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The projected changes in the downward solar radiation at the surface over North America for late 21st century are deduced from
global climate model simulations with greenhouse-gas (GHG) forcing. A robust trend is found in winter over the United States,
which exhibits a simple pattern of a decrease of sunlight over Northern USA. and an increase of sunlight over Southern USA.This
structure was identified in both the seasonal mean and the mean climatology at different times of the day. It is broadly consistent
with the known poleward shift of storm tracks in winter in climate model simulations with GHG forcing. The centennial trend of
the downward shortwave radiation at the surface in NorthernUSA. is on the order of 10% of the climatological value for the January
monthly mean, and slightly over 10% at the time when it is midday in the United States. This indicates a nonnegligible influence of
the GHG forcing on solar energy in the long term. Nevertheless, when dividing the 10% by a century, in the near term, the impact
of the GHG forcing is relatively minor such that the estimate of solar power potential using present-day climatology will remain
useful in the coming decades.

1. Introduction

The last decade has witnessed a rapid development in solar
energy as an alternative to fossil-fuel based energy. Solar
power plants with increasing size and efficiency have been
built. With an increased stake in the investment and return,
site selection and assessments of long-term sustainability for
solar power plants become increasingly important. One of the
factors that affect the long-term planning for solar energy is
the local climatology. Long hours of sunshine at a location
are essential for a viable solar power plant.The available solar
energy at a given site is quantified by the downward solar
(shortwave) radiation at the surface. At a given latitude and
day of the year, this quantity is affected by atmospheric water
vapor and trace gases, the amount of aerosols in the atmo-
sphere, and, most importantly, cloud cover (e.g., Li et al. [1]).
Considering those factors, climatological maps of down-
ward solar radiation have been widely produced for solar
energy applications (e.g., National Renewable Energy Labo-
ratory, http://www.nrel.gov/gis/solar.html, Maxwell et al. [2],

and George and Maxwell [3]). Since climate is constantly
changing due to anthropogenic and natural processes, the
estimates of solar power potential based on present-day
climatology are not guaranteed to be true in the future. In
this study, we will analyze the projection of the changes in
the downward solar radiation in the 21st century over North
America using a set of climate model simulations driven
by anthropogenic greenhouse-gas (GHG) forcing from the
Climate Model Intercomparison Project—Phase 3 (CMIP3)
archive (Meehl et al. [4]). The global climate models have
relatively coarse horizontal resolutions but are capable of
producing the first-order features of atmospheric general cir-
culation. Over North America, GHG-induced changes in the
large-scale circulation are known to produce future drying in
the Southwest USA and a poleward shift of storm tracks over
Western USA (e.g., Seager et al. [5] and Baker and Huang
[6]). These changes potentially imply more sunshine in the
Southwest USA but reduced sunshine in the higher latitudes
in Western USA due to increased cloudiness associated with
storms. We will quantify the extent to which these changes in
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atmospheric processes affect the downward solar radiation at
the surface, as directly calculated by the climate models using
their physical parameterization schemes.

For solar energy applications, it is relevant to know not
only the changes in the seasonalmean solar radiation but also
how these changes are distributed through different times of
the day. The analysis of the latter requires subdaily data of
solar radiation, which were archived only by a small number
of modeling groups in CMIP. Nevertheless, with the limited
data, we will make a first attempt to quantify the trends at
different times of the day.

2. Data from Climate Model Simulations

We will analyze two sets of climate model simulations
from the CMIP3 archive (http://www-pcmdi.llnl.gov/ipcc/
about ipcc.php). Although a large collection of model out-
puts have been archived by CMIP3 and the more recent
CMIP5 (Taylor et al. [7]), themajority of the data aremonthly
means. Subdaily outputs are archived by only a small number
of modeling groups and for short time periods. In this study,
we choose to analyze the GFDL CM2.0 andMRI CGCM2.3.2
simulations in CMIP3. Both groups provided subdaily (3-
hourly) archives of downward shortwave radiation at the
surface for selected time slices in late 20th century and
late 21st century. The surface radiation budget for CMIP3
20th century simulations was analyzed and compared to
observation byWild [8]. Over the midlatitude belt from 30N
to 60N, the MRI model has about +15W/m2 bias while the
GFDL model has about −5W/m2 bias in the all-sky down-
ward shortwave radiation at the surface (see Figure 6 inWild
[8]).

For bothmodels, theGHG-induced trendwill be deduced
from the difference between the SRES A1B run (with increas-
ing GHG concentration according to the A1B scenario) for
the 21st century and the 20C3M run for the 20th century.
We will first use the monthly mean archives to calculate the
centennial trend, defined as the climatology of 2080–2100
minus the climatology of 1980–2000. For the analysis of the
trends at different times of the day, we will use the 3-hourly
model outputs as available from CMIP3. Each modeling
group only provided the high-frequency data for short time
slices in the late 20th century and late 21st century. Based
on the availability of data, we will use the difference between
year 2100 (from SRES A1B runs) and year 2000 (from 20C3M
runs) to calculate the trends at selected local times during the
day in North America.

This study will focus on the climate trend over North
America. Over the Eurasian continent, Meleshko et al. [9]
have shown that CMIP3 models project a 2–4% increase in
winter and 2–10% decrease in summer of cloud cover (total
cloud fraction) over Russia. The latter corresponds to an
increase of 4-5W/m2 in summer in the area-averaged down-
ward shortwave radiation at the surface. Since the populous
regions in North America are located at lower latitudes than
Russia, a similar change in cloud cover over North America
is expected to produce a greater change in the downward
shortwave radiation at the surface.

3. Results and Discussion

3.1. Monthly Mean Climatology and Trend. Figures 1(a) and
1(b) show the July climatology of the downward shortwave
radiation at the surface over North America from GFDL
CM2.0 simulations. Figure 1(a) is the 2080–2100 average from
the SRES A1B run and Figure 1(b) is the 1980–2000 average
from the 20C3M run. Figure 1(c) shows the trend deduced
from the difference (future minus present) between Figures
1(a) and 1(b). For the climatology in Figures 1(a) and 1(b),
although the downward solar radiation is zonally uniform
at the top of the atmosphere, it becomes significantly
nonuniform upon reaching the surface. This longitudinal
nonuniformity is strongly influenced by cloudiness, as can be
readily seen in Figure 2, the counterpart of Figure 1 for the
total cloud fraction in July from the same simulations. For
example, the strong downward shortwave radiation at the
surface over Western and Southwest USA corresponds to
the mostly clear-sky condition in July in those regions. In
Figure 1(c), the model projected an overall positive trend
over most of the United States, except for a small area in the
Southwest USA.The increased sunlight at the surface, on the
order of about 20W/m2 (over the 21st century) or close to 10%
of the climatology, is related to a reduced cloudiness over the
USA (Figure 2(c)).

Figure 3 is similar to Figure 1 but for January.The trend in
winter (Figure 3(c)) is an increase of the downward shortwave
radiation over Southern and Southwest USA and a decrease
of it over the northern half of theUSA.The increased sunlight
over Southwest USA in the cold season is consistent with
the known projection by climate models of a drying trend in
that region (Seager et al. [5] and Baker and Huang [6]). This
drying trend is related, in part, to the poleward shift of storm
tracks (Seager et al. [5]), which is consistent with the decrease
in sunlight over Northern USA since the increase in storm
activities implies an increase in cloudiness.

The downward shortwave radiation at the surface simu-
lated by MRI CGCM2.3.2 is shown in Figure 4. For concise-
ness, only the trends are shown. Figures 4(a) and 4(b), for
July and January, respectively, are the counterparts of trends
in Figures 1(c) and 3(c). In summer, the trend simulated by
the MRI model is significantly different from that produced
by the GFDL model. While both models project an increase
of sunlight over Eastern USA and the Pacific Northwest, MRI
projects a neutral to slightly negative trend overWesternUSA
compared to a positive trend by the GFDL model. The trend
in winter is more robust. Both models produced a decrease
of sunlight over Northern USA and an increase of it over
Southern USA. For both models, the magnitude of these
trends is on the order of 10W/m2, or about 10% of the January
climatology. As a notable difference, over the Southwest
USA, GFDL CM2.0 produced a positive trend while MRI
CGCM2.3.2 produced a neutral to negative trend. Since the
trend in the shortwave radiation is strongly influenced by
the trend in cloudiness which is highly parameterized in
climate models, the differing projections by the two models
are not surprising. A better agreement in the trend is found
in January, possibly because the decrease in sunlight over
Northern USA in the cold season is related to the poleward
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Figure 1: (a)The July climatology of downward shortwave radiation at the surface over North America from the 21st century run with GFDL
CM2.0, based on 2080–2100 average. (b) The same as (a) but from the 20th century run, based on 1980–2000 average. (c) The trend, defined
as (a) minus (b). The color scales with units in W/m2 are shown on the right.
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Figure 2: (a) The July climatology of total cloud fraction from the 21st century run with GFDL CM2.0, based on 2080–2100 average. (b) The
same as (a) but from the 20th century run, based on 1980–2000 average. (c) The trend, defined as (a) minus (b). The color scales with units
in percentage are shown on the right.

shift of storm tracks under an increasing GHG forcing, a
phenomenon that is large scale in nature and is robustly
simulated by the majority of climate models in CMIP3 (e.g.,
Yin [10]).

3.2. Trends at Different Times of the Day. We next use the
more limited data of 3-hourly model outputs to deduce the
trends in the downward shortwave radiation at the surface
as a function of the times of the day. Both GFDL CM2.0
and MRI CGCM2.3.2 provide the 3-hourly archives for the
downward shortwave radiation for the year 2000 (from the

20C3M runs) and 2100 (from the SRES A1B runs). Figure 5
illustrates a 3-hourly time series of the downward shortwave
radiation at the surface averaged over multiple grid points
in Northern Arizona, for the year 2000, from the 20C3M
simulation with GFDL CM2.0. The trend (now defined as
the 2100 average minus the 2000 average) discussed in this
section will be for a specific time of the day, averaged over
either July or January.

Figures 6(a)–6(c) are similar to Figures 1(a)–1(c) but for
the GFDL CM2.0 simulations of the shortwave radiation at
3 PM local time of US West Coast. Figure 6(a) is the average
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Figure 3: (a) The January climatology of downward shortwave radiation at the surface from the 21st century run with GFDL CM2.0, based
on 2080–2100 average. (b) The same as (a) but from the 20th century run, based on 1980–2000 average. (c) The trend, defined as (a) minus
(b). The color scales with units in W/m2 are shown on the right.
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Figure 4: (a) The trend of the downward shortwave radiation at the surface for July from the MRI CGCM2.3.2a simulations. (b) The same
as (a) but for January. The trend is defined as the 2080–2100 mean climatology minus the 1980–2000 climatology. Color scales with units of
W/m2 are shown on the right.

over July 2100 and Figure 6(b) the average over July 2000.The
trend, defined by 2100 minus 2000, is shown in Figure 6(c).
Figures 6(d)–6(f) are the counterparts of Figures 6(a)–6(c)
but for theMRICGCM2.3.2 simulations. Figure 7 is similar to
Figure 6 but for the shortwave radiation at 9 a.m. local time of
USWest Coast. Note that the climatological values and trends
in Figures 6 and 7 are much higher than the monthly mean
values in Figure 1 because the latter are the average over the
whole day, including nighttime. Just like the monthly mean,
in July, the trends projected by the two models are signifi-
cantly different. Also, within eachmodel, the trend at a partic-
ular time of the day is different from the trend of the monthly
mean which includes the contributions from all times
of the day.

While the trends in July are not robust, the trends in
January as shown in Figure 8 exhibit a greater degree of
consistency between the two models and across different
times of the day. For conciseness, only the trends are shown.
Figures 8(a) and 8(b) are the January trend at 3 p.m., and
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Figure 5: The time series of three-hourly downward shortwave
radiation at surface, averaged over multiple grid points that cover
Northern Arizona, for the year 2000 from the GFDL CM2.0 20th
century simulation. The unit on the ordinate is W/m2.

Figures 8(c) and 8(d) are the January trend at 9 a.m. local
time of USWest Coast.The top row (Figures 8(a) and 8(c)) is
from GFDL CM2.0 and bottom row (Figures 8(b) and 8(d))
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Figure 6: (a)The downward shortwave radiation at the surface at 3 PM local time of USWest Coast, averaged over July 2100, from the GFDL
CM2.0 21st century run. (b)The same as (a) but for the average over July 2000 from the GFDL CM2.0 20th century run. (c)The trend, defined
as (a) minus (b). Panels (d)–(f) are the counterparts of (a)–(c) from the MRI CGCM2.3.2 simulations. The color scale with units of W/m2 is
shown on the right for each panel.

from MRI CGCM2.3.2 simulations. The decrease in sunlight
at the surface over Northern USA and the increase of it over
Southern USA, as previously shown in the monthly mean
plots in Figures 3 and 4, can be identified in all four panels
in Figure 8. From Figures 8(c) and 8(d), at the time when the
entire United States is in the middle of the day, the January
trend of the decrease in solar radiation in Northern USA
can locally reach 100W/m2, or slightly over 10% of the local
climatological value at that time.

4. Concluding Remarks

The most robust finding of this study is the wintertime
(January) trend in the downward shortwave radiation at the
surface over the United States. It exhibits a simple pattern of
a decrease of sunlight over Northern USA and an increase
of sunlight over Southern USA. This structure is simulated
by both GFDL and MRI models and can be identified
even at different times of the day. It is broadly consistent
with the known poleward shift of storm tracks in the cold

season in climate model simulations under an increasing
GHG forcing. The negative trend in Northern USA is more
prominent. Quantitatively, the centennial trend of the down-
ward shortwave radiation at the surface in that region is on
the order of 10% of the climatological value for the monthly
mean (averaged over all times of the day) and slightly over
10% at the time when it is midday in the United States. This
indicates a nonnegligible influence of the GHG forcing on
solar energy in the long term. Nevertheless, when dividing
the 10% by a century, in the near term, the impact of the
GHG forcing is relativelyminor such that the estimate of solar
power potential using present-day climatology will remain
useful in the coming decades. The global climate models
used in this study have relatively coarse resolutions with the
horizontal grid size exceeding 100 km. For the assessment of
solar power potential at a specific site of existing or future
solar power plant, it will be desirable to perform climate
downscaling (e.g., Mearns et al. [11] and Sharma and Huang
[12]) to take into account the effects of small-scale topography
on cloudiness. The findings of this work will serve as a useful
reference for future studies in that direction.
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Figure 7: The same with Figure 6 but for the downward shortwave radiation at 9AM local time of US West Coast for July. Panels (a)–(c) are
from GFDL CM2.0 and panels (d)–(f) are from MRI CGCM2.3.2 simulations. The color scale with units of W/m2 is shown on the right for
each panel.
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Figure 8: (a) The trend of downward shortwave radiation at surface at 3 p.m. local time of US West Coast, defined in the same manner as
Figure 6(c) but for the average over January, from GFDL CM2.0 simulations. (b) The same as (a) but from MRI CGCM2.3.2 simulations.
Panels (c) and (d) are the counterparts of (a) and (b) but for 9 a.m. local time of US West Coast, also averaged over January. The trends in
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