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ABSTRACT The seasonal variation of the surface energy balance (SEB) (net radiation, soil heat flux, and sensible and latent heat fluxes) for a savanna and an open natural forest (tiger-bush) located in the Sahel is presented. Daily averages of these four fluxes were obtained using standard micrometeorological instruments/methods (radiometry, soil heat flux plates and the eddy correlation technique). Because sensible and latent heat flux data were not available during the dry season (and occasionally missing during the wet season), estimates from a simple linear equation, which relates sensible heat flux to the difference between surface and air temperature, were used instead. This produced a practically continuous time series of the surface energy balance for a period of over 1 year. Net radiation over both surfaces appeared to be very similar, varying roughly between 75 W m − 2 (dry winter months) and 175 W m − 2 (wet summer months) on a daily basis. During the winter months, soil heat flux had maximum values of about − 8 W m − 2, while maximum values during the summer were approximately +8 W m − 2. Sensible heat flux varied between approximately 20 W m − 2 (wet season) and 100 W m − 2 (end of dry season) with generally slightly higher values for the savanna than for the tiger-bush, especially during the dry autumn and winter months. During the wet season, evaporation reached values of 100–150 W m − 2. Both surfaces were predicted to exhibit some evaporation during the dry season; approximately 5–10 W m − 2 for the savanna and approximately 20 W m − 2 for the tiger-bush. The course of these fluxes is supported by secondary observations such as rooting depth and greenness of the vegetation, indicating that this method may be a useful tool if gaps in long-term time series exist. The information presented will be useful as verification data for climate modelling and can be used as ground truth data for remote sensing. Copyright © 1999 Royal Meteorological Society. KEY WORDS: surface



energy balance; seasonal variation; Sahel; savanna; tiger-bush



1. INTRODUCTION A continuous exchange of energy takes place between the Earth’s surface and the atmosphere. These land surface–atmosphere interactions can be described by the surface energy balance (SEB): Rn = H+ LE +G



(1)



(see Garratt (1992), for example). Assuming that horizontal flux divergence and heat storage are insignificant, Equation (1) states that the net radiation (Rn), is dissipated as sensible heat (H), evaporation (LE, where L is the latent heat of vaporisation and E is the evaporation rate) and soil heat (G) fluxes. For many decades, meteorologists have tried to quantify the SEB by making direct ground measurements. These efforts were often confined to the temperate parts of the world, and to economically important vegetation such as agricultural crops, pasture or forest (for example, Stewart and Thom (1973)). Recently, experimental interest has shifted more to the semi-arid and arid areas which cover nearly 40% of the world (for example, FIFE (Sellers et al., 1988), Sahelian Energy Balance Experiment * Correspondence to: Institute of Hydrology, Wallingford, Oxfordshire, OX10 8BB, UK. Tel.: +44 01491 692335, fax: + 44 01491 692424; e-mail: [email protected]
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(SEBEX) (Wallace et al., 1992), EFEDA (Bolle et al., 1993) and HAPEX–Sahel (Goutorbe et al., 1994)), following pioneering work carried out in semi-arid Australia (Garratt, 1978) and the development of portable measurement systems which facilitated monitoring under more extreme climatic conditions. Comparatively little is known about the SEB in these areas, and more insight is needed into their considerable influence on global circulation, to predict the effects of climate and land use change (ICIIHI, 1986). This paper is concerned with estimating the SEB of natural vegetation in the Sahel. During the 20th century the Sahel has experienced at least seven severe droughts, with serious impacts on agricultural production (Wessels, 1993). The continuing pressure on land has resulted in the utilisation of marginal areas, the shortening of the fallow period leading to a decrease in soil fertility and environmental degradation, allowing wind and water erosion to take their toll and the desertification process to begin. To understand desertification, continuous monitoring of the Sahelian surface must be carried out. There have been meteorological campaigns to observe the Sahel during the past (Druilhet and Tinga, 1982; Page`s et al., 1988; Wallace et al., 1992; Goutorbe et al., 1994). In combination with these, remote sensing (Kerr et al., 1987; Seguin et al., 1989) and modelling (Blyth and Harding, 1995) appeared to be useful. However, in many cases these efforts involved relatively short, intensive measurement campaigns (1–3 months, mainly during the wet season). This paper gives an example of the SEB over a longer period using micrometeorological data obtained over a fallow savanna and a natural forest, generally referred to as tiger-bush because of its similarity to a tiger skin when viewed from the air, during SEBEX (Wallace et al., 1992). Furthermore, it describes how missing daily values of H (and LE, from Rn − H) were estimated, thereby reconstructing the seasonal course of these fluxes, using a relatively simple equation, often used for remote sensing purposes, employing values of daily surface temperature, maximum air temperature.



2. MATERIALS AND METHODS



2.1. Experimental sites Micrometeorological measurements over both fallow savanna and tiger-bush were made by the Institute of Hydrology (Wallingford, UK) at the International Center for Research in the Semi-Arid Tropics (ICRISAT) Sahelian Center (ISC, Latitude 13°15%N, Longitude 2°17%E) through the years 1988–1990 during SEBEX. The fallow savanna site (size: approximately 800× 2000 m), which had been uncultivated for over 7 years, was within the boundary fence of the ISC. Eighty-one percent of the ground area was covered with a mixture of annual leguminous and grass species whereas the remainder was covered with Guiera senegalensis shrubs with an average height of 2.3 m, and occasional trees. The soil on the savanna site is very sandy and about 0.5 m deep, overlying laterite rock. The tiger-bush site is located about 6 km southwest of ISC within an area of open natural forest covering an irregular-shaped plateau 3 km wide. The vegetation, covering about 33% of the ground surface, consists of dense bands about 10–30 m wide by 100–300 m long separated by completely bare crusted soil. The vegetation is dominated by two species of 2–4 m tall shrubs (Combretum micranthum and Guiera senegalensis) and a single tree species (Combretum nigricans), typically between 4 and 8 m tall. The soil on the site is a laterite with a fine to coarse sandy matrix. The soil layer is very thin, only about 0.2–0.5 m deep and overlies laterite rock. For more details see Gash et al. (1991), Wallace et al. (1992) and Culf et al. (1993). This paper uses micrometeorological data obtained during SEBEX between 15 July 1989 and 30 September 1990. Observations during 1988 were incomplete and are therefore not used. Annual rainfall at the ISC for the years 1989 and 1990 was 623 and 400 mm, respectively. Considering a 10-year (1983–1993) average of 536 mm as measured at ISC, 1989 can be considered as relatively wet, while 1990 was dry. Daily totals of rainfall as measured at the two sites are given in Figure 1. For this area, the bulk of the rainfall usually occurs between July and October, as illustrated in Figure 1, which shows no rainfall between 10 October 1989 and 7 May 1990. Copyright © 1999 Royal Meteorological Society
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2.2. Instrumentation The net all-wave radiation flux density, Rn, consists of the following combination of radiation terms: (2)



Rn = Rs,¡ − Rs,  +Rl,¡ −Rl, 



where Rs is the total shortwave solar radiation flux density and Rl the longwave radiation flux density, with upward and downward arrows representing outgoing and incoming fluxes, respectively. The ratio of reflected and incoming solar radiation (Rs, /Rs,¡), is called the albedo. The individual terms of Equation (2) were measured at both experimental sites. Shortwave radiation sensors (Kipp and Zonen, Delft, The Netherlands) were deployed for the measurement of Rs,¡ and Rs, . The heights of the sensors measuring Rs,¡ were 9.2 and 11.0 m for fallow savanna and tiger-bush, respectively. At each site, Rs,  over the two main surface components was measured independently, providing measurements over four surfaces with plant cover ranging from zero (bare soil at tiger-bush site) to dense (tiger-bush vegetation strips). The reflected radiation sensors were mounted above the surfaces on horizontal booms, to minimise the possibility of shadowing by support structures. At the fallow savanna site the instruments were mounted at a height of 6.5 m for the undergrowth and 3.4 m for the bushes. At the tiger-bush site sensor heights were 1.4 m (soil) and 8.2 m (vegetation strips). More details about the measurement and values of albedo are given by Allen et al. (1994). Longwave incoming radiation, Rl,¡, was measured with a pyrgeometer (Eppley Laboratory, Rhode Island, USA) at the tiger-bush site and its values were corrected for influence of Rs,¡ (Culf and Gash, 1993). These Rl,¡ values were also used for the savanna site as spatial variation in Rl,¡ is small. Outgoing longwave radiation was estimated from Rl,  =osT 4s , with o the surface emissivity, s the Stefan–Boltzmann constant (W m − 2 K − 1) and Ts the surface temperature (K). Infrared thermometers were used to measure Ts (IRT, Model 4000 series, Everest Interscience, Fullerton, California, USA). They operated over 8–14 mm, with a 15° field of view. At the fallow savanna, two IRTs viewed the undergrowth component of the vegetation (sensor height 6.0 m) while the other four were positioned over individual bushes (sensor height 3.5 m). The



Figure 1. Daily total rainfall during SEBEX 1989 – 1990 for (a) the savanna and (b) the tiger-bush site Copyright © 1999 Royal Meteorological Society
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individual IRT measurements were weighted by the average proportion of each of the vegetation components to form an areal average value. For the tiger-bush, site three IRTs were mounted over the vegetation (sensor heights 9.0 – 10.0 m) and three over the bare soil strips (sensor height 3.5 m). Instrument outputs were measured every five seconds with solid-state dataloggers (CR10, Campbell Scientific, Shepshed, UK) and stored as hourly means (Wallace et al., 1992). From the separate measurements of the four components of net radiation described, a composite value of Rn was calculated for each surface (savanna bushes, savanna herb layer, tiger-bush vegetation strips and tiger-bush bare soil). Direct measurements of Rn for these four component surfaces were obtained, initially using Q*5 double-domed radiometers and, from April 1990, single-domed Q*6 radiometers (REBS, Seattle, USA), mounted at the same height as the sensors measuring reflected solar radiation. The net radiation fluxes over the component surfaces, both from direct measurement and calculated from Equation (2), were upscaled using: Rn = aRn,u + (1 − a)Rn,b



(3)



to obtain Rn values valid for the total savanna and tiger-bush surfaces. In this equation, a is the surface coverage of the understorey (0.81 and 0.67 for the savanna and tiger-bush, respectively), Rn,u is the net radiation over the understorey (herb layer or bare soil) and Rn,b is the net radiation over the bushes. Measurements of G in the fallow savanna were made using three sets of three small heat flux plates (Model 610, Thornthwaite, USA), with two sets beneath two bushes and one set beneath an area of the herb layer. Similar G-flux plates were placed at the tiger-bush site with five plates beneath the bushes and four plates beneath the bare soil. All sensors were located about 5 mm below the surface. Measurements of LE and H were made using the eddy correlation technique by the IH Hydra (Shuttleworth et al., 1988). Over the savanna site, the Hydra was installed at a height of 12.3 m. At the tiger-bush site the Hydra was mounted at a height of 15.9 m. From January 1989 until May 1990 no Hand LE-flux data were recorded. Daily (24 h) averages of flux measurements in W m − 2 have been calculated from hourly data.



2.3. Empirical equation for H Hourly measurements of air and surface temperature allowed daily average H to be estimated following a relationship similar to that originally proposed by Jackson et al. (1977) and which has been used by Søgaard (1988), Seguin et al. (1989), Lagouarde and McAneney (1992), and Sandholt and Steen Andersen (1993), among others: Hest =a(Ts,1400 −Ta,max) +b



(4)



with Ts,1400 being the surface temperature at 14:00 h LST and Ta,max the maximum air temperature during a certain day. In Equation (4), Hest is in mm day − 1, which can be converted to W m − 2 through division by 0.0353. The constants a and b were estimated from the experimental data. An estimate of LE, LEest, was found from Rn −Hest (assuming G is approximately 0 over a 24 h period). The occasional occurrences of negative values of LEest were rejected.



3. RESULTS AND DISCUSSION As explained above, values of Rn were obtained both in a direct and an indirect way (using Equation (2)). In theory, direct measurements should be in close agreement with the composite Rn data, both on a diurnal and a seasonal scale. Spatial variability, instrumental set-up, and measurement errors can cause a difference between directly measured and composite Rn. Keeping this in mind, the best and most plausible values of Rn have to be selected and used for further calculation. Verhoef (1995) compared both estimates of Rn for the two SEBEX surfaces and showed that the savanna Rn data exhibited a good correspondence (r 2 = 0.96), with an average overestimation of directly Copyright © 1999 Royal Meteorological Society
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measured compared to composite Rn of only 6%. For the tiger-bush however, the directly measured Rn was 20% lower than the composite Rn, although the trend between both Rn estimates was similar (r 2 =0.88). This may be partly attributed to the bush net radiometer (installed at 8.2 m) including some bare soil in its field of view. This phenomenon was also found for the HAPEX–Sahel tiger-bush site (Verhoef, 1995), and illustrates how large errors can occur when attempting to measure fluxes over specific surface components in heterogeneous terrain using hemispheric integrating sensors. However, the directly measured Rn values for the tiger-bush soil were also quite low compared to its composite estimate. This might have been caused by spatial variability, which will be much greater for the bare soil patches than for the vegetation strips. Furthermore, the fact that double-domed net radiometers were replaced with single-domed radiometers after April 1990, and knowing that a significant offset between the two types of instruments exists (Oliver and Wright, 1990), led to the decision to use the composite measurements of Rn, rather than the direct measurements. Seasonal variation of composite Rn over the savanna and tiger-bush during the wet and dry seasons of SEBEX 1989–1990 is shown in Figure 2(a). The gap during the wet season of 1990 is caused by a lack of surface temperature data, which are necessary to calculate Rl,  (Figure 2(e)). Figure 2(a) shows that the savanna and the tiger-bush surface have a very similar seasonal course in Rn. Daily averages of Rn vary between roughly 50 and 200 W m − 2. The lowest values are found during the ‘winter months’ occurring during the dry season, whereas the highest values were observed during the peak of the wet season. During the dry winter months, low Rn was the result of a combination of relatively low Rs,¡ (150 – 250 W m − 2 compared to spring and summer values of up to 300 W m − 2), as illustrated in Figure 2(b), high albedo values (approximately 0.24 and 0.27, for the savanna and tiger-bush, respectively compared to values of 0.17 and 0.22 at the peak of vegetation growth during the rainy season, see Figure 2(c)) caused by drying out of vegetation and soil, and low values of incoming longwave radiation (approximately 350 W m − 2 in contrast with summer values of up to 450 W m − 2, as shown in Figure 2(d), because of low atmospheric emissivity and relatively low air temperatures). Low values of R1,  during the winter months (Figure 2(e)), mainly a result of Rl,  relatively low air temperatures and hence lower surface temperatures, prevent Rn from becoming even lower. With increasing solar elevation and air temperatures during spring, both Rs,¡ and Rl,¡ and hence Rn, increase considerably, even though at the same time Rl,  increases. During these months, albedo stays virtually constant (Allen et al., 1994). After the onset of the rains, albedo values, especially those for the savanna, decrease rapidly, while Rs,¡ and Rl,¡ level off. The SEBEX groundbeat fluxes were measured with G-flux plates installed at a rather shallow depth (5 mm). However, to avoid the plate influencing the surface conditions through convective and radiation errors (Oke, 1987; Mayocchi and Bristow, 1995) such plates are usually installed at a greater depth (0.05 m, for example) with at least one temperature sensor placed between the plate and the surface in order to calculate heat storage in that layer. The shallow installation during SEBEX caused the vast majority of the daily averages to be positive, suggesting an apparent ongoing warming of the ground. Besides, when the evaporation front is below the plate, part of the measured G will originate from the evaporation process (Mayocchi and Bristow, 1995). This is an extra reason for measured G to be too positive during the wet season. Therefore, the annual course of the daily averaged G values for the four subsurfaces presented in Figure 3 has been corrected. For this graph, 5-day averages of G have been calculated to smooth the rather irregular character of this flux. Results from 1989 and 1990 have been combined and Figure 3, therefore, shows G against the day of year. To obtain Figure 3, the original data points have been shifted downwards (by −10 W m − 2 for Figure 3(a), and by −5 W m − 2 for Figure 3(b)), for reasons described above, to ensure an annual mean G of approximately 0 W m − 2. This shift resulted in a range of (wet season) values that was very similar to the daily averages calculated during the HAPEX–Sahel measurement campaign at similar sites in Niger (Verhoef, 1995). Figure 3(a) shows the daily average G-flux for the savanna understorey and the tiger-bush soil. Highest positive values are observed during the wet season, both for the savanna and tiger-bush. Figure 3(b) shows G as measured beneath the bushes. As a result of shading by the bush canopies, values are much smaller than for the fallow savanna understorey or tiger-bush bare soil and seasonal variation is hardly Copyright © 1999 Royal Meteorological Society
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Figure 2. Seasonal variation in daily mean Rn (a), daily mean Rs,¡ (b), area-averaged daily mean albedo (Rs, /Rs,¡) (c), daily mean Rl,¡ (d) and Rl,  (e) for the savanna and tiger-bush sites during the wet and dry seasons of SEBEX 1989 – 1990



present. Values for the Guiera bushes and the tiger-bush vegetation strips are similar. To calculate the average G value for the total surface, the coverages of the component surfaces have to be taken into account (as for Rn, see Equation (3)), leading to maximum absolute G values of approximately 8 W m − 2. These values of G are small compared to values for Rn, and it is therefore reasonable to assume that G (on a daily basis) is approximately 0. Directly measured H- and LE-fluxes, derived from composite Rn − H, are given in Figure 4 for both surfaces. Because of suspected problems with measurement of LE, especially for tiger-bush, resulting in relatively poor energy closure (Verhoef, 1995), values of LE presented in Figures 4 and 5 are the residual of the energy balance and not the direct measurements obtained from the eddy correlation technique. Figure 4 shows that H varies between roughly 10 W m − 2 (end of wet season) and 100 W m − 2 (end of dry season). A large scatter is observed, but a clear downward trend after the beginning of the rains occurs, which is clearly illustrated by the datapoints of 1990. During the rainy season, H over the Copyright © 1999 Royal Meteorological Society
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Figure 3. (a) Annual course of daily averages of G for the savanna understorey or tiger-bush soil and (b) G below the savanna bushes or tiger-bush vegetation strips. Daily averages are over 5-day periods and plotted at the middle of this interval. No distinction was made between the years 1989 and 1990



tiger-bush appears to be similar or slightly higher than H observed over the savanna. During the dry-out period (October– December 1989) however, H over the tiger-bush is considerably lower than over the savanna, for reasons explained below. The LE shows an opposite course; for the savanna, LE ranges from approximately 10 W m − 2 before the rains to 150 W m − 2 at the peak of the rainy season. Values for tiger-bush during the wet seasons are generally lower, but well after the rainy season in 1989 (i.e. November–December), LE of the tiger-bush is considerably higher than the savanna values. This is probably caused by the fact that the tiger-bush vegetation includes deeper rooting trees (such as Combretum nigricans) which allows the usage of deeper soil water (Wallace et al., 1992; Culf et al., 1993). The higher density of the vegetation strips also reduces evaporation from the underlying soil, thus enabling the vegetation to stay green longer. The majority of the undergrowth species in the savanna are shallowly rooted annuals and therefore die off quickly after the end of rains. Tiger-bush LE increases (early May 1990) before the real onset of rains (3 mm of rain fell on 7 May, after which no rainfall occurred until 23 May) which suggests that green leaf area already starts to develop in the dry season. This is a regularly observed phenomenon in these semi-arid regions (Von Maydell, 1990; Wallace et al., 1992). It is supposed that some Sahelian shrub species (among them Guiera senegalensis) have underground storage organs from which they extract water before and during the beginning of the wet season. Figure 5 shows the evolution of Bowen ratio, H/LE, during SEBEX. A 100-fold difference between wet and dry season was observed, with values ranging from approximately 0.1 to 10. Although tiger-bush



Figure 4. (a) H- and LE-fluxes for the SEBEX savanna (a) and tiger-bush (b) surfaces. LE is the residual term of the energy balance (Rn −H) Copyright © 1999 Royal Meteorological Society
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Figure 5. Bowen ratio evolution for savanna and tiger-bush during the years 1989 and 1990 of the SEBEX campaign



values are similar to, or higher than values observed for the savanna during the rainy period (as also observed during the 1992 HAPEX – Sahel campaign), values stayed practically constant during November and December 1989. Just before the onset of rains, the Bowen ratios for both vegetation types were very much alike. As can be seen in Figures 4 and 5, from January 1989 until May 1990 no atmospheric flux data were recorded. In order to reconstruct a continuous annual course, Equation (4) has been used. Plotting the H values measured with the eddy correlation technique against (Ts,1400 − Ta,max) led to values for the constants a and b as given in Table I. Values of Ts,1400 representing the vegetation strips only have been used for the tiger-bush. When average Ts,1400 values representing the total surface (i.e. Ts,1400 = 0.33Ts,1400 (vegetation)+0.67Ts,1400 (bare soil)) were used, correlation between (Ts,1400 − Ta,max) and measured H was very low. This can be explained by the fact that a large amount of the H produced by the bare soil patches is absorbed by the vegetation strips (Blyth and Harding, 1995) and converted to LE, and hence does not contribute directly to the measured vertical flux of H. This lateral exchange of energy will be much less for the savanna, where differences in surface temperature between the bushes and the understorey are relatively small. Furthermore, vertical exchange of (sensible) heat of the savanna understorey will be relatively efficient, compared to the tiger-bush bare soil, because of its greater roughness length. For the savanna, the average surface temperature, Ts,1400 = 0.19Ts,1400 (bushes)+0.81Ts,1400 (understorey), was therefore used. Table I gives the a values, which are very similar to values found by Lagouarde and McAneney (1992) and Søgaard (personal communication, 1994) for comparable surfaces. Correlation between measured and predicted H and LE was satisfactory. The coefficient a has been reported to change with momentum roughness length. Sandholt and Steen Andersen (1993), for example, allowed their a value to vary between 0.25 and 0.50, changing from the dry to the wet season. In the present case, a was kept constant. Although roughness length will have diminished slightly during the dry season as a result of partial leaf shedding, the main bluff-bodied shrub/tree structure remained, keeping roughness length at a relatively high value. Table I. Values of constants a and b in Equation (4) for savanna and tiger-bush; values of r 2 for H- and LE-flux predictions are also given



Savanna Tiger-bush



a



b



r2 (H versus Hest)



r2 (LE versus LEest)



0.18 0.20



−0.16 1.48



0.69 0.79



0.91 0.89



Copyright © 1999 Royal Meteorological Society
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Figure 6. Annual courses of H (a) and LE (b) heat for the SEBEX savanna and tiger-bush surfaces. H-fluxes are obtained with H= a(Ts,1400 −Ta,max)+ b where a and b are given in Table I. LE was found from (Rn −H). Negative values of LE were rejected



Figure 6(a) shows the annual course of Hest, as obtained from Equation (4), with a and b values as shown in Table I, for both savanna and tiger-bush. Highest values were calculated at the end of the dry season (April–May 1990) and lowest values at the end of the wet season (when green leaf area index is at a maximum), which is similar to the measured course of H. Figure 6(b) shows the annual course of LEest (Rn − Hest) for both surfaces. During a short period after the last rainfall in 1989, LEest for the tiger-bush is lower than LEest for the savanna (the latter having a green understorey). However, LEest of the savanna very soon falls below the values calculated for tiger-bush. During the dry season, the LE-flux seems to continue at a low rate for both surfaces, but especially for the tiger-bush location, which, as explained above, may be caused by the deeper rooting species (Moncrieff et al., 1997; Wallace and Holwill, 1997). The ongoing transpiration process probably uses part of the H originating from the bare soil patches (Blyth and Harding, 1995), which explains the comparatively low Hest depicted for tiger-bush in Figure 6(a).



4. CONCLUSIONS The annual course of the surface energy balance of two Sahelian surfaces (savanna and tiger-bush) has been presented. The net radiation of both surfaces appears to be very similar, with Rn varying between roughly 75 W m − 2 (dry winter months) and 175 W m − 2 (wet summer months) on a daily basis. During the winter months G had maximum values of about − 8 W m − 2, hence the soil was cooling down, while maximum values during the summer, were approximately +8 W m − 2, meaning that the soil was storing heat. This implies that G was usually around 5 –10% of Rn, so using G as 0 is a reasonable approximation. As a result of a lack of atmospheric flux measurements, especially during the dry season, a simple method was used where daily values of H can be found from maximum air temperature and surface temperature, Ts, at 14:00 h LST. It appeared to give good results for this Sahelian savanna and tiger-bush. This method was used to estimate the seasonal course of H and LE (found from Rn − H). This equation for estimation of H has been used before, but mainly for remote sensing purposes (Seguin et al., 1989; Sandholt and Steen Andersen, 1993), where instantaneous satellite data have been used to derive estimates of Ts and Rn. However, this type of application leads to a relatively high uncertainty in flux estimates as a result of the necessary corrections involved in remote sensing and because instantaneous estimates of Rn have to be converted empirically to daily averages. In this paper, Ts and Rn were obtained from ground-based hourly values, which improves the reliability of the H-flux estimates considerably. Copyright © 1999 Royal Meteorological Society
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The annual course constructed in this way, revealed that H varied between approximately 20 and 100 W m − 2, where the latter values were calculated just before the start of the rainy season. Generally, the savanna was found to have higher H values than the tiger-bush. During the wet season evaporation reached values of 100–150 W m − 2. Both surfaces appeared to exhibit some evaporation during the dry season: approximately 5–10 W m − 2 for the savanna and approximately 20 W m − 2 for the tiger-bush. The course of these fluxes is supported by secondary observations such as rooting depth and greenness of the vegetation, indicating that this method may be a useful tool, if gaps in long-term time series exist.
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