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ABSTRACT 

Land surface albedo plays a key role in the surface-atmosphere interaction, because it 

greatly influences the shortwave radiation absorbed by the surface. Surface albedo 

depends on soil characteristics and vegetation types. Error in the specification of albedos 

of soil and vegetation may cause biases in the computation of ground temperature and 

surface fluxes, therefore accurate albedo estimates are essential for an accurate simulation 

of the Earth’s climate. The study demonstrates the importance of MODIS data in 

assessing and improving albedo parameterization in weather forecast and climate models 

as well as the remote sensing retrieval of surface solar fluxes through a series of three 

papers. First, the NCAR Community Climate System Model (CCSM2) albedo (including 

monthly-averaged albedo, direct albedo at local noon, and the solar zenith angle 

dependence of albedo) is evaluated using the MODIS Bi-directional Reflectance 

Distribution Function (BRDF) and albedo data. The model and MODIS albedo 

differences are related to the deficiencies in the model simulation of snow cover and soil 

moisture and in the model's specification of leaf and stem area indexes. They are also 

partially caused by the deficiency of the two-stream method that does not consider the 

three-dimensional structure of vegetation. Second, motivated by these analyses, a new 

formulation for surface albedo is developed. Over desert, most land models assume that 

the bare soil albedo is a function of soil color and soil moisture but independent of solar 

zenith angle (SZA). However, the analysis of MODIS BRDF/albedo data and in situ data 

indicates that bare soil albedo does vary with SZA. Furthermore this SZA dependence is 

found to affect the surface energy fluxes and temperature in offline land surface model 

sensitivity tests. Finally, the MODIS BRDF algorithm is reformulated to derive a new 
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two-parameter scheme for the computation of land surface albedo and its SZA 

dependence for use in weather and climate models as well as the remote sensing retrieval 

of surface solar fluxes. In this formulation, the season− and pixel−dependent black-sky 

albedo at 60° SZA can be directly prescribed using the MODIS BRDF data while the two 

parameters are taken as a function of vegetation type only. Comparison of this 

formulation with those used in weather, climate, and data assimilation models (at NCAR, 

NCEP, and NASA) as well as those used in remote sensing groups (University of 

Maryland, ISCCP-FD, and CERES/TRMM) reveals the deficiencies in the land surface 

albedo treatment in these models and remote sensing retrieval algorithm along with 

suggestions for improvement. 
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1. INTRODUCTION 

 

1.1 Scope and Nature of the Research 

 

       The land surface plays an important role in determining exchanges of energy, 

momentum, water, heat, and carbon dioxide between the land surface and atmosphere 

[Dickinson, 1983; Sellers et al., 1997]. Land surface processes have been characterized in 

climate models by parameterizations that range from rather simple schemes to complex 

representations [Dickinson et al., 1993; Bonan, 1996; Sellers et al., 1996]. The questions 

are: 

Question 1: How realistic are these albedo parameterizations? and 

Question 2: How to develop better albedo schemes for land surface modeling and remote 

sensing retrieval of surface solar fluxes? 

 

      Satellite-based remote sensing is the only practical method to obtain information of 

global spatial sampling at regular temporal intervals and thus has the capacity to estimate 

accurately model parameters globally. A number of attempts have been made to derive 

gridded surface albedo based on remotely sensed data [Staylor and Wilber, 1990; Pinker 

and Laszlo, 1992; Li and Garand, 1994; Csiszar and Gutman, 1999; Strugnell et al., 

2001]. Wei et al. [2001] used the nadir surface albedos from the Advanced Very High 

Resolution Radiometer (AVHRR) data to evaluate the albedos of two land surface 

models [Dickinson et al., 1993; Bonan, 1996]. More recently, the MODIS BRDF and 

albedo data become available [Schaaf et al. 2002], which are of much better quality than 
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the AVHRR data [Justice et al., 2002; Guenther et al., 2002; Wolfe et al., 2002]. The 

question then becomes: 

Question 3: How can the MODIS BRDF/albedo data be used to address Questions 1 and 

2? 

 

      The overall goal of this dissertation research is to conduct comprehensive research to 

address these three questions through a series of three papers. 

 

1.2 Pertinence of and Background to the Research 

 

The pertinence of and background to the research are discussed in detail in each of the 

three papers (see Appendix A−C). In particular, this research includes: 

• extensive analysis of the global MODIS BRDF/albedo, land cover, and fractional 

vegetation data 

• detailed evaluation of the land surface albedo (including its seasonality and its 

dependence on SZA) for the NCAR community climate system model (CCSM) 

• analysis of in situ albedo data 

• sensitivity test using the NCEP Noah land model 

• evaluation of the albedo formulation in weather, climate, and data assimilation 

models at NCAR, NCEP, and NASA 

• evaluation of the albedo computed using the solar fluxes from three groups 

(ISCCP-FD, UMD, and CERES/TRMM) 

Final deliverables from this thesis research include 
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• a new 2-parameter albedo parameterization for modeling and remote sensing 

retrieval of solar fluxes 

• improved understanding of existing model treatments of albedo, and 

• improved understanding of surface albedos implied in remotely sensed surface 

solar flux datasets. 

 

2. PRESENT STUDY 

 

    The methods, results, and conclusions of the research carried out in support of this 

degree are presented in three Papers that are appended to this dissertation. Sections 2.1 − 

2.3 below summarize these papers and summarize the most important findings of each. 

Section 2.4 gives a list of the primary conclusions of the overall program of research 

described in this dissertation. 

  

2.1 Summary of Paper # 1: “Using MODIS BRDF and Albedo Data to Evaluate 

Global Model Land Surface Albedo”, Journal of Hydrometeorology, 5, 2004, pp 3 − 

13. 

 

      In this study MODIS albedo data were used to investigate the monthly averaged 

albedo from NCAR Community Climate System Model (CCSM2). The MODIS 

Bidirectional Reflectance Distribution Function (BRDF) was used to evaluate the model 

direct albedo at local noon and its solar zenith angle dependence from the simulations 

using CAM2/CLM2 (which represent the atmospheric and land components of the 
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CCSM2). The land surface albedo in the NCAR CCSM2 is computed from a two-stream 

method, which neglects canopy three-dimensional (3-D) geometry. Some previous 

studies [Yang et al., 2001; Yang and Friedl, 2003] show that commonly used two-stream 

model is strictly valid only for dense canopies and therefore cannot be applied to 

vegetation with obvious 3-D structure. The comparison of MODIS surface albedo data 

with those from global climate model provides the first step to improve the surface 

albedo parameterization in weather and climate models. 

 

(a) Comparison of the global distribution of land surface albedos from CCSM2 

with those from MODIS data 

 

     The way model time-averaged albedo is computed is different from the way satellite 

white-sky albedo is obtained. Our analysis shows that the MODIS white-sky albedo can 

be used directly to evaluate monthly averaged model albedo for snow-free case under the 

condition of nearly equal downward solar fluxes for VIS and NIR bands. The comparison 

indicates that the overall spatial pattern of model albedo is consistent with that of the 

MODIS data. The NCAR CCSM2 significantly underestimates albedo over deserts in 

North Africa and the Middle East. The model overestimates albedo by more than 0.05 

over parts of South America, southern Africa, and Australia. Over snow-covered areas, 

model albedo is much higher than the MODIS data. This error is may be partially due to 

an error in the coefficients used to convert narrowband albedo to broadband albedo. Our 

focus is on snow-free areas in this study. 
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(b) Seasonal variation of the CCSM2 albedo, MODIS average black-sky albedo, 

and MODIS white-sky albedo 

 

    Six model grid cells with different dominant plant functional types (PFT) were chosen 

in this comparison. Since the differences between the MODIS white-sky albedo and the 

16-day averaged black-sky albedo are usually very small, MODIS white-sky albedo is 

sufficient to evaluate monthly averaged albedo from regional or global models. For 

needleleaf evergreen trees, the CCSM2 albedo agrees with MODIS data well in summer 

months. However, the model albedo is much higher than the MODIS data during winter. 

For broadleaf deciduous tropical trees, the model albedo is consistent with MODIS data 

well. For broadleaf deciduous temperate shrub, the model underestimates the albedo from 

June to November. There is a relatively large difference between model and MODIS 

albedo in September and November. For C3 nonarctic grass, the CCSM2 albedo is 

slightly higher than MODIS data in August and September, but it is smaller in other 

months. 

 

(c) Evaluation of the solar zenith angle (SZA) dependence of model albedo  

 

     To better understand model versus MODIS albedo difference, the four components of 

surface albedo and their SZA dependence are further evaluated. The simulations using 

CAM2/CLM2 are carried out to obtain this output. The analysis shows that the 

differences between the model monthly averaged albedo and MODIS white-sky albedo is 

primarily contributed by the NIR direct albedo difference over most regions. For semiarid 
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and arid regions, the model specifies visible soil albedo and then obtains NIR albedos as 

a factor of 2 larger. However, the actual ratios from MODIS data is quite variable over 

different deserts. 

 

       Eleven model grid cells with different dominant PFTs and over different regions are 

chosen to evaluate the SZA dependence of the model albedo. The discussions are limited 

to SZA less than 70°. Result shows that both model and MODIS direct albedos decrease 

monotonically with cosine of SZA. However, the model direct albedo increases faster 

than MODIS data over most of these grid cells, resulting in a large black-sky albedo 

difference between model and MODIS in the morning or afternoon than at local noon. 

 

(d) Guidance regarding the improvement of albedo treatment in the model 

 

      These albedo differences between CCSM2 (or CAM2/CLM2) and MODIS are related 

to the deficiencies in the model simulation of snow cover and soil moisture and in the 

model’s specification of leaf and stem area indexes. The albedo biases are also partially 

caused by the deficiency of the two-stream method used to compute albedo in the model. 

The two-stream approximation does not include the effect of vegetation 3-D structure on 

the radiative transfer that is important for the computation of the land surface albedo and 

the absorbed solar radiation by canopy. The preceding analysis along with the MODIS 

BRDF/albedo data provide the first step to develop a BRDF−based radiative transfer 

scheme through canopy for land surface models that can realistically simulate the mean 

albedo and the SZA dependence of albedo. 
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2.2 Summary of Paper # 2: “The solar zenith angle dependence of desert albedo”, 

Geophysical Research Letter, 32, 2005, L05403, doi:10.1029/2004GL021835. 

     

       Land surface albedo plays a key role in the surface-atmosphere interaction, since it 

greatly influences the shortwave absorption and thus the surface temperature and 

turbulent heat fluxes. Surface albedo depends on soil characteristics and vegetation types. 

Error in the specification of soil albedo may cause biases in the simulated ground 

temperature and surface fluxes. The bare soil albedo is usually assumed to be a function 

of soil color and soil moisture but independent of solar zenith angle (SZA) in most land 

surface models. Remote sensing data from the satellite and aircraft platforms as well as 

field measurements have shown the anisotropy of bare soil surfaces and the SZA 

dependency of the soil albedo. The purpose of this study is to develop two simple 

formulations to represent the SZA dependence of bare soil albedo for weather and 

climate models as well as remote sensing retrieval of surface solar fluxes. 

 

(a) Data analysis 

 

     In this study, we analyzed all of the global 0.05° MODIS BRDF/albedo data available 

from 2000 to 2004. Only the data derived from full inversion under snow-free condition 

are used. Based on MODIS Land Cover Type (MOD12) and Fractional Vegetation Cover 

(FVC) dataset, thirty 0.05° pixels over different desert areas with zero FVC have been 

identified to examine the SZA dependence of bare soil albedo.  At each pixel, the black-
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sky albedo and its SZA dependence do not change much during all the 16-day periods. 

For each location, a median albedo among all the 16-day periods at each SZA may be 

obtained, which leads to a curve over all SZAs. The significant geographic variation of 

desert albedo found in this analysis is consistent with previous studies. In general, the 

albedo increases with SZA over each pixel, but its variation with SZA is quantitatively 

different over different pixels. The evaluation using field measurements shows that the 

MODIS BRDF model is able to capture the SZA dependence of surface albedo as shown 

by the field measurements.  

 

(b) Two simple bare soil albedo parameterizations 

 

     To adequately describe the SZA dependence of bare soil albedo as in the field 

measurements, a new albedo formulation is derived based on MODIS BRDF/albedo 

algorithm and data. Only the black-sky albedo at 60° SZA ( rα ) depend on season and 

location. The empirical parameters 1B  and 2B  are taken as the average of the ratios of the 

volumetric and geometric parameters over rα  for 30 pixels, respectively. The one-

parameter formulation has also been tested in this study. A more appropriate value for the 

empirical parameter can be determined by the weighted least square method. The 30-

pixel averaged standard deviations of the simulated albedos from the MODIS albedo are 

calculated to evaluate the performance of different albedo parameterizations. Both two-

parameter model and one-parameter model using the new value of C (0.15) are better 

than the white-sky albedo (i.e., without considering the SZA dependence).  
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(c) The impact of the SZA dependence on the land modeling 

 

     We have incorporated the two parameterizations into the Noah LSM and run the 

model using observations over a tiger bush site from HAPEX as the forcing data. The 

comparison of the 5-day averaged diurnal cycle in September shows that the absorbed 

solar radiation using the new 2-parameter formulation increases 20 2/ mW at local noon 

relative to the control simulation without considering the SZA dependence. About 76% 

of the extra solar energy goes into an increase in sensible heat flux while another 18% 

transferred into the soil. The remaining energy is primarily used to increase the ground 

temperature and is emitted as longwave radiation. In summary, the analyses of MODIS 

and in situ data indicate that the SZA dependency of soil albedo need to be considered in 

the land modeling and it can be adequately represented by the two simple formulations 

with the empirical parameters determined based on MODIS data. Further work is also 

needed to evaluate the impact of these formulations on the remote sensing retrieval of 

land surface solar fluxes.  

 

2.3 Summary of Paper # 3: “MODIS BRDF-based albedo parameterization for 

weather and climate models” 

 

       This paper describes a new two-parameter scheme (that was derived from MODIS 

BRDF algorithm and albedo data) to compute land surface albedo and its solar zenith 

angle (SZA) dependence for land modeling and remote sensing retrieval of surface solar 

fluxes. In this formulation, the season− and pixel−dependent black-sky albedo at 60° 
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SZA can be directly prescribed using the MODIS BRDF data while the two parameters 

depend on vegetation type only. Comparison of this formulation with those used in 

weather, climate, and data assimilation models (at NCAR, NCEP, and NASA) reveals the 

deficiencies in the treatment of SZA dependence and white-sky albedo in these models. 

Similarly, comparison of this formulation with those computed using the remotely-sensed 

solar flux data from three groups (University of Maryland, ISCCP-FD, and 

CERES/TRMM) shows that surface albedos from these datasets are at times unrealistic 

and suggestions are made regarding how to better treat the surface albedo and its SZA 

dependence in the retrieval of surface and atmospheric solar fluxes. 

 

(a) A new albedo parameterization  

 

      The comparisons of MODIS data with field measurements indicate that the MODIS 

BRDF formulation does a reasonable job at capturing the SZA dependence of surface 

albedo. However, it seems inconvenient to use this algorithm directly in models because 

of the need to specify three coefficients that vary with time and space. Motivated by a 

previous one-parameter albedo formulation, the MODIS BRDF algorithm is rewritten to 

develop a new two-parameter formulation. The empirical parameters used in this 

formulation are obtained from the MODIS data. To examine the SZA dependence of 

surface albedo for each vegetation type, forty pixels for each vegetation have been 

identified randomly over the globe. The overall SZA dependence for each pixel can be 

represented by the median curve among the 103 16-day periods from 2000 to 2004. The 

40-pixel averaged standard deviations of the modeled albedos from MODIS data were 
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calculated to analyze the uncertainty of the above assumption and to evaluate different 

albedo parameterizations. 

  

    (b) Comparison of the new scheme with those used in land modeling 

 

      The new albedo scheme is compared with those used in weather, climate, and data 

assimilation models (at NCAR, NCEP, and NASA). The vegetation albedo in the NCAR 

Community Land Model (CLM3) is computed from the complicated analytical solutions 

of the two-stream scheme for radiative transfer in plant canopies, which is only strictly 

valid for the dense canopy. In the NCEP Global Forecast System (GFS03), the surface 

albedo is calculated based on the previous one-parameter formulation. A different 

formulation is used in the current NCEP Climate Data Assimilation System (CDAS) as 

well as the regional Eta model. In the NASA Catchment land model, the black-sky albedo 

is a function of LAI, vegetation greenness fraction, and SZA. These comparisons reveal 

the deficiencies in the treatment of SZA dependence and white-sky albedo in these 

models. 

 

    (c) Comparison of the new scheme with those used in remote sensing 

 

    Our formulation is also compared with those computed using the remotely sensed solar 

flux data from three groups (University of Maryland, ISCCP-FD, and CERES/TRMM). 

The land surface solar fluxes from UMD were developed based on the International 

Satellite Cloud Climatology Project (ISCCP) D1 data. The surface albedo is computed 
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from the ratio of the all sky surface upward flux to all sky surface downward flux. The 

radiative flux data ISCCP-FD was produced using the NASA GISS radiative transfer 

code and improved ISCCP data. The surface albedo derived from the ISCCP-FD 

radiative fluxes is used to compare with the actual albedo from the new albedo scheme. 

Finally, the new scheme is compared with CERES albedo. The CERES SARB group uses 

a look-up table and the one-parameter formulation along with the TOA broadband albedo 

to estimate surface albedo. CERES/TRMM data provides a unique opportunity for 

comparing the surface albedo under all SZA conditions. The above comparisons indicate 

that surface albedos from these datasets are at times unrealistic and suggestions are made 

regarding how to better treat the surface albedo and its SZA dependence in the retrieval 

of surface and atmospheric solar fluxes. 

 

(d) Suggestions regarding the improvement of albedo treatment in land 

modeling and remote sensing 

 

     The MODIS BRDF/albedo product has been very useful in providing the surface 

albedo data to, and evaluating the existing surface albedos of, weather and climate 

models. A two-parameterization formulation was developed from MODIS BRDF 

algorithm for the computation of land surface albedo. This new formulation has been 

compared with those used in weather, climate, and data assimilation models. The NCAR 

CLM3 and NASA Catchment model come from a common heritage of the two-stream 

approximation, which does not realistically consider the shading effects of canopy. NCEP 

GFS03 may use our new C values in the one-parameter formulation for their simulation. 
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Although different remote sensing groups use different rediative transfer code in their 

products, they all adjust land surface albedos to match the computed TOA albedos with 

satellite observations. This adjustment procedure leads to some unrealistic values of 

surface albedo. 

 

2.4 Conclusions from this Doctoral Research Program 

 

     The research described in this thesis provided a substantial increase in the 

understanding of the difference in albedo treatment between model simulation and 

remote sensing data and an improvement in the representation of the surface albedo in 

weather forecast and climate models as well as the remote sensing retrieval of surface 

solar fluxes. The primary conclusions of this study are as follows. 

1. The albedo biases of CCSM2 (or CAM2/CLM2) from MODIS are probably 

caused by the deficiency in the model simulation of snow cover and soil moisture 

and in the model’s specification of leaf and stem area indexes, as well as the 

deficiency of the two-stream method in the model. The two-stream approximation 

does not include the shadow casting effect of vegetation on the radiative transfer. 

Both CCSM2 and MODIS black-sky albedo increase monotonically with 

increasing of SZA. However, the model albedo increases too fast with SZA 

relative to MODIS data. These analyses along with the MODIS BRDF/albedo 

data provide the first step to develop a BRDF−based radiative transfer scheme 

through canopy for land surface models that can realistically simulate the albedo 

and its the SZA dependence. 
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2. For bare soil albedo, the SZA dependence is important and should be taken into 

account in the models. Based on MODIS BRDF algorithm and albedo data, a new 

albedo parameterization is developed and is incorporated into the Noah LSM. The 

comparison of the 5-day averaged diurnal cycle in September shows that the 

absorbed solar radiation using the new 2-parameter formulation increases 20 

2/ mW at solar noon relative to the control simulation without considering the 

SZA dependence.  

3. For vegetation, the albedo is specified as constants (e.g., ECMWF) or computed 

from simple formulations (e.g., NCEP GFS03 or CDAS/regional Eta model) or 

computed from a radiation submodel for canopy plus underlying soil in most land 

surface models (e.g., using the two-stream approximation in CLM3). Our new 

albedo formulation can be directly used to improve the NCEP GFS03, NCEP 

CDAS and regional Eta model as well as the ECMWF land model. It can also be 

adopted by CLM3, but additional effects are still needed to further study the 

absorbed solar radiation within the vegetation canopy in the near future.  

4. The comparison of the new albedo formulation with those used in remote sensing 

retrieval of surface solar fluxes reveals that the adjustment procedure of matching 

model simulated TOA albedo with measurements leads to some unrealistic values 

of surface albedo. Additional studies are still needed to evaluate the impact of a 

more realistic albedo constraint on the remote sensing retrieval of surface and 

atmospheric solar fluxes. 
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Abstract 

 

        The land surface albedo in the NCAR Community Climate System Model (CCSM2) 

is calculated based on a two-stream approximation, which does not include the effect of 

three-dimensional vegetation structure on radiative transfer. The model albedo (including 

monthly-averaged albedo, direct albedo at local noon, and the solar zenith angle 

dependence of albedo) is evaluated using the MODIS Bi-directional Reflectance 

Distribution Function (BRDF) and albedo data acquired during July 2001 - July 2002. 

The model monthly-averaged albedos in February and July are close to the MODIS 

white-sky albedos (within 0.02 or statistically insignificant) over about 40% of the global 

land between 60°S and 70°N. However, CCSM2 significantly underestimates albedo by 

0.05 or more over deserts (e.g., the Sahara Desert) and some semi-arid regions (e.g., part 

of Australia). The difference between the model direct albedo at local noon and the 

MODIS black-sky albedo for the near-infrared (NIR) band (with wavelength > mµ7.0 ) is 

larger than the difference for the visible band (with wavelength < mµ7.0 ) for most snow-

free regions. For eleven model grid cells with different dominant plant functional types, 

the model diffuse NIR albedo is higher by 0.05 or more than the MODIS white-sky 

albedo in five of these cells. Direct albedos from the model and MODIS (as computed 

using the BRDF parameters) increase with solar zenith angles, but model albedo 

increases faster than the MODIS data. These analyses and the MODIS BRDF/albedo data 

provide a starting point towards developing a BRDF-based treatment of radiative transfer 

through canopy for land surface models that can realistically simulate the mean albedo 

and the solar zenith angle dependence of albedo. 



 34

A.1 Introduction 

 

      Land surface albedo describes the fraction of incoming solar energy reflected at a 

given point and time, and hence determines the surface temperature and 

evapotranspiration. It is strongly dependent on the solar zenith angle and the three-

dimensional structure of vegetation canopy (e.g., Yang et al. 2001; Schaaf et al. 2002). 

The climate response to changes in surface albedo has also been a topic of considerable 

study (e.g., Charney et al. 1977; Dickinson and Henderson-Sellers 1988; Xue and Shukla 

1993). 

 

      The land surface albedo in regional and global models can be specified using 

empirical observations or computed based on a radiation submodel for canopy plus 

underlying soil. The canopy component of the albedo can be expressed in terms of 

canopy optical properties (e.g., as a function of solar zenith angle) (Dickinson et al. 

1993), or through leaf optical properties (Bonan 1996), or as a hybrid (Zeng et al. 2002) 

which is based on canopy properties for large leaf area index (LAI) and leaf properties 

for small LAI. These approaches do not consider the three-dimensional structure of 

vegetation. For instance, in the two-stream approximation (Bonan 1996), the vegetation 

canopy is treated as a homogeneous, isotropically scattering turbid medium (parallel layer 

structure) overlying the substrate, where the optical depth of the canopy is determined by 

the canopy LAI, leaf angle distribution, and leaf optical properties (Yang et al. 2001).  
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     To evaluate and improve model treatment of surface albedo, Li and Garand (1994) 

used Earth Radiation Budget Experiment (ERBE) measurements to derive surface albedo 

(2.5° × 2.5°) from the top of atmosphere albedo. Csiszar and Gutman (1999) and 

Strugnell et al (2001) produced nadir surface albedos from the Advanced Very High 

Resolution Radiometer (AVHRR) data. Wei et al. (2001) used the latter to evaluate the 

albedos of two land surface models: the Biosphere-Atmosphere Transfer Scheme (BATS) 

(Dickinson et al. 1993) and the NCAR Land Surface Model (LSM) (Bonan 1996). They 

found that the models display a high bias as compared to the satellite observation in 

desert and semidesert regions. Both models also demonstrate a high bias over regions of 

winter snow. More recently, the MODerate-resolution Imaging Spectrometer (MODIS) 

Bi-directional Reflectance Distribution Function (BRDF) and albedo data become 

available (Schaaf et al. 2002). The MODIS albedo data are of much better quality than 

the AVHRR data (Justice et al. 2002; Guenther et al. 2002; Wolfe et al. 2002). In 

particular, the MODIS BRDF data enable us to better evaluate the solar zenith angle 

dependence of surface albedo.  

 

     Zhou et al. (2003) have used the MODIS albedo data to evaluate the land surface 

albedo from the Common Land Model (Zeng et al. 2002) and explored the reasons for the 

differences. Oleson et al. (2003) have also used the MODIS data to preliminarily evaluate 

the local-noon direct albedo of the NCAR Community Climate System Model (CCSM2) 

(Blackmon et al. 2001). Parallel with and complementary to these efforts, here we intend 

to evaluate the solar zenith angle dependence of albedo in the CCSM2 as well as model 

monthly averaged albedo and direct solar beam albedo at local noon using the MODIS 
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BRDF data. These studies as well as the MODIS BRDF/albedo data will also provide a 

good starting point towards the development of a BRDF-based treatment of radiative 

transfer within canopy for regional and global models. Section A.2 describes the 

treatment of surface albedo in CCSM2 and the retrieval of MODIS BRDF and albedo, 

while section A.3 evaluates the MODIS versus CCSM2 monthly averaged albedos. 

Section A.4 compares the MODIS versus model direct albedos at local noon and 

evaluates the solar zenith angle dependence of albedo in the model using the MODIS 

BRDF data. Section A.5 provides conclusions and further discussions. 

 

A.2 Model albedo and MODIS BRDF/albedo data 

 

A.2.1 Model albedo  

 

    The CCSM2 albedo is computed in its land surface component, i.e., the Community 

Land Model (CLM2) (Bonan et al. 2002a) which is primarily from the Common Land 

Model (CLM) (Zeng et al. 2002; Dai et al. 2003). The albedo at each time step consists of 

four components: direct and diffuse albedos for the visible (with wavelength mµλ 7.0< ) 

and near-infrared (with mµλ 7.0> ) bands. The monthly averaged total (i.e., direct plus 

diffuse) reflected and incoming solar radiation fluxes are standard CCSM2 output, and 

their ratio is referred to as the monthly averaged model albedo (Monteith 1973). This 

corresponds to the energy-weighted temporal average of instantaneous albedos. We will 

evaluate the 10-year averaged monthly albedo from the CCSM2 using the MODIS albedo 

data in section A.3. 
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      To evaluate the solar zenith angle dependence of model albedo, we have also run the 

simulation using CLM2 coupled with the Community Atmospheric Model (CAM2) 

(which is the atmospheric component of CCSM2) along with sea surface temperature and 

sea ice specified based on observational data. The four components of surface albedo at 

each hour will be evaluated using the MODIS BRDF and albedo data in section 4.   

 

      Both CCSM2 and CAM2/CLM2 have a horizontal resolution of 2.8° × 2.8° in the 

atmosphere. Each atmospheric grid cell over land is subdivided into up to 5 land cover 

types: glacier, lake, wetland, urban, and vegetation which includes 1 − 4 of the 17 plant 

functional types (PFTs) (including bare ground as one of the types, see Table A.1) 

(Bonan et al. 2002b). The fraction for each tile is specified and does not vary with time. 

Each PFT is assigned a set of time-invariant parameters: optical properties (leaf 

reflectance, transmittance, and orientation), morphological properties (canopy roughness, 

canopy zero plane displacement, inverse square root of leaf dimension, root fraction), and 

physiological properties. Time-variant parameters include leaf area index (LAI) and stem 

area index (SAI).  

 

      CLM2 separately computes albedos for soil, snow, and vegetation, and then takes the 

total albedo of a grid box (α ) as an average of these albedos weighted by the 

representative area fractions: 

                                vvsnsnss fff αααα ++=                                                    (A.1)     
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where α  refers to albedo, f  refers to fraction, and the subscripts s , sn , and v  stand for 

bare soil (and glacier, lake, and wetland, if their area fractions are greater than zero), 

snow, and vegetation, respectively. The summation of sf , snf , and vf  should be equal to 

unity. 

 

     The snow albedo ( snα ) is a function of grain size, soot and solar zenith angle 

(Wiscombe and Warren 1980). The snow fraction ( )snf  includes the fractions of bare soil 

and vegetation covered by snow ( ssnf ,  and vsnf , , respectively). ssnf ,  depends on bare soil 

roughness length and snow depth (Dickinson et al. 1993), while vsnf ,  depends on snow 

intercepted by canopy and leaf and stem area indexes (Bonan et al. 2002a). 

 

      The soil albedo ( sα ) is a function of prescribed soil color type and surface soil 

moisture but independent of solar zenith angle (Dickinson et al. 1993). The soil albedos 

for wavelength mµλ 7.0> are assumed to be twice those for mµλ 7.0<  (Dickinson et 

al. 1993). Note that while this ratio (of two) is not unreasonable on average, it does vary 

geographically based on the recent MODIS data analysis over deserts (Tsvetsinskaya et 

al. 2002). 

 

      The vegetation albedo ( vα ) for each PFT is obtained through the PFT-dependent leaf 

reflectance and transmittance, and through leaf orientation. These parameters are 

combined with soil albedo, leaf area index, and solar zenith angle by the two-stream 

approximation (Bonan 1996). 
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      CLM2 [including the computation of snow and soil albedos in Eq. (A.1)] is largely 

from the Common Land Model (CLM) (Zeng et al. 2002; Dai et al. 2003). However, 

vegetation albedo in CLM2 is computed based on the two-stream approximation of 

Bonan (1996), while the method in CLM is closer to a single scattering approach under 

the constraint that canopy albedo approaches the product of the leaf area and the 

prescribed single scattering of individual leaves (or approaches the prescribed albedo for 

thick canopy) as leaf-area index becomes small (or large). While the thick canopy albedo 

values in CLM [see Table A.2 of Zeng et al. (2002)] are based on the AVHRR data 

analysis (Wei et al. 2001), the vegetation optical properties in CLM2 [see Table A.4 of 

Bonan et al. (2002a)] are from a variety of sources (Dorman and Sellers 1989). Leaf and 

stem area indexes are required for the computation of vegetation albedo. Leaf area index 

(LAI) data as used in CLM and CLM2 are from the AVHRR data. Stem area index (SAI) 

is computed from the seasonal variation of LAI in CLM, and the seasonal variation of 

SAI in CLM2 is based on Bonan (1996). 

 

A.2.2 MODIS data 

 

     The global 1 km MODIS BRDF/albedo data were derived by coupling all available 

cloud-free, atmospherically-corrected, spectral surface reflectance observations over a 

16-day period with a semi-empirical, kernel-driven BRDF model (Lucht et al. 2000a; 

Schaaf et al. 2002). The MODIS data are provided in three visible (460, 555, and 659 

nm) and four near-infrared narrow bands (865, 1240, 1640, and 2130 nm ), which are 
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then used to infer the total shortwave ( mµ0.53.0 − ), visible ( mµ7.03.0 − ), and near-

infrared ( mµ0.57.0 − ) broadband albedos using the conversion coefficients in Liang et 

al. (1999).  

 

       If at least seven cloud-free observations of the surface are available during a 16-day 

period, a full model inversion is attempted. For those cases with insufficient or poor 

sampling, or a poor fit, a magnitude inversion is performed instead (Schaaf et al. 2002). 

This follows the scheme discussed in Strugnell and Lucht (2001) in which a priori 

archetypal BRDF shapes for each pixel are used as the "first guess" and then adjusted by 

the available observations. Land areas that remain completely cloud covered over a 16-

day period are designated with filled values (Schaaf et al. 2002). 

 

       Lucht et al. (2000a) employed the Ross-Li BRDF model with three parameters and 

kernels. The three parameters are an isotropic parameter ( isof ) (describing the nadir bi-

directional reflectance at nadir illumination), a radiative transfer or volumetric scattering 

parameter ( volf ), and a surface scattering or geometric optics parameter ( geof ). The 

general form of the semi-empirical model is a linear combination of kernels (Roujean et 

al. 1992; Schaaf et al. 2002): 

    ),,,()(),,,()()(),,,( Λ⋅Λ+Λ⋅Λ+Λ=Λ φϑθφϑθφϑθ geogeovolvoliso KfKffR      (A.2) 

where ),,,( ΛφϑθR  is the BRDF, θ  is solar zenith angle, ϑ  is view zenith angle, φ  is 

view-sun relative azimuth angle, and Λ  is waveband of width λ∆  (with λ being 

wavelength). volK  is called the RossThick kernel for its assumption of a dense leaf 
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canopy ( 1>>LAI ). It is a single-scattering approximation of radiative transfer theory by 

Ross (1981) consisting of a layer of small scatterers with uniform leaf angle distribution, 

a Lambertian background, and equal leaf transmittance and reflectance. geoK  is called the 

LiSparse kernel for its assumption of a sparse ensemble (no mutual shadowing permitted) 

of surface objects casting shadows on a Lambertian background. 

 

      Black-sky albedo ( )bsα is defined as the albedo in the absence of a diffuse 

component, and it is a function of solar zenith angle. White-sky albedo ( )wsα  is defined 

as the albedo in the absence of a direct component, and it is independent of solar zenith 

angle. These two extremes can be combined as a function of the diffuse skylight fraction 

( S ) for a representation of an actual albedo (Lucht et al. 2000a):  

                           ( ) ( ) ( ) ( )Λ⋅+Λ⋅−=Λ wsbs SS αθαθα ,1,                                       (A.3) 

 

The solar zenith angle dependence of albedo can be adequately approximated by 

polynomials (Schaaf et al. 2002; Lucht et al. 2000a, b). The black-sky albedo is then   

( ) ( ) ( ) ( ) ( ) ( )θθθα geogeovolvolisobs hfhff ⋅Λ+⋅Λ+Λ=Λ,                                   

               ( ) ( ) ( )32 307588.0070987.0007574.0 θθ ⋅+⋅−−⋅Λ+Λ= voliso ff  

                   ( ) ( )32 04184.0166314.0284909.1 θθ ⋅+⋅−−⋅Λ+ geof                         (A.4) 

where θ  is the solar zenith angle, and h is a known polynomial of θ . The white-sky 

albedo is obtained by integrating the black-sky albedo over all solar zenith angles: 

( ) ( ) ( ) ( ) ( ) ( )Λ⋅−Λ⋅+Λ=⋅Λ=Λ ∫
=

geovolisobsws fffd 377622.1189184.0sin,
2/

0

2
π

θ

θθαα     (A.5)                                
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       For each 16-day period, R in Eq. (A.2) is available from MODIS reflectance 

measurements, and volK  and geoK  are known functions of θ , ϑ , and φ  for each MODIS 

visible or near-infrared band. Equation (A.2) can then be used to obtain isof , volf , and 

geof , and Eqs. (A.4) and (A.5) are used to obtain the black-sky and white-sky albedos for 

each band. Finally these results are converted to the visible ( mµ7.03.0 − ), near-infrared 

( mµ0.57.0 − ), and shortwave ( mµ0.53.0 − ) broadband albedos using the empirical 

spectral-to-broad band conversion coefficients (Liang et al. 1999).  

 

     Satellite remote sensing provides a broad view of surface albedos due to its large 

spatial scale and coverage, but various factors complicate the retrieval of surface albedo 

from such measurements. Corrections are required for atmospheric effects in estimating 

surface albedo from satellite measurements made above the atmosphere. Remotely 

sensed data depend on the view and solar angles (i.e., the surface is not Lambertian), and 

thus BRDF must be used to reconstruct the albedo. In addition, narrow spectral albedos 

must be transformed to match the broadband used by climate models. Errors arise and 

may accumulate at each of the above steps. To partially address these limitations, the 

MODIS data also include flags to indicate the confidence level of the BRDF/albedo data. 

These limitations and validation of the MODIS data were further discussed in Jin et al. 

(2003) and Liang et al. (2002). In contrast, such flags were not available for the AVHRR 

albedo data (e.g., Csiszar and Gutman 1999).  

 

 



 43

A.3 Evaluation of CCSM2 monthly averaged albedo 

 

     As mentioned earlier, the standard output from most global climate models includes 

monthly averaged reflected and incoming solar radiation fluxes at surface, and their ratio 

is defined as the monthly averaged albedo. This would be consistent with the MODIS 

albedo computed using Eq. (A.3) weighted by the incoming solar fluxes. However, 

diffuse skylight fraction ( )S  is not readily available, and Eq. (A.3) can not be directly 

used. Since the white-sky albedo ( )wsα  represents the integration of the black-sky albedo 

over all solar zenith angles (see section A.2.2), it should be relatively close to the model 

albedo. Figures A.1 and A.2 compare the MODIS white-sky albedo from July 2001 and 

February 2002 (MOD43C1, provisional version 003) with the CCSM2 climatological 

albedo for the same months (averaged over 10 years). The quality flags indicate that the 

percentages of the MODIS data from full inversion are 49% in July (Fig. A.1) and 33% in 

February (Fig. A.2). If we only use the MODIS data over grid cells with full inversion, 

too much data would be eliminated. So, we decide to use all data with full/magnitude 

inversions, as in Oleson et al. (2003).  

 

      Figures A.1 and A.2 show that the overall spatial pattern of model albedo is 

consistent with that of the MODIS data. The model versus MODIS albedo differences are 

not statistically significant at the 95% level at 7.9% of the land grid cells between 60°S 

and 70°N in July (Fig. A.1d) and at 18.9% in February (Fig. A.2d). Furthermore, the 

albedo differences are within 0.02 in magnitude (which is the accuracy level of the 

MODIS data) at 38.1% of the land grid cells in July (Fig. A.1d) and at 19.8% in February 
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(Fig. A.2d). The CCSM2 albedo is lower by 0.05 to 0.2 than the MODIS albedo over 

deserts in North Africa and Middle East. Since the model albedos over these deserts were 

prescribed largely based on the AVHRR data in Wei et al. (2001), these differences 

reflect the differences between the AVHRR and MODIS albedos to certain degree, with 

the latter more accurate (e.g., Tsvetsinskaya et al. 2002). The model albedo is also higher 

by more than 0.05 over parts of the South America, Southern Africa, and Australia. Over 

Northern Hemisphere high latitudes, the model albedo in July is also higher by more than 

0.05 (Fig. A.1), as there is still (unrealistically) quite a bit of snow left in the model based 

on the distribution of the model snow water equivalent in July (figure not shown). Over 

snow-covered areas (e.g., the Northern Hemisphere high latitudes in February), Fig. A.2 

indicates a significantly higher model albedo than the MODIS data. In the completely 

snow-covered non-forested regions, this difference may be partially due to an error in the 

coefficients used to convert narrowband albedos to broadband albedos in situations of 

pure dry snow (Jin et al. 2002). This error, however, does not affect the MODIS albedo 

over the boreal zones (mixtures of snow and vegetation canopies). Note also that this 

artifact with respect to completely snow-covered regions is being rectified in the newer 

versions of the reprocessed MODIS data; however, we will focus on the snow-free areas 

only in this study. 

 

      In general, the difference field shown in Figs. A.1c and A.2c can be decomposed into 

two parts:  

   ( ) ( )albedoskywhiteMODISalbedoaveragedmonthlyCCSM −−2  

     ( ) ( )[ ]albedoaverageMODISalbedoaveragedmonthlyCCSM −= 2                         



 45

       ( ) ( )[ ]albedoskywhiteMODISalbedoaverageMODIS −−+                  (A.6)                             

where "MODIS average albedo" refers to the albedo computed using the MODIS 

BRDF/albedo data that is fully consistent with the model albedo. The first term on the 

right represents the deviation of CCSM2 albedo from MODIS average albedo due to 

model deficiency in the albedo parameterization, while the second term reflects the 

inherent difference in computing monthly averaged albedo in the model versus MODIS 

white-sky albedo. 

 

       For comparison with model monthly average albedos, we need to average MODIS 

albedos over solar zenith angle. Such an averaging requires weighting the black-sky and 

white-sky albedos with their appropriate incident solar fluxes over the month and diurnal 

cycles. However, because such fluxes are not readily available, we are forced to introduce 

some approximations. First, we assume that the VIS and NIR solar fluxes are 

approximately the same. That they are not exactly the same has been noted by Oleson et 

al. (2003). Second, rather than combine black-sky and white-sky albedos from MODIS, 

we compute the diffuse albedo and average black-sky albedo separately, and we expect 

them to bound the MODIS average albedo that we would be able to derive with the use of 

incident solar fluxes. In other words, the last term in Eq. (A.6) is expected to be smaller 

in magnitude than the difference between the MODIS white-sky albedo and the average 

black-sky albedo which is obtained by weighting the black-sky albedos with the cosine of 

the solar zenith angle over the diurnal cycle at the point being considered. Note that the 

MODIS black-sky albedo is computed from Eq. (A.4) using the 16-day BRDF parameter 

products (MOD43C2) (version 003). 
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      Figure A.3 shows the seasonal variation of the CCSM2 albedo, MODIS average 

black-sky albedo, and MODIS white-sky albedo over six model grid cells with different 

dominant PFTs (see Table A.2). As mentioned earlier, we focus on snow-free albedos 

(even though results for winter months are also given). Since the accuracy for MODIS 

albedos is evaluated to within ± 0.02, differences smaller than that are not regarded as 

significant. For all six locations in Fig. A.3, the differences between the MODIS white-

sky albedo and the 16-day averaged black-sky albedo are usually very small (particularly 

under snow-free conditions). Further computations for July 2001 indicate that the 

differences are smaller than 0.01 (or 0.02) in magnitude in 46.7% (or 78.3%) of the 

global land grid cells between 60°S and 70°N (figure not shown). Hence, the MODIS 

white-sky albedo is generally sufficient (under the assumption of nearly equal downward 

solar fluxes for the VIS and NIR bands) to evaluate monthly-averaged albedo from 

regional or global models. 

 

      For needleleaf evergreen trees in Fig. A.3a, the CCSM2 albedo agrees with the 

MODIS data well in June and July, but is slightly larger than the MODIS data in August 

and September. This indicates that results in a particular month (e.g., results in July in 

Fig. A.1c) are not necessarily indicative of results in other months. In Fig. A.3b, the 

CCSM2 albedo is consistent with MODIS data during summer. For needleleaf evergreen 

trees in Figs. A.3a and A.3b, the model albedo is much higher than the MODIS data in 

winter months, which is consistent with Fig. A.2c. For broadleaf evergreen trees (Fig. 

A.3c), model and MODIS albedos agree with each other very well. These values are also 
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consistent with in-situ measurements (Oguntoyinbo 1970; Pinker et al. 1980; 

Shuttleworth et al. 1984). The abrupt drop of MODIS albedo in early June 2002 and the 

larger seasonal variation of MODIS albedo than model albedo are related to the 

consistent cloud cover over this area. For instance, the very anomalous MODIS albedo in 

early June was flagged as poor quality because of consistent cloud cover, and hence was 

estimated based on the MODIS back-up magnitude inversion. 

 

      For broadleaf deciduous tropical trees (Fig. A.3d), the CCSM2 albedo also agrees 

with MODIS data well. For broadleaf deciduous temperate shrub (Fig. A.3e), the CCSM2 

albedo is lower than the MODIS albedo from June to November. The relative large 

model versus MODIS albedo differences in September and November may be caused by 

the difference between the actual precipitation during these periods of the MODIS data 

and the 10-year averaged model precipitation. In this location, the model leaf area index 

(LAI) values in September and November are 0.2 and 0.11, respectively, and much of the 

model albedo comes from the underlying soil. The dry soil albedos specified for this grid 

box are 0.18 and 0.36 in the VIS and NIR bands, respectively, and the corresponding 

saturated soil albedos are 0.09 and 0.18, respectively. Therefore, the model albedo in 

September and November is very close to wet soil albedo. For C3 non-arctic grass (Fig. 

A.3f), the CCSM2 albedo is slightly larger than the MODIS value in August and 

September, but it is smaller in other months. Because of a lack of snow at this location in 

the model (figure not shown), the CCSM2 albedo is much smaller than the MODIS value 

in December and January. 

 



 48

 

A.4 Evaluation of the solar zenith angle dependence of model albedo 

 

       In the previous section, we analyzed the global difference between MODIS white-

sky albedo and CCSM2 monthly-averaged albedo. This difference is primarily caused by 

model deficiency in the treatment of land surface albedo, rather than by the inherent 

difference in computing model monthly-averaged albedo and MODIS white-sky albedo. 

To better understand the results in Figs. A.1 and A.2, we further evaluate the four 

components of model albedo as well as their solar zenith angle dependence. 

 

       As mentioned earlier, hourly output of the four components of surface albedo was 

not saved in CCSM2 simulations. Therefore, we have run the CAM2/CLM2 to obtain this 

output. Global comparisons of model direct albedo with MODIS black-sky albedo at 

local solar noon averaged in July for the visible (VIS) and near-infrared (NIR) bands are 

shown in Figs. A.4 and A.5, respectively. Since direct albedo (as used by modelers) 

refers to the same quantity as black-sky albedo (as used by the MODIS team), hereafter 

we use direct albedo only in this section to avoid confusion. 

 

      Since NIR direct albedo ( )dN ,α  (Fig. A.5a, b) is much larger than VIS direct albedo 

dv,α  (Fig. A.4a, b) over snow-free surfaces, the model versus MODIS dN ,α  difference 

(Fig. A.5c) is larger in magnitude than the dv,α  difference (Fig. A.4c) over most regions 

and the differences between the model monthly-averaged albedo and MODIS white-sky 

albedo (Figs. A.1c and A.2c) is primarily contributed by the dN ,α  difference in Fig. A.5c 
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over most regions. For semiarid and arid regions, the model specifies visible soil albedos 

and then takes the NIR albedos as a factor of two larger. The actual ratio as given by 

MODIS is quite variable going from about 1.5 for the Chinese desert to well over 2 for 

some other deserts, possibly because this ratio is determined by the mineral content of the 

soil (Zhou et al. 2003). For instance, the model underestimates dN ,α  by about 0.2 over 

the Sahara Desert (Fig. A.5c), while it underestimates dv,α  by 0.02 to 0.1 (Fig. A.4c). 

Over some regions (e.g., eastern China, southern Africa), the dv,α  difference in Fig. A.4c 

and dN ,α  difference in Fig. A.5c are comparable in magnitude and are of the same sign. 

Over some other regions (e.g., most parts of Australia), these two differences are of 

opposite sign but the dN ,α  difference is larger in magnitude. 

 

      These conclusions are also supported by results in February over snow-free surfaces 

(figures not shown). For snow-covered regions, however, dv,α  is generally larger than 

dN ,α , and the model versus MODIS dv,α  difference is as large as the dN ,α  difference 

(figures not shown). 

 

      Next, we evaluate the solar zenith angle ( )θ  dependence of the model albedo over 11 

grid cells with different dominant PFTs and over different regions (Table A.2). We only 

choose the grid cells without fractional covers for glacier, urban, wetland, and lake. The 

fractional covers for the dominant PFTs in 9 of the 11 grid cells are larger than 50%. 

They are larger than 40% in the other two grid cells (PFTs 6 and 9) because of the 

existence of four PFTs (each with more than 10 % area coverage) within each grid cell. 



 50

Hourly output of the four components of CAM2/CLM2 albedo for a 16-day period (July 

12 - 27, 2001) are used. The model albedos fall in individual clusters that result from the 

sampling at the same hour but with seasonal variations changing the sun angle slightly 

from day to day. The MODIS direct albedo as a function of θ  is obtained from Eq. (A.4) 

using the MODIS BRDF parameters for the same location and period. Results are shown 

in Fig. A.6 for PFT 2 (needleleaf evergreen boreal tree) and PFT 13 (C3 non-arctic 

grass). For solar zenith angles larger than 70°, the input surface reflectances for retrieval 

are usually poor, and the polynomial representation in Eq. (A.4) is not as good either 

(Lucht et al. 2000a). Therefore, our discussions are limited to solar zenith angle less than 

70°. 

 

       Figure A.6 shows that both model and MODIS direct albedos decrease 

monotonically with θcos . However, the model direct albedo increases too fast with the 

increase of solar zenith angle (or with the decrease of θcos ). This is also the case for 

most PFTs in Table A.2. The model overestimates VIS direct albedo and underestimates 

NIR direct albedo for PFT 2 (Fig. A.6a). The model (VIS and NIR) direct albedo is closer 

to the MODIS albedo at local noon (i.e., at a higher θcos ) than in the morning or 

afternoon for PFT 13 (Fig. A.6b). We have also chosen 4 different grid cells with the 

dominant vegetation being PFT 2 or PFT 13, and the solar zenith angle dependence is 

quite similar to those in Fig. A.6 (figures not shown).  

 

       Figure A.7 shows the 10th, 25th, 50th, 75th, and 90th percentiles of the differences 

between the model and MODIS direct albedos for the 11 grid cells in Table A.2. The 50th 
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percentiles (or median differences) are also given in Table A.3 for convenience. The 

difference between the model VIS direct albedo and MODIS data is between 0.02 and 

0.03 in magnitude for PFTs 4 and 10-12, and is less than 0.02 in magnitude for other 7 

cells (Table A.3). In contrast, the difference for the NIR band is between 0.06 and 0.11 in 

magnitude for PFTs 7, 9, and 12, and is equal to or less than 0.02 in magnitude for other 

8 cells (Table A.3). Figure A.7a shows that the difference between the 90th and 10th 

percentiles for the VIS band is less than 0.02 for all grid cells except for PFT 13, while 

Fig. A.7b demonstrates that the corresponding difference for the NIR band is less than 

0.02 for only 6 cells (PFTs 2-4, 7, 10, and 11), and is as large as 0.1 for PFT 13 and 0.07 

for PFT 12. 

 

      The model diffuse albedo and MODIS white-sky albedo are independent of θcos , 

and their differences in the VIS and NIR bands for the 11 grid cells in Table A.2 are 

given in Table A.3. The CAM2/CLM2 diffuse albedos usually have a higher bias (in 

magnitude) compared to that of MODIS in the median comparison. Since the diffuse 

albedo integrates over the upward hemisphere [e.g., Eq. (A.5)], it has large contributions 

from sky near the horizon, where direct albedos are generally higher (e.g., Fig. A.6), 

approximately half from zenith angles greater than 60°. In contrast, for PFT 2 or 13 in 

Fig. A.6, the median direct albedo difference for the VIS or NIR band corresponds to a 

solar zenith angle of about 45°. Note that the computation of diffuse albedo in the two-

stream method (Bonan 1996) is somewhat different from the computation of MODIS 

white-sky albedo in Eq. (A.5). Therefore, even though the model NIR direct albedo is 
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lower than the MODIS NIR direct albedo for PFT 2 in Fig. A.6a, the corresponding 

model diffuse albedo is actually higher than the MODIS white-sky albedo (Table A.3). 

 

A.5 Conclusions and further discussions 

 

      Land surface albedo directly affects surface energy and water balance. Monthly-

averaged albedo represents the ratio of the total reflected to incoming solar radiation, and 

is one of the standard output variables from global models. The recent availability of the 

MODIS BRDF/albedo data makes it possible to evaluate and improve the treatment of 

albedos in global models. However, the way model time-averaged albedo is computed is 

different from the way satellite white-sky albedo is obtained. Through the analysis of 

MODIS white-sky and black-sky albedo data, the above difference is found to yield 

relatively small inherent differences in model-averaged albedo and MODIS white-sky 

albedo. In other words, under the condition of nearly equal downward solar fluxes for the 

VIS (with wavelength mµλ 7.0< ) and NIR ( mµλ 7.0> ) bands, the MODIS white-sky 

albedo can be, to a large degree, used directly to evaluate monthly-averaged model 

albedo values over snow-free grid cells. 

 

       The difference between the monthly-averaged albedo from the NCAR CCSM2 

versus the MODIS white-sky albedo in February and July is within 0.02 or statistically 

insignificant over about 40% of the global land between 60°S and 70°N (e.g., tropical 

forests). However, the model significantly underestimates albedo throughout the whole 

year over deserts (e.g., the Sahara Desert). The model versus MODIS albedo difference 
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can also be larger than 0.05 over some other regions, particularly over semi-arid regions 

(e.g., Australia). These results are consistent with the previous study of Wei et al. (2001) 

in which the BATS and LSM models were found to contain significant errors in albedos 

over desert and semi-desert regions and winter snow compared with the AVHRR data.  

 

      To better understand these differences, we have carried out simulations using the 

CAM2/CLM2 (which represent the atmospheric and land components of the CCSM2) 

and saved the hourly output of the four components of model albedo, including the direct 

and diffuse albedos for the VIS and NIR broad bands. Then, the model direct albedos at 

local noon for the VIS and NIR broad bands were evaluated using the MODIS direct (i.e., 

black-sky) albedo data. Because the NIR direct albedo ( dN ,α ) is usually much larger than 

the VIS direct albedo ( dv,α ) over snow-free surfaces, the dN ,α  difference between 

CAM2/CLM2 and MODIS is found to be larger than the dv,α  difference over most snow-

free regions (e.g., the Sahara Desert). However, over some regions, these differences may 

be of comparable magnitude with the same signs (e.g., over southern Africa) or opposite 

signs (e.g., over part of Australia). 

 

       We have also selected 11 grid cells with different dominant plant functional types to 

evaluate the solar zenith angle dependence of the CAM2/CLM2 albedo. Model diffuse 

albedo in the NIR band is found to be larger by 0.05 or more than the MODIS white-sky 

albedo over 5 of these grid cells. In contrast, its difference from the MODIS data in the 

VIS band is within 0.02 in magnitude in 9 of these cells. Both MODIS and model direct 

albedos generally increase with the increase of solar zenith angle. However, model direct 
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albedo usually increases faster than MODIS data over most of these grid cells, resulting 

in a larger black-sky albedo difference between model and MODIS in the morning or 

afternoon than at local noon. 

 

      These albedo differences between CCSM2 (or CAM2/CLM2) and MODIS are related 

to the deficiencies in the model simulation of snow cover and soil moisture and in the 

model's specification of leaf and stem area indexes, as explored in a complementary 

study (Zhou et al., 2003). The LAI and SAI of CLM2 are tightly linked to the magnitude 

of the albedo biases primarily over snow-covered regions because of the use of LAI and 

SAI in computing the fraction of canopy covered by snow (Zhou et al. 2003). For snow-

free regions, LAI and SAI could also be important over thin canopies if the canopy and 

soil albedos are quite different. PFTs used in the CCSM2 were based on the global 1-km 

land cover data, as derived from the AVHRR data (Bonan et al. 2002b). Since these land 

cover data are somewhat different from the MODIS land cover data, the misclassification 

of land cover type may also contribute to the albedo difference between the model and 

MODIS data. Over regions with consistent cloud cover, the albedo difference between 

the model and MODIS data may also be partially caused by the uncertainty of the 

MODIS data based on the magnitude (rather than full) inversion. The albedo biases are 

also partially caused by the deficiency of the two-stream method used to compute albedo 

in the model. The two-stream approximation does not include the effect of three-

dimensional structure in vegetation on the radiative transfer that is important for the 

computation of the land surface albedo and the percentage of solar radiation absorbed by 

the canopy. For example, Yang et al. (2001) showed that the solar radiation flux absorbed 
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by the vegetation canopy and the substrate using the two-stream method can vary by up 

to 25% relative to that computed by a more realistic approach that considers the impact of 

three-dimensional vegetation structure on radiative transfer, even for relatively dense 

canopies. The preceding analyses combined with the MODIS BRDF albedo data provide 

a starting point towards developing a BRDF-based treatment of radiative transfer through 

canopy for land surface models that can realistically simulate the mean albedo and the 

solar zenith angle dependence of albedo. 
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Table A.1 Plant functional types (PFTs) as used in CLM2. 

 

PFT Description 

0 Not vegetated 

1 Needleleaf evergreen temperate tree 

2 Needleleaf evergreen boreal tree 

3 Needleleaf deciduous boreal tree 

4 Broadleaf evergreen tropical tree 

5 Broadleaf evergreen temperate tree 

6 Broadleaf deciduous tropical tree 

7 Broadleaf deciduous temperate tree 

8 Broadleaf deciduous boreal tree 

9 Broadleaf evergreen shrub 

10 Broadleaf deciduous temperate shrub 

11 Broadleaf deciduous boreal shrub 

12 C3 arctic grass 

13 C3 non-arctic grass 

14 C4 grass 

15 Corn 

16 Wheat 
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Table A.2 Location of 11 model grid cells with different dominant plant functional types 

(PFTs) along with their fractional area coverages. Each PFT is given in Table A.1. PFTs 

1, 2, and 4, 6, 10, and 13 are used in Fig.A.3, and PFTs 2 and 13 in Fig. A.6. All PFTs are 

used in Fig. A.7 and Table A.3. 

  

PFT Area Coverage (%) Center Latitude / Longitude Geographic Region 

1 53 (51.6°N, 120.9°W) Canada 

2 61 (57.2°N, 120.9°W) Canada 

3 57 (62.8°N, 115.3°E) Siberia 

4 79 (4.2°S, 73.1°W) Amazon 

6 44 (12.6°S, 53.4°W) Brazil 

7 60 (37.6°N, 81.6°W) U. S. 

9 43 (40.5°N, 8.4°E) Italy  

10 100 (20.9°S, 123.8°E) Australia 

11 91 (65.6°N, 90.0°E) Siberia 

12 82 (57.2°N, 132.2°E) Russia 

13 98 (46.0°N, 115.3°E) Mongolia 
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Table A.3 The median difference between the CAM2/CLM2 hourly direct albedo and 

MODIS direct albedo for a 16-day period (July 12-27, 2001) and the difference between 

the model diffuse albedo and MODIS white-sky albedo for the same period in the VIS 

and NIR bands for the 11 grid cells with different dominant PFTs (see Table A.2). 

Median Direct Albedo Difference Diffuse albedo difference PFT 

VIS NIR VIS NIR 

1 -0.01 0.01 -0.00 0.06 

2 0.01 -0.02 0.02 0.02 

3 0.00 -0.01 0.01 0.02 

4 -0.02 0.00 -0.01 0.05 

6 0.01 0.02 0.02 0.07 

7 0.00 -0.06 0.01 -0.02 

9 0.01 0.09 0.02 0.13 

10 0.02 -0.02 0.02 -0.04 

11 -0.02 -0.02 -0.01 0.02 

12 0.03 0.11 0.05 0.17 

13 0.00 0.02 0.03 0.09 
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Figure A.1 The global distribution of land surface albedo in July. (a) MODIS white-sky 

albedo ( wsα ) in 2001; (b) CCSM monthly albedo averaged over 10 years; (c) CCSM2 

albedo − MODIS wsα ; (d) Significant (at 95 %) albedo differences in (c).  
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Figure A.2 Same as Fig. A.1 except for February (MODIS data from February 2002 and 

model albedo averaged over 10 years). 
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Figure A.3 The seasonal variation of the 16-day MODIS white-sky albedo, CCSM2 

monthly averaged albedo, and 16-day averaged MODIS black-sky albedo over three grid 

cells with different dominant PFTs. (a) PFT 1: needleleaf evergreen temperate tree 

(51.6°N, 120.9°W); (b) PFT 2: needleleaf evergreen boreal tree (57.2°N, 120.9°W); (c) 

PFT 4: broadleaf evergreen tropical tree (4.2°S, 73.1°W); (d) PFT 6: broadleaf deciduous 

tropical tree (12.6°S, 53.4°W); (e) PFT 10: broadleaf deciduous temperate shrub (20.9°S, 

123.8°E); and (f) PFT 13: C3 non-arctic grass (46.0°N, 115.3°E). 
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Figure A.4 The global distribution of the CAM2/CLM2 direct albedo and MODIS direct 

albedo at local noon averaged in July 2001 for the visible (VIS) broadband. 
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Figure A.5 Same as Fig. A.4 except for the near-infrared (NIR) broadband.  
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Figure A.6 Comparison of the solar zenith angle (θ ) dependence between the 

CAM2/CLM2 hourly direct albedo and MODIS direct albedo for (a) PFT 2: needleleaf 

evergreen boreal tree (57.2°N, 120.9°W); and (b) PFT 13: C3 non-arctic grass (46.0°N, 

115.3°E). Since the MODIS BRDF data at θ ≥  70° are not as reliable as at a lower θ , we 

show results with θ ≤  70° only. Model results are based on the CAM2/CLM2 hourly 

output for a 16-day period (July 12 - 27, 2001). The MODIS direct albedo data are 

obtained from Eq. (4) using the MODIS BRDF parameters for the same period. 
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Figure A.7 The 10th, 25th, 50th, 75th, and 90th percentiles of the differences between 

the CAM2/CLM2 hourly direct albedo and MODIS direct albedo (a) in the VIS band; and 

(b) in the NIR band for the 11 grid cells with different dominant PFTs (see Table A.2). 
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Abstract 

 

[1]  Most land models assume that the bare soil albedo is a function of soil color and 

moisture but independent of solar zenith angle (SZA). However, analyses of the 

Moderate Resolution Imaging Spectroradiometer (MODIS) Bidirectional Reflectance 

Distribution Function (BRDF) and albedo data over thirty desert locations indicate that 

bare soil albedo does vary with SZA. This is further confirmed using the in-situ data. In 

particular, bare soil albedo normalized by its value at 60° SZA can be adequately 

represented by a one-parameter formulation (1+C)/(1+2C*cos(SZA)) or a two-parameter 

formulation (1+B1*f1(SZA)+B2*f2(SZA)). Using the MODIS and in-situ data, the 

empirical parameters C, B1, and B2 are taken as 0.15, 0.346 and 0.063. The SZA 

dependence of soil albedo is also found to significantly affect the modeling of land 

surface energy balance over a desert site.  INDEX TERMS: 3322 Meteorology and 

Atmospheric Dynamics: Land/atmosphere interactions; 3359 Meteorology and 

Atmospheric Dynamics: Radiative processes; 3360 Meteorology and Atmospheric 

Dynamics: Remote sensing. 
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B.1 Introduction 

 

[2]  Land surface albedo is an important factor in climate modeling, because it regulates 

the shortwave radiation absorbed by the surface. Surface albedo depends on soil 

characteristics and vegetation types. Error in the specification of soil albedo may cause 

biases in the computation of ground temperature and surface fluxes. In most land surface 

models (LSMs), the bare soil albedo is assumed to be a function of soil color and soil 

moisture but independent of solar zenith angle (SZA). Furthermore, most LSMs assume a 

uniform albedo over most desert areas.  

 

[3] Satellite data have convincingly shown the significant geographic variation of desert 

albedo [Tsvetsinskaya et al., 2002; Wang et al., 2004], and they can be directly used in 

LSMs to address the uniformity assumption above. Remote sensing data from the satellite 

and aircraft platforms as well as field measurements have also shown the anistropy of 

bare soil surfaces, because soils have relatively opaque vertical structures that cause dark 

shadows [Kimes, 1983]. For instance, Monteith and Szeice [1961] showed that the 

measured bare soil albedo increases from 0.16 at 30° SZA to 0.19 at 70° SZA with a 

daily mean of 0.17. Idso et al. [1975] found that, on average, the curves of albedo as a 

function of the SZA for wet and dry conditions are identical in shape. Ranson et al. 

[1991] compared the albedo computed from two integration methods with simultaneously 

acquired in-situ data. The albedo obtained for the bare soil also increase for sun angles 

away from solar noon. The purpose of this study is to develop two simple formulations to 
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represent the SZA dependence of bare soil albedo for weather and climate models and for 

the remote sensing retrieval of surface solar fluxes. 

  

B.2 Data analysis 

[4]  The global 0.05° Moderate-Resolution Imaging Spectroradiometer (MODIS) 

bidirectional reflectance distribution function (BRDF) and albedo Climate Modeling Grid 

(CMG) data (Version 4) are used in this study. The underlying 1-km BRDF/albedo data 

were derived by coupling all available cloud-free, atmospherically corrected, spectral 

surface reflectance observations over a 16-day period with a semi-empirical, kernel-

driven BRDF model [Schaaf et al., 2002]. The MODIS data are provided in three visible 

(460, 555, and 659 nm) and four near-infrared narrow bands (865, 1240, 1640, and 2130 

nm), which are then used to infer the total shortwave (SW, 0.3 - 5.0 µm), visible (VIS, 

0.3 - 0.7 µm), and near-infrared (NIR, 0.7 - 5.0 µm) broadband black-sky (or direct) and 

white-sky (or diffuse) albedos. These data are reprojected and averaged to a 0.05° grid, 

and the presence of snow and the quality of the majority of the BRDF inversions are 

stored for each gridbox. Only the data derived primarily from full inversion under snow-

free condition are used. Furthermore, we analyze all of the BRDF data available from 

2000 to 2004. Based on MODIS Land Cover Type (MOD12) and Fractional Vegetation 

Cover dataset derived from MODIS NDVI data, we have identified thirty 0.05° pixels 

over different desert areas with zero fractional vegetation cover to examine the SZA 

dependence of bare soil albedo. These pixels are selected to represent each of the major 

deserts of the world and their exact locations are available from the lead author. 
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[5]  At each pixel, the black-sky albedo and its SZA dependence do not change much 

during all the 16-day periods. For instance, for the albedo at 60° SZA over a pixel 

(25.975°N, 5.075°E) in Africa, the interquartile ranges (IQRs); i.e., the differences 

between the 25th and 75th percentiles, are 0.013 and 0.010 for the VIS and NIR bands, 

respectively. Since the soil moisture effect on surface albedo would be minimal over this 

desert location, these small variations in black-sky albedo are probably primarily caused 

by the uncertainty of MODIS data themselves, although in some places, there may be a 

subpixel vegetation contribution as well. For each location, there is a median albedo 

among all the 16-day periods at each SZA, so a curve can be obtained from median 

albedos over all SZAs. Figure 1a,b shows these median SZA dependence curves of black-

sky albedo over all thirty pixels. The significant geographic variation of desert albedo is 

consistent with previous studies [Tsvetsinskaya et al., 2002; Wang et al., 2004]. For 

instance, the IQRs of the black-sky albedos at 60° SZA are 0.065 and 0.116 in the VIS 

and NIR bands, respectively. To see the SZA dependence more clearly, we normalize 

each curve in Fig. B.1a,b by its value at 60° SZA, and results are shown in Fig. B.1c,d. 

While the albedo increases with SZA over each pixel, its variation with SZA is 

quantitatively different over different pixels. 

 

[6] The SZA dependence of the MODIS surface albedo has been evaluated using field 

measurements which include a desert site at the Surface Radiation Budget Network. A 

case study over three stations reveals that the MODIS BRDF model is able to capture the 

SZA dependence of surface albedo as shown by the field measurements [Jin et al., 2003]. 

Complementary to this study, here additional in-situ data are used to further evaluate the 
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MODIS data. We use the 0.05° (~5km) MODIS data to compare with heritage field 

measurements collected at a single location. Figure B.2a compares the MODIS data with 

surface measurements over a plowed field in Tunisia, Africa in April 1983 [Pinty et al., 

1989]. MODIS black-sky albedos are much higher than surface observations in both the 

VIS and NIR bands, possibly because of different surface conditions (including soil 

moisture) in April between 1983 and 2001 and because of the inherent difference 

between a point measurement and satellite measurements in a 0.05° grid. These 

differences are also contributed, to a lesser degree, by the comparison of the MODIS 

black-sky albedo with the in-situ measurements of true albedo that is a weighted average 

of direct and diffuse albedos. To better compare the SZA dependence, we normalize each 

curve in Fig. B.2a by its albedo at 60° SZA in Fig. B.2b. Evidently, both MODIS and in-

situ albedos increase with SZA and their SZA dependences are consistent with each 

other. Figure B.2c,d compares MODIS data with the in-situ data over an Avondale loam 

soil site in Phoenix, Arizona in May, July, September, and December 1973 [Idso et al., 

1975]. Over dry or wet soil, the observed in-situ albedo minimum occurred near the 

smallest SZA at solar noon, while its maximum occurred at the greatest SZA in the 

morning and afternoon. The MODIS black-sky albedo and its SZA dependence in the SW 

band (i.e., the spectrally weighted average of VIS and NIR bands) agree with the in-situ 

measurements over dry soil. Figure B.2e,f compares the in-situ albedo measurements of 

the tiger-bush soil over the Sahel desert in March and September 1990 [Allen et al., 1994] 

with the MODIS SW albedos in 2001. It is unclear why the in-situ albedo over wet soil 

actually decreases slightly with the increase of SZA for SZA greater than 60°. The in-situ 

albedos over dry soil lie largely between the MODIS albedos in March and September 
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2001. However, the MODIS albedo increases faster with SZA than indicated by the in-

situ data. 

  

3. Two simple formulations for the SZA dependence of bare soil albedo 

 

[7]  To adequately describe the SZA dependence of bare soil albedo as given in Figs. B.1 

and B.2, a new albedo formulation is derived here using the MODIS BRDF/albedo 

algorithm and data [Schaaf et al. 2002]:              

               ( ) ( ) ( )[ ] ( ) ( )[ ]{ }oo 60601 222111 ggBggBr −⋅+−⋅+⋅= θθαθα              (B.1) 

                

where α is the black-sky albedo, θ is solar zenith angle, αr is the albedo at 60° SZA and 

depends on season and location. The functions g1 and g2 are from the MODIS algorithm: 

g1(θ)= −0.007574 − 0.070987θ2 + 0.307588θ3 and g2(θ)= −1.284909 − 0.166314θ2 + 

0.04184θ3. The parameters B1 and B2 are the average of the ratios of the volumetric and 

geometric parameters in the MODIS algorithm [Schaaf et al. 2002] over αr for 30 pixels, 

respectively. Figure B.3a-d shows these parameters in VIS and NIR bands for thirty 

pixels as a function of αr. Based on this figure, we obtain B1 = 0.346 and B2 = 0.063. 

[8]  We have also tested the simple formulation [Briegleb et al., 1986]:                                        

                                  ( )
θ

αθα
cos21

1
⋅+

+
⋅=

C
C

r                                                    (B.2) 

where the empirical parameter C was taken as 0.4 for arable grass, grassland and desert, 

and 0.1 for all other types [Briegleb et al., 1986]. Equation (B.2) and the above values for 
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C have also been used in the remote sensing retrieval of land surface solar fluxes [Pinker 

and Laszlo, 1992] and in some land-atmosphere coupled models [e.g., Hou et al., 2002].  

 

[9]  A more appropriate value for C can be determined by fitting each curve in Fig. 1a,b 

to Eq. (B.2) by minimizing the integral over all SZA’s for each 16-day period: 

                                 ( )∫
=

−⋅⋅=
2/

0

2sincos2
π

θ

θααθθ dV CM                                     (B.3) 

where αM is the MODIS albedo and αc is computed from (B.2). The weighting factor of 

cosθ is the same as that used for computing the white-sky albedo [Schaaf et al. 2002]. 

This is chosen also because MODIS data are more reliable at SZA less than 70° and 

because the albedo is more important at a smaller SZA when solar flux itself is large. The 

values for C over all thirty pixels are plotted as a function of αr in Fig. B.3e,f. Their mean 

values for the VIS and NIR bands are 0.17 and 0.13, respectively, and their average of 

0.15 is used for both bands to be consistent with Briegleb et al. [1986]. Furthermore, the 

best-fit linear equations can be obtained: CVIS(αr) = 0.29 − 0.51αr and CNIR(αr) = 0.13 − 

0.02αr. To compare the performance of (B.1) and (B.2), we compute 
2/130

130
1









= ∑

=i
iVd , 

where Vi is computed from (B.3) for each of the 30 pixels. The values of d are 0.0061, 

0.0081, and 0.0072 using the two-parameter model, one-parameter model with constant C 

as well as the best-fit linear equations, respectively. This shows that the two-parameter 

model is a little better than the one-parameter model. If the white-sky albedo is used (i.e., 

without considering the SZA dependence), the d value would be 0.0195 and is much 

bigger than those using (B.1) or (B.2). This indicates the importance of the SZA 
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dependence. Figure B.3g,h evaluates the SZA dependence over a pixel (19.975°N, 

43.325°E) using (B.1) and (B.2) with different values for C. The simulated SZA 

dependence using the two-parameter, one-parameter model with the best-fit linear 

equation or the C fixed at 0.15 are consistent with the MODIS data for SZA less than 60°. 

In contrast, the albedo computed with C=0.4 increases with SZA much faster than 

indicated by the MODIS data, and its value at zero SZA is lower by 0.03 for the VIR 

band and 0.05 for the NIR band.  

 

 [10]  We have further evaluated the impact of the prescribed parameters C, B1, and B2 on 

the computed SZA dependence using the in-situ data in Fig. B.2e.  It is found that the 

deviations of the simulated albedo using Eq. (B.1) or Eq. (B.2) with C=0.15 from in-situ 

data are much smaller than those with C=0.4 for SZA less than 70° (figure not shown). 

Based on these analyses, we recommend the use of the polynomial Eq. (B.1) or Eq. (B.2) 

with C = 0.15 over bare soil in land modeling and remote sensing retrieval of land surface 

solar fluxes. Then the white-sky albedo can be obtained analytically by integrating Eqs. 

(B.1) and (B.2) over all SZA's [using the weighting factor in (B.3)], and is αws =0.97αr 

for (B.1) and αws = 0.96αr for (B.2).     

 

4. Impact of the SZA dependence of soil albedo on land modeling 

 

[11] We have incorporated Eqs. (B.1) and (B.2) into the Noah land surface model 

[Mitchell et al., 2004]. The model is forced using observations over a tiger bush site from 

the Hydrologic Atmospheric Pilot Experiment in the Sahel (Goutorbe et al., 1997). We 
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run the model from Aug. 20 to Sept. 30, 1992. The sensitivity of the Noah model to the 

SZA dependence of the albedo is shown in Fig. B.4. Four simulations are completed. The 

observed monthly averaged albedos for Aug., Sept., and Oct. are interpolated into the 

average daily albedo for these four runs. The control simulation (CTL) has no SZA 

dependence, similar to the offline Noah model setup. Equation (B.1) is used to define a 

SZA dependence (B1 = 0.346, B2 = 0.063) in the POL run. The NEW run uses Eq. (B.2) 

with C = 0.15. The RAD simulation is also done using Eq. (B.2) with C = 0.4, as 

implemented in the atmospheric radiative transfer scheme in the NCEP land-atmosphere 

coupled model [Hou et al., 2002].  

 

[12]  Figure B.4 shows the 5-day averaged diurnal cycle for the last 5 days of Sept. 1992. 

Compared with CTL, the SZA dependence formulations in (B.1) and (B.2) increase 

albedo at large SZA and decrease albedo at small SZA. Therefore, the absorbed solar 

radiation (Fig. B.4a) behaves as expected, with increases at solar noon of about 38, 20, 

and 16 W/m2 for the RAD, NEW, and POL simulations, respectively. Since less solar 

radiation is incident at low sun angles, the SZA dependence does not affect the 

simulations much at sunrise and sunset. About 76% of the extra solar energy goes into an 

increase in sensible heat flux (Fig. B.4b) while another 18% is transferred into the soil 

(Fig. B.4c). The remaining energy is primarily used to increase the ground temperature 

(Fig. B.4d) and is emitted as longwave radiation. Compared with CTL, the ground 

temperature at local solar noon is higher by 0.7°C, 0.4°C, and 0.3°C in the RAD, NEW, 

and POL simulations, respectively (Fig. B.4d). There are systematic temperature biases in 

all four simulations in comparison with observations (Fig. B.4d), but it goes beyond the 
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scope of this study to further address this issue. Additional observational data from two 

sites in Arizona lead to similar conclusions. 

 

[13]  In summary, our analyses of the MODIS and in-situ data indicate that bare soil 

albedo depends on the SZA, and this dependence can be adequately represented by Eq. 

(B.1) with B1 = 0.346 and B2 = 0.063 as well as Eq. (B.2) with C = 0.15. These 

dependences need to be considered in land modeling. Further work is also needed to 

evaluate the impact of these formulations on the remote sensing retrieval of land surface 

solar fluxes.  
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Figure B.1 The median curves of the MODIS black-sky albedos in (a) VIS band and (b) 

NIR band versus the cosine of SZA at 30 desert locations. The normalized curves with 

respect to their albedo values at 60° SZA are shown in (c) VIS band and (d) NIR band. 
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Figure B.2 Comparison of MODIS data with in-situ measurements. (a) The bare soil 

albedo in VIS and NIR bands versus cosine SZA in Tunisia, Africa in April 1983 [Pinty 

et al. 1989]; (b) Same as (a) except for normalized black-sky albedos with respect to the 

albedo at 60° SZA; (c) The bare soil albedo in the SW band in Phoenix, Arizona in May, 

July, September, and December 1973 [Idso et al. 1975]; (d) Same as (c) except for 

normalized black-sky albedos; (e) The bare soil albedo in the SW band over the Sahel 

desert in March and September 1990 [Allen et al. 1994]; (f) Same as (e) except for 

normalized black-sky albedos. 
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Figure B.3 The median B1 versus the MODIS black-sky albedos at 60° SZA (αr) for 30 

pixels in (a) VIS band and (b) NIR band. The median B2 versus αr in (c) VIS band and 

(d) NIR band. The values for C versus αr in (e) VIS band and (f) NIR band (solid line: 

the best-fit linear function; dotted line: the average C value of VIS and NIR bands). (g) 

The SZA dependence at a pixel (19.975°N, 43.325°E) using the MODIS data directly and 

computed using  (1) and (2) with different C (the best-fit linear function or fixed values) 

in the VIS band; (h) Same as (g) except in the NIR band. 
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Figure B.4 The sensitivity of the Noah land model to the SZA dependence of the bare 

soil albedo at a Sahel site. (a) Absorbed solar radiation difference between three different 

simulations and CTL; (b) Sensible heat flux difference; (c) Ground heat flux difference; 

and (d) Ground temperature bias of simulations from observations. See the text for the 

meaning of each simulation. 
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Abstract 

 

     [1] The albedo of land surfaces is an important parameter for surface energy balance 

and is dependent on the solar zenith angle and the three-dimensional structure of the 

canopies. The MODIS Bidirectional Reflectance Distribution Function (BRDF) 

algorithm is reformulated to derive a new two-parameter scheme for the computation of 

land surface albedo and its solar zenith angle (SZA) dependence for use in weather and 

climate models as well as the remote sensing retrieval of surface solar fluxes. In this 

formulation, the season− and pixel−dependent black-sky albedo at 60° SZA can be 

directly prescribed using the MODIS BRDF data while the two parameters are taken as a 

function of vegetation type only. Comparison of this formulation with those used in 

weather, climate, and data assimilation models (at NCAR, NCEP, and NASA) reveals the 

deficiencies in the treatment of SZA dependence and white-sky albedo in these models. 

Similarly, comparison of this formulation with those computed using the remotely-sensed 

solar flux data from three groups (University of Maryland, ISCCP-FD, and 

CERES/TRMM) shows that surface albedos from these datasets are at times unrealistic 

and suggestions are made regarding how to better treat the surface albedo and its SZA 

dependence in the retrieval of surface and atmospheric solar fluxes. 
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C.1 Introduction 

 

    [2] Land surface albedo represents the proportion of the incoming radiative flux 

reflected by the surface. It is strongly dependent on the solar zenith angle (SZA) and the 

three-dimensional (3−D) structure of vegetation canopy [e.g., Yang et al., 2001; Schaaf et 

al., 2002]. Accurate knowledge of surface albedo is essential in estimating the surface 

energy budget and ground temperature [Thomas and Rowntree, 1992; Csiszar and 

Gutman, 1999; Viterbo and Betts, 1999]. 

 

     [3] The surface albedo can be specified using observations [e.g., in the European 

Center for Medium−Range Weather Forecast (ECMWF) land model] or computed from 

simple formulations (e.g., in the NCEP Noah land model) or computed from a radiation 

submodel for canopy plus underlying soil in most land surface models (e.g., using the 

two-stream approximation in Oleson et al. [2004]). In general, three approaches are used 

to represent the canopy component of the albedo. It can be expressed in terms of canopy 

optical properties (e.g., as a function of solar zenith angle; Dickinson et al., 1993), or 

through leaf optical properties [Bonan, 1996], or as a hybrid [Zeng et al., 2002], which is 

based on canopy properties for large leaf area index (LAI) and leaf properties for small 

LAI. However, these methods do not consider the 3−D structure of vegetation. For 

instance, the two-stream approximation does not include treatment for horizontal or 

vertical heterogeneity in vegetation. That is, the vegetation canopy is treated as a 

homogeneous, isotropically scattering turbid medium overlying the substrate, where 
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fluxes are isotropic in the upward and downward directions only and there is no 

difference in the bottom and top faces for the optical properties [Yang et al., 2001]. 

 

     [4] Since the 1980s, a number of attempts have been made to derive gridded surface 

albedo products on the basis of remotely sensed data [Staylor and Wilber, 1990; Pinker 

and Laszlo, 1992; Csiszar and Gutman, 1999; Pinker et al., 2003; Zhang et al., 2004; 

Norman et al., 2003]. Satellite-based remote sensing is the only practical method to 

obtain the land surface albedo globally. In these remote sensing retrievals, a radiative 

transfer model is usually used to compute the solar fluxes at the surface and in the 

atmosphere. These fluxes are then adjusted such that the simulated TOA albedos are 

consistent with those measured by satellites. In doing so, however, the accuracy of land 

surface albedo might be inadvertently affected.  

 

    [5] The Moderate Resolution Imaging Spectroradiometer (MODIS) is onboard the 

National Aeronautics and Space Administration's (NASA) Terra and Aqua [King and 

Herring, 2000; Parkinson, 2003] satellites that were launched in December 1999 and 

May 2002, respectively. The MODIS Bidirectional Reflectance Distribution Function 

(BRDF) and albedo data provide a high-quality surface database at an adequate spatial 

resolution [Schaaf et al., 2002; Gao et al., 2005], and they do consider the SZA 

dependence as well as the important shadow-casting effect. While the MODIS albedo 

data can be directly used as land surface boundary data in weather and climate models, it 

seems inconvenient to use the MODIS BRDF algorithm directly in models because of the 

need to specify three coefficients that vary with time and space. 
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     [6] The purpose of this study is threefold. First, the MODIS BRDF algorithm will be 

reformulated to develop a new (and yet simple) parameterization for the computation of 

the SZA dependence of surface albedo with coefficients for each vegetation type 

determined based on the MODIS data (section 2). This is a natural extension of our 

earlier effort for the desert [Wang et al., 2005] to all vegetation types. This new 

formulation can be directly used in weather and climate models as well as the remote 

sensing retrieval of surface solar fluxes. Then our new formulation will be used to 

evaluate those used in current weather, climate, and data assimilation models (section 3). 

It will also be used to assess the surface albedo computed from the remotely sensed 

surface solar fluxes (section 4). Conclusions and further discussions will be provided in 

section 5. 

 

C.2 A new BRDF-based formulation for the SZA dependence of albedo 

for all vegetation types 

 

C.2.1 MODIS BRDF algorithm and albedo data 

 

    [7] The 16-day 0.05° global MODIS BRDF/albedo parameter data (MOD43C2, 

Version 4) were downloaded from the Land Processes Distributed Active Archive Center 

(LPDAAC; http://lpdaac.usgs.gov) for the period 18 February 2000 − 28 July 2004 [Gao 

et al., 2005]. The MOD43C2 product provides three BRDF model parameters for the first 

seven MODIS narrow bands (whose wavelengthes vary from 0.47 to 2.1 µm) and for 

three broadbands (0.3−0.7, 0.7−5.0, and 0.3−5.0 µm). The three BRDF parameters 
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include an isotropic parameter ( isof ) (describing the nadir bidirectional reflectance at 

nadir illumination), a radiative transfer or volumetric scattering parameter ( volf ), and a 

surface scattering or geometric optics parameter ( geof ). They are associated with the 

Ross-Li BRDF semi-empirical algorithm [Lucht et al., 2002a], which best describes the 

scattering (anisotropy of each pixel). The general form of the semi-empirical algorithm is 

a linear combination of kernels [Roujean et al., 1992; Schaaf et al., 2002]: 

         ),,,()(),,,()()(),,,( ΛΛ+ΛΛ+Λ=Λ φϑθφϑθφϑθ geogeovolvoliso KfKffR      (C.1) 

where R is the BRDF, θ  is solar zenith angle, ϑ  is view zenith angle, φ  is view-sun 

relative azimuth angle, and Λ  is wave band with wavelength width λ∆ . The parameter 

volK  is called the RossThick kernel for its assumption of a dense leaf canopy ( 1>>LAI ). 

It is a single-scattering approximation of radiative transfer theory by Ross [1981] 

consisting of a layer of small scatterers with uniform leaf angle distribution, a Lambertian 

background, and equal leaf transmittance and reflectance. The parameter geoK  is called 

the LiSparse kernel for its assumption of a sparse ensemble (no mutual shadowing 

permitted) of surface objects casting shadows on a Lambertian background. 

 

     [8] Black-sky albedo ( bsα , i.e., directional hemispherical reflectance) is a function of 

solar zenith angle. The BRDF/albedo parameters can be used to derive MODIS surface 

albedos at any SZA from (C.1). Furthermore, the SZA dependence of black-sky albedo 

can be adequately approximated by polynomials [Schaaf et al., 2002; Lucht et al., 2000a, 

b]:         

                ( ) ( ) ( ) ( ) ( ) ( )θθθα 21, gfgff geovolisobs ⋅Λ+⋅Λ+Λ=Λ                                (C.2) 
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                ( ) 32
1 307588.0070987.0007574.0 θθθ +−−=g                                    (C.3) 

                ( ) 32
2 04184.0166314.0284909.1 θθθ +−−=g                                     (C.4) 

where θ  is the solar zenith angle. The white-sky albedo ( )wsα  is independent of solar 

zenith angle and can be obtained by integrating the black-sky albedo over all solar zenith 

angles: 

( ) ( ) ( ) ( ) ( ) ( )Λ−Λ+Λ=Λ=Λ ∫
=

geovolisobsws fffd 377622.1189184.0sin,
2/

0

2
π

θ

θθαα       (C.5)                                 

These two extremes can be combined as a function of the diffuse skylight fraction ( S ) 

for a representation of an actual (blue-sky) albedo that is equivalent to those measured by 

albedometers at the ground [Lucht et al., 2000a]. 

 

    [9] Jin et al. [2003] evaluated the accuracy and the SZA dependence of the MODIS 

land surface albedo product using available field measurements at the Surface Radiation 

Budget Network (SURFRAD). They found that, compared with field measurements, the 

MODIS surface albedo generally meets an absolute accuracy requirement of 0.02. Their 

case study over three SURFRAD stations also revealed that the MODIS BRDF model is 

able to capture the SZA dependence of surface albedo as shown by the field 

measurements. MODIS albedo data were also compared with in situ field measurements 

collected at Baseline Surface Radiation Network (BSRN) sites during snow-free period 

[Roesch et al., 2004]. They found that MODIS does a reasonably good job at capturing 

the SZA dependence of surface albedo. For these reasons, the MODIS BRDF/albedo data 

are not further validated; instead they are the starting point in this study. 
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C.2.2 A new BRDF-based formulation for the SZA dependence of albedo 

 

  [10] As mentioned earlier, (C.2) − (C.5) are adequate for the retrieval of black-sky and 

white-sky albedos, because the three coefficients isof , volf , and geof  are well constrained 

by multiple cloud-free MODIS measurements during each 16-day period [Schaaf et al., 

2002]. In order to apply these equations directly to weather and climate models, we need 

to prescribe these three coefficients as a function of time and space. The question is: can 

we reformulate these equations to reduce the number of prescribed parameters that 

depend on both time and space for weather and climate models? 

  

    [11] Dickinson [1983] and Briegleb et al. [1986] proposed a one-parameter scheme to 

consider the SZA dependence of black-sky albedo: 

                           ( )
θ

αθα
cos21

1
⋅+

+
⋅=

C
C

r                                                 (C.6) 

where rα  is the albedo at 60° SZA, and C is an empirical parameter. The value of C was 

taken as 0.4 for arable grass, grassland and desert, and 0.1 for all other types [Briegleb et 

al., 1986] based on the measurements of the SZA dependence given in Briegleb and 

Ramanathan [1982] for various surfaces. Equation (C.6) and the above C values have 

been used in the remote sensing retrieval of land surface solar fluxes [Pinker and Laszlo, 

1992] and in some land-atmosphere coupled models [e.g., Hou et al., 2002]. 
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        [12] The advantage of (C.6) is that rα  has a clear physical meaning and the SZA 

dependence of albedo is entirely controlled by the parameter C. Motivated by (C.6), we 

can rewrite (C.2) as  

               ( ) ( ) ( )[ ] ( ) ( )[ ]{ }oo 60601 222111 ggBggBr −⋅+−⋅+⋅= θθαθα              (C.7) 

where α(θ) is the black-sky albedo at solar zenith angle θ, and the functions g1 and g2 are 

given in (C.3) and (C.4), respectively. The albedo at 60° SZA (i.e., rα ) can be obtained 

using the MODIS BRDF data for each 16-day period at each location. Note that the 

standard MODIS albedo product provides white-sky albedo or local-noon black-sky 

albedo which are close (but not equal) to rα . The parameters 1B  and 2B  represent the 

ratios of volf  and geof  over rα , respectively. However, while volf  and geof  affect both 

the albedo and its SZA dependence, 1B  and 2B  affect the SZA dependence only. 

Furthermore, following the one-parameter formulation (C.6), 1B  and 2B  are assumed to 

depend on vegetation type only. 

 

    [13] To obtain 1B  and 2B , only the MODIS BRDF/albedo data with quality control 

(QC) flag labeled as "good" are used in this study. This ensures that only high-quality, 

cloud-free, full-inverted BRDF data are used. Furthermore, only the MODIS 

BRDF/albedo data under snow-free conditions are used, and the MODIS snow albedo 

and its application in land modeling have recently been discussed in Barlage and Zeng 

[2005]. We have analyzed all of the BRDF data available from 2000 to 2004 [Gao et al., 

2005] at 0.05° resolution. Based on the MODIS MOD12Q1 International Geosphere-

Biosphere Programme (IGBP) ecosystem classification dataset [Friedl et al., 2002], we 
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have identified forty 0.05° pixels randomly over different locations to examine the SZA 

dependence of surface albedo for each vegetation type. Figure C.1 provides the global 

distribution of MODIS IGBP vegetation types (Table C.1) and the pixels chosen for each 

type. Pixels over desert are not chosen because they have been discussed in Wang et al. 

[2005]. Most tropical rainforest pixels are frequently covered by clouds, and hence the 

chosen pixels are concentrated in small areas (rather than cover the whole rainforest). 

Data from very high latitudes are not used if they are available from lower latitudes (for 

the same vegetation type) to avoid possible snow contamination. 

 

     [14] For each pixel in Fig. C.1, 1B  and 2B  can be obtained from the MODIS BRDF 

data, and their values for each vegetation type are provided in Table C.2. Just like the C 

parameter in (C.6), the same 1B  (or 2B ) is used for the visible (VIS) band ( mµ7.03.0 − ) 

and near-infrared (NIR) band ( mµ57.0 − ) for the same vegetation type. Also, as 

mentioned earlier, 1B  and 2B  are assumed to be dependent on vegetation type only. In 

order to examine the validity of this assumption, the MODIS BRDF data are used to 

investigate the seasonal variation of the SZA dependence. Since the vegetation albedo in 

the NIR band is much higher than that in the VIS band, here we focus on the NIR band 

only. As an example, Figure C.2 illustrates the seasonal variation of the SZA dependence 

over a grassland pixel (35.325°N, 99.625°W) from 2000 to 2004. Because only snow-free 

data are analyzed, very few data are available in winter (Fig. C. 2d). Evidently, the black-

sky albedo at 60° SZA (αr) is dependent on time, and its variation is larger than the 

seasonal variation in the SZA dependence. Therefore, just as in the previous one-
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parameter scheme [Eq. (C.6)], it is not unreasonable to use a seasonally constant 1B  (or 

2B ) for each vegetation type. 

 

    [15] The overall SZA dependence for each pixel (e.g., Fig. C.2) can be represented by 

the median albedo among the 103 16-day periods from 2000 to 2004 at each SZA 

interval. These median SZA dependence curves of black-sky albedo over forty pixels for 

each vegetation type indicate significant geographic variations of surface albedo. As an 

example, Figure C.3 shows the median curves of MODIS black-sky albedos versus 

cosine of SZA for 40 open shrublands pixels (See Fig. C.1 for the location of pixels) in 

the VIS and NIR bands. Indeed, the black-sky albedo is quite different for different 

pixels. To quantify these variations, the interquartile range (IQR) (i.e., the difference 

between the 25th and 75th percentiles) of the black-sky albedo at 60° SZA (αr) is 

computed for each vegetation type, and the results are shown in Table C.1. The highest 

IQR′s are 0.078 and 0.099 in the VIS and NIR bands, respectively. Both of them are from 

grasslands. The IQR′s for open shrublands and croplands are more than 0.05 in VIS and 

NIR bands. These results are in good agreement with those from a recent study [Gao et 

al., 2005]. The IQR′s in the VIS and NIR bands are smallest for evergreen broadleaf 

forest and evergreen needleleaf forest, respectively. Table C.1 also indicates that the 

geographic variation of rα  (as represented by the IQR) within a vegetation type (e.g., 

deciduous needleleaf forest) can be even larger than the median rα  difference between 

vegetation types (e.g., deciduous needleleaf forest and mixed forest). Together, Table C.1 

and Figs. C.2 and C.3 demonstrate that both the spatial and temporal variations of 

rα should be considered in (C.7).  



 99

      [16] In order to see the SZA dependence more clearly, each of the median SZA 

dependence curves is normalized by its value at 60° SZA. Figure C.4 only shows the 

normalized SZA dependence in the NIR band as an example, also because the albedo in 

the NIR band is usually much higher than that in the VIS band (see Table C.1). In 

general, the albedo increases with SZA over each pixel, but its variation with SZA is 

different for different vegetation types and even for different pixels in the same 

vegetation type. The median value among the forty pixels (each a median of 103 16-day 

periods) for each SZA in each panel of Fig. C.4 is used to represent the overall SZA 

dependence for each vegetation type. And the resulting 1B  and 2B  values for each 

vegetation type are given in Table C.2. In general, 1B  is larger than 2B  for all vegetation 

types.  

 

     [17] To quantify the impact of using constant 1B  and 2B  for each vegetation type on 

the actual SZA dependence of albedo, we first compute the following integral over all 

SZA’s for each 16-day period:                                 

                               ( )∫
=

−⋅⋅=
2/

0

2sincos2
π

θ

θααθθ dV CM                                     (C.8) 

where αM is the MODIS albedo and αc is the albedo calculated from (C.7). The weighting 

factor of cosθ is the same as that used in the white-sky albedo computation (C.5). The 

reasons are that the MODIS data are more reliable at SZA below 70° and the albedo is 

more important at a smaller SZA when incoming solar radiation is large. Then the 40-

pixel averaged standard deviation can be calculated for each vegetation type:  
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= ∑

=i
iVd                                              (C.9) 

where Vi is computed from (C.8) for each of the forty pixels. 

 

       [18] Note that cα  in (C.8) can also be computed using the one-parameter formulation 

(C.6). Furthermore, a new C value can be obtained that minimizes the average standard 

deviation in (C.9) for each vegetation type. The C values determined this way are 

different for the VIS and NIR bands in the same vegetation type, and their average is 

used for both bands in order to be consistent with Briegleb et al. [1986]. Table C.2 shows 

that the new C values are higher than the original values except for grasslands. 

 

    [19] Figure C.5 compares the 40-pixel averaged SZA dependences using (C.6), (C.7), 

and the MODIS BRDF data directly in the NIR band for different vegetation types. For 

all vegetation types except evergreen needleleaf forest, our new 2-parameter formulation 

fits the MODIS data extremely well for the whole range of SZA. In contrast, the one-

parameter formulation (C.6) with the original C values performs poorly for all vegetation 

types except grasslands. The use of our new C values does improve the performance of 

(C.6) for almost all vegetation types. However, (C.6) with the new C values still fits the 

MODIS data poorly at large SZA. 

 

    [20] Figure C.6 shows the 40-pixel averaged standard deviation of the simulated albedo 

from the MODIS albedo for different vegetation types. The standard deviations using the 

two-parameter model (C.7) are lowest for all vegetation types. The results using (C.6) 
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with the original C values are roughly three times as large as those using (C.7) except 

croplands. Just as in Fig. C.5, the use of the new C values significantly improves the 

performance of (C.6). Figure C.6 also shows that the standard deviations using the white-

sky albedo (i.e., without considering the SZA dependence) are the worst for all vegetation 

types, suggesting the importance of the SZA dependence of surface albedo in land 

surface modeling. 

 

     [21] Based on the above analyses, we recommend the use of the new two-parameter 

formulation (C.7) with the values of empirical parameters as given in Table C.2 for 

different vegetation types in land modeling and remote sensing retrieval of land surface 

solar fluxes. The one-parameter formulation (C.6) with the new C values in Table C.2 

can also be used. Then the white-sky albedo can be obtained analytically by integrating 

(C.6) and (C.7) over all SZA's [similar to the first part of (C.5)]:                             

                            ( )







+−

+
⋅= C

CC
C

rws 21ln
2
111αα                                              (C.10) 

                            ( )21 044101.0093762.01 BBrws +−=αα                         (C.11) 

where the values of the parameters C, 1B , and 2B  are given in Table C.2. For C = 0.1 to 

0.4, (C.10) yields =rws αα / 0.93 to 0.97. For different 1B  and 2B  values in Table C.2, 

(C.11) yields =rws αα / 0.95 − 0.96 and some of these values are given in Table C.3. 

 

C.3 Comparison of the new scheme with those used in land modeling 

 

C.3.1 Comparison with the NCAR Community Land Model (CLM3) 
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     [22] The NCAR Community Land Model (CLM3) [Zeng et al., 2002; Dai et al., 2003; 

Oleson et al., 2004] separately computes albedos for soil, snow, and vegetation, and then 

takes the total albedo of a grid box as an average of these albedos weighted by the 

representative area fractions. The snow albedo is a function of grain size, soot and solar 

zenith angle (Wiscombe and Warren, 1980). The snow fraction includes the fractions of 

bare soil and vegetation covered by snow. The fraction of snow covered soil depends on 

bare soil roughness length and snow depth (Dickinson et al., 1993), while the fraction of 

snow covered vegetation depends on snow intercepted by canopy (Bonan et al., 2002b). 

The soil albedo depends on soil color type for each grid box and soil moisture in the top 

soil layer but is independent of solar zenith angle (Dickinson et al., 1993). 

 

    [23] Vegetation albedo in CLM3 is computed based on the two-stream scheme for 

radiative transfer in plant canopies [Dickinson, 1983; Sellers, 1995; Bonan, 1996]. It is 

assumed that fluxes are isotropic in the upward and downward directions only. It also 

assumed that the canopy is horizontally uniform, and the scattering and absorbing 

elements in the canopy are randomly distributed in space. Under these assumptions, the 

two-stream approximation for radiative transfer within vegetation canopies can be solved 

to yield analytical solutions for the direct and diffuse albedos. These complicated 

analytical solutions are related to the following factors: the scattering coefficient, 

upscatter parameters for diffuse and direct beam radiation, the optical depth of direct 

beam per unit leaf and stem area, solar zenith angle, and the average inverse diffuse 

optical depth per unit leaf and stem area.  
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       [24] Figure C.7 compares the albedos from CLM3 and our 2-parameter formulation 

(C.7) in the NIR band. In order to see the SZA dependence clearly, the black-sky albedo 

is normalized by its value at 60° SZA. The mean albedo from CLM3 has been evaluated 

in our earlier study [Wang et al., 2004]. For deciduous broadleaf forest, the two schemes 

are consistent with each other at SZA below 70°, while for grasslands and croplands, they 

agree well with each other at SZA greater than 60°. To ensure the robustness of these 

results, sensitivity tests have also been done using the CLM3. It is found that the 

normalized SZA dependence of black-sky albedo is not very sensitive to the upscatter 

parameters of direct and diffuse radiation as well as the scattering coefficient, while it is 

sensitive to the leaf area index (LAI) for LAI less than 3.0. When LAI decreases, the 

normalized SZA dependency function becomes flatter and is closer to our new albedo 

parameterization.  

 

    [25] The computation of white-sky albedo ( wsα ) is also related to the SZA dependence. 

As mentioned at the end of section 2, the ratio of wsα  over the black-sky albedo at 60° 

SZA ( rα ) is nearly a constant (0.95). Then (C.7) indicates that the wsα  is equivalent to 

black-sky albedo ( bsα ) at around 54° SZA for different vegetation types (see Table C.3). 

In contrast, the wsα / rα  ratio from CLM3 is significantly greater, varying from 1.04 for 

grasslands to 1.23 for deciduous needleleaf forest (Table C.3). Correspondingly, wsα  is 

equivalent to bsα  in CLM3 at a higher SZA (from 63° for grasslands to 73° for deciduous 

needleleaf forest). 
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C.3.2 Comparison with the NCEP Global Forecast System (GFS03) and Climate 

Data Assimilation System (CDAS) 

 

    [26] In the National Centers for Environmental Prediction (NCEP) GFS03, the surface 

albedo is calculated based on the radiation package of Hou et al. [2002]. The black-sky 

albedo ( bsα ) is computed from the one-parameter formulation (C.6) by assuming bsα  at 

60° SZA (i.e., rα ) is equal to the white-sky albedo ( wsα ) which are obtained based on 

Briegleb [1992] and Briegleb et al. [1986]. Among the 13 vegetation types used in the 

model, 7 are characterized by a strong SZA dependence with 4.0=C  in (C.6) and the 

remaining types by a weak SZA dependence with 1.0=C . A different formulation 

[kindly provided by Dr. Helin Wei at NCEP] was used in the earlier version of GFS03, 

and is still used in the current NCEP climate data assimilation system (CDAS) as well as 

the regional Eta model. 

 

    [27] Figure C.8 compares the normalized SZA dependence of black-sky albedo using 

our new parameterization (C.7) with those used in the NCEP GFS03 and CDAS/Eta. 

Overall, for SZA less than 60°, the CDAS/Eta formulation agrees more closely with (C.7) 

than the GFS03 formulation. In contrast, for SZA greater than 60°, the CDAS/Eta 

formulation substantially deviates from (C.7) and is probably questionable. Because our 

new C values (see Table C.2) are all greater than 0.1, the GFS03 formulation is flatter 

than (C.7) for all vegetation types with weak SZA dependence (i.e., 1.0=C ) in Fig. C.8. 
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C.3.3 Comparison with the NASA Catchment land model  

 

    [28] In the NASA Catchment land model [Koster et al., 2000], the black-sky albedo is 

computed from 
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where gf  is the vegetation greenness fraction as used in Sellers et al. [1986]. The 

functional forms of 1f , 2f , and 3f  were obtained in Koster and Suarez [1992] by fitting 

(C.12) to the two-stream scheme of Sellers [1985] and Sellers et al. [1986] for the VIS 

and NIR bands, separately. Then the white-sky albedo is obtained by the integration of 

(C.12) through the first part of (C.5): 

                            






 +
−+−=

3

3
33221

1
ln12

f
f

fffffwsα                          (C.13) 

     [29] The values of 1f , 2f , and 3f  for a vegetation type with given LAI and gf  are 

linearly interpolated using those provided in the Tables C.1-6 of Koster and Suarez 

[1991]. Values are presented for six vegetation types: broadleaf evergreen trees, 

broadleaf deciduous trees, needleleaf trees, ground cover, broadleaf shrubs, and dwarf 

trees. The listed LAI values assume complete (100%) coverage of the surface by the 

vegetation. Values used for the albedo of ground beneath the canopy are listed in the 

Table C.7 of Koster and Suarez [1991]. 

 

     [30] Figure C.9 compares the normalized SZA dependence of black-sky albedo from 

(C.7) with that from (C.12) in the NIR band. Overall, the SZA dependence from (C.7) is 



 106

flatter than that from (C.12), and the difference in the normalized albedo (or the albedo 

itself) is larger in magnitude for grasslands and needleleaf trees than for other vegetation 

types. Comparison of Fig. C.9 with Fig. C.7 also shows that the SZA dependence is very 

similar between the Catchment land model and CLM3, because the two-stream scheme in 

CLM3 was originally developed by Bonan [1996] based on Sellers et al. [1986] and 

Dickinson [1983]. 

 

     [31] Sensitivity tests using (C.12) show that, when the greenness gf  is decreased from 

0.5 to 0.1 for the broadleaf shrublands in Fig.C.9e, the SZA dependence between 

0=SZA  to 60° is similar to that from (C.7). Similarly, to obtain a SZA dependence for 

0=SZA  to 60° that is close to that from (C.7) for the needleleaf forests, LAI needs to be 

reduced by 80%, i.e., from 4.8 to 1.0 in Fig. C.9c. Table C.3 shows that the normalized 

white-sky albedo from (C.13) is slightly smaller than that from the two-parameter scheme 

except for deciduous broadleaf forest. Correspondingly, the SZA at which the black-sky 

albedo is equal to the white-sky abedo is also slightly smaller except for deciduous 

broadleaf forest. Even though both the CLM3 and the Catchment model develop the 

albedo scheme based on the original two-stream schemes of Dickinson [1983] and Sellers 

et al. [1986], it is unclear why the normalized white-sky albedo differs significantly 

(Table C.3). 

 

C.4 Comparison of the new scheme with those used in remote sensing 

 

C.4.1 Comparison with the remotely sensed UMD albedo 
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    [32] A global land surface solar radiation flux dataset was developed by Pinker [1985] 

and Pinker and Laszlo [1992] at the University of Maryland (hereafter referred to as 

UMD) based on the International Satellite Cloud Climatology Project (ISCCP) D1 data. 

This algorithm involves several steps. First, about ten land surface types are used, and 

each surface type consists of two components with fractions 1f  and 2f  (Table C.1 of 

Briegleb et al. [1986]). For each component, surface reflectivities  at 60° SZA are 

prescribed for different bands ( mµ5.02.0 − , mµ7.05.0 − , mµ85.07.0 − , 

mµ0.485.0 − ). The dependence of the surface albedo on the SZA follows Eq. (C.6) with 

the empirical parameter 4.0=C  for arable grass, grassland and desert, and 0.1 for all 

other types. Then the delta-Eddington radiative transfer algorithm is used to obtain the 

top-of-atmosphere (TOA) albedo for all bands, and albedos in these bands are 

transformed into the TOA broadband albedos. Similarly, the broadband albedo is 

obtained from the satellite TOA narrowband measurements. If the satellite and computed 

broadband albedos do not agree with each other, the surface albedo is adjusted so that the 

TOA albedos are matched. The underlying assumption of this adjustment is that the 

actual conditions at the surface are not exactly reproduced by the one-parameter 

formulation (C.6). 

 

     [33] Because the SZA dependence is emphasized in this study, we use the UMD 

global 3 hourly solar flux data, and the surface albedo is computed from the ratio of the 

all sky surface upward flux to all sky surface downward flux. To be consistent with this 

albedo, we compute the MODIS blue-sky albedo as a linear combination of the black-sky 
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and white-sky albedos, weighted with the diffuse and direct ratios, respectively. The 

black-sky albedo is computed using (C.7) with rα  provided by the MODIS BRDF data 

for each 16-day period. The diffuse ratio ( dr ) is computed from the fraction of diffuse to 

total downward fluxes in the UMD data. Furthermore, the 0.05° MODIS blue-sky 

albedos are averaged over 400 pixels to match the 1° UMD data at eleven 1°×1° grid 

boxes with different vegetation types (see Fig. C.10). Because the period of the global 

UMD data does not overlap with the MODIS data, we compare the UMD albedo for the 

period of July 11-26, 1994 with the same 16-day period (averaged from 2000 to 2004) 

MODIS blue-sky albedos. 

 

      [34] Figure C.10 shows that the MODIS blue-sky albedo does not necessarily increase 

with SZA because diffuse radiation fraction usually increases with SZA. At a given SZA, 

the overall small scatter of the blue-sky albedos is caused by the day-to-day variation of 

the diffuse radiation fraction. In contrast, the UMD albedos are much more scattered and 

their dependence on SZA is difficult to recognize. Even the 16-day averaged albedos at 

the same local time are quite different from the MODIS blue-sky albedos over most of 

the locations for most of the time (e.g., the albedo difference is up to 0.10 at 

94.0)(cos =SZA  for savannas), although this difference can be partly caused by the use 

of data from different years. In particular, some of the UMD albedos are simply 

unrealistic (e.g., less than 0.05 in Fig. C.10a,c, and greater than 0.3 for 7.0)(cos =SZA  in 

Fig. C.10d). These UMD results are not surprising, because, as mentioned earlier, surface 

albedos are adjusted in the UMD algorithm to force the computed TOA albedo to be 



 109

consistent with satellite observations for the same surface type and the same atmospheric 

and surface conditions. 

 

C.4.2 Comparison with the ISCCP-FD albedo 

 

     [35] Using the NASA Goddard Institute for Space Studies (GISS) radiative transfer 

code and improved International Satellite Cloud Climatology Project (ISCCP) cloud 

climatology and ancillary data sets, Zhang et al. [2004] have produced an 18-year at 3-

hour temporal resolution, global at 280-km intervals, radiative flux data set (i.e., the 

ISCCP-FD). In this algorithm, the visible albedo is set equal to the ISCCP surface VIS 

reflectance, and the NIR albedo is determined from the visible albedo and the prescribed 

(area averaged) spectral ratios, which are obtained by minimizing the differences between 

the calculated clear-sky land albedos at TOA with Earth Radiation Budget Experiment 

(ERBE) values [Harrison et al., 1990] as a function of surface type. These ratios provide 

both seasonal and spectral information about the reflectance behavior of vegetation types. 

Since the ISCCP surface visible reflectance varies with solar zenith angle, the overall 

land surface albedos also vary.  

 

       [36] We compute the ISCCP surface albedo from the ratio of upwelling to 

downwelling ISCCP-FD solar fluxes at the surface under clear-sky conditions from July 

11-26, 2000. We also compute the MODIS blue-sky albedo for the same 16-day period 

(starting from Julian day 193) in 2000 with the diffuse ratio estimated from a best-fit 
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equation in Roesch et al., [2004]. Furthermore, the 0.05° MODIS data are averaged over 

2500 pixels to be consistent with the spatial resolution of the ISCCP albedo data. 

  

       [37] Figure C.11 shows that the average ISCCP albedo at the same local time during 

the 16-day period deviate significantly from the MODIS blue-sky albedo. For instance, 

while the MODIS blue-sky albedo is quite robust (around 0.14) and realistic for the 

evergreen needleleaf forest (e.g., Jin et al., [2003]), the ISCCP clear-sky albedo is too 

low (below 0.05) around 4.0)(cos =SZA  (Fig. C.11a). This is caused by the use of the 

surface albedo adjustment to match the computed TOA albedo with satellite observations 

in the ISCCP algorithm. Figure C.11 also demonstrates that the ISCCP albedo decreases 

(rather than increases or varies little) with the increase of SZA for most of the vegetation 

types. The reason for this abnormal behavior is unclear at present. 

 

C.4.3 Comparison with the CERES/TRMM albedo 

 

      [38] The NASA’s Clouds and the Earth’s Radiant Energy System  (CERES) provides 

land surface albedos in two different ways. First, the Surface and Atmosphere Radiation 

Budget (SARB) working group uses a look-up table and (C.6) along with the TOA 

broadband albedo to estimate surface albedos. Specifically, shortwave (SW) spectral 

albedos are required in fifteen bands from 0.2 to 5.0 microns. The spectral albedos are 

determined from a look-up table based on the scene type underlying the CERES 

footprint. The one-parameter formulation (C.6) is then taken as a spectrally invariant 

SZA−dependence albedo curve. For clear sky conditions, a TOA to surface 
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parameterization is used to determine surface broadband albedo. The spectral curve (C.6) 

is then adjusted up or down such that the surface broadband albedo is equal to the 

spectral integral of the albedo. Here we focus on the SZA-dependence and compare (C.7) 

versus (C.6) with different C values as used in the CERES/SARB algorithm. Figure C.12 

shows that, for all vegetation types except open shrubland and woody savannas (Fig. 

C.12g,h), the two formulations agree with each other very well for more than half of the 

cos (SZA) ranges. In particular, these new C values adopted by the CERES/SARB yield 

better results than the original C values from Briegleb et al. [1986] (comparing Fig. C.12 

with Fig. C.5). Comparison of Figs. C.5 and C.12 also shows that the CERES/SARB C 

values are very close to our new C values for four vegetation types [panels (c), (i)− (k)]. 

For other vegetation types, our new C values fit (C.7) better for 600 −=SZA ° because of 

the weighting function used in (C.8) to obtain these C values. 

 

      [39] The CERES surface and atmospheric radiative fluxes are also available through 

the full physical retrieval using the radiative transfer code of Fu and Liou [1992]. The 

CERES instrument has been on board the Tropical Rainfall Measuring Mission (TRMM, 

launched on 27 November 1997), as well as the NASA satellites Terra and Aqua. Here 

we use the CERES/TRMM data, because the inclined orbit of the TRMM satellite 

provides a unique opportunity for comparing the surface albedo under all solar zenith 

angle conditions. The Monthly Gridded TOA/Surface Fluxes and Clouds (SFC) archival 

data product contains hourly single satellite flux and cloud parameters averaged over 

1°×1° grid boxes for nine months 

(http://eosweb.larc.nasa.gov/PRODOCS/ceres/level3_table.html). The CERES/TRMM 
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surface albedo is then computed from the ratio of upward solar flux to downward solar 

flux at the surface for the period of July 11-26, 1998. Just as in the earlier comparison 

with the ISCCP-FD albedo products, the MODIS blue-sky albedo is obtained using the 

diffuse ratio from Roesch et al. [2004] and the black-sky albedo from (C.7) with rα  from 

the MODIS BRDF data for the same 16-day period (averaged from 2000 to 2004). 

 

     [40] Figure C.13 shows that the CERES/TRMM albedos are overall larger than the 

MODIS values. For instance, the CERES albedos are even larger than 0.3 for 60<SZA ° 

in some of the days over a mixed forest grid box(Fig. C.13b), probably due to cloud 

contamination. The CERES albedos are also much more scattered than the MODIS data, 

because of the adjustment of surface albedo to force the agreement between computed 

and satellite TOA albedos in the CERES algorithm, just as in the UMD and ISCCP-FD 

retrieval algorithms. 

 

C.5 Conclusions and further discussions 

 

      [41] The MODIS BRDF/albedo product has been very useful in providing the surface 

albedo data to, and evaluating existing surface albedos of, weather and climate models 

(e.g., Wang et al., 2004; Zhou et al., 2003; Barlage et al., 2005). In this paper we have 

reformulated the MODIS BRDF algorithm to develop a two-parameter formulation for 

the computation of land surface albedo (including its SZA dependence) for weather and 

climate models as well as the remote sensing retrieval of surface solar fluxes. These two 

parameters are dependent on vegetation types, and the season- and pixel-dependent 
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black-sky albedo at 60° SZA is provided by the MODIS BRDF data directly. For the one-

parameter albedo formulation developed by Dickinson [1983] and Briegleb et al. [1986], 

we have also provided the new parameter (C) values for each vegetation type based on 

the MODIS BRDF data for use in modeling and remote sensing. The order (from best to 

worst) of the fit to the MODIS BRDF black-sky albedo data is: our two-parameter 

formulation (C.7), the one-parameter formulation (C.6) with our new C values, (C.6) with 

the original C values from Briegleb et al. [1986], and white-sky albedos (i.e., without 

considering the SZA dependence of black-sky albedo). 

 

     [42] Note that the BRDF algorithm (Eq. C.2) could also be directly applied to models 

by prescribing three coefficients that vary with time and space. Effectively our 

reformulated equation (Eq. C.7) reduces the number of time- and space dependent 

variables from three to one that also has a clear physical meaning (i.e., black-sky albedo 

at 60° SZA) with two other parameters as a function of vegetation type only to control 

the SZA dependence. Furthermore, Figs. C.5 and C.6 show that Eqs. (C.2) and (C.7) give 

very similar results, with the latter simpler to use. 

 

       [43] Our new formulation (C.7) has been compared with those used in weather, 

climate, and data assimilation models. The SZA dependence is similar in the NCAR 

CLM3 and the NASA Catchment land models because of a common heritage of the two-

stream approximation of Dickinson [1983] and Sellers et al. [1986]. While the SZA 

dependence agrees with that from (C.7) for some vegetation types, they differ for other 

types (particularly for small SZA values when the solar radiation flux is also large), 
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probably because the two-stream scheme cannot realistically consider the shading effects 

of canopy (e.g., Yang et al., 2001; Pinty et al., 2005). While the white-sky albedo 

normalized by the black-sky albedo at 60° SZA is similar between the Catchment model 

and our two-parameter formulation, they are both smaller than that from the CLM3 based 

on the two-stream scheme of Bonan [1996]. Further study is still needed to understand 

why the CLM3 and the Catchment model give similar SZA dependences but different 

normalized white-sky albedos.  Compared with (C.7), the SZA-dependence in the NCEP 

climate data assimilation system (CDAS) and regional Eta model seems to be 

questionable for SZA > 60°. In the NCEP global forecast model (GFS03) this 

formulation has been replaced by the one-parameter formulation (C.6) with the C values 

from Brigleb et al. [1986]. As mentioned earlier, more appropriate C values have been 

provided in this study (see Table 2). In the near future, we plan to directly address the 

impact of the new formulation (C.7) on land surface modeling, following the preliminary 

impact study over desert in Wang et al. [2005].  

 

      [44] The original C values in Brigleb et al. [1986] have also been updated in the 

CERES/SARB remote sensing retrieval of land surface albedo, and these updated C 

values are overall better  than the original C values [compared with (C.7) and the MODIS 

data]. These updated C values are similar to our new values in Table C.2 for some 

vegetation types but still differ from ours for other types. While our new C values are 

rigorously obtained from the MODIS data based on the minimization in (C.8), it is 

unclear exactly how the updated C values were obtained in the CERES/SARB algorithm. 
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In the near future, we also plan to assess the impact of our new formulation (C.7) on the 

CERES/SARB retrieval of surface solar fluxes. 

 

       [45] Remotely sensed solar fluxes over land are also available from the University of 

Maryland (UMD, based on the ISCCP C1 data), ISCCP-FD, and CERES/TRMM. While 

different radiative transfer codes are used in these products, they all adjust land surface 

albedos to ensure the agreement between computed TOA albedos and satellite 

observations. Because of this procedure, albedos from these products are much more 

scattered at the same SZA than the MODIS data. The mean albedos at the same SZA also 

differ significantly from the MODIS values for some of the vegetation types. In 

particular, some of the albedos from these products are simply beyond the observed range 

of surface albedos (e.g., over forests), partly due to cloud contaminations. The 

implication of our preliminary evaluation of these products is two-fold. First, the realistic 

range of land surface albedo should be considered when the albedo is adjusted in these 

retrieval algorithms. When an out-of-range albedo is required to ensure the TOA 

agreement, it might indicate the cloud contaminations. Further study is also needed to 

evaluate the impact of our new formulation (C.7) (as an initial guess of the surface 

albedo) and the consideration of the albedo range in the adjustment of the surface albedo 

on the retrieval of surface and atmospheric solar fluxes in the UMD, ISCCP-FD, and 

CERES/TRMM algorithms. 
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Table C.1 The median values and the interquartile ranges (IQR′s) of the MODIS black-

sky albedo at 60° SZA over 40 locations for each vegetation type in the VIS and NIR 

broadbands. 

Type 
No. 

Vegetation Type Median 
(VIS) 

IQR 
(VIS) 

Median 
(NIR)  

IQR 
(NIR) 

1 Evergreen Needleleaf 
Forest 

0.027 0.013 0.172 0.030 

2 Evergreen Broadleaf 
Forest 

0.026 0.007 0.203 0.047 

3 Deciduous Needleleaf 
Forest 

0.034 0.022 0.204 0.035 

4 Deciduous Broadleaf 
Forest 

0.066 0.042 0.236 0.035 

5 Mixed Forest 0.034 0.009 0.207 0.051 
6 Closed Shrublands 0.062 0.031 0.183 0.042 
7 Open Shrublands 0.109 0.062 0.259 0.078 
8 Woody Savaannas 0.043 0.047 0.226 0.040 
9 Savannas 0.061 0.030 0.244 0.044 
10 Grasslands 0.099 0.078 0.295 0.099 
12 Croplands 0.066 0.072 0.286 0.055 

 

 

Table C.2 The empirical parameters B1 and B2 in Eq. (C.7) as well as C in Eq. (C.6) for 

different vegetation types. 

Type No. B1 B2 New C Old C 
1 0.68 0.36 0.34 0.10 
2 0.63 0.27 0.31 0.10 
3 0.64 0.15 0.32 0.10 
4 0.56 0.16 0.23 0.10 
5 0.65 0.16 0.30 0.10 
6 0.56 0.26 0.22 0.10 
7 0.45 0.18 0.18 0.10 
8 0.62 0.18 0.26 0.10 
9 0.60 0.15 0.27 0.10 
10 0.57 0.12 0.26 0.40 
12 0.62 0.13 0.27 0.40 
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Table C.3 Comparison of three formulations [(C.7), CLM3, and NASA Catchment land 

model] for the computation of normalized white-sky albedo (WSA) with respect to the 

black-sky albedo (BSA) at 60° SZA as well as the solar zenith angle at which BSA is 

equal to WSA. 

Normalized WSA Corresponding SZA (°) Vegetation Type 
(C.7) CLM3 (C.7) CLM3 

Evergreen 
Needleleaf Forest 

 
0.95 

 
1.20 

 
53.8 

 
72.5 

Evergreen 
Broadleaf Forest 

 
0.95 

 
1.12 

 
53.1 

 
70.1 

Deciduous 
Needleleaf Forest 

 
0.95 

 
1.23 

 
53.8 

 
73.1 

Deciduous 
Broadleaf Forest 

 
0.96 

 
1.16 

 
54.5 

 
73.7 

Grasslands 0.95 1.04 53.1 63.3 
Croplands 0.95 1.05 53.8 64.5 

Normalized WSA Corresponding SZA (°) Vegetation Type 
(C.7) Catchment (C.7) Catchment 

Evergreen 
Broadleaf Forest 

 
0.95 

 
0.93 

 
53.8 

 
52.4 

Deciduous 
Broadleaf Forest 

 
0.96 

 
0.96 

 
53.1 

 
53.8 

Evergreen 
Needleleaf Forest 

 
0.95 

 
0.92 

 
53.8 

 
52.4 

Deciduous 
Needleleaf Forest 

 
0.95 

 
0.92 

 
53.8 

 
52.4 

Grasslands 0.95 0.89 53.8 50.2 
Broadleaf Shrubs 0.96 0.95 54.5 53.8 
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Figure C.1 The global distribution of MODIS land cover types and the pixels (denoted 

by black filled dots) used in this paper. The vegetation types are described in Table C.1. 
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Figure C.2 The seasonal variation of the solar zenith angle dependence of the black-sky 

albedo in the NIR broadband over a grassland pixel (35.325°N, 99.625°W) from 2000 to 

2004. (a) Spring; (b) Summer; (c) Fall; and (d) Winter. 
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Figure C.3 The black-sky albedo as a function of solar zenith angle for 40 open 

shrublands pixels in (a) VIS band and (b) NIR band. 

 

 

 

 

 

 

 



 129

 

 

 

Figure C.4 The median curves of the MODIS black-sky albedos versus the cosine of 

solar zenith angle in the NIR band over 40 pixels for different vegetation types. 
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Figure C.5 The 40-pixel averaged SZA dependence using the MODIS data directly and 

computed using the new two-parameter formulation (C.7) and the one-parameter 

formulation (C.6) with new and original C values (see Table C.2) for different vegetation 

types in the NIR band. 
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Figure C.6 The 40-pixel averaged standard deviations of the simulated albedos from the 

MODIS albedos using different albedo parameterizations for each vegetation type in the 

shortwave (i.e, NIRVIS + ) band. 
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Figure C.7 The comparison of the normalized SZA dependence of black-sky albedo 

from our two-parameter scheme (C.7) with that from CLM3 for four types of forests, 

grasslands, and croplands in the NIR band. Standard CLM3 parameters (e.g., LAI) in July 

at different locations are used.  
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Figure C.8 The comparison of normalized SZA dependence of black-sky albedo from 

our two-parameter formulation (C.7) with those used in the NCEP GFS03 and CDAS/Eta 

for different vegetation types in the NIR band. 
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Figure C.9 The comparison of the normalized SZA dependence of black-sky albedo 

from (C.7) with that from the NASA Catchment land model for four types of forest, 

grasslands, and broadleaf shrubs in the NIR band. 
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Figure C.10 The comparison of the MODIS blue-sky albedos for the shortwave (i.e., 

NIRVIS + ) broadband using our new formulation (C.7) with the UMD product based on 

the ISCCP data at 11 locations with different vegetation types from July 11-26, 1994. The 

MODIS balck-sky albedos at 60 ° SZA for the 16-day period starting from Julian day 193 

averaged from 2000 to 2004 are used in (C.7).  
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Figure C.11 The comparison of the MODIS blue-sky albedos using the new albedo 

parameterization (C.7) with ISCCP-FD SW broadband albedos at 11 locations with 

different vegetation types from July 11-26, 2000. The MODIS balck-sky albedos at 60 ° 

SZA for the same 16-day period (starting from Julian day 193) in 2000 are used in (C.7).  
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Figure C.12 The comparison of the normalized SZA dependence of black-sky albedo 

using (C.7) versus (C.6) with the C values as used in the CERES/SARB algorithm for 

different vegetation types. 
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Figure C.13 The comparison of the MODIS blue-sky albedos using the new albedo 

parameterization (C.7) with CERES/TRMM broadband albedos at 8 locations with 

different vegetation types from July 11-26, 1998. The MODIS balck-sky albedos at 60 ° 

SZA for the 16-day period starting from Julian day 193 averaged from 2000 to 2004 are 

used in (C.7). 


