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Spatial and Temporal Variations in Long-Term Normal PercentPossible Solar Radiation 
Levels in the United States 

ROBERT C. BALLING, JR. AND RANDALL S. CERVENY 

Climatology Program. Department of Geography. University ofNebraslCJJ. Lincoln. NE"68S88 

(Manuscript received 7 March 1983, in final form 23 June 1983) 

ABSTRACT 

The purpose of this study was to analyze the time and space variations in long-term monthly-averaged daily 
percent possible solar radiation levels in the United States. Both principal components analysis and harmonic 
analysis were used to identify the influences of various synoptic-scale climatological phenomena on solar 
radiation receipt. Generally, an annual cycle was found with maximum percent possible radiation levels 
occurring in July. In many regions the temporal variance structure deviated from this general annual cycle. 
The results, which are useful in both theoretical and practical studies, lead to a better understanding of the 
climatology of solar radiation in the United States. 

1. Introduction 

In a recent study, Balling (1983) utilized harmonic 
analysis effectively to define and explain temporal and 
spatial patterns associated with long-term monthly in
solation levels in the United States. Because of the 
marked annual cycle found in the march of monthly 
solar radiation levels in midlatitudes, the first harmonic 
explained more than 98% of the variance in monthly 
insolation levels for 221 stations in the United States. 
The amplitudes, explained variances and phase angles 
associated with the first two harmonics illustrated the 
magnitude of the influence of season, terrain and gen
eral circulation features on long-term average irradi
ance values. 

In many theoretical and applied studies, researchers 
are more concerned with the percentage of possible 
solar radiation received at the earth's surface (Liu and 
Jordan, 1960; Knapp et al., 1980). These percent pos
sible radiation levels are independent of the strong 
annual cycle in solar radiation values that is forced by 
basic earth-sun geometry. In this paper, the analyses 
of the time and space variations in percent possible 
solar radiation levels magnify and clarify the effects of 
various climatological controls on solar receipt. 

2. Insolation data 

A 221 X 12 matrix was constructed containing 
monthly estimates of percent possible solar radiation 
for 221 stations (Figs. 2-12) in the conterminous 
United States. The values of percent possible radiation 
for all stations were extracted from the recently pub
lished Insolation Data Manual (Knapp et al .• 1980). 

© 1983 American Meteorological Society 

These data were generated from regression equations 
established at the 26 SOLMET (SOLar METeorolog
ical) stations that accurately estimate hourly and daily 
insolation levels from the commonly observed surface 
meteorological variables. The long-term (24-25 years) 
monthly-averaged daily levels of global solar radiation 
Q were divided by monthly extraterrestrial solar ra
diation Qo to yield the percent possible radiation pa
rameter KT • These monthly KT values represent the 
fraction of horizontal solar radiation transmitted 
through the atmosphere reaching the surface. Although 
KT has been called the cloudiness index (Liu and Jor
dan, 1960; Knapp et al., 1980), KTdisplays the effects 
of elevation and other atmospheric conditions on in
solation. Knapp et al. (1980) stated that their published 
KT values are among the best estimates available at 
this time. 

3. Climatological overview 

Daily and monthly values of KT have long been used 
in attempts to relate the percentage of possible sunshine 
at a station to insolation levels (Kimball, 1919; Fritz 
and MacDonald, 1949; Black et al., 1954; Hamon et 
al., 1954). The strong statistical relationships, both lin
ear and nonlinear, between KT and sunshine suggest 
that their basic spatial and temporal patterns could be 
interchanged with little loss of accuracy. 

For the United States as a whole, mean values of 
KT continued to show a strong annual cycle ranging 
from 57.9 to 43.9% in July and December, respec
tively (Table 1). In accordance with the suggestions 
of Bennett (1975), the median (Md) is presented, and 
it also displayed a strong annual cycle. Absolute spa
tial variability, as described by the standard deviation 
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TABLE 1. Selected descriptive statistics for percent possible 
radiation data. 

Month KT Md II CV zt zt 

Jan 44.8 43.7 9.1 20.3 1.8 -1.5 
Feb 48.8 48.1 8.3 16.9 2.2 -1.3 
Mar 51.3 49.7 8.1 15.8 3.1 -1.4 
Apr 53.1 51.0 8.0 15.0 5.2 -0.4 
May 54.6 52.6 7.8 14.3 6.2 0.5 
Jun 56.6 54.9 8.2 14.4 5.1 -1.0 
Jul 57.9 57.2 8.1 14.1 2.7 -2.9 
Aug 57.4 56.7 8.0 14.0 3.0 -2.4 
Sep 56.2 54.3 8.4 14.9 4.3 -1.9 
Oct 55.2 54.5 8.1 14.6 2.4 -1.6 
Nov 48.3 48.9 9.6 19.8 0.4 -2.1 
Dec 43.9 43.8 9.8 22.4 1.0 -2.2 

• Absolute values greater than 1.96 are significant at the 0.95 
confidence level. 

(u) displays a weaker annual cycle with highest values 
found in the low~sun months. The coefficient of vari~ 
ation showed a much stronger annual cycle with low-
est and highest values found in August and Decem-
ber, respectively. Standardized coefficients of skew-
ness (ZI) and kurtosis (Z2) calculated as: 

(1) 

;=1 

X (24/N)-1/2 (2) 

demonstrated that the spatial arrays of monthly KT 
data were generally not normally distributed (Siegel, 
1956; Keeping, 1962; Granger, 1979). From February 
to October, the distributions were significantly posi
tively skewed, suggesting that a few stations with espe
cially large values of KT produced a monthly mean 
that was greater than the mode. July, August, No
vember, and December all displayed spatial distri
butions with significant negative kurtosis levels, sug
gesting that a linear, continuous spatial gradient ex
isted with little to no central tendency (Fig. 1). Only 
the month of January had a spatial distribution that 
did not vary significantly from the normal curve. 

While these distributions may not be normally dis
tributed, they were certainly associated with coherent 
and meaningful spatial patterns. Mean annual levels 
of percent possible radiation (Fig. 2) ranged from 
71.6% at Tonopah, Nevada to 38.7% at Binghamton, 
New York. High values of KT dominated the South
west, while low values characterized the Northwest 
and much of the northeastern quarter of the United 
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FiG. 1. Representative spatial frequency distributions 
(June and December) of K T • 

States. The spatial pattern of annual KT levels was 
nearly identical to the pattern displayed on a map 
published in 1920 of the percentage of possible sun
shine over the United States (Kincer, 1920). 

The intermonthly variance ~ associated with the 
station means showed a general north-to-south gradient 
(Fig. 3) with values ranging from 2.8(% i at Tucumcari, 
New Mexico to 151.5(%)2 at Medford, Oregon. The 
largest variance levels were found in the Northwest, . 
central California, and the northern Great Lakes area. 
A similar spatial pattern is displayed on a map of the 
coefficient of variation of KT (Fig. 4). 

A O-mode factor analysis (Willmott, 1978; Balling, 
1984) of the 221 X 12 matrix of K T values suggested 
that two spatial patterns underlie the variance structure 
in the data. One orthogonally rotated pattern explained 
88.1 % of the variance in the data and displayed the 
highest loading (0.93) with the array of December KT 
values. The spatial pattern for the December values 

FiG. 2. Mean annual K T • 
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FIG. 3. Intennonthly variance of KT • 

(Fig. 5) is similar to the plot for the mean annual levels 
(Fig. 2). A second spatial pattern revealed by the factor 
analysis explained 8.3% of the total variance in the KT 
matrix. July displayed the highest loading (0.94) with 
the variance structure depicted by the second factor. 
In that month, gradients extended away from the high 
values that dominated the interior portion of the west
ern United States (Fig. 6). Clear skies associated with 
a more northern and eastern position of the surface 
North Pacific high pressure cell were strongly reflected 
in the July pattern. However, only a more detailed 
analysis ofthe annual march of KT for each station 
could effectively reveal the impact of various synoptic
scale climatological features on the radiation values. 

4. Harmonic analysis 

Following its development by Fourier (1822), har
monic analysis has been repeatedly used in the study 
of meteorological and climatological phenomena for 
over 150 years (e.g., Bessel, 1828; Whipple, 1917; von 
Hann, 19 I 7; Brooks and Mirrlees, 1930; Conrad, 1938; 
Prescott, 1943; Reynolds, 1955; Craddock, 1956; Hom 
and Bryson, 1960; Sabbagh and Bryson, 1962; 
Fitzpatrick et ai., 1966). Harmonic analysis allows each 

FIG. 4. Coefficient of variation of K T • 

FIG. 5. December values of KT • 

station's annual "curve" of KTvalues to be represented 
as statistically independent components that may be 
separately mapped for analysis. The general form of 
harmonic analysis is: 

nl2 

KT = KT + L Ar cos(r(J - <l>r), (3) 
r=1 

where KT is the estimated monthly value of KT, KT is 
the mean annual KT level, n the number of observations 
at each station (equal to 12 months), Ar the amplitude 
of each harmonic wave offrequency r, (J equals 27rx/ 
p for x the time in months, and p the fundamental 
period equal to 12 months, and <l>r is the phase angle 
of the fitted wave. The first harmonic produces a fit 
with one maximum and one minimum spaced six 
months apart and thus describes annual tendencies in 
the march of the KT values. The semiannual variance 
structures are displayed by the second harmonic which 
has two equally spaced maxima and minima. While 
up to six harmonics may be required to account for 
all variance in the array of KT values at each station, 
the higher harmonics often fail to account for statis
tically significant (Brooks and Carruthers, 1953) por
tions of total variance. Spatial patterns in the ampli
tudes, explained variances, and phase angles may be 

FIG. 6. July values of K T • 
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useful in evaluating influences of elevation and various 
synoptic-scale phenomena on insolation at the surface 
of the earth. 

5. First harmonic 

The pattern of first harmonic amplitudes (Fig. 7) 
resembled the map of intermonthly variance levels 
(Fig. 3). The strength of the relationship is reflected 
in the high map-pattern correlation (Blasing, 1975) 
of 0.96 that exists between the two maps. 

The total portion of variance across the United 
States explained by the first harmonic, defined ex
plicitlyas 

221 

LAi; 
;=1 

V1=~ 

L 2UT 
;=1 

(4) 

equaled 83.9% while the mean explained variance level 
for the 221 stations equaled 75.5%. The explained 
variances ranged from a low of 8.5% at Point Mugu, 
California, to a maximum of 95.2% at nearby Sun
nyvale, California (Fig. 8). The values tended to be 
low along portions of the California coast, throughout 
the Southwest and Front Range area, and across much 
of the southeastern section of the United States. 

The map of first harmonic phase angles (Fig. 9) is 
particularly beneficial in identifying the nature of the 
annual cycle in the KT data. In much of the United 
States, maximum values in the annual cycle occurred 
in the summer months, often in July. During this 
time, cyclonic storm passages are at a minimum, the 

. storminess of June has subsided (Markham, 1970), 
and a large section of the interior United States is 
affected by the midtropospheric anticyclonic cell 
(Wexler and Namais, 1938; Namais, 1972). Maxi
mum values in the annual cycle of KTtended to occur 
in late spring and early summer in Point Mugu, the 
Southwest, and northern Maine. Maximum values 
occurred in late winter and early spring in peninsula 

FIG. 7. First harmonic amplitudes. 

FIG. 8. First harmonic explained variances. 

Florida, while in the Front Range area they occurred 
during the early fall period. 

The early maximum found at Point Mugu, Cali
fornia appears to be related to the unusual local cli
mates ofthe area. Throughout June and July, the low 
stratus deck that results from strong advection over 
the particularly cold ocean surface apparently acts 
dramatically to reduce the potential insolation levels. 
The Southwest displayed an early maximum due to 
the pronounced increase in atmospheric moisture 
and afternoon cloudiness that characterizes the later 
summer months (Bryson and Lowry, 1955; Hom et 
ai., 1957; Hales, 1974). During this "monsoon" pe
riod, the surface North Pacific High moves into its 
northerly position, and moisture is freely advected 
into the Southwest from the Pacific and/or Gulf of 
Mexico (Hales, 1974). The especially clear and dry 
conditions in the region before this period act to 
maintain high levels of K T • 

The early maximum found in the annual cycle of 
KTin northern Maine appears to be related to a sharp 
decrease in potential radiation in November and 
December. Strong minimum values occurring in 
these months characterized by large well-developed 
cyclonic storm passages shift the first harmonic fits 
to positions displaying annual maxima in the early 

FIG. 9. First harmonic phase angles. 
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summer months. The raw data show no real propen
sity for such early summer maximum, but rather a 
strong tendency for a late fall or early winter mini
mum. The springtime maxima found throughout the 
Florida peninsula are linked to the clear conditions 
associated with a general lack of cyclonic passages or 
convective activity in the late winter and early spring 
season. 

The only area with especially late maximum values 
in the annual cycle of percent possible radiation was 
found along the Front Range of the Rockies. Maxima 
as late as October in Colorado Springs, Colorado are 
associated with decreased convection and little cy
clonic activity in the early fall months. Throughout 
the summer, afternoon thunderstorms (Wallace, 1975) 
caused by intense heating of the slopes of the Rockies 
diminishes radiation receipt thereby forcing maxi
mum KT levels to occur later in the year. While the 
first harmonic allowed for an interpretation of annual 
cycles in the data, significant information regarding 
semidiurnal cycles may be gleaned from analysis of 
the second harmonic fits. 

6. Second harmonic 

The second harmonic explained 10.9% of the total 
variance in the United States; however, the mean por
tion of variance explained at each station equaled 
15.8%. This statistic ranged from 0.3% at Wichita Falls, 
Texas to 78.1 % at Tallahassee, Florida (Fig. 10). The 
second harmonic appeared to be particularly important 
in explaining variance on the southern California coast, 
in the Southwest, Southeast, and northern Maine. 

The phase angles associated with the more important 
second harmonic fits (Fig. 11) generally reflected the 
circulation features described earlier. Along the Cali
fornia coast where the second harmonic explained 
more than 50% of the intermonthly variance at Point 
Mugu and San Diego, phase angles showed semiannual 
maxima occurring in March and September. During 
these equinox months, the North Pacific high pressure 
cell is in a position favorable for clear skies along the 

FIG. 10. Second harmonic explained variances. 

FIG. II. Second harmonic phase angles. 

coast. In June and December, heavy fog and increased 
cyclonic activity, respectively, act to create minima 
levels of KT • 

The Southwest displayed maxima in April and Oc
tober, with corresponding minima in January and July. 
Wintertime storms in January and convective systems 
in July effectively diminish percent possible radiatiQn 
levels during portions of the year. The pattern is re
produced in the Gulf Coast area and peninsula Florida 
where April and October were also identified as months 
with maXimum KT levels. 

In northerp New England, and especially in Car
ibou, Maine, phase angles for the second harmonic 
suggested maxima in late February-early March and 
late August-early September, minima in November
December and May-June. These features generally 
are representative of the annual curve of KT values. 
The highest monthly KT for Caribou (52.4%) occurs 
in March when storm tracks are farther south, mois
ture levels are low, and northwesterly surface flow 
prevails. The primary minima in November (32.3%) 
and the secondary minima in May (45.7%) appear 
to be related to the passage of numerous cyclonic 
storms. The second harmonic's representation of a 
secondary maxima in late August-early September 
is somewhat fictitious; the actual secondary maxima 
occurs in July and August when KT values are 49.2% 
and 48.0%, respectively. 

When combined, the first two harmonics explained 
94.8% of the nationwide variance in the monthly lev
els of KT • A plot of the explained variance data (Fig. 
12) suggested that while most areas are well depicted 
by two harmonics, some locations are characterized 
by important and significant higher harmonics. 

7. Higher harmonics 

The third harmonic, characterized by peaks spaced 
four months apart, or maxima and minima two 
months apart, explained only 3.2% ofthe nationwide 
variance in KT levels. However, it accounted for more 
than 25% of the intermonthly variance at four widely 
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FIG. 12. Portion of variance explained by the first two harmonics. 

separated stations. At Point Mugu, California, 36.3% 
of the variance was explained by the third harmonic. 
Here April and August displayed strong peaks in the 
KT profile, while June had one of the year's lowest 
values. The April maximum is associated with a po
sition of the North Pacific High that is favorable for 
clearing in southern California. As the high shifts 
northward and eastward in early summer, especially 
cold sea surface temperatures characterize offshore 
waters near Point Mugu, and low stratus and fog re
sults. By August, the sharp contrast between sea and 
air temperatures has diminished, and the general 
clearing results in high levels of KT • 

Colorado Springs, Colorado had a third harmonic 
fit explaining 27.6% of the total variance, and several 
nearby Front Range stations also had nearly 20% of 
their variance accounted for by the third harmonic. 
The raw data at these locations indicated a strong max
imum in September and October, with a strong min
imum in July and August. The observed pattern is 
related to the summertime convective processes de
scribed earlier. 

The third harmonic explained 26.6% of the vari
ance in Del Rio, Texas, and the phase angle indicated 
maxima in March, July, and November. And indeed, 
the raw data clearly displayed a trimodel distribution. 
In March and November, convection and cyclonic 
activity are low in southwestern Texas, and in July, 
the midtropospheric anticyclone circulation domi
nates the flow pattern. The relatively cloud free con
ditions in these three equally spaced months allows 
peaks in the KT to be well depicted by the third har
monic fit. 

Similarly, West Palm Beach, Florida also displayed 
a pronounced trimodel distribution, and accordingly, 
the third harmonic accounted for 30.4% of the total 
intermonthly variance. Distinctive peaks occurred in 
early portions of April, August and December. The 
peaks in early April and December are associated with 
a quiet weather pattern oflittle convective or frontal 
activity. The peak in early August is forced by the 

most easterly penetration of the Bermuda High into 
the United States. The effects of convective activity 
and tropical storms can be seen in especially strong 
minima occurring in early June and October, re
spectively. 

The fourth harmonic was generally unimportant, 
accounting for only 0.8% of the nationwide variance. 
The highest explained variance level for any station 
was 8.8%, found at Clayton, New Mexico. Highest 
explained variance levels were found in the southern 
Front Range area where a complex pattern of phase 
angles was uncovered. Topographic influences may 
allow small changes in the general flow pattern to mag
nify changes in cloud cover, turbidity, and sunshine. 
In northeastern Florida, where stations displayed a 
sharp peak in April and May, and a deep minimum 
in June, the fourth harmonic accounted for approxi
mately 6% of the intermonthly variance. No other spa
tially homogeneous areas were found iIi the patterns 
of the higher harmonics. 

8. Conclusions 

Both factor and harmonic analysis were used to study 
the spatial and temporal dimensions of long-term 
monthly-averaged percent possible solar radiation lev
els K T in the conterminous United States. Factor anal
ysis showed that the spatial structure of month-to
month patterns are remarkably coherent through the 
year. However, harmonic analysis of individual stations 
revealed important features in the annual march of 
percent possible solar radiation. 

Nationwide, over 80% of the total variance in KT 
levels was explained by the first harmonic fit. Maxi
mum values in the annual cycle generally occurred 
in July when high pressure cells penetrate the United 
States along both coasts. In a variety of regions, the 
variance structure deviated from this general pattern. 
Analysis of phase angles, amplitudes, and explained 
variance levels for up to four harmonics allowed the 
spatial and temporal influences of elevation, season, 
and synoptic and circulation features to be precisely 
identified. 
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