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ABSTRACT. Estimates of incident solar radiation for the southwestern United States from 4 general 
circulation models (GCMs) are evaluated by comparison to observed values. Results indicate that 
GCMs reliably simulate the annual solar cycle, but generally underestimate incident solar rad~ation for 
the southwestern United States. For climatic conditions resulting from a doubling of atmospheric 
carbon dioxide, the 4 GCMs evaluated in this study estimate increases of 1 to 3 % of mean annual 
incident solar radiation simulated for current climatic conditions. 

INTRODUCTION 

General circulation models (GCMs) are mathematical 
representations of the earth-climate system and are used, 
among other things, to estimate the effects of increasing 
atmospheric carbon dioxide and other radiative gases 
('greenhouse' gases) on global climate. Several GCMs 
have been developed by various research groups, and 
are continually being improved and updated, e.g. Geo- 
physical Fluid Dynamics Laboratory (GFDL), Goddard 
Institute of Space Studies (GISS), National Center for 
Atmospheric Research (NCAR), Oregon State University 
(OSU), and the United Kngdom, British Meteorological 
Office (UKMO). Although GCMs are able to reproduce 
the general spatial and temporal distributions of most 
climatic variables on a global scale, GCM estimates of 
climate on regional scales (104 to 106 km2) vary markedly 
from observations (Grotch & MacCracken 1991). The 
coarse grid systems (e.g. 4" of latitude by 5" of longitude) 
used by GCMs to calculate climatic variables are, in part, 
responsible for the inaccuracy of GCM estimates on re- 
gional scales. In an attempt to evaluate the performance 
of GCMs, several studies have evaluated the reliability of 
GCM estimates of various climatic variables such as 
temperature, precipitation, sea-level pressure, and solar 
radiation for various regions of the world (e.g. Grotch 
1988, Mearns et al. 1989, Boer et al. 1991, Kalkstein 1991). 

Incoming solar radiation is an important component 
of the earth's energy balance and has a large effect on 
the earth-climate system. The U.S. Environmental 
Protection Agency (U.S. EPA) sponsored a study of 
GCM estimates of incoming solar radiation (incident 
solar radiation) for several areas of the United States: 
the Great Lakes region, the Great Plains, the south- 
eastern United States, and the northwestern United 
States (Mearns et al. 1989). The southwestern United 
States was not included in the study, but is the most 
homogeneous solar region of the United States, as it 
exhibits the highest degree of spatial covariability of 
incident solar radiation of any region within the con- 
terminous United States (Willmott & Vernon 1980). 
Because of the high degree of spatial covariability of 
incident solar radiation in this region, and because 
GCMs operate using coarse grid systems, the south- 
western United States offers an opportunity to perform 
an evaluation of GCM estimates of incident solar 
radiation resulting from grid systems at a scale appro- 
priate for regional models. 

In this paper, a comparison of GCM estimates of 
incident solar radiation for current climatic conditions 
(l xCOz) to observed values is presented for the south- 
western United States. In addition, GCM estimates of 
incident solar radiation for doubled-CO2 ( 2 x C 0 2 )  
conditions are examined. 
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METHODS 

Grid point estimates of mean monthly values of 
incident solar radiation (W m-' d- l )  from the GFDL, 
GISS, OSU and UKMO GCMs were obtained from 
NCAR. The GCMs used in this study all differ in 
their level of physical detail and mathematical com- 
plexity, and each operates on a different grid system. 
The version of the GFDL GCM used in this study 
uses one of the highest resolution grid systems 
currently being used by GCMs (approximately 2.25" 
of latitude by 3.75" of longitude) (Manabe P1 Broccoli 
1990). In contrast, the version of the GISS GCM used 
in this study uses one of the lowest resolution grid 
systems (8" of latitude by 10" of longitude) (Hansen 
et al. 1983). The OSU and UKMO GCMs operate 
using intermediate grid system resolutions of 4" of 
latitude by 5" of longitude, and 5" of latitude by 7.5" 
of longitude, respectively (Schlesinger & Gates 1980). 
Differences in the levels of physical detail and 
mathematical complexity among GCMs cause varia- 
tions in estimates of incident solar radiation for 
l X CO2 and 2 X CO2 simulations. This study does not 
address the complex issues of understanding and 
explaining differences among GCM estimates. The 
primary focus is the evaluation of how similar GCM 
estimates of incident solar radiation are to observed 
values for 1xCO2 climatic conditions for the south- 
western United States. 

Observed values of mean monthly incident solar 
radiation (W m-' d-l) were obtained from Knapp et 
al. (1990) for 46 stations located within the south- 
western United States (Fig. 1). Because the location 
of the solar radiation observation stations and the 
location of the grid points for each of the 4 GCMs 

Fig. 1 Solar radiation observation stations used in the study. 
Data from Knapp et a1 (1990) 

used in this study differ, the observed data were 
interpolated to each of the GCM grid systems to 
perform more appropriate comparisons between 
GCM-simulated values and observed values. The 
interpolation was accomplished through an algorithm 
based on spherical coordinates that accounts for the 
curvature of the earth (Willmott et al. 1985). Com- 
parison to the 4 GCM grid systems was performed 
only within the area bounded by the solar radiation 
observation stations (Fig. 1). This approach was used 
to ensure that there were enough observed data 
points to provide reliable interpolated values for the 
GCM grid points included in this study. By using this 
approach, only a limited number of grid points from 
each GCM could be used ( l ?  from the GFDL model, 
2 from the GISS model, 8 from the OSU model, and 4 
from the UKMO model) (Fig. 2) .  

Because only a limited number of grid points 
from each GCM were included in this study, and 
because of the coherent nature of incident solar 
radiation in the southwestern United States, com- 
parisons between GCM-simulated values of incident 
solar radiation and observed values were performed 
by using mean monthly, mean seasonal, and mean 
annual values for the entire region. In addition, 
changes in GCM-simulated values of incident solar 
radiation from l xCOl to 2 x C 0 2  conditions were 
examined. 

The primary statistic calculated for the comparisons 
between the GCM-simulated values of incident solar 
radiation and observed values is the bias, which is 
the GCM-simulated value minus the observed value. 
For comparisons between mean monthly GCM- 
simulated and observed values, the correlation coef- 
ficient (r), the root mean square error (RMSE), and 
the index of agreement (d)  were calculated (Willmott 
1981). These statistics are included in Table 1, along 
with the equations used. The index of agreement is 
a measure of relative error in model estimates. It is 
a dimensionless number and ranges from 0.0 to 1.0, 
where 0.0 describes complete disagreement between 
estimated and observed values, and 1.0 indicates 
that the estimated and observed values are identical. 
The index of agreement is used because the correla- 
tion coefficient (r) cannot account for additive differ- 
ences or differences in proportionality (Willmott 
1981). The index of agreement is sensitive to differ- 
ences between observed and estimated means, as 
well as to certain changes in proportionality (Will- 
mott 1981). The r (measure of covariability between 
observed and modeled values) and RMSE (measure 
of average difference between observed and 
modeled values) statistics are included because they 
indicate different components of model error indi- 
cated by d. 
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a. GFDL 

c. OSU 

b. GISS 

d. UKMO 

Fig. 2. GCM grid points used in the study from 4 simulations: (a) GFDL, Geophysical Fluid Dynarmcs Laboratory; (b) GISS, God- 
dard Institute for Space Studies; (c) OSU, Oregon State University; (d)  UKMO, United Kingdom, Britlsh Meteorological Office 

RESULTS AND DISCUSSION 

Comparison of mean monthly GCM-simulated and 
observed values of incident solar radiation for the 
southwestern United States indicates high correlations 
between GCM-simulated values and observed values 
that are significant at a = 0.01; however, except for the 
GFDL GCM simulations, there are large differences 
between the magnitudes of GCM-simulated and ob- 
served values, as indicated by large values of bias and 
large RMSEs (Table 1). The high correlations indicate 
that the GCMs reliably simulate the annual solar cycle, 
but the large biases and RMSEs for the GISS, OSU, and 
UKMO sirnulations indicate that these GCMs do not 
simulate the magnitude of incident solar radiation 
well. All of the GCMs analyzed in this study underesti- 

mate incident solar radiation for the southwestern 
United States. The comparison of GFDL-simulated 
values with observed values produced the smallest 
bias, the smallest RMSE, and the largest correlation 
and index of agreement of all the GCM comparisons 
with observed values. The comparison of the GISS- 
simulated values with observed values produced the 
lowest correlation, the largest RMSE and the lowest 
index of agreement of all the GCM comparisons with 
observed values. The largest bias resulted from the 
comparison of the OSU simulated values with the 
observed values. 

In a study of GCM-simulated incident solar radiation 
for the Great Lakes region, the Great Plains, the south- 
eastern United States, and the northwestern United 
States, Mearns et al. (1989) found that GCMs were 
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Table 1. Comparison of observed mean monthly incident 
solar radiation to estimates from 4 GCMs- Geophysical Fluid 
Dynamics Laboratory (GFDL). Goddard Institute for Space 
Studies (GISS). Oregon State University (OSU), and United 
Kingdom Meteorology Office (UKMO). Bias: GCM-simulated 
value minus observed value, in W m-' d-l; r: correlation 
coefficient; RMSE: root mean square error, in W m-2 d-l; 

d :  index of agreement 

GCM Bias r RMSE d 

GFDL - 4 0.98 22 0.96 
GISS -18 0.76 56 0.86 
OSU -37 0.97 44 0.91 
UKMO -35 0.92 5 1 0.91 

n 
Bias = n-' (P, - 0,) 

i =  l 
n 

RMSE = [n-' C (P, - 0j)2]0.5 
i =  l 

where n = total observations (12) 

P, = model value 
0, = observed value 
D = mean of observed values 

aAll values statistically significant at 0.01, using 2-tailed test 

able to simulate the annual solar cycle but that they did 
not simulate the magnitude of incident solar radiation 
well. These results are similar to those found in this 
study, except Mearns et al. found that GCMs generally 
overestimated incident solar radiation in their study 
areas. Mearns et  al. suggested that GCM-simulated 
cloudiness in their study areas was too low and 
resulted in overestimation of solar radiation. A possible 
explanation for the results of the present study is that 
GCM simulations of cloudiness for the southwestern 

United States may be too high, and thus result in 
underestimation of incident solar radiation. Overesti- 
mation of cloudiness in the southwestern United States 
by the GCMs may be due, in part, to the inadequate 
representation of topography in the GCMs. In the 
GCMs the mountainous areas in the western United 
States are generally represented by a smoothed sur- 
face that increases in elevation from the western coast 
of the United States eastward to the central Rocky 
Mountains. This smoothing of topography may pro- 
duce constant uplift of air as it moves eastward from 
the North Pacific Ocean into the western United States 
thus simulating orographic cloud formation at  higher- 
than-observed levels over the entire southwestern 
United States. The GFDL GCM has the highest grid 
resolution of the 4 GCMs analyzed in this study and 
the most detailed representation of topography, and of 
the 4 GCMs analyzed in this study, the GFDL simula- 
tions of incident solar radiation are rrlcjst similar to 
observed values. 

Bias was analyzed on a seasonal basis and results 
Indicate that the differences between GCM-simulated 
and observed incident solar radiation vary greatly 
between models and between seasons (Table 2). The 
OSU and UKMO simulations produce negative biases 
during all seasons, indicating an underestimation of 
incident solar radiation during all seasons. The GFDL 
simulations produce negative biases during winter and 
spring, and positive biases during summer and fall, 
whereas the GISS simulations produce negative biases 
during spring, summer, and fall, and a positive bias 
during winter. For the GFDL, GISS and OSU GCMs, 
the largest biases (positive or negative) occur during 
spring and summer, whereas the largest biases (posi- 
tive or negative) for the UKMO GCM occur during 
winter and spring. For all GCMs analyzed in this study, 
the largest bias (positive or negative) occurs during 
spring. 

Comparisons of changes in mean seasonal and 
mean annual incident solar radiation simulated by 

Table 2. Mean seasonal and annual GCM-simulated values of incident solar radiation minus mean seasonal observed values, in 
W m-' d.'. GFDL. Geophysical Fluld Dynamics Laboratory; GISS: Goddard Institute for Space Studies; OSU: Oregon State Uni- 
versity; UKMO: United Kingdom Meteorology Office. Mean = solar radiation network mean observed values; IOBS = interpolated 
mean values to model gnd points from original station data; AS0 = difference between simulated values and interpolated 

observed values 

Mean GFDL GISS OSU UKMO 
IOBS AS0 IOBS AS0 IOBS AS0 IOBS AS0 

DJF 
MAM 
JJ A 
SON 

Year 
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