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INTRODUCTION [ i e e e ]

Solar radiation provides the energy that drives processes ranging from crop and insect
development to active and passive solar energy systems. Despite its importance, solar
radiation remains among the least measured climatological variables. A network of 26seations
operated by the National Weather Service provided the only source of nationwide solar
radiation observations prior to 1977. The quality of the hourdly radiation data collected by
these SOLMET (SOLar METeorological) stations deteriorated over time, eventually
reaching a point at which errors of as large as 30% existed (Thekarhara, 1976). Because of
this problem, publication of SOLMET data was discontinued in 1972. More recently, the
solar radiation observations collected prior to 1975 have been restored using an algorithm
which accounted for the slow deterioration of the pyranometers used to collect the data. These
adjusted values are now available for the period 1952-1975. Derived estimates of solar
radiation at 222 additional “ERSATZ” sites have also been developed from the restored
radiation estimates at the SOLMET sites. Radiation values at the ERSATZ sites are based on
a correlation with observed cloud amount and the number of minutes of possible sunshine.

From 1977-1980, hourly solar radiation measurements were made at a network of 38
National Weather Service SOLRAD sites across the country. Upgrades to the instrumenta-
tion and instrument maintenance procedures were implemented in this network to prevent
the darta from deteriorating with time. However observations from this network were
discontinued after only threeyears. In 1988, hously solar radiation measurements began again
ar 31 sites nationwide. These data are archived at the National Climatic Data Center as part
of TD-3281 Airways Solar Radiation.

In 1992, the National Renewable Energy Laboratory completed the National Solar
Radiation Data Base (NSRDB). This data set provides hourly values of solar radiation ar 239
stations for the period 1961-1990 based on observations from the SOLMET sites and several
research facilities, together with model estimates based on total and opaque sky cover.
Although the modeled solar radiation values were quality controlled, documentation
provided with the NSRDB does not provide estimates of the accuracy of individual modeled
daily solar radiation values. Instead, the annual average daily radiation values given in the
NSRDB were compared to the corresponding SOLMET and ERSATZ values. These
comparisons indicate that 40% of the NSRDB estimates exceed the solar radiation values
documented in the combined SOLMET and ERSATZ data base (Marion and Meyers,
1992). Since the NSRDB is intended to provide high quality long-term solar radiaton
averages, the individual hourly and daily solar radiation values given in the data base must be
used with caution.

Because the inventoryof solar radiation measurementsisso limited, numerous modelsand
methods to estimate solar radiation from more commonly observed meteorological param-
eters have been proposed and implemented. For example, 2 model by Schmetz and Raschlke
(1978) estimates total solar radiation based on observations of cloud amount and type. A
model developed by Rangarajan et al. (1984) uses cloud height and coverage. Observed
sunshine hours have been used by several investigators as a basis for solar radiation estimates
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(e.g.. Revfeim, 1981; Andretta et al., 1982). Other methods using daily maximum and
minimum temperature (Bristow and Campbell, 1984) and latitude and precipitation
(Reddy, 1987) have also been proposed. At best, these methods can estimate solar radiation
with an average relative error of approximately 10%.

Geostationary satellite brightness measurements have also been used to estimate daily
solar radiation values at the earth’s surface. Gautier et al. (1980) achieved estimares of daily
solar radiation which averaged within 10% of measured mean values. Duchon etal. (1992)
used GOES estimated solar radiation data to drive a water budget model. In comparison to
pyranometer measurements, they found that the GOES values overestimared surface solar
radiation under cloudy conditions and underestimated the measured data as radiation values
increased. Wetzel et al. (1993) showed that GOES derived estimates of solar radiation
tracked pyranometer measured values fairly well under doud-free conditions.

More sophisticated semi-physical models are also available to estimate total (direct beam
and diffuse) solar radiation on a horizontal surface, hereafter referred to as simply solar
radiation. Meyers and Dale (1983) modified earlier semi-physical models described by
Arwater and Brown (1974) and Atwater and Ball (1981). The Meyers and Dale model uses
standard meteorological observations as input and accounts for the attenuating effects of
Rayleigh scattering, absorption by water vaporand permanentatmospheric gases, absorption
and scattering due to aerosols, and absorption, scattering and reflection from clouds.
Comparisons of calculated solar radiation estimates with observed values by Meyers and
Dale showed mean absolute errors ranging from 1.05 MJ m™2 day™! at Los Angeles to 1.80
MJ m2 day™! at Miami. [n both cases these errors were approximately 10% of the mean daily
solar radiation values.

In the midwestern United States, Meyersand Dale’s model is currently used operationally
by the Midwest Climate Center to drive crop yield and soil moisture prediction models and
provide estimates of total solar radiation. Petersen (1990) conducted additional evaluations
of the accuracy of solar radiation estimates produced by the Meyers and Dale model. Using
observations from three midwestern sites, mean absolute errors were found to range from
8.4% to 17% of the mean daily solar radiation.

Due to the paucity of direct measurements and the receipt of frequent requests for solar
radiation data, NRCC has adapted and implemented the Meyers and Dale model to provide
daily solar radiations estimates for sites in the northeastern United States. Comparisons of
the radiation estimates produced by the modified model and observations at northeastern
sites show mean absolute errors of less than 13% and a mean error very dlose to zero.

MODELDESCRIPTION ([~~~ .~

To adapt the Meyers and Dale model for use in the Northeast, several adjustments and
modifications were incorporated. These changes primarily involved the modeling of
absorption due to aerosols in the atmosphere and by douds. In their model, Meyersand Dale
express the flux density of total solar radiation on a horizontal surface at a given location, ],
in the form:

I = 1,(cosZ)TRT,T,T,T, )
where L is the solar constant; Z is the solar zenith angle; and Tp Ty T, Ty and T _ are

transmission coefficients for Rayleigh scattering, permanent gas absorption, absorption by
water vapor, and absorption and scattering by aerosols and clouds, respectively. Values of 1
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are calculated for each hour and summed from sunrise to sunset to produce a daily total. The
mean value of the solar constant was increased from that used by Meyers and Dale to 1367
Wm2 to reflect the currently accepted value and adjusted to account for interannual
differences in the earth-sun distance. Using latitude, ¢, the solar declination angle, 8, and the
hour angle, H, the solar zenith angle is computed using the relationship:
Z = cos}(sind sind + cosd cosd cosH). ()]

The transmission coefficients for Rayleigh scartering and permanent gas absorption are
combined and calculated using an empirical relationship described by Kondratyev (1969).
The relationship, which considers forward as well as back scattered radiation, is

TRTg = 1.021 — 0.084[m(0.00949p + 0.05 D03 G)

where pisthe station pressure (kPa) and m is the optical air massat mean sea-level. The optical
air mass is given by

m = 35(1224 cos?Z + 1)03, 4
The transmission coefficient for water vapor absorption,
T, = 1-0.077(um)®3, (5)

is a function of optical air mass, m, as well as the precipitable water vapor in the atmospheric
column, u. Surface dew pointisused to estimare u usinga relationship given by Smith (1966):

u=exp[0.1133 - In(A + 1) + 0.0393T ] 6)

where T is the surface dew point temperature and A is an empirically derived constant based
on latitude and season.
Absorption and scartering due to acrosols is computed using the equation

T, =x™ @
Meyers and Dale obtained a value of 0.935 for the empirical constant, x, using data from
several U.S. stations, all of which were located outside the Northeast. Considerably beer
results for northeastern stations are obtained using a value of x=0.85. This value represents
the median value obtained by solving equations 1 and 7 for T, and x, respectively, under clear
sky conditions (T =1) using surface and solar radiation observations at Ithaca, NY.

Cloud attenuation is also expressed empirically using the relationship
3
TC=H[1—Ci(1—ti)]X (I-r.r ) -1 (8)
i=1

Surface albedo (r,) is assumed to be 0.65 when snow depth exceeds one inch and 0.2
otherwise. For clouds with bases less than 5486 m (18,000 ft.), the cloud albedo, r, is
assumed to be 0.50. Cloud reflection is ignored for clouds with bases above 5486 meters as
are multiple cloud reflections. Alchough up to five cloud layers can be recorded, reports of
more than three layers are infrequent. Thus, only three layers were considered in estimating
cloud attenuation. The fractional sky coverage of the ith layer is represented by ¢;. This value
issetto 0.0 fordlear skiesand 1.0 forovercast conditions. Forbroken and scattered conditions,
¢, is given values of 0.7 and 0.3, respectively. Empirical transmission coefficients, ¢, are
assigned to each cloud layer. These values were derived by solving Equations 1 and 8 for T,
and t, respectively, during hours with a single cloud layer at Ithaca, NY over the period April
1990 through September 1992. Median valuesarc given in Table 1. Hours used to determine
cdoud transmission coefficients were limited to 11001400 local time to minimize observa-
tional errors which result when clouds are not in the direction of the sun.
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If sky conditions are reported as obscured, then t; = 0.12 and ¢; = 1.0. Values of t; = 0.72
andc;= 0.5 are used for thelowest layer when the sky is partially obscured (-X). If not reported,
a partial obscuration is assumed during hours when visibility is less than 1 mile. If clear skies,
fog and a visibility greater than one mile are simultaneously reported, then t; = 0.93. During
hours in which clear skies are reported along with haze, the value of t; is also setequal 10 0.93.
If no douds or obstructions to visibility are reported, but the visibility is less than 10 miles,

t; = 0.98. These transmissivity values were empirically derived using Ithaca observations.

Table 1. Transmission coefflciants, t;, for indicated cloud helghts and coverage.

Height (m) Scattered Broken ercast
<609 0.84 0.61 0.16
610-1219 0.84 0.61 0.30
1220 - 3048 0.86 0.62 0.35
3049 - 5486 0.84 0.61 0.44
> 5486 0.96 0.77 0.66
> 5486 {thin) 0.98 0.91 0.86

TREATMENT OF MISSING DATA B

During certain time periods within the historical hourly data record, only every third cloud
height observation is archived for some stations. In such cases, cloud base heights are inferred
from the reported sky coverage and ceiling height, which continued to be archived hourly,
using a method devised by Petersen (1990). In her procedure, the reported ceiling height is
assumed to be equal to the height of the lowest broken or overcast layer. Scattered layers below
the ceiling are assigned heights 1524 or 3048 m below the ceiling, depending on its height.
Overcast or broken layers which were visible and reported above the ceiling are similarly
assigned heights 1524 or 3048 m greater than the ceiling height. Scattered layers, which
occurred in the absence of a ceiling, are uniformly assigned random heights between 0 and
7620 m.

If sky coverage or ceiling data is also missing for a given hour, the average of the preceding
and subsequent hour’s transmission factors, t;, is used. If either of these t; values are missing,
the remaining value is assigned to the missing hour. A similar procedure is used to handle
missing dew pointand station pressure observations. The daily average value, however, isused
as a surrogate during periods when three or more consecutive hours are unavailable.

VALIDATION e o ]

To assess the accuracy of the radiation values estimated by the model, outpur values were
compared with daily solar radiation measurements at seven stations in the northeastern
United States. Coincident meteorological and solar radiation observations are available only
at National Weather Service offices in Burlington, VT, and Pittsburgh, PA. At the five other
comparisonsites, radiation measurements from research facilities located near meteorological
observing sites were used. Mean errors (ME), mean absolute errors (MAE), and root mean
square errors (RMSE) were computed for the period of record at eachssite. The results appear
in Table 2. Errots were also calculated seasonally and tended to be largest in summer and
smallest during winter. However, when expressed as a percentage of the seasonal average
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Figure 1. Cumulative frequency distribution of solar radiation ebservations at Pittshurgh, PA (PIT) as well as
those near Allentown, PA {ABE), Islip, RY (ISP) and Rochester, NY (ROC). Radiation measurements at Ithaca, NY
c¢losaly follow the distribution of ROC data. Observations at Burlington, VT and near Columbus, OH are essentially
coincident with the ABE distribution.

observed solar radiation, errors similar to those given in Table 2 resulted during all seasons.

The cumulative frequency distributions of available observed solar radiation ar the seven
sitesare illustrated in Figure 1. These daily observationsare uniformly distributed throughout
the year in all cases. Compared to the five other sites, the distributions of observed solar
radiation at Pittsburgh and Islip show an unusual increase in the frequency of solar radiation
observations at the upper end of the distributions. In addition, the maximum observed solar
radiation recorded at these sites is anomalously low at Pitesburgh and high ac Islip compared
with the other stations which are located at roughly the same latitude. Based on these
comparisons, it appears that instrumentation problems may have biased the data at

Table 2. Meanerror {ME}, mean ahsolute error {(MAE), and root mean square error (RMSE) associated withmodeled
solarradiation atthe indicated sites. Errors have units of MImZ2and are also given as apercentage of the average
ohserved solar radiation (OSR). 0BS indicates the number of daily observations.

TATION ME % MAE % RMSE % OSR QBS
Allentown, PA 0.1 0.6 1.5 110 20 145 136 2523
Burlington, VT -0.1 1.1 2.2 16.5 3.1 233 13.3 142
Columbus, OH 0.6 4.3 1.6 12.2 2.2 16.9 13.1 361
Islip, NY -1.4 -9.0 2.0 13.1 2.5 16.3 153 2010
Ithaca, NY -0.2 -2.0 LS 12.0 2.0 16.3 12.3 400
Pittsburgh, PA 1.3 13.1 2.1 21.2 2.8 28.2 99 158
Rochester, NY -0.2  -2.0 1.6 136 22 185 119 2460

All stations 0.3 2.3 1.7 127 22 168 133 8054
wio Islip and Piet. 0.0 0.0 1.6 12.5 2.1 16.4 12.8 5886
Original model* 1.8 14.0 2.3 18.0 2.9 22.6 12.8 5886

* Original version of the Meyers and Dale model using data from all sites, excluding Islip and Pirsburgh.
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Pittsburghand Islip. For thisreason, Table 2 containsasummary of the errors associated with
all seven sites as well as other comparisons with Pittsburgh and Islip omitted. With the
omission of these two stations, the mean error is reduced to zero and the MAE and RMSE
are slightly lower.

The results in Table 2 compare favorably with a similar error analysis based on four
midwestern stations carried out by Petersen (1990) and thatbased on a network of 12 stations
used by Meyers and Dale (1983) in their original assessment of the model’s performance.
The stations used by Meyers and Dale were widely distributed across the U.S., but did not
include any in the northeastern states. A total of 913 observations were available at the four
midwestern sites used by Petersen. In her analysis, Petersen found mean errors which
averaged 0.83 MJm?, while MAE and RMSE values averaged 1.75 and 2.3 MJm~,
respectively. The MAE was 11.9% of the average observed solar radiation. The comparisons
conducted by Meyers and Dale used 732 obscrvations and gave ME, MAE and RMSE values
of 0.1, 1.3 and 1.7 MJm™2, respectively.

For a further comparison, the results produced by running the original version of the
Meyers and Dale model for the five northeastern sites are also listed in Table 2. It is evident
that our modifications and adjustments to the original Meyers and Dale model improve the
accuracy of solar radiation estimates for northeastern sites.

CONCLUSIONS Emei e e e el

Solar radiation measurements in the northeastern United States are relatively few in number
and have limited periods of record. Since this semi-physical model requires only standard
hourly surface observations as input, current solar radiation estimates can be generated at
several dozen hourly observing sites within the region. Historical solar radiation estimates
dating back to 1948 can be computed atapproximately 30 sites in the Northeast which have
digitized hourly dara. Such adatabase of estimated solar radiation values will provideessential
data for applications ranging from crop modeling to the design of solar energy systems. In
addition, the model estimates provide a comparative standard for the quality control of solar
radiation measurements in the region.
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