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1. INTRODUCTION 

Shortwave (solar) measurements of surface irradiance for 
clear sky conditions disagree with a number of different mod- 
els. Bets  et al. (1993) used the European Center for Medium- 
range Forecasts (ECMWF) shortwave model to calculate sur- 
face irradiances that were 5-10% higher than measurements. 
Wild et al. (1995) used a different finmulation of the ECMWF 
shortwave model, but found that the model overpredicted 
cleu-sky shortwave an average of 3%. Ding and Wang (1996) 
used data l3om the Atmospheric Radiation Measurement 
(ARM) program and found that the GENESIS GCM short- 
wave model, likewise, overpredicted clear-sky irradiance by 
about 4%. 

Kato et al. (1996) compared four observations of total 
horizontal irradiance made at the Southern Great Plains (SGP) 
ARM site near Lamont, Oklahoma, with model calculations 
using the delta two-stream model of Toon et al. (1989). Gener- 
ally, the models overpredicted surface shortwave irradiance for 
clear skies except in the unrealistic case of highly absorbing 
soot aerosol loading. However, the measurements disagreed 
among themselves by as much as the higher of the measure- 
ments disagreed with realistic aerosol models. 

To help resolve the measurement dilemma, reference 
instruments were deployed in 1996 April at the SGP ARM site 
central facility very near the standard shortwave measure 
ments. The rest of the paper describes the experiment under- 
taken to ascertain total horizontal shortwave irradiance at the 
surface, including, a separation of the direct normal and dif- 
fuse horizontal components. Results and a discussion of same 
concludes the paper. 

2. INSTRUMENTATION 

Two sets of instruments are deployed continuously and 
side-by-side at the central facility near Lamont. Oklahoma. 
The standard set includes a pyranometer (Eppley PSP) mea- 
suring total horizontal irradiance, apyranometer (Eppley PSP) 
under a tracking ball measuring diffuse horizontal irradiance, 
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and a pyrheliometer (Eppley NIP) on the same track= (Sci- 
Tec Model 2AP) measuring direct normal irradiance. There 
are two sets of these instruments within 5 m of each 0th. 
Total horizontal irradiance is meaSured directly with a pyra- 
nometer, or it may be calculated by summing the diffuse hori- 
zontal irradiance and the horizontal component of the direct 
normal irradiance. 

absolute cavity radiometers to measure diect normal irradi- 
ance were brought to the site from the Surface Radiation 
Research Branch (SRRB) of N O M .  SRRB also supplied 
selected Eppley PSP pyranometers for two total and two dif- 
fuse horizontal irradiancemeasurements. The trackers used for 
direct normal and diffuse horizontal irrdiances were Sci-Tec 
trackers. The Atmospheric Sciences Research Center (ASRC) 
of the State University of New Yak  supplied a freshly cali- 
brated Eppley NIP and Eppley PSP for direct normal and total 
horizontal irradiance measurements. The NIP was mounted on 
a Li-Cor 2020 solar tracker. 

Measurements were taken between 17-26 April 1996. 
Among the instrument mix there were samples taken at one-, 
three-, five- and twenty-second time steps. The measurements 
shown in this paper are one-minute averages of these samples. 
Mostly clear skies prevailed on the 18th. 19th. and 23rd of 
April, and those data will be discussed here. The SRRB and 
ASRC equipment was deployed within 40 m of the two ARM 
standard shortwave sets. 

To compare to the standard sets, two Eppley model AHF 

3. MEASUREMENTS 

Total horizontal irradiance measurements from four pyra- 
nometers on 18 April appear in Figure l(a). The irradiance 
throughout the day in plotted versus local standard time. Since 
the SGP site is almost exactly halfway between even-hour 
meridians solar noon occurs about one-half hour later than 
local noon. The day was cloud free. but the discrepancies in 
measurements are obvious. especially near solar noon. Figure 
l(b) is a blow-up of the solar noon portion of the plot with grid 
limes added at every 10 W/m2 to estimate the spread between 
instruments. The spread in this set for this day is 60 W/m2. 
Siros refers to Solar and M a r e d  Radiation Observing System, 
bsrn refers to a duplicate set of measurements at the same 
location that were the first set deployed as Baselime Surface 
Radiation Measurements, and srrbl and 2 refer to the two sets 



of SRRB instruments. 
Srrbl and srrb2 pyranometers were caliiated after they 

were brought back from Oklahoma using the National Renew- 
able Energy Laboratory (NREL) BORCAL technique (Myers 
et al., 1989). The bsrn pyranometer used for total horizontal 
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Figure l(a). Total horizontal irradiance (four pyranometers). 
Central Cluster Pyranometer Comparison (96/04/18) 
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Figure l@). Expanded scale for Figure l(a) near solar noon. 
irradiance was calibrated seven months before the measure- 
ments using the BORCAL method, and the remaining siros 
and bsrn pyranometers were calibrated ten months earlier by 
Eppley using a different technique (Drummond and Greer, 

1966). The BORCAL is a clear sky calibration that compares 
the sum of the direct horizontal component, measured by an 
absolute cavity radiometer, plus the diffuse horizontal kd- 
ance, measured by a pyranometer under a tracking disk, to out- 
puts of groups of pyranometers under test Au measurements 
between 45 and 55 degrees solar zenith angle are ratioed to 
these reference sums and averaged to determine the calibration 
of the test instruments. Eppley calibrates in an artificial sky 
containing loo0 W incandescentbulbs distributed to uni- 
formly illuminate a BaS04-coated dome. The output of a ref- 
erence pyranometer is compared to the output of a test 
instrument to derive a calibration. 

Figure 2(a) is a plot of total horizontal irradiance for 23 
April for five pyranometers. The ASRC pyranometer was 
added to the earlier group, and it too was caliiated after the 
return from the SGP site by NREL using the BORCAL tech- 
nicpe. Srrb2 and am: overlap so well that it is difficult to dis- 
tinguish the two. Whereas srrbl underestimated m b 2  at solar 
noon on 18 April, srrbl on 23 April is slightly higher at solar 
noon. Siros and bsrn have a similar relative behavior to the 
SRRB pyranometers on both days. These features are better 
visualized in Figure 2@). 

Figure 3(a) is aplot of the diffuse horizontal irradiance on 
18 April and Figure 3@) is the same plot for 23 April. The dif- 
fuse is higher on the 23rd indicating a brighter sky probably 
caused by both higher aerosol loading and cirrus, especially in 
the afternoon. Note that the spread in values is much less in 
magnitude, on the order of 10 W/m2 rather than the 50 to 60 
W/m2, as seen in the pyranometer measurements of Figures 1 
and 2. This is a different set of pyranometers and responses 
have shifted relative to the associated pyranometers used for 
total horizontal irradiance, for example, srrbl now has the 
highest and srrb2 has the lowest response in Figure 3. where 
they had the highest two responses in Figures 1 and 2. 

The most reliable measurement in solar radiation is the 
direct beam measured with an open absolute cavity radiome- 
ter. Typical uncertainties are 0.3% (Frohlich et al. 1991). i.a, 3 
W/m2 for clear-sky direct irradiances near solar noon. 
. Figure 4(a) is a plot of the direct solar irradiance mea- 
sured on 23 April with two SRRB cavity radiometers (svbl 
and srrb2). one ASRC Eppley NIP pyrheliometer (asrc) cali- 
brated just before the SGP experiment using an absolute cavity 
radiometer, two Eppley NIP pyrheliometers (siros and bsm) 
calibrated 19 and 33 months earlier using the BORCAL tech- 
nique, which is a direct comparison to an absolute cavity radi- 
ometer. The two absolute cavity radiometers (srrbl and srrb2) 
and the ASRC pyheliometer (usrc) track within 2-3 W/m2 
throughout the measurement set. Bsrn appears about 5 W/m2 
high relative to these in the morning and is closer in the after- 
noon. Siros is about 2% low relative to the cavities throughout 
the day. The tracking for the siros pyrheliometer was nearly 
perfect. The tracking for the bsrn pyheliometer was not. It is 
suggested that the apparently improved agreement in the after- 
noon may actually be a loss of signal because instrument 
pointing became a little worse in the afternoon. 

Since the latter two pyrheliometers had not been cali- 
brated recently, we tried an experiment where we used the 
concurrent measurements of 23 April to calibrate the sims and 



bsrn pyrheliometers. Figure 4@) shows remarkable agreement 
after adjusting the bsm and sirm units as indicated in the leg- 
end in Figure 4@). Agreement is now on the order of 3 W/m2 
for all direct irradiance measurements on this day. 
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Figure 2(a). Total horizontal irradiance (Eve pyranometers). 
Central Cluster Pyranometer Comparison (96/04/23) 
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Figure 2@). Expanded scale for Figure 2(a) near solar noon. 

The total horizontal irradiance is the diffuse horizontal 
irradiance plus the horizontal component of the direct normal 
irradiance. These are sensed simultaneously by apyranometer, 
however. all pyranometers show an angular response that is 
not strictly a perfect cosine response, Le., the response does 

not decrease exactly as the cosine of the angle of incihce. 
The BORCAL and Eppley calibrations of the same manome- 
ters show typical differences of 1.5- 2%. This is largely 
responsible for the differences seen m Figures 1 and 2. 
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Figure 3(a). DiffUse horizontal irradiance (four pyranometers). 
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Figure 3@). Same as Figure 3(a), but Eve days later. 

Figure 4(b) demonstrates that direct irradiance can be 
measured reproducibly and Figure 3 illustrates that diffuse is 
small in magnitude, and the scatter in absolute terms among 
various instruments is also low for clear-sky conditions. 
Therefore, a component sum of the latter two should be abet- 



ter determination of the total horizontal irradiance. 
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Figure 4(a). Direct normal irradiance (five pyrheliometers). 
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Figure 5(a) is a plot of the summed components for four 
sets of instruments on 23 April. Figure 5(b) is the same plot 
for 18 April. These should be compared to Figures 2(b) and 
l@), respectively. The spread near solar noon is less than 10 
W/m2 on 23 April compared to 50 W/m2 spread among the 
pyranometers. Figure 5@) shows slightly more spread, but still 
small relative to the pyranometer measurements of total hori- 

zontal irradiance Figure 5(c) shows a spread of the summed 
components on 19 April that is smaller than either the data 
from 18 or 23 April. 19 April is the clearest of the three days 
as indicated by the low variability in the time saies data 
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Figure 5(a). Total horizontal irradiance by summation. 
Total (by Summation) Cornparison (96104118) 

Q 

g s  

= 3  
i P 

s 
lW.40 109.4s 109.50 10955 109.60 lW.C6 

day01 1Dw 
Figure 5@). Same as Figure 5(a), but five days earlier. 

4. SUMMARY 

The most reproducible measurement of total horizontal 
irradiance is the sum of the horizontal component of the direct 



normal irradiance plus the dm horizontal irradiance. Figure 
5 indicates agreement among all four measurement sets 
throughout the kree days to be about or beam than 10 W/m2. 
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Figure 5(c). Same as Figure 5(a), but four days earlier. 

The direct normal irradiance as shown in Figure 4(b) 
agrees to within 3-5 W/m2 for all five instruments for 23 April. 
Equivalent results were obtained on 19 April, but the scatter 
was twice as large on 18 April, which gave rise to the larger 
spread in the total horizontal irradiance for that day. 

These remaining differences in the spread of the measure- 
ments are probably caused by tracking errors and soiling. The 
absolute cavity radiometer tracker for srrb2 was slightly mis- 
aligned on the 18th. The siros and bsrn instruments were 
checked and cleaned, if needed, each morning by site pson-  
nel, as were SRRB and ASRC instruments by us, but some of 
the difference could be caused by soiling after cleaning 
because there was much wind blown dust during this period. 

Three of the pyranometers used for the total horizontal 
irradiance measurements received calibrations after their 
return from the ARM site. In Figure 2(b) these pyranometers . 
agree to within about 10 W/m2, however, they are some 30 W/ 
m2 higher than the summed total in Figure 5(a). This higher 
reading at solar noon is consistent with the angular response of 
this pyranometer. The BORCAL calibration is performed at a 
mean solar zenith angle of 50 degrees. At solar noon in late 
April the sun has a solar zenith angle around 25 degrees. Ther- 
mopile pyranometers typically have angular responses that 
move further from a true cosine response as the angle of inci- 
dence increases. This implies that a calibration constant 
obtained for an incidence angle of 50 degrees will yield an 
irradiance response that is higher than it should be at smaller 
angles of incidence, Le., solar noon in April at the SGP site. 

Moreover, if a pyranometer is calibrated by the BORCAL 

method, 50 degrees is not far from the optimum choice of 
angle for the calibration of a pyranometer used for diffuse 
measurements. The radiation contribution from the sky hemi- 
sphere to a flat plate horizontal receiver, e+. a pyanometer, is 
poportional to the sine of 2 times the solar zenith angle. Since 
this function peaks at45 degrees and falls to zero at 0 and90 
degrees, the calibration near 50 degrees is approximately COT- 
rea for an isompic sky radiator. The sky radiance is not iso- 
tropic, therefore, apyranometer with an impea-fect angular 
response will still have some error, but this minimizes it for the 
general case. 

In conclusion, we recommend the sum of the horizontal 
component of direct normal irradiance plus the d i  hori- 
zontal irradiance as the best measure of total horizontal irradi- 
ance, and that with calikated instruments and cleaning this 
has been achieved for some measurements at the ARM site. 
We recommend these measurements for model COmP8fiSOns of 
total and diffuse horizontal and direct normal irradiance. 
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