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ABSTRACT: Clear-sky, upwelling shortwave flux at the top of the atmosphere
(
S

↑
TOA

)
, simulated using the atmospheric

and land model components of the Community Climate System Model 3 (CCSM3), is compared to corresponding
observational estimates from the Clouds and Earth’s Radiant Energy System (CERES) sensor. Improvements resulting
from the use of land surface albedo derived from Moderate Resolution Imaging Spectroradiometer (MODIS) to constrain
the simulations are also examined. Compared to CERES observations, CCSM3 overestimates global, annual averaged
S

↑
TOA over both land and oceans. However, regionally, CCSM3 overestimates S

↑
TOA over some land and ocean areas while

underestimating it over other sites. CCSM3 underestimates S
↑
TOA over the Saharan and Arabian Deserts and substantial

differences exist between CERES observations and CCSM3 over agricultural areas. Over selected sites, after using ground-
based observations to remove systematic biases that exist in CCSM computation of S

↑
TOA, it is found that use of MODIS

albedo improves the simulation of S
↑
TOA. Inability of coarse resolution CCSM3 simulation to resolve spatial heterogeneity

of snowfall over high altitude sites such as the Tibetan Plateau causes overestimation of S
↑
TOA in these areas. Discrepancies

also exist in the simulation of S
↑
TOA over ocean areas as CCSM3 does not account for the effect of wind speed on ocean

surface albedo. This study shows that the radiative energy budget at the TOA is improved through the use of MODIS
albedo in Global Climate Models. Copyright  2010 Royal Meteorological Society
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1. Introduction

Research over the past three decades shows that anthro-
pogenic activities have the potential to significantly
impact global and regional climates. One such anthro-
pogenic activity that has received considerable atten-
tion in recent years is the increased emission of green-
house gases, specifically carbon dioxide (CO2). Increas-
ing concentration of greenhouse gases results in a
reduction of net outgoing longwave radiation from the
earth–atmosphere system leading to an increase in sur-
face temperatures. Observations show increasing surface
temperature trends in recent decades (IPCC, 2007), which
has been partly attributed to increasing atmospheric CO2

concentrations. Identification of increasing CO2 as the
primary cause of warming trends in surface air tempera-
ture is based primarily on Global Climate Model (GCM)

* Correspondence to: Udaysankar S. Nair, National Space Science and
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simulations. As GCMs are extensively utilised in assess-
ments of climate change, realism of different processes
simulated by GCMs is of significant interest.

Analysis of the top of the atmosphere (TOA) radiative
energy budget, characterised by an approximate balance
between the net incoming solar radiation and outgoing
terrestrial longwave radiation, is important in climate
change studies. In recent decades, radiative energy bud-
get at the TOA has been monitored using satellite-borne
instruments such as the Earth Radiation Budget Exper-
iment (ERBE) and Clouds and Earth’s Radiant Energy
System (CERES). These satellite sensors provide datasets
that allow evaluation of the performance of GCMs from
a global energy budget perspective.

Net incoming shortwave radiation at the TOA, the
main energy input into the earth–atmosphere system,
is modulated by the planetary albedo, which is the
proportion of the incoming solar radiation reflected back
to space by the land and ocean surface, clouds and
atmospheric aerosols. Bender et al. (2006) compared
planetary albedo from 20 GCMs used in the Fourth
Assessment Report (AR4) of the Intergovernmental Panel
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on Climate Change (IPCC). This comparison found
systematic differences between satellite observations and
numerical model-simulated values of planetary albedo
with the models consistently providing a higher estimate.
Comparison of mean planetary albedo from the 20
GCMs to satellite observations shows that the models
overestimate the planetary albedo during boreal summer
and underestimates it during austral summer.

Studies have also examined the impact of individual
factors that contribute to the planetary albedo separately,
with a substantial body of the research focussing on the
contribution of clouds and aerosols to planetary albedo
and the TOA radiation budget (Charlson et al., 1992;
Chen et al., 2000; Potter and Cess, 2004). However, there
are relatively fewer studies that address the contribution
of the land and ocean surface to planetary albedo and
the TOA radiation budget. Relevant in this context
are the realistic representation of spatiotemporal albedo
variations caused by snow, ice and vegetation cover.

Seasonal changes of snow cover result in large gradi-
ents of surface albedo in the extra-tropical regions of the
Northern Hemisphere (NH), with the spring thawing of
snow decreasing the surface albedo. Associated with the
melting of snow is the positive feedback effect of decreas-
ing the surface albedo which in turn increases surface air
temperature further accelerating the snow melt. This sur-
face albedo feedback effect is important in the context
of climate change, with nearly half of the surface air
temperature response in doubled CO2 GCM experiments
being attributed to the snow-albedo feedback effect (Hall,
2004). Using an analytical model and satellite observa-
tions, Qu and Hall (2006) analyzed and compared a set
of 17 GCM simulations from IPCC-AR4, and summa-
rized that in the extra-tropical regions of the NH, the
atmosphere attenuates the net impacts due to snow cover
anomalies by 50%; and that there was large variabil-
ity among the AR4 models in translating the changes
in the surface air temperatures (SAT) to surface albedo
anomalies and thereby snow-albedo feedbacks. Hence,
they recommend developing alternate parameterisation to
represent snow and land surface processes, a suggestion
also noted by Levis et al. (2007). Further, systematic pos-
itive biases in spring albedo, due to snow cover and the
melting of snow later in the spring, have also been found
to be prevalent among most of the IPCC-AR4 models
evaluated by Roesch (2006).

Nair et al. (2007) compared GCM estimates of the
TOA radiative forcing over southwest Australia, a region
of drastic land-use change in recent decades, against
satellite observations. They found significant differences
between the GCM estimates and satellite observations
and concluded that parameterisations utilised in GCMs
may not realistically represent the spatiotemporal vari-
ations in land surface characteristics including albedo,
especially in regions of agricultural land use where the
seasonal variation of albedo is governed by the type
of agricultural species and also by land management
practices.

1.1. Study objectives and analysis framework

The main objectives of this study were to: (1) examine
the validity of the representation of surface albedo in
the Community Land Model – Version 3 (CLM3) of the
Community Climate System Model 3.0 (CCSM3), one
of the GCMs used in IPCC assessments, by comparing
it to CERES satellite observations of clear-sky short-
wave fluxes at the TOA (referred from here on as S

↑
TOA);

(2) study the impact of using broadband albedos derived
from the Moderate Resolution Imaging Spectroradiome-
ter (MODIS) to constrain CLM3 used in CCSM3 on
the simulated S

↑
TOA values; and (3) examine whether the

introduction of an improved land surface parameterisa-
tion (in addition to the use of MODIS-derived albedo to
constrain CLM3) will improve the simulation of S

↑
TOA.

Note that in the set of experiments used in this study,
the CCSM3 was configured to utilise the Community
Atmospheric Model 3.0 (CAM3) coupled to the Com-
munity Land Model 3.0 (CLM3) of CCSM3 with the
bottom boundary conditions over the oceans specified
using the climatological sea surface temperatures (SST)
and sea ice extent. From this point on, references to
CCSM3 simulations are to be understood in the context
that only the fully coupled atmosphere and land compo-
nents (CAM3+CLM3) of CCSM3 have been used and
that the dynamic ocean model component of CCSM3 was
not utilised in these studies.

Note that the CCSM3 simulation of S
↑
TOA is impacted

by land surface albedo and column loading of gases that
are radiatively active in the shortwave part of the spec-
trum (mainly water vapour and ozone). Further, land
surface albedo is modulated by precipitation with rain-
fall modifying the bare soil albedo and snow altering
albedo of both soil and vegetation. There is also a solar
zenith angle (SZA) dependence of the surface albedo,
which is not adequately accounted for in many weather
and climate models (Wang et al., 2007). Imperfect cloud
screening introduces errors in CERES-derived estimates
of S

↑
TOA. Thus understanding the cause for differences

between CCSM3-simulated S
↑
TOA and CERES-derived

estimates is complicated due to multiple dependencies,
non-linear interactions between some of the dependent
factors and also systematic biases in the radiative transfer
parameterisation used in CCSM3. Assessing the impact
of MODIS-derived broadband albedo on CCSM3 sim-
ulation of S

↑
TOA also requires a quantification of errors

introduced by multiple dependencies.
Conduct of such a detailed error analysis at the global

scale is complicated due to the availability of required
datasets and hence is beyond the scope of the present
study. However, this study quantifies systematic biases
introduced by the radiative transfer parameterisation and
by errors in CCSM3 simulation of column water vapour
loading over two selected sites where data required for
conducting such analysis is available. Results from this
limited quantitative analysis will be used to qualitatively
interpret CERES–CCSM3 comparisons over other areas.
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2. Study area

Comparisons of CCSM3-simulated S
↑
TOA and CERES

observations are conducted over a global domain. Select-
ed areas over mountainous regions, deserts, tropical
forests and agricultural areas are examined in detail.
Agricultural areas examined include: (1) the Mississippi
Delta region, a site of large-scale irrigated agriculture;
(2) southwest Australia, a site of large-scale rain-fed agri-
culture; (3) rural agricultural areas around Hyderabad, in
Andhra Pradesh, India; and (4) a heavily instrumented
observational site, maintained as part of the Atmospheric
Radiation Measurement (ARM) Program, at the Southern
Great Plains-Central Facility (SGP-CF) located in Lam-
ont, OK. In addition to the SGP-CF location, we also
use observational data from the ARM Mobile Facility
deployed in Niamey, Niger. In the respective areas cov-
ered by the CCSM grid cells for the two ARM sites, the
two dominant land cover classes are cropland (52%) and
grassland (30%) for the SGP-CF and grassland (59%)
and bare ground (27%) for the Niger site. Note that use
of satellite observations to constrain land surface albedo
is expected to significantly impact simulations over areas
influenced by anthropogenic activities (Nair et al., 2007).
This hypothesis is examined by intercomparing the per-
formance of CCSM3 over agricultural areas to forested
regions, which have more predictable phenology patterns
better captured by parameterisations in GCMs.

3. Methodology

This study compares GCM climatologies of S
↑
TOA from

three different GCM experiments to a 7-year climatology
of clear-sky S

↑
TOA derived from CERES observations

from the Terra satellite to evaluate the impact of using
satellite-derived albedo to constrain GCMs.

3.1. CCSM3 climate simulation experiments

The three CCSM3 climate simulations (being referred
to as ‘CONTROL’, ‘CLM–MODIS’ and ‘CLM–SiB’)
utilised T42 grid resolution under current day atmo-
spheric CO2 concentrations (355 ppm) using prescribed
cycling monthly SSTs and sea ice distributions from a
climatology of 1950–2003 (Lawrence and Chase, 2007).
The simulations were run for a period of 15 years. The
simulated S

↑
TOA climatology used in this study was con-

structed from the last 10 years of the simulation with
the first 5 years being discarded as the spin up. Relevant
details of the three different experiments are given in the
following sections.

3.1.1. The CONTROL experiment

The control experiment (referred to as CONTROL)
was run with the default CAM3 and CLM3 coupled
atmospheric and land model components of CCSM 3.0,
as provided by National Center for Atmospheric Research
(NCAR). The default version of CCSM3 utilises the
CLM3 where land surface characteristics are specified

using the standard NCAR land surface parameters as
described in Oleson et al. (2004). The description of
physical processes and the land surface boundary data are
evaluated through climate simulations with the CLM and
the CCSM in Bonan et al. (2002) and Dickinson et al.
(2006). The improved physical processes of CLM3 and
the representation of land surface boundary conditions
had overall helped to improve CCSM3.

3.1.2. The CLM–MODIS experiment

Several studies have addressed the deficiencies in the
parameterisation of land surface albedo in the Commu-
nity Land Model 2.0 by comparing the model-computed
albedo against MODIS observations (Oleson et al., 2003;
Zhou et al., 2003; Wang et al., 2004). These studies
report better agreement of simulated albedo to observa-
tions during summer (Oleson et al., 2003), overestimation
of simulated albedo over snow-covered regions by as
much as 20% and underestimation of the albedo in the
desert regions of the Sahara and the Arabian Peninsula
(Oleson et al., 2003; Zhou et al., 2003). These studies
suggested CLM needs to be improved to have a better
representation of albedo, leaf area index (LAI), snow
cover etc. in order to better depict the interaction of
downwelling solar radiation with the land surface.

The prescription of land surface parameters using
MODIS-derived observations has been used to improve
the performance of CLM with significant impacts to
climate simulations (Tian et al., 2004a, 2004b; Lawrence
and Chase, 2007). This approach is used in the second
experiment considered in this study, referred to here-
on as CLM–MODIS. In the CLM–MODIS experiment,
the MODIS vegetation continuous fields data of Hansen
et al. (2003), along with the land cover mapping of
Friedl et al. (2002), and the prescribed crop distributions
of Ramankutty and Foley (1999) are used to generate
current day plant functional type (PFT) distributions. The
monthly averaged MODIS LAI data from Myneni et al.
(2002) and surface albedo from Schaaf et al. (2002) are
used to prescribe PFT LAI values and soil colour, both
of which are used in CLM to calculate the radiation
dynamics of vegetation and bare soils. New soil colours
are derived by fitting visible and near infrared soil
reflectance values for each grid cell and for each month,
to make the average monthly snow-free surface albedo
in CLM consistent with MODIS observations at local
solar noon on the middle day of the month. These
soil reflectance values are then adjusted to be further
consistent with the model soil moisture climatology so
that the soil reflectance for a given soil moisture content
is reproduced (Lawrence and Chase, 2007).

Compared to the default CLM3 parameters, the new
MODIS-derived parameters increase the bare soil fraction
by 10% which is realised through reduced tree, shrub and
crop cover. The new parameters also result in average
increases of 10% for LAI and stem area index (SAI)
values, with the largest increases in tropical forests.
Though the vegetated fraction decreased overall (and so

Copyright  2010 Royal Meteorological Society Int. J. Climatol. 30: 2088–2104 (2010)
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(a)

(c)

(e) (f)

(d)

(b)

Figure 1. Differences in average seasonal local noon broadband whitesky surface albedo (%) between MODIS and the CONTROL experiment
(a and b); with the new MODIS-derived parameters (CLM–MODIS) experiment (c and d) and differences between the CLM–MODIS and

CONTROL experiments (e and f). This figure is available in colour online at wileyonlinelibrary.com/journal/joc

bare soil increased), the much larger increase in LAI/SAI
in the vegetated fraction more than compensated for the
increased bare soil fraction area so that LAI/SAI was
on average are larger. The default CLM land parameters
resulted in much higher values of albedo across much
of NH and in significantly lower values across the
Sahara and Arabian deserts (Figure 1(a) and (b)). The
new parameters significantly reduced the CLM3 surface
albedo for all seasons which reduces the high albedo
difference found between the CLM 3.0 and MODIS
albedo over all seasons (Figure 1(e) and (f)). The changes
in soil colour with the new parameters have the largest
impact on albedo in areas with sparse vegetation that are
not affected by snow. In general, the new soil colours
lowered the effective soil reflectance in densely vegetated
regions and increased the soil reflectance in the desert
regions.

3.1.3. The CLM–SiB experiment with MODIS land
surface parameters

The CLM–SiB experiment uses a new surface hydrology
scheme in CLM3 that is consistent with the one used in
the Simple Biosphere (SiB 2.0) model. This new scheme
is discussed in detail by Lawrence and Chase (2009). This
experiment also uses land surface characteristics derived
from MODIS continuous vegetation fields as described
in Section 3.1.2 and also in topographic slope data. The

purpose of the CLM–SiB experiment is to address the
low contributions from transpiration and high contribu-
tions from canopy and soil evaporation found with the
release CLM 3.0. Lawrence and Chase (2009) found
that implementation of SiB in CLM3 leads to substan-
tial increases in transpiration (15–42%) and substantial
decreases in canopy evaporation (38–24%) and soil evap-
oration (47–34%), respectively. The changes in the evap-
otranspiration partition make CLM–SiB consistent with
the consensus of other land surface models used in Global
Circulation Models, which have average global evap-
otranspiration dominated by transpiration (47%), with
substantially smaller contributions from evaporation from
canopy intercepted precipitation (17%) and bare soil
(36%) (Dirmeyer et al., 2005). The CCSM configuration
for the CLM–SiB experiment also includes a different
parameterisation for sea ice compared to the model con-
figurations used for the CONTROL and CLM–MODIS
experiments. In the configuration used for the CLM–SiB
experiment, the Data Sea Ice Model component of CCSM
has been replaced by the Community Sea Ice Model
(CSIM), constrained with the spatial extent defined by
an observed sea ice climatology for 1970–2001.

3.2. Satellite-derived climatology of TOA fluxes

The CERES instrument provides broadband radiomet-
ric measurements of the Earth’s atmosphere for three

Copyright  2010 Royal Meteorological Society Int. J. Climatol. 30: 2088–2104 (2010)
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channels: shortwave (0.3–5.0 µm), total (0.3–200 µm),
and longwave infrared (8–12 µm). We use the obser-
vations from the CERES FM1 instrument on board the
Terra Earth Observation Satellite, which has an over-
pass time of approximately 10 : 30 am local time. In
addition to numerous other data products, derived param-
eters in the ERBE-like ES-9 collection include monthly
averages of planetary albedo and TOA shortwave and
longwave fluxes for both all-sky and clear-sky condi-
tions. The CERES measured radiances are converted to
TOA fluxes using angular distribution models (ADMs)
for specific scene types. These TOA SW fluxes are used
to derive broadband albedos for cloud-free regions and
upwelling longwave radiation at the TOA. CERES FM1
data are available beginning in March 2000 and continue
to be processed to this day, providing a 7-year time series
to analyse climatic trends in TOA shortwave and long-
wave radiation. We use primarily FM1 data as the FM1
instrument is generally in cross-track mode, providing the
maximum spatial sampling compared to along track and
RAP scanning strategies. Prior to January 2002, FM1
was occasionally operated in one of these other modes
and for these months, for which data from the identi-
cal FM2 instrument operating in cross-track mode were
substituted. The time period considered in this study is
from March 2000 to May 2007. Further details are found
in Loeb et al. (2005, 2007). The TOA SW fluxes have
a small positive bias of 0.2 W m−2 for regional monthly
averages and root mean square (RMS) errors between 0.7
and 1.4 W m−2.

In ERBE-like processing, the instantaneous CERES
measurements of radiances are first converted to fluxes
using angular distribution (or directional) models. The
instantaneous clear-sky fluxes are further diurnally aver-
aged using diurnal models even though clear-sky condi-
tions might have existed only for a small part of the day.
The monthly averages are constructed using the ‘daily’
data that had been diurnally averaged. There are two com-
mon methods adopted in GCMs to compute ‘clear-sky’
fluxes (Cess et al., 1992). In Method I, the clear-sky pix-
els are isolated over a time period and then averaged;
whereas in Method II the clear-sky fluxes are computed in
‘clear-sky mode’ for all instances and then time averaged.
Neither one of these methods is entirely analogous to
ERBE-like processing. In Method I, the clear-sky values
are isolated but this approach lacks the diurnal averaging
employed by ERBE-like algorithm adopted by CERES
E9. Method II incorporates diurnal averaging but may
suffer from negative bias in transmissivity under cloudy
conditions due to enhanced water vapour in the atmo-
sphere. The CCSM3 approach is based on Method II that
has been deemed to be more appropriate for intercom-
parisons (Cess et al., 1992).

3.3. Quantifying systematic biases in CCSM3
simulation of S

↑
TOA

Comparison between CCSM-simulated and CERES esti-
mates of S

↑
TOA (discussed later in Section 4) suggested

that there are systematic biases in the CCSM3 simulation

of S
↑
TOA. This study quantifies the bias using statisti-

cal relationship between bulk atmospheric transmissivity
in the shortwave, computed from observations to that
simulated by radiative transfer parameterisation used by
CCSM3. Data needed for this purpose, radiosonde pro-
files at relatively high temporal resolution and surface
pyranometer observations, are available at two sites con-
sidered in this study: the SGP-CF of the ARM program
in Oklahoma and its Mobile Facility in Niger, Africa.
The following formulation is used for estimating the error
introduced by systematic bias in the CCSM3 computation
of S

↑
TOA. Instantaneous value of upwelling shortwave flux

at the TOA is given by:

F
↑
TOA(t) = αF0µ(t)τ 2(t) (1)

In Equation (1), α, F0, µ and τ denote surface albedo,
solar constant, cosine of SZA and bulk transmissivity of
the atmospheric column. The bulk transmissivity is given
by:

τ = F
↓
surf

µF0
(2)

F
↓
surf is the CCSM-computed downwelling shortwave

flux at the surface. The diurnally averaged upwelling
shortwave flux at the TOA is given by:

S
↑
T OA = 1

L

∫ 24hr

0
F

↑
T OA(t)dt

= αF0

L

∫ 24hr

0
µ(t)τ 2(t)dt = αF0ξ (3)

where L is 24 h and ξ is given by the following equation:

ξ = 1

L

∫ 24h

0
µ(t)τ 2(t)dt (4)

If the actual value of bulk transmissivity for the
atmospheric column is τo, then the error introduced by
the biased estimate of τ is given by:

�
↑
TOA(t) = αF0µ(t)τ 2

o (t) − αF0µ(t)τ 2(t) (5)

where τo is given by the following equation:

τo = F
↓
surf,obs

µF0
(6)

F
↓
surf,obs in Equation (6) denotes the observed down-

welling shortwave flux received at the surface. The diur-
nally averaged error estimate is given by:

�
↑
T OA(t) = αF0

1

L

∫ 24hr

0
µ(t)τ 2

o (t)dt

−αF0
1

L

∫ 24hr

0
µ(t)τ 2

o (t)dt

= αF0ξ0 − αF0ξ (7)
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ξ0 is defined in Equation (8).

ξ0 = 1

L

∫ 24h

0
µ(t)τ 2

o (t)dt (8)

Equation (5) can be further simplified as:

�
↑
TOA(t) = αF0ξ

[
ξ0

ξ
− 1

]
= S

↑
TOA

[
ξ0

ξ
− 1

]
(9)

Bias in CCSM3 computed atmospheric transmissiv-
ity is quantified by a empirical function fit between ξ

and ξ0. Radiosonde and pyranometer observations from
the ARM sites in Oklahoma and Niger for all available
clear days in 2007 and 2006, respectively, are utilised
for this purpose. Observations of downwelling short-
wave flux at the surface

(
F

↓
surf,obs

)
from the pyranome-

ter, available at 1-min intervals, are used along with
Equations (6) and (8) to compute ξ0 at 15-min intervals.
The Column Radiation Model (CRM), a stand-alone ver-
sion of the radiative transfer scheme used in CCSM3, is
used to compute F

↓
surf which is used along with Equa-

tions (2) and (4) to calculate ξ . Note that in the CRM
computations, linear interpolation of radiosonde observa-
tions available at 6-h intervals, is used to specify a time-
varying atmospheric thermodynamic profile. The column
ozone profile, assumed to be diurnally invariant, is spec-
ified using profiles obtained from the European Centre
for Medium-Range Weather Forecasts (ECMWF) 45-year
reanalysis (ERA-40) dataset. Observed aerosol optical
depth (AOD) is utilised in the CRM computations for the
Niger site, while a constant background value is assumed
for the Oklahoma site where the AOD information is
not available. Linear regression between ξ and ξ0 yields
(Figure 2(a) and (b)) a statistical prediction equation for
ξ .

The procedure for estimating errors associated with
systematic biases in CCSM3 computation of S

↑
TOA is as

follows. For a particular CCSM grid point, a monthly
averaged climatological atmospheric moisture profile
from the ERA is first scaled by the CCSM monthly aver-
aged integrated precipitable water vapour (PWV) values.
Then this scaled atmospheric moisture profile is used
in CRM to compute ξ assuming diurnal variation of
SZA consistent with mid-month of day conditions. The
computed value of ξ is then used along with the statis-
tical prediction equation obtained from linear regression
(Figure 2(a) and (b)) to compute the expected value of
ξ0, which is then used in Equation (9) along with the
CRM-computed value of ξ and the CCSM3-computed
S

↑
TOA value to yield the error estimate.
Note that ξ0 and ξ are proportional to observational and

CCSM-computed estimates of bulk atmospheric trans-
missivity. At the Niger site, CCSM computation of atmo-
spheric transmissivity is an overestimate compared to
observational estimates (Figure 2(a)). However, over the
ARM Central Facility site in Oklahoma, the CCSM esti-
mate of bulk transmissivity is clearly an overestimate
only for ξ values in excess of 0.15 (Figure 2(b)). This

(a)

(b)

Figure 2. Scatterplot between ξ and ξ0, parameters that are correlated
to CCSM-computed and observational estimates of bulk atmospheric
transmissivity for: (a) the ARM Niger site in Africa, and (b) the ARM
central facility site in Oklahoma. The solid line is the linear regression
fit and the dashed line is a one-to-one curve. The equation describing
the linear fit is given within each panel and the RMS errors are 0.787
and 0.9848 for the Niger and Oklahoma sites, respectively. This figure

is available in colour online at wileyonlinelibrary.com/journal/joc

error analysis suggests that the CCSM radiative trans-
fer parameterisation tends to overestimate atmospheric
transmissivity and that the magnitude of the error shows
geographic variation.

4. Results

The CCSM3-simulated clear-sky S
↑
TOA from the CON-

TROL, CLM–MODIS and CLM–SiB simulations is
compared against corresponding CERES observations.
Monthly averaged S

↑
TOA from the last 10 years of these

experiments are computed and then the averages for the
months of DJF, MAM, JJA and SON (corresponding
to NH winter, spring, summer and autumn seasons) are
computed. The monthly averaged CERES S

↑
TOA data are

resampled to the CCSM domain and then the averages
for seasonal categories are computed.

Comparison between the CERES-observed S
↑
TOA and

the corresponding values in model simulations show

Copyright  2010 Royal Meteorological Society Int. J. Climatol. 30: 2088–2104 (2010)
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substantial differences (Figure 3). On average, CCSM
simulation experiments overestimate S

↑
TOA compared to

CERES observations over both land and ocean by approx-
imately 1.6 W m−2 and 7.6 W m−2, respectively. How-
ever, substantial regional variations exist over both land
and ocean, with the experiments overestimating S

↑
TOA

over some regions (e.g. Tibetan Plateau, Arctic Ocean)
and underestimating it over others (e.g. Saharan Desert,
Southern Equatorial Ocean areas).

4.1. Regional differences

4.1.1. Polar oceans

Compared to CERES observations, significant positive
biases in S

↑
T OA (in excess of 40 W m−2) are observed

over the Arctic Ocean region in both the CONTROL
and CLM–MODIS experiments during the boreal sum-
mer months (Figure 3). The positive bias in S

↑
TOA over the

Arctic Ocean is substantially reduced in the CLM–SiB
experiment which incorporates an improved represen-
tation of sea ice. Over the Southern Ocean, during
the austral summer months of DJF, the CONTROL,
CLM–MODIS and CLM–SiB experiments all show a
belt of strong positive bias (in excess of 40 W m−2)
extending from the coast of the Antarctic continent into
the Southern Ocean. This feature is also present during
the austral spring months of SON, but with reduced north-
ward extent into the Southern Ocean. In the Southern
Ocean region, the impact of improved sea ice parameter-
isation appears be to less effective compared to the Arctic
Ocean area.

4.1.2. High latitude land areas and mountain regions

In comparison to CERES observations, all three CCSM
experiments show seasonally varying regions of strong
positive bias in S

↑
TOA along the land areas north of 60°N

latitude (Figure 3). These regions include Alaska, regions
of North America east of the Great Lakes, northern coasts
of Eurasia and the eastern Pacific seaboard of Russia.
The positive biases that occur during the boreal spring
and summer months over high latitude regions in the NH
are more prominent during the months of MAM and per-
sist over the eastern regions of North America during
the months of JJA but are then non-existent during the
other months. The differences between CERES and the
model simulations are most pronounced for the CON-
TROL, least for the CLM–SiB and moderate for the
CLM–MODIS experiment. Note that over land areas,
the effect of snow cover on albedo is very different
depending upon the nature of land use. The improved per-
formance of CLM–MODIS and CLM–SiB simulations is
potentially related to improvements in: (1) simulated pre-
cipitation fields due to more realistic specification of land
surface characteristics; and (2) values of computed com-
posite albedo in regions of snow cover, which is param-
eterised as a function of snow and land surface albedo.

During the boreal spring and summer months, all three
experiments show substantial positive biases in S

↑
TOA

over the Tibetan Plateau when compared to CERES
observations (Figure 3). Annual variation of average
S

↑
TOA patterns from CERES observations and the three

CCSM simulations (Figure 4(a) and (b)) shows that the
patterns from the experiments are radically different
compared to CERES observations. Over the Tibetan
Plateau region, all three experiments show the S

↑
TOA

values in excess of 250 W m−2 during the month of May
whereas CERES observations show an average value
of ∼103 W m−2 (Figure 4(a)). Correspondingly, surface
albedo from all three experiments shows an anomalous
trend (Figure 4(b)) whereas the MODIS visible albedo
shows only a slight deviation. The closest agreement
between the experiments and observations is found during
the time period of July to September after which the
differences become substantial.

One of the possible reasons for the substantial differ-
ences observed over high latitude sites is the inability of
coarse resolution GCM simulation experiments to resolve

(a)

(b)

Figure 4. Seasonal variation of the model-simulated and CERES-
observed S

↑
TOA (top), and model-computed and MODIS-derived albedo

(bottom) over the Tibetan Plateau. This figure is available in colour
online at wileyonlinelibrary.com/journal/joc
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the spatial variability of snow cover. Orographic forcing
causes a significant amount of snowfall to occur at higher
altitudes where the snow cover persists on the ground
and/or vegetation canopies due to colder temperatures
and/or lower radiative heating. Coarse resolution GCMs
are unable to resolve this spatial heterogeneity of snow
cover, snow depth, snow age and snow melt (Flanner
and Zender, 2005; Dickinson et al., 2006; Qu and Hall,
2006; Roesch, 2006) and distribute the snow cover uni-
formly within the grid cell resulting in overestimation
of the surface albedo. Dickinson et al. (2006) also note
that the observed lower albedos would lead to increased
warming with further melting of snow and a decrease in
snow cover.

Note that CERES clear-sky observations over the high
altitude sites used to estimate S

↑
TOA may also be biased

due to the deficiencies in cloud masking algorithms that
traditionally fare poorly over regions of snow and ice
cover. However, the impact of these deficiencies on
CERES S

↑
TOA estimates is not clear.

4.1.3. Deserts

Compared to CERES observations, the CONTROL
experiment underestimates S

↑
TOA over some of the major

deserts around the globe including the Sahara, Arabian,
Gobi, Atacama and eastern part of the Great Australian
Desert (Figure 3). Over the Mojave, Sonoran, Namib,
Kalahari and western parts of the Great Australian Desert,
the CONTROL experiment overestimates S

↑
TOA. In gen-

eral, the experiments constrained by MODIS observa-
tions improve simulated seasonal variation of S

↑
TOA with

CLM–SiB showing the best agreement compared to
CERES observations.

The differences in S
↑
TOA between the CONTROL

experiment and CERES observations are most striking
for the Saharan and Arabian Deserts. Annual variations
of monthly mean S

↑
TOA over the Chad region in the

Saharan Desert show the CONTROL experiment sig-
nificantly underestimating S

↑
TOA compared to CERES

observations with the differences consistently exceed-
ing 15 W m−2 throughout the year. Maximum differ-
ences in excess of 30 W m−2 are found during the
JJA months (Figure 5(a)). Both experiments utilising
MODIS to constrain land surface albedo show signif-
icant improvement in simulated S

↑
TOA. Both the exper-

iments underestimate S
↑
TOA compared to CERES, but

the magnitude of differences rarely exceed 5 W m−2.
The CLM–SiB experiment shows better performance
compared to CLM–MODIS, but the difference in S

↑
TOA

between the two experiments rarely exceeds 1 W m−2

(month of August) with the CLM–SiB experiment show-
ing consistently higher values.

Analysis conducted in Section 3.3 shows that there is
a systematic bias in CCSM computation of bulk atmo-
spheric transmissivity. To understand the implications of
the systematic model biases in comparison between sim-
ulated and observed values of S

↑
TOA, the annual cycles

of S
↑
TOA over the ARM site in Niger is considered

(a)

(b)

Figure 5. Seasonal variation of CERES-observed and CCSM-simulated
S

↑
T OA over Chad, Sahara (top) and ARM Mobile Facility at Niamey,

Niger (bottom). The dashed lines in (b) indicate the bias-corrected
values for the respective CCSM experiments. This figure is available

in colour online at wileyonlinelibrary.com/journal/joc

(Figure 5(b)). At the Niger location, both the CONTROL
and CLM–MODIS experiments overestimate S

↑
TOA com-

pared to CERES observations, with the estimates from
the CONTROL experiment being closer to CERES obser-
vations. Thus it would appear that use of MODIS data
to constrain the land surface albedo produces the oppo-
site result compared to the Chad site, making the GCM
simulation of S

↑
TOA worse. However, application of the

procedure described in Section 3.3 to account for system-
atic biases in both the radiative transfer parameterisation
and column water vapour loading shows that improve-
ments in simulation of S

↑
TOA through the use of MODIS

data are masked by systematic biases in the GCM.
Once the bias corrections are applied (Figure 5(b)), both
CLM–MODIS and CLM–SiB are in better agreement
with CERES than the CONTROL simulation. Though the
CONTROL apparently seems to match CERES during the
rainy period in August, the prevailing trend is opposite
to that of CERES in the preceding and following months.
Hence, the prescription of land surface parameters based
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(a)

(c)

(b)

(d)

Figure 6. Clear-sky TOA SW fluxes (monthly averaged) over agricultural and mixed cropland regions over the (a) SW Australia; (b) Mississippi
Delta; (c) central Andhra Pradesh in India; and (d) SGP Central Facility in Lamont, OK. The dashed lines in (d) indicate the bias-corrected

values for the respective CCSM experiments. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

on MODIS has resulted in overall improvement after the
bias corrections, with CLM–MODIS exhibiting the best
agreement.

4.1.4. Agricultural regions

Nair et al. (2007) suggested that use of satellite-derived
land surface characteristics has the potential to improve
S

↑
TOA over agricultural areas since such data better capture

phenological changes associated with anthropogenic agri-
cultural activities. However, comparison of S

↑
TOA from

CONTROL, CLM–MODIS and CLM–SiB over selected
sites of agricultural land use shows mixed response to
the use of MODIS-derived land surface characteristics to
constrain the GCM.

All three experiments consistently overestimate S
↑
TOA

over southwest Australia, where 13 million hectares of
native vegetation was cleared for agriculture (Figure
6(a)). During the fallow period (December, January

to March), CLM–MODIS-simulated S
↑
TOA shows clos-

est agreement to CERES observations followed by the
CLM–SiB experiment. However, during the months
of October and November, S

↑
TOA in the CONTROL

experiment shows closest agreement to CERES obser-
vations. Over the Mississippi Delta region in the south-
ern United States, S

↑
TOA is consistently overestimated by

all three experiments (Figure 6(b)). The CLM–MODIS
and CLM–SiB experiments show closest agreement
to CERES observations, except during the months of
October and November during which the CONTROL
experiment exhibits better performance. The CONTROL
experiment shows superior performance over Hyderabad,
India (Figure 6(c)), with the simulated S

↑
TOA agreeing

very well with CERES observations during the first
4 months of the year. The CLM–MODIS and CLM–SiB
experiments significantly overestimate S

↑
TOA compared to

both the CONTROL experiment and CERES observa-
tions. Both the CLM–MODIS and CLM–SiB-simulated
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S
↑
TOA are very similar except during the months of

April and May during which the CLM–SiB-simulated
values are slightly higher. Yet different behaviour is
observed over the ARM Central Facility Site in Okla-
homa (Figure 6(d)). All the experiments overestimate
S

↑
TOA, but CLM–MODIS and CLM–SiB-simulated S

↑
TOA

show closest agreement to CERES observations during
the time period of March to September while there is
better agreement between the CONTROL experiment and
observations during the rest of the time period. Note that
the CLM–MODIS and CLM–SiB simulations of S

↑
TOA

most deviate from CERES observations during the win-
ter months when a substantial amount of precipitation is
in the form of snow.

Differing responses to the use of MODIS-derived
land surface characteristics to constrain GCM simula-
tion experiments is due to differences in simulated sur-
face precipitation fields and systematic biases in CCSM
radiative transfer computation, both of which exhibit geo-
graphic variation. Feedbacks associated with changes in
land surface characteristics alter evapotranspiration and
precipitation which contributes to differences in S

↑
TOA

between the CLM–MODIS and CLM–SiB experiments.
The impact of systematic biases in radiative transfer

computation, using the methodology outlined in Sec-
tion 3.3, is examined for one agricultural site, the ARM
Central Facility in Oklahoma. This analysis improves
the agreement between CERES observations and simu-
lated values of S

↑
TOA from all the experiments. However,

the best agreement is found between CLM–MODIS,
CLM–SiB and the CERES observations. If this trend in
systematic bias found for the ARM site is also applica-
ble to the other agricultural sites, qualitatively accounting
for the systematic biases, the use of MODIS data in
the CLM–MODIS and CLM–SiB experiments improves
the agreement between GCM-simulated S

↑
TOA and obser-

vations for the sites in the Mississippi Delta, Western
Australia and India. At the Indian site (Figure 6(c)),
the bias correction procedure could potentially alter the
simulated S

↑
TOA from the CONTROL experiment to be

an underestimate and that from the CLM–MODIS and
CLM–SiB experiments to be in closer agreement to
CERES observations.

4.1.5. Forested regions

All three experiments generally overestimate S
↑
TOA when

compared to CERES observations in forested regions.
In contrast to agricultural sites, the differences between
the CONTROL, CLM–MODIS and CLM–SiB simu-
lations are substantially smaller for the forested sites
with the exception of Borneo (Figure 7(a)–(d)). The pat-
tern of annual variation of S

↑
TOA in the CLM–MODIS

and CLM–SiB experiments is in better agreement with
CERES observations for most of the forest sites. For
the Amazon sites, the S

↑
TOA in the CONTROL experi-

ment agrees closely with CLM–MODIS and CLM–SiB
except during the latter part of the wet season (JJA for
the northern site and DJF for the southern site) and the

beginning part of the dry season. Over the Congo site, the
CLM–MODIS and CLM–SiB simulations are in close
agreement throughout the year, while the CONTROL
experiment deviates from these experiments during the
time period of March to December, though never in
excess of 3 W m−2. Over the Borneo site, CLM–MODIS
and CLM–SiB are in agreement with each other, but the
patterns of annual variation differ compared to obser-
vations. For example, the CERES observations show a
decreasing trend in S

↑
TOA during the November to Decem-

ber time period, while the CLM–MODIS and CLM–SiB
experiments show the simulated values being steady dur-
ing the same period. The CONTROL experiment shows a
decreasing trend in agreement to observed patterns during
this time period, but differs during the March to August
time period.

4.1.6. Tropical and mid-latitude oceans

Over tropical and mid-latitude ocean areas, CCSM exper-
iments generally underestimate S

↑
TOA (∼5 W m−2) over

most of the Southern Hemisphere. However, in the NH,
significant areas over which S

↑
TOA is overestimated exist

in the North Atlantic Ocean, Arabian Sea, Bay of Bengal,
Indian Ocean and the northern Pacific Ocean (Figure 3).
Differences in S

↑
TOA between CERES and CCSM experi-

ments show substantial spatial variability across the sea-
sons in the NH with the regions where S

↑
TOA is over-

estimated expanding to include significant portions of
the Atlantic and Indian Ocean in the boreal summer
months of JJA. In the Southern Hemisphere, bias pat-
terns show less seasonal variability but the magnitude
of underestimation varies with season and the minimum
differences found during the months of MAM. The zonal
averages of the differences between CCSM simulations
and CERES are more or less comparable across the lat-
itudes except for the polar regions where the CLM–SiB
simulations are distinctly different from the CONTROL
and CLM–MODIS experiments (Figure 8).

5. Discussion

Findings from the error analysis conducted over the two
ARM observational sites (see Section 3.3) where CCSM3
underestimates atmospheric attenuation of solar radiation
is consistent with prior studies that suggest that broad-
band radiative transfer models often overestimate total
irradiance reaching the surface. Under clear-sky condi-
tions, errors of up to 40–50 W m−2 (10%) may occur at
high solar angles (Kato et al., 1997; Kinne et al., 1998;
Tarasova et al., 1999; Tarasova and Fomin, 2000), with a
substantial portion of the errors resulting from improperly
accounting for the effects of the water vapour contin-
uum. Recently, Wild et al. (2008) analysed the radiation
budget of 14 GCMs used in the IPCC-AR4 and CMIP3
simulations. The majority of the models tend to be exces-
sively transparent to the shortwave radiation under both
cloudy and clear-sky conditions. This anomalous surface
insolation is attributed to the underestimation of water
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(a)

(c) (d)

(b)

Figure 7. Clear-sky TOA SW fluxes over tropical forests over (a,b) Amazon; (c) Congo; and (d) Borneo. This figure is available in colour online
at wileyonlinelibrary.com/journal/joc

vapour absorption in the GCM radiation codes. Mod-
els with improved spectroscopic data had more realistic
shortwave absorption. On average, the models overesti-
mated the downward shortwave radiation by 6 W m−2

which is an improvement from 10 W m−2 estimated by
the models a decade ago (Wild, 1995). It was also noted
by Wild et al. (2008) that the NCAR CCSM did have
the best overall agreement among AR4 and CMIP3 mod-
els with the surface observations with a mean global
bias of +0.8 W m−2. However, our results from the two
different sites indicate that the regional biases may be
substantially higher.

We also examined the impact of aerosol uncertainties
on bias computations for the Niamey site. These aerosol
sensitivity experiments show that our methodology is
only marginally responsive (<1 W m−2 when annually
averaged) to aerosol uncertainties at this location. Fur-
thermore, over desert regions, Patadia et al. (2009) noted
that the effect of dust on upwelling shortwave TOA is
not substantial.

In the bias estimation methodology, we have assumed
that the atmospheric transmission is nearly the same
for both incoming and reflected solar radiation (Equa-
tion (8)); however, the bulk transmissivity for reflected
radiation is often less than that of incoming solar radia-
tion due to the spectral distribution of intensities of the
reflected radiation. We examined the impact of reduced
bulk transmissivity to reflected radiation by replacing the
exponent of τ in Equation (8) with 1 + k. The bias com-
putations for the Niamey and SGP sites were repeated
by varying the value of k from 1 to 0. When k = 1,
the transmissivity is the same for both incoming and
reflected radiation and when k = 0 the transmissivity for
reflected radiation is unity. A value of k between 1 and
0 thus corresponds to variations in transmissivity for
reflected radiation ranging for the same value as trans-
missivity of incoming radiation to a completely trans-
parent atmosphere. Sensitivity studies show that, while
better agreement between the CRM-simulated values and
CERES observations is obtained for values of k ∼ 0.3,

Copyright  2010 Royal Meteorological Society Int. J. Climatol. 30: 2088–2104 (2010)



2100 V. G. ANANTHARAJ et al.

Fi
gu

re
8.

Z
on

al
ar

ea
-w

ei
gh

te
d

av
er

ag
es

of
th

e
di

ff
er

en
ce

s
in

S
↑ T
O

A
be

tw
ee

n
C

C
SM

si
m

ul
at

io
ns

(C
O

N
T

R
O

L
–

B
lu

e;
C

L
M

-M
O

D
IS

–
R

ed
;

an
d

C
L

M
-S

IB
–

G
re

en
)

an
d

C
E

R
E

S;
fo

r
w

at
er

gr
id

ce
lls

on
ly

(l
ef

t)
;

fo
r

la
nd

gr
id

ce
lls

on
ly

(m
id

dl
e)

;
an

d
al

l
(w

a
te

r
+

la
n
d

)
th

e
C

C
SM

gr
id

ce
lls

(r
ig

ht
).

T
hi

s
fig

ur
e

is
av

ai
la

bl
e

in
co

lo
ur

on
lin

e
at

w
ile

yo
nl

in
el

ib
ra

ry
.c

om
/jo

ur
na

l/j
oc

Copyright  2010 Royal Meteorological Society Int. J. Climatol. 30: 2088–2104 (2010)



COMPARISON OF GCM TOA SHORTWAVE FLUXES TO SATELLITE OBSERVATIONS 2101

bias correction is required for both Niamey and SGP
sites. Hence, the interpretation of our results generally
holds true for both the SGP and Niamey sites even when
the assumption of equal transmissivity for incoming and
reflected radiation is relaxed.

Underestimation of S
↑
TOA over desert regions by the

standard version of CCSM3 reported in this study is also
supported by prior studies. Oleson et al. (2003) compared
surface albedo from the CLM to MODIS-derived land
surface albedo and found that CLM underestimates
albedo in the Saharan and Arabian Desert regions. Bender
et al. (2006) examined the correlation between CERES
observations of upwelling shortwave at the TOA for
all-sky conditions and corresponding estimates from 20
GCMs used in IPCC assessments and found that the
models in general poorly represent albedo variations over
desert regions.

Globally, the impact of utilising MODIS-derived land
surface albedo on CCSM simulations of S

↑
TOA appears

minimal. Even over land areas, the maximum difference
on an annual average basis is less than 0.23 W m−2.
However, seasonal differences are much more substan-
tial with globally averaged S

↑
TOA over land areas for

CLM–MODIS and CLM–SiB differing from the CON-
TROL experiment by 1.2 and 1.4 W m−2, with the
CLM–MODIS experiment showing closer agreement
to CERES observations. Zonal-average difference plots
show that CLM–SiB better simulates northern high lat-
itude distribution (45–80°N) of S

↑
TOA during MAM and

in JJA (Figure 8).
Note that in the majority of the forest sites considered

in this study, the impact of utilising MODIS observations
on the simulation of S

↑
TOA is less compared to that for

agricultural sites. This is consistent with the findings
of Nair et al. (2007), suggesting that use of satellite-
observed land surface characteristics have the potential
to preferentially improve representation of the surface
energy budget in GCMs over regions dominated by
anthropogenic land use. Over forested sites, phenological
patterns are more predictable and therefore easier to
specify in a GCM, whereas over agricultural sites, use
of satellite observations provides a distinct advantage of
being able to capture complex phenological patterns that
are difficult to parameterise.

Ocean Surface Albedo (OSA) is sensitive to SZA,
wind speed and ocean chlorophyll concentration and
is modulated by atmospheric aerosols and clouds (Jin
et al., 2004). The effect of wind speed on OSA can be
substantial. Li et al. (2006) found differences of up to
10–20 W m−2 in reflected solar flux at the TOA com-
puted by radiative transfer models when only the SZA
dependency of OSA is specified instead of both wind
speed and SZA dependency. Wind speed dependency of
OSA increases as the SZA increases. At SZAs of 80°,
OSA almost doubles when wind speed changes from calm
conditions to 15 m s−1 (Li et al., 2006). The OSA param-
eterisations used in CCSM3 do not account for the effect
of wind speed and may be responsible for bias patterns
found in the CCSM3-simulated S

↑
TOA field. The seasonal

variation in bias patterns of S
↑
TOA is correlated to sur-

face wind patterns (not shown). For example, note that
the magnitude of CCSM-simulated S

↑
TOA over the Ara-

bian Sea and Bay of Bengal is maximised during the
boreal summer months when the surface wind speeds in
this region are at a maximum. The CCSM OSA parame-
terisation does not consider wind speed effects and thus
the CCSM overestimates OSA in this region causing the
maximum positive bias in model computation of S

↑
TOA.

However, other factors also need to be considered in
addition to the wind speed effect, including systematic
biases in radiative transfer computation that vary geo-
graphically (see Section 3.3) and also ocean colour which
is impacted by chlorophyll concentration. Surface winds
play a role in transporting nutrients from coastal areas
and deeper waters modulating the growth of phytoplank-
ton and thus ocean colour. The OSA parameterisations
used in CCSM3 also do not account for ocean colour
and its seasonal variation.

Over selected sites, simulation of annual variations in
S

↑
TOA is improved through the use of MODIS-derived

albedo to constrain CCSM3. Spatial patterns of seasonal-
averaged S

↑
TOA also indicate the same (Figure 3), but

seasonal averages tend to smooth features. In order to
further validate this finding, correlation between monthly
averaged values of S

↑
TOA from CERES observations and

the three experiments are computed. Similar to Bender
et al. (2006), geographical distribution of the correlation
coefficients is examined (Figure 9(a)–(c)) and in all the
experiments the CERES observations are found to be
least correlated to simulated values in the region bounded
by 10°N–10 °S. While the majority of other regions show
high correlation, areas with smaller correlations are found
over the Tibetan Plateau, land areas north of ∼40 °N
and also along the periphery of the Antarctic continent.
Note that the correlations progressively improve over
North America, Russia, northern China and the north-
ern part of South America in the CLM–MODIS and
CLM–SiB experiments. Over central Africa, correlation
improves in some areas while it becomes worse in other
areas. Near the Antarctic, there is very little difference
between CONTROL and CLM–MODIS while there is an
improvement in CLM–SiB over this region. This anal-
ysis shows that the pattern of annual variation of S

↑
TOA

is improved through the use of MODIS-derived albedo
and the addition of the SiB land surface parameterisation
further improves the performance of CCSM.

6. Conclusions

This study examines and compares the climatology
of CCSM3-simulated S

↑
TOA against that estimated from

CERES observations. Improvements to simulation of
CCSM3-simulated S

↑
TOA by utilising MODIS-derived sur-

face albedo are also examined. Three experiments con-
sidered a 10-year climate simulation using CCSM3 with-
out any modification (CONTROL), constrained using
MODIS observations of land surface characteristics
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(a)

(b)

(c)

Figure 9. Correlation coefficient between monthly-averaged S
↑
T OA from CERES observations and the CCSM3 experiments (a) CONTROL,

(b) CLM-MODIS, and (c) CLM-SiB. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

(CLM–MODIS), and CLM–MODIS in combination
with the SiB hydrological model (CLM–SiB). The S

↑
TOA

from these three experiments was compared against a
climatology of the same derived from CERES observa-
tions. Systematic biases in the CCSM3 radiative transfer
parameterisation are examined using observations from

two ARM sites. The major findings from this study
include

1. Comparison between CERES-observed and CCSM3-
simulated S

↑
TOA is complicated due to systematic over-

estimation of transmissivity in the CAM3 radiative
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transfer parameterisation. At selected sites, after
accounting for this systematic bias, comparison to
CERES observations shows that CCSM3-simulated
S

↑
TOA improves when the MODIS-derived vegetation

albedo and soil colour are used in CLM.
2. Utilisation of MODIS albedo observations does not

have a significant impact on the globally averaged
value of S

↑
TOA. However, it does have a significant

seasonal impact when averaged over land areas and
also at regional scales. Substantial improvements are
found over the Sahara and Arabian Deserts and over
agricultural regions. CCSM3 also overestimates S

↑
TOA

over high altitude sites such as the Tibetan Plateau,
presumably due to the inability to resolve the spatial
heterogeneity of snow cover.

3. CCSM3 generally underestimates S
↑
TOA over ocean

areas, except over areas of sea ice and high wind
speeds where it is overestimated. Correspondence
between oceanic areas of high wind speeds and
positive anomalies of S

↑
TOA is caused by the neglect

of wind speed dependency in the parameterisation
of OSA.

4. CCSM3 substantially underestimates S
↑
TOA over the

Saharan and Arabian Deserts and utilisation of
MODIS-derived land surface albedo to constrain
CCSM3 simulation improves simulation of S

↑
TOA over

these regions.

This study shows that the TOA radiation budget in
GCMs can be improved through the use of MODIS-
derived land surface albedo. Use of MODIS-derived
albedo improves the pattern of annual variation of
the simulated S

↑
TOA and further improvement may be

achieved through the use of the SiB land surface
scheme. Analysis and elimination of systematic errors in
the CCSM3 radiative transfer parameterisation are also
needed to fully realise the advantage gained through the
use of MODIS-derived albedo.
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