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Abstract The albedo (a) of vegetated land surfaces is a key regulatory factor in atmospheric circulation and plays an important role in mechanistic accounting of many ecological processes. This paper examines the influence of the phenological stages of maize (Zea mays) and cowpea (Vigna unguiculata) fields on observed albedo at a tropical site in Ghana. The crops were studied for the first and second planting dates in the year 2002. Crop management was similar for both seasons and measurements were taken from 10 m10-m plots within crop fields. Four phenological stages were distinguished: (1) emergence, (2) vegetative, (3) flowering, and (4) maturity. a measured from two reference surfaces, short grass and bare soil, were used to study the change over the growing seasons. Surface a was measured and simulated at sun angles of 15, 30, 45, 60, and 75. Leaf area index (LAI) and crop height (CH) were also monitored. Generally, a increases from emergence to maturity for both planting dates in the maize field but slightly decreases after flowering in the cowpea field. For maize, the correlation coefficient (R) between a and LAI equals 0.970, and the R between a and CH equals 0.969. Similarly, for cowpea these Rs are 0.988 and 0.943, respectively. A modified albedo model adequately predicted the observed as with an overall R>0.860. The relative difference in surface a with respect to the a values measured from the two reference surfaces is discussed. Data presented are expected to be a valuable input in agricultural water management, crop production models, eco-hydrological models and in the study of climate effects of agricultural P. G. Oguntunde ()) · N. van de Giesen Centre for Development Research (ZEF), University of Bonn, Walter-Flex-Strasse 3, 53113 Bonn, Germany e-mail: [email protected] Tel.: +49-228-734973 Fax: +49-228-731889 Present address: N. van de Giesen, Tu Delft, CiTG, Stevinweg 1, 2628 CN Delft, The Netherlands



production, and for the parameterization of land-surface schemes in regional weather and climate models. Keywords Phenology · Maize (Zea mays) · Cowpea (Vigna unguiculata) · Observed albedo · Modelled albedo



Introduction The albedo (a) of a surface is defined as the fraction of incoming short-wave solar radiation (wavelength=0.3– 3.0 mm) that is reflected by the surface. Surface a is one of the primary factors influencing ecological, biophysical and plant physiological processes as well as local and global climates (Yin 1998; Tooming 2002). The a of vegetated land surfaces is an important parameter in crop growth models, eco-hydrological models such as SoilVegetation-Atmosphere-Transfer schemes and in the study of water and energy fluxes of ecosystems. Information on a is crucial in accounting for such processes as evapotranspiration, photosynthesis, and surface temperature changes (Yin 1998; Giambelluca et al. 1999; Iziomon and Mayer 2002). Errors in a directly lead to uncertainties in computed net radiation, energy fluxes and in simulated global surface temperature (Sellers et al. 1996; Yin 1998). A review of the literature revealed that a number of a measurements (ground-based, aircraft or satellite) have been undertaken in the recent past (Standhill 1970; Pinker et al. 1980; McCaughey 1987; Ben-Gai et al. 1998; Song 1998, 1999; Iziomon and Mayer 2002). Although the data generated from these measurement procedures are not directly comparable, some general knowledge about surface a has emerged. For example, a of bare soil is affected by optical properties of the soil surface, solar zenith angle and degree of wetness or dryness of the soil surface (Idso et al. 1975; Matthias et al. 2000; Lobell and Asner 2002). a tends to decrease with vegetation height and leaf wetness, whereas a increases with leaf area index (LAI) (Jacobs and van Pul 1990; Linacre 1992; Cuf et al. 1995). Furthermore, effects of micrometeorological parameters, such as wind and dew have been reported. Wind
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speed and direction have been shown to cause canopy reinclination and hence lead to diurnal asymmetry in surface a, while dew could lead to a decrease in early morning a values (Minnis et al. 1997; Song 1998). The a of crop and agricultural fields is not constant, but changes during the growing season (Jacobs and van Pul 1990; Song 1999). After land preparation, the surface a is mainly determined by soil surface characteristics including roughness of the soil and moisture content of the topsoil. Close to the end of the cropping season, it is mostly determined by the physical condition of the canopy, crop height (CH), canopy architecture and LAI. The spectral properties of leaves change during the growing season showing different reflectance responses while these develop from young to old leaves (Ross 1975). The diurnal and seasonal course of surface a has been studied, specifically for grasslands, forestlands, and crop fields (Pinker et al. 1980; McCaughey 1987; Jacobs and van Pul 1990; Song 1999). From these studies, it appears that a is closely related to LAI and sun angle. A generally increasing trend was observed from crop emergence to peak green, followed by a slight decrease towards senescence. With respect to the diurnal variations, a decreases with solar elevation under clear sky conditions (Iziomon and Mayer 2002). The measurement of a has not yet received the same detailed attention in tropical Africa as it has in climatically more temperate parts of the globe. The African continent is a data-poor environment where this type of data is very scarce for different reasons. Non-availability of this type of data hinders research and modelling efforts in this region. This study was carried out to generate requisite a data especially at critical crop phenological or development stages during the growing season. This data collection effort is part of the on-going GLOWA Volta Project (www.glowa-volta.de) and will be of use in modelling land surface processes. Changes in a values were determined from in situ field measurements from maize and cowpea fields. The effects of crop development and sun angle on a were studied. Differences in as of bare soils and short grass with respect to crops at different growth stages: emergence, vegetative, flowering and maturity are presented. These phenological categories are often used in studies related to crop water requirements to isolate the most critical period of water use in crop growth and development (Alatise 2002; San Jose 2003). A baresoil reference surface was used to determine the relative magnitude of differences in a of the cropped field over the growing season. A short grass reference surface was used to quantify the difference between crop field a and the generally accepted and frequently used grass a, which is taken as 0.23 in many models. An additional objective is to parameterize a new a model and to compare simulated and measured a values.



Materials and methods Study area This study was conducted in the town of Ejura in Ghana (latitude 07200 N, longitude 01160 W). The investigation was carried out in the shaded box within the map of Ghana shown in Fig. 1. Ejura is a farming community with a population of about 200,000. Agricultural practices range from subsistence to large-scale commercial farming, maize and cowpea being the main crops cultivated in this area. The climate is wet semi-equatorial with a long, bimodal, wet season lasting from April to October, which alternates with a relatively short dry season that lasts from November to March. The vegetation type is derived transitional savannah. The major farming season begins in April and ends in July, while the minor season lasts from August to October. Mean annual rainfall and temperature, from 1973 to 1993, are 1,264 mm and 26.6C, respectively (Adu and Mensah-Ansah 1995. The geology is Voltaian Sandstone characterized by easily eroded flat-bedded sandstones, shales, and



Fig. 1 The study area is the shaded box within the map of Ghana



108 Table 1 Growth stages and weeks after planting (WAP) when the albedo (a) measurements were taken in both maize and cowpea fields



where al is the single leaf a, acq represents the a of a semi-infinite canopy, fcand fl are weighting factors for canopy and single leaf, which are also dependent on LAI and solar zenith angle as follows:



Growth stages



fl ¼ expðbLÞ



ð3Þ



Cowpea



fc ¼ 1  fl



ð4Þ



1 5 8 10



where b=0.5/cosq (assuming a spherical distribution of leaf angles) is the shadow area cast by a unit area of leaf that depends on the zenith angle (q). acq is computed with two equations to account for the direct and the diffuse components of radiation. For the direct component, acq1 is computed as



Crop field Maize



Emergence Vegetative Flowering Maturity



2 8 11 14



a



WAP WAP WAP WAP



b



WAP WAP WAP WAP



a



First maize planting date was 24 April 2002 and second planting date was 29 July 2002 b First cowpea planting date was 26 April 2002 and second planting date was 25 August 2002



mudstones. This has resulted in an almost flat and extensive plain between 60 m and 300 m above sea level (Dickson and Benneh 1995). Measurement procedures



acq1 ¼



bw ðm þ bÞð1 þ mÞ



where w is the scattering coefficient (leaf transmissivity plus reflectivity coefficients) and m ¼ ð1  wÞ1=2 . The diffuse component, acq2 , is computed by substituting b=1 in Eq. 5 (Song 1998). acq1 and acq2 are substituted in Eq. 2 in turn and the average ac is used for the overall computation of a (Eq. 1). The underlying soil a is also a variable parameter and is calculated as a function of soil wetness and the q of the sun according to: au ¼ auw þ auq



Measurements of a and other growth variables were carried out between the months of May and October 2002. One plot per crop, measuring 10 m10 m in size was demarcated on a farm field. The four phenological stages distinguished were: (1) emergence or emergences, (2) vegetative, (3) flowering, and (4) physiological maturity (Table 1). Incoming and reflected solar radiation was measured with a simple albedometer constructed from two pyranometers (Kipp & Zonen, Delft) horizontally positioned about 1.5 m above the surface. LAI was measured with a canopy analysis system (LAI-2000; LiCor, Lincoln, Neb.). Each sampling period, six plants were randomly sampled in the field for non-destructive measurements. CH, defined as the average of the heights from the ground to the top of the raised leaves of each plant, was measured with a long ruler with a resolution of 1 mm. The a measured from two surfaces, i.e. short grass and bare soil, was used as the reference value to study the relative difference in surface a over time (between planting and physiological maturity). The short grass was maintained at a height 0.05) for both plantings and



109 Table 2 Mean of five a values, leaf area index (LAI) and crop height (CH) for maize and cowpea fields during two planting dates in 2002 Crop



Maize



Cowpea



Phenological stage



Mean a First planting



Second planting



First planting



Second planting



First planting



Second planting



Emergence Vegetative Flowering Maturity Emergence Vegetative Flowering Maturity



0.179 0.232 0.270 0.276 0.204 0.252 0.260 0.253



0.196 0.242 0.254 0.256 0.195 0.242 0.261 0.245



0.48 2.77 4.02 4.47 0.57 4.13 5.38 4.05



0.42 2.55 3.70 4.21 0.45 3.92 5.02 4.02



0.11 1.00 1.81 1.82 0.05 0.51 0.63 0.71



0.09 1.10 1.76 1.76 0.05 0.49 0.58 0.66



LAI



during the corresponding growth stages. Maize a showed a gradual increase from emergence to maturity, while cowpea a increased from emergence to flowering and slightly decreased at the maturity stage. Both plantings showed similar trends of the measured parameters. The first and second planting data were therefore combined for mean comparison and least significant difference tests. From the ANOVA, a values for the maize field showed an overall significance (P0.94) indicate association of a with LAI and CH. The a of the crop fields changed considerably during the growing season. In the emergence stage, it is mainly influenced by soil optical properties and



Fig. 3a,b Mean percentage difference in a relative to the corresponding reference a at different phenological stages. a Bare tilled soil as reference surface and b short grass as a reference surface



other soil surface conditions. As the season progresses, the effects of the physical conditions of leaves and crop structures become more significant. This agrees with the findings of Ross (1975), Jacobs and van Pul (1990) and Song (1998). In Fig. 3b, percentage change with respect to the short grass reference surface is presented. The result shows a mixed picture of reduction during emergence and vegetative stages, while a slight increase occurs from flowering to maturity. During the growing season, a crop field may show the same radiation reflection behaviour as a short grass field. It would be very interesting to know if a certain period exists during the growing season, and in plant communities, when some or all of the vegetation reflects radiation almost equally. From our result, there appears to be an equality of average a somewhere between vegetative and flowering stages (Fig. 3b). Figure 4 shows a values measured and simulated for both maize and cowpea fields for five different sun positions. The a values were generally highest at the 15 sun angle and decreased with increasing solar elevation. The pattern of modelled and measured as is similar (Fig. 4). The optimized model parameter k=0.77 and 1.13 (Eq. 1) for maize and cowpea, respectively. However, the model underpredicts the actual values especially at lower sun angles. The rate of change of a with respect to sun angle is similar for both crops and the seasons. For the maize
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Fig. 4 Variations in observed and simulated a with sun angle in a emergence, b vegetative, c flowering, and d maturity stages. O Observed, M modelled, m maize, c cowpea



field, the a value increased from emergence (LAI4.2), but the difference in simulated values of a during flowering and maturity is less apparent (Fig. 4). This is similarly true for the cowpea, except that no difference between the vegetative stage and maturity is visible. Two goodness-of-fit statistics, R and MBE are presented in Table 5 for the comparison of model estimates and observed a values (first planting data only). R varies between 0.977 for flowering to 0.996 at maturity for maize, and MBE ranges from 0.0153 to 0.0042. The model seems to be more accurate for cowpea, where R ranges from 0.910 at emergence to 0.999 during the vegetative period. The MBE also varies between 0.0084 and 0.0027. The negative sign indicates underprediction and the positive overprediction. When the data are combined (maize and cowpea), the new model shows a genTable 5 Correlation coefficients (R) and mean bias error (MBE) to compare the simulated and the measured a values



Phenological stage



Emergence Vegetative Flowering Maturity Overall mean



Fig. 5 Comparison of the predicted and the observed a values in a maize field and b cowpea field. The 1:1 line represents the perfect prediction



erally good agreement with measured data (Table 4). The independent data set for the second planting date is compared with the modelled values in Fig. 5. Data points falling below the 1:1 line are the underestimated values while points above the line are overestimated. Conclusions The results of this study show that growth and development stages as well as sun angle influence surface a of a vegetated surface. The a variations caused by phenological stages were examined in relation to two reference surfaces, i.e. tilled bare soil and short grass. Relative differences in a values of maize were found to increase from emergence (3%) to physiological maturity (45%) in



Maize



Cowpea



Combined



R



MBE



R



MBE



R



MBE



0.996 0.977 0.993 0.995 0.990



0.0024 0.0042 0.0049 0.0153 0.0034



0.910 0.997 0.994 0.999 0.975



0.0003 0.0011 0.0084 0.0002 0.0018



0.958 0.983 0.987 0.933 0.965



0.0014 0.0027 0.0067 0.0078 0.0026
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response to increases in LAI and CH. For the cowpea field, a increased up to the flowering stage (37%) and decreased thereafter. For maize, cowpea and other crops with similar growth patterns, canopy structures and management practices, the expected increase in the average values of surface a during emergence, vegetative, flowering and maturity stages could be estimated based on these results, especially if the bare soil a after soil preparation is known. With respect to the short grass reference surface, it was observed that a values exist somewhere between the vegetated and flowering stages, which have about the same a values as the corresponding short grass. The generally assumed reference a of 0.23 may be more valid within this period. This result could be of importance in the study of radiative transfer in plant communities. The composed simple model could be used to generate good a values for maize and cowpea fields. Data presented are expected to be a valuable input in agricultural water management, environmental monitoring, crop production models, in the study of climate effects of agricultural intensification and the parameterization of land-surface schemes in regional weather and climate models. Acknowledgements Grant no. 07GWK01 (for the GLOWA Volta project) provided by the German Federal Ministry of Education and Research, with additional support from the State of North Rhine Westphalia, supported this study. The first author also thanks the German Academic Exchange Service (DAAD) for a scholarship award.
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