a carrier frequency greater than the cut-off frequency of the first mode os for os this duct model i s concerned.



Discussion on PaDer 20,



"16 GHz



Prooaaation over Sea on o Transhorizon Path". bv H. JESKE



I. RANZI: Your results on the correlation between duct thickness and received field strength show a remarkable constancy of the duct thickness a l l along the path, which i s of obout 77 km; did you observe by means of meteorological soundings such an extremely regular and constant structure of ducts extending along so great distances? H. JESKE: If wind i s blowing from the sea (which i s mostly the case over the German Bight) there i s indeed o strong horizontal homogeneity. Our duct thickness, however, i s gained not from aerological measurements but from measurements at 6 m over se0 with the aid of formulas of boundary layer theory. The horizontal homogeneity was examined by us very carefully i n former times, see reference [I61 of the paper.



Discussion on Paper 22, "Tropospheric Influence upon Diffraction Paths", by A.T. WATERMAN JR.



U.H.W. LAMMERS: You mentioned the case of a horizontally extended diffracting structure around which the wove i s propagating. Due to horizontal refractive index inhomogeneities, the phasing of the various components i s different leading to received signal variations. If you express this i n terms of a scintillation in horizontal beom direction, what amplitude i s to be expected on a typical diffraction path? 1 wos not visualizing a smooth, large scale, horizontal gradient of refractive index, such as wouldgive rise to horizontal bending, but rather only an average difference i n refractive index over horizontally displaced paths.



A.T. WATERMAN:
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Discussion on Paper 23, "VHF Propagation Measurements on Mixed Diffraction-Scatter Paths", by R. MENZEL and Kh. ROSENBACH



A.W. STRAITON: Difficulty occurs i n using a unique scale of turbulence as applied to radio propagation for two reasons; namely: (1) The main contributor to disturbed refractive index i s the water vapor variation which may have little correlation with wind movement. (2) A single scale of refractive index variations i s difficult to define since i t i s part of a spectrum of variations. The scale as used may then be an empirical constant.



H.J. ALBRECHT: Referring to Dr. Straiton's comment, the scale of turbulence i s a variable which cannot be measured accurately. However, its relative voriations can be determined up to a certain degree of accuracy. Dato obtained are i n the category of empirical results combined with the very theoretical conclusions offered by well-known theories of turbulence. On the other hand, this paper concentrates on the derivation of a scale of turbulence and its changes by means of propagation measurements which were taken over a well-defined path. All parameters of the medium itself were considered as long as they were measurable. Considering the complexity of the subject, as already pointed out in Prof. Waterman's paper, the paper under discussion at present represents a contribution to the rather scarce knowledge available in this field. L. BOITHIAS: Contrairement d ce qui est dit dons la conclusion, la figure 6 montre qu'a certains periodes de I'ann6e iI n'y a pratiquement aucune correlation entre la puissance regue et la temperature au sol. N'y aurait iI pas un autre parametre meilleur que la temperature au sol pour representer la puissance regue?



R. MENZEL: Since the average received power of this special communication link depends upon the relative phase of the incoming signals, in reality a correlation between the phase of the signals,that means between the path lengths of the two signals and a meteorological parameter,had to be found. But as we were not able to meosure the phase of the two signals Over a longer period, we have only measured the field strength looking out for a relationship between phase shift and average received signa I . With this relationship the correlation between average received power and ground temperature was found to be very conclusive.



A.T. WATERMAN:



In connection with the variation of correlation between received field strength and ground temperature, as a function of time of year, do'you mean to imply that a path-difference of only one half wave length i s a l l that occurs i n the course of a year, and that short term variations are accounted for by smaller changes?



R. MENZEL: Yes. Operating with a relatively low frequency of about 150 MHz and o wavelength of 2 m, I do not believe that in the course of a year meteorological variations as well as seasonal effects e.g. changing in foliage, w i l l produce path lengths differences much greater than half a wavelength. W. DIEMINGER: My comment i s of rather general nature: It i s common experience that i t i s rather difficult to distinguish between local and temporal variations when observing only at one site. In the case of an interference pattern o change of the field strength which i s ascribed to a long-term temporal variation may be created by a shift of the interference pattern. This ambiguity may be resolved by observing at two adjacent sites simultaneously.



-



G.P. BELL: Comparison of Figures 3 and 5 would seem to show that the median field strength i s about 6 7 db higher in winter than summer. I would not have expected this unless i t was due to the change in relative amplitudes of components diffracted around the sides of the mountain peak (one side being densely wooded). If this interference pattern differential i s responsible for the difference between summer and winter medions another receiving site might be expected to give a different correlation.



-



R. MENZEL: The difference i n median field strength of 6 7 db between winter and summer depends upon an increased transmitter power during the winter months and this effect was taken into account in our considerations. But in spring and autumn a slight decrease i n the average received power was observed due to a change in the interference pattern. It i s true that with another receiving site the correlation coefficients for the course of a year may change completely. H. J. ALBRECHT: First of all, a comment to Mr. Boithias' question. Obviously, correlotion coefficients are statistically significant i f they are close t o one; this i s the case for certain portions of the curve shown in Mr. Menzel's and Mr. Rosenbach's paper. On the other hand, the statistical significance cannot be considered high when the correlation coefficient i s close to zero during spring and autumn periods. If the complexity of the subject requires it, even observations at one site have to suffice. Under these conditions, the characteristics of the medium are a l l important. They have been taken into account by the lorge quantity of meteorological measurements in the case under discussion. Summarizing, the results obtained i n any of the special investigations of the kind here under discussion should not be generalized but they represent a further contribution to the difficult field of diffraction links.



R.H. de GROOT: This i s a very special experiment and we must not try to make generol conclusions out of the results.



A
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