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PROGRESS REPORT  

Following is a statement of the accomplishments and significant 

results obtained on the proJect to date' 

1. A Solar Energy Resource Report from Current Satellite Insolation  

Data 

The Satellite Applications Laboratory of the National Oceanic and 

Atmospheric Administration (NOAA), under the AgRISTARS program, 

currently uses GOES satellite data to produce daily estimates of 

global horizontal Insolation for the entire continental United States, 

Mexico, and parts of South America. These insolation estimates, 

available on computer tape from NOAA at a spatial resolution of 1° x 

I' in latitude-longitude, have been summarized into monthly mean 

values, standard deviations about the monthly mean, and root-mean-

square (rms) deviations across 10 of latitude or longitude. A report 

outlining the NOAA Insolation methodology and giving in atlas form the 

monthly statistical results has been prepared. An abstract of this 

report, "Atlas of Satellite-Measured Insolation in the United States, 

Mexico, and South America", is attached. Figure 1 shows a comparison 

of the monthly mean daily total values derived from the NOAA satellite 

estimates with monthly means of surface-measured insolation at the 

Georgia Tech Insolation monitoring site. The rms difference between 

the satellite-estimated and ground-observed monthly mean daily total 

values shown in Figure 1 is 0.77 MJ/m2, or 5.2% of.the mean value of 

14.8 MJ/m. Figure 2 gives a sample of the maps of monthly mean data 

which are shown in the atlas report. This figure shows the annual 

mean daily total global horizontal insolation for the continental 

United States for the year 1983. 
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2. Development of a Satellite Technique for Direct Beam Insolation  

Estimates  

The current insolation estimates being done by NOAA are only for 

global horizontal irradiance. Although this is adequate to meet the 

needs of their agriculturally oriented program, solar energy 

researchers and systems designers would find estimates for direct 

normal (for focusing collectors) and global irradiance on tilted 

surfaces (non-focusing collectors) of considerable additional benefit. 

A 16-month set of surface-measured data has been used together with 

GOES satellite brightness information from NOAA, to produce a 

regression model for hourly total global horizontal irradiance, and 

for hourly total direct normal irradiance. These two estimates can be 

combined, using a relation by Klutcher (Solar Energy, 23, 111-114, 

1979), to produce an estimate of global irradiance on a tilted surface 

(estimates have been compared here to measurements taken on a latitude 

tilt). Results for observed versus satellite-estimated daily total 

global horizontal irradiance are shown in Figure 3, for 1982-1983 

Georgia-Tech data. The rms difference between satellite estimates and 

observed data in this figure is 1.3 MJ/m°, or 8.4% of the mean value 

of 15.8 MJ/m. This accuracy is somewhat better than from a similar 

comparison against the operational NOAA estimates, interpolated to the 

Atlanta, Georgia Tech site, which, for the same observation period, 

showed an rms difference between satellite estimates and observed data 

of 1.9 Mini°, or 12.8% of the mean value of 14.9 MJ/m. The 

comparison with the operational data contains somewhat more days, 

since it required only a valid global horizontal data value for 

comparison, wheras the current model comparison additionally requires 

a valid direct normal and global tilted value. Similar comparisons 

between surface observations and the new satellite methods for 

estimating daily totals of direct normal and global latitude-tilted 

irradiances are shown in Figures 4 and 5. The direct normal values 
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cannot be estimated as accurately as the global horizontal, giving an 

rms difference of 3.1 MJ/ma, or 21.3% of the mean value of 14.4 MJ/re. 

Because it relies in part on the direct normal estimate, the estimated 

global tilted values are also slightly less accurate than the global 

horizontal values, with the data in Figure 5 having an rms difference 

of 1.9 MJ/m2, or 11.1% of the mean value of 17.2 MJ/ce. This error 

estimate for the global tilted irradiance is, however, comparable to 

the estimated accuracy in the current NOAA operational estimates of 

global horizontal irradiance. 

3. Development of a Satellite Insolation Estimation Technique for  

Photovoltaic Systems  

In addition to the highly accurate Eppley radiometers used as 

surface observation data to develop the methods for satellite 

estimation of the global horizontal, direct normal, and global tilted, 

the Georgia Tech solar radiation monitoring site also includes Licor 

photocell radiometers, operated both on the horizontal and on a 

latitude tilt angle. Figure 6 shows a comparison of the spectral 

response curve of the Licor photocell radiometer to that for typical 

crystalline silicon photocell material (Bird, SERI/TR-215-1598, 1982). 

Georgia Tech surface measurements during 1982 and 1983 have also been 

used to develop a method for using the satellite data to estimate 

global horizontal or tilted irradiance as measured by these Licor 

photocell radiometers. The results of comparison of these estimates 

with the photocell radiometer measurements are shown in Figures 7 and 

8. These comparisons indicate comparable accuracies for the photocell 

irradiance measurements as for the Eppley instruments, giving rms 

differences of 8.8% for the global horizontal and 11.0% for the global 

tilted values. Although the Licor radiometers are normally calibrated 

in terms of equivalent full solar spectrum irradiance, comparisons 

with spectral irradiance model results and between the curves in 
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Figure 6, indicate that values of photocell collector system short 

circuit current in amps per square meter of collector can be estimated 

as 0.32 times the Licor photocell radiometer reading in W/nP. 

4. Development of a Technique for Satellite Insolation Estimation with  

Snow Cover on the Ground  

Thw current NOAA operational method for satellite estimation of 

insolation does not automatically distinguish between high brightness 

values produced by clouds and by snow cover on the ground. 

Consequently, clear conditions with snow on the ground will be 

interpreted as clody conditions and the insolation 	 be 

significantly underestimated. 	A set of SOLMET station data for the 

last part of 1980 has been merged with the NOAA GOES satellite 

brightness data for use in developing a technique to handle the snow 

cases. These data a/so include the GOES infrared brightnesses, which 

can be used to distinguish between cold, bright clouds and 

(relatively) warm, snow covered ground surfaces. A total of 685 

hourly observations with snow cover have been identified in the data 

set from 8 SOLMET sites. Of these, enit occurred in clear conditions, 

365 occurred in overcast conditions, and the remainder were under 

various degrees of partial cloud cover. 

5. Investigation of Error Reduction if Precipitable Water is Included  

Figure 9 shows a scatter plot of observed global transmittance 

(ratio of global to extraterrestrial horizontal) versus cosine of 

solar zenith angle for clear skins and low precipitable water (<1.7 

cm), with x's showing observations which have less than average 

observed satellite brightness values, and 4.'s having higher than 

avergage brightness. Figure 10 shows comparable results for the clear 
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cases with high precipitable water (>1.7 cm). 	These figures 

illustrate the sensitivity of clear global transmittance both to 

precipitable water amount and to satellite brightness value 

(presumably an indication of aerosol turbidity in the atmosphere). 

Most of the improvement in accuracy (8.4% versus 12.8%, as discussed 

above) between the new method and the NOAA operational method for 

insolation estimates from satellites is due to the inclusion of 

precipitable water value in the new estimation algorithm. 
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Figure 1. 	Observed Monthly Mean Insolation at Georgia Tech 
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ATLAS OF SATELLITE-MEASURED INSOLATION IN THE  

UNITED STATES, MEXICO, AND SOUTH AMERICA  

Abstract  

A summary is given of the development, testing and applications 
of the satellite insolation estimation proJect of the National Oceanic 
and Atmospheric Administration CNOAA) Agriculture and Resources 
Inventory Surveys through Aerospace Remote Sensing (AgRISTARS) 
program. The NOAA/AgRISTARS procedure uses data from the 
Geostationary Operational Environmental Satellite (GOES) to estimate 
daily total insolation Con a horizontal surface) at an array of 10 x 
10 latitude-longitude locations throughout the continental United 
States, Mexico, and parts of South America. This methodology is 
compared with some other satellite techniques in terms of accuracy and 
applicability. Summary maps of monthly average daily total insolation 
for the period July, 1982 through December, 1983, as well as annual 
total maps for 1983, are presented for all three geographic coverage 
areas. As measures of temporal and spatial variability, monthly and 
annual data are also presented for the standard deviation of the daily 
insolation values about the monthly mean, and for root-mean-square 
values of both north-south and east-west differences over 1° latitude 
or longitude spacing. From the estimated error analysis the monthly 
mean values appear to be accurate to about 5% of the mean value, 
except for the western part of the United States when GOES-1 was put 
back into temporary service as the western GOES satellite. Compared 
to long-term surface-measured insolation in the United States, the 
satellite-derived means for the reported period are somewhat low, 
especially in the central and southwestern United States. Lowest 
standard deviation areas tend to be associated with areas where then 
mean insolation is high, e.g. desert regions where high values tend to 
persist from day to day. Some of the areas with high mean insolation 
also exhibit low spatial variability, with nearby areas of higher-
than-average spatial variability where the insolation regime changes 
to one of lower mean value. An area of exceptionally large spatial 
variability is found in the mountainous areas of Bolivia and 
Argentina. Areas of somewhat higher-than-average spatial variability 
are also found throughout the southern and central Rocky Mountains of 
the United States. The rms spatial variability, which has not been 
reported before for such extensive geographic regions, is important is 
assessing the reliability of interpolations or extrapolations from 
sites with measured insolation to other locations where insolation 
values are desired. 
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PROGRESS REPORT 

Tests of Suitability of METEOSAT Data for Insolation Estimation  

in Saudi Arabia  

Since the GOES satellites used in the first phase of this 

work do not provide coverage of the area of the world which 

includes Saudi Arabia, data from the European Space Agency (ESA) 

METEOSAT satellite had to be used for the studies of insolation 

estimation over Saudi Arabia. Since Saudi Arabia is somewhat 

near the edge of the usable area of coverage of METEOSAT, and 

since much of the area consists of bright sandy soil (which 

reduces the contrasting signal between clear and cloud-cover con-

ditions), these factors must be examined. Figure 1 shows simu-

lated results for a variety of cloud conditions (optical depths 

1, 2, 16, and 64) and for a surface assumed to be sand with a 

surface albedo of 0.45. This figure plots the irradiance reduc-

tion from clear-sky value versus the increase in METEOSAT 

visible-band sensor counts from clear-sky counts. Surface and 

top-of-atmosphere irradiances were computed by a spectral model 

which treats clear layers above and below a cloud layer which is 

modeled by a delta-Eddington radiative transfer process (Justus 

and Paris, 1985; Paris, 1985). Modeled top-of-atmosphere METE0- 

SAT visible-band radiances were converted to sensor counts by 

assuming the calibration of Koepke (1982). The current satellite 

insolation algorithms assume essentially a linear relationship 

between the variables plotted in Figure 1. The best-fit straight 
-L 

line shown in Figure 1 has a slope of 7.208 W m 	count
-1 , and 

yields a standard error of 36 W/m 2
, with and r 2 of 0.985. 	Since 

the detailed model results shown confirm the linear relationship 

expected, this lends additional credence to the applicability of 
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our model studies to verify the use of METEOSAT in insolation 

estimation techniques. 

Data from the Riyadh insolation monitoring site have been 

obtained for several days, and corresponding days of METEOSAT 

data for four of these days were ordered. Figures 2 and 3 show 

the surface-monitored direct and global insolation for Day 167 in 

years 1982, 1983 and 1984. A variety of amounts of reduction in 

the afternoon direct normal insolation is noted. The large vari-

ations in direct normal are not reflected in variations of the 

global insolation, however. This is to be expected, since scat-

tering out of the direct beam by aerosols and dust is largely 

restored to the global insolation in the form of the diffuse com-

ponent. 

Figures 4 and 5 show the measured and modeled direct and 

global insolation for Day 167, 1983. The large drop in direct 

normal insolation in the afternoon is reproduced by assuming a 

change from an absorbing (urban, 80%RH) aerosol of optical depth 

0.8 in.the morning and a relatively non-absorbing (rural 0%RH) 

aerosol of optical depth 1.8 in the afternoon. The global inso-

lation is reletively insensitive to the changes in aerosol prop-

erties. Figures 6 and 7 show similar results for Day 348, 1982, 

with the variation during the day represented by urban 80%RH 

aerosol with optical depth changing from 0.3 in the morning to 

0.4 in the afternoon. 

Process Surface Insolation Data and METEOSAT Data and Develop and 

Test Algorithms  

METEOSAT data from four clear days (Day 167, for years 1982, 

1983 and 1984, and Day 348 for 1982) were ordered. These days 

exhibit a range of aerosol and dust effects, allowing sensitivity 

to this effect to be studied. Seven visible images for each day 

were ordered. Images were processed on the recently acquired 
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ERDAS image processing system. Areal mean counts and standard 

deviation for an approximately 40 km x 40 km area around the 

Riyadh monitoring site were measured and are shown in Figure 8. 

These results show that the satellite-observed count values are 

fairly insensitive to the various aerosol and dust levels on the 

three years of Day 167 results. Figure 9 indicates that the 

radiation transfer model, using the Koepke calibration, is able 

to reproduce the main features of the daily variation in METEOSAT 

visible counts on the Day 167 and Day 348 data. Discrepancies in 

the details between measured and modeled counts are thought to be 

due to the non-uniform directional surface reflectance. Although 

a non-Lambertian surface directional surface reflectance was 

assumed in the model, the actual surface directional reflectance 

properties for sand in the 0.4-1.0 micrometer wavelength range 

are not well known. 

If the satellite counts and surface insolation measurements 

for the 3 Day 167 data sets are plotted in the same manner as in 

Figure 1, the results are as shown by the circles in Figure 10. 

For reference, the modeled values for optical depth 1 and 2 

clouds from Figure I are also shown in Figure 10 (as the x's). 

These results indicate that the details of the hour-to-hour vari-

ations in direct and global insolation due to variable aerosol 

and dust optical depths will not be easily measured by using the 

METEOSAT visible sensor alone. However the results of the pre-

vious year's study with a large number of days of GOES data indi-

cate that the METEOSAT data should produce comparably accurate 

daily and monthly totals. Some preliminary studies with both 

visible and infrared images from the AVHRR sensor on the NOAA 7 

polar orbiting satellite indicate that additional information 

about the large optical depth dust cloud cases may be obtained if 

METEOSAT infrared data is analyzed along with the visible data. 

It is suggested that this idea be explored further during a pro-

posed follow-on study period. 
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PROGRESS REPORT  

METEOSAT and Surface Insolation Data Analysis  

In the Previous year METEOSAT visible data from seven hours 

each on four clear days (June 16, 1982, June 16, 1983, June 15, 

1984, and December 14, 1982) were analyzed. These days exhibit a 

range of aerosol and dust effects, allowing sensitivity to this 

effect to be studied. Images were processed on the ERDAS image 

processing system. Areal mean counts and standard deviation for 

an approximately 40 km x 40 km area around the Riyadh monitoring 

site were measured. The results of the previous analysis showed 

that the satellite-observed visible count values are fairly 

insensitive to the various aerosol and dust levels. This leads 

to a fairly inaccurate estimate of direct-beam insolation, 

although the global insolation estimates are accurate. 

In the current year, seven infrared (IR) METEOSAT images 

from each of the June clear days, as well as seven visible images 

from two days with clouds (February 22, 1982 and December 14, 

1982) were ordered and have been received. The purpose of the 

current study is to determine if the addition of IR information 

from the clear image scenes adds information on the amount of 

aerosol and dust loading which affects the cloud-free direct-beam 

values. Preliminary analysis (of an AVHRR image from the NOAA 

polar orbiting satellite for June 16, 1983) indicates that such 

bi-spectral analysis would provide significant improvement. The 

image processing of the newly-acquired METEOSAT data is now 

complete and the direct and global insolation estimates and 

comparisons with the Riyadh data are under way. 



Image Processing Training Visit to Saudi Arabia 

It was originally proposed that a one-week visit to Saudi 

Arabia be made for the purpose of image analysis training and 

transfer of sample data to an ERDAS system which it was 

anticipated would be acquired there. Based on the latest 

information, it appears that that system will not be available in 

Saudi Arabia and that this trip will not be necessary. If so, 

the travel budget ($3000 for the Saudi Arabia trip plus one 

domestic conference trip) can be reduced. It is suggested that 

the reduced travel budget funds be used instead for one or the 

other of the following: 

(1) Analysis of direct and global surface insolation from one or 

two Saudi Arabian sites other than Riyadh. This analysis could 

be done on the same six days for which METEOSAT data are 

currently on hand if hourly values of surface insolation are 

available for the additional site(s) on those days. 

(2) Acquisition of two additional days of METEOSAT data for 

additional analysis of insolation from only the Riyadh station. 

Surface insolation data from several additional days are already 

on hand which could be used for this purpose. 
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Abstract  

A 16-month set of surface-measured data has been used together 
with GOES satellite brightness information from NOAA, to produce a 
regression model for hourly total global horizontal irradiance, dir-
ect normal irradiance, and global irradiance on a tilted surface. 
Results for daily total irradiances show an rms difference between 
satellite estimates and observed data of 1.3 MJ/m2 (8.4% of the mean 
value) for global horizontal, 3.1 MJ/m2 (21.3% of the mean value) 
for direct normal, and 1.9 MJ/m2 (11.1% of the mean value) for the 
global tilted. Data for the monthly average daily totals show an 
rms difference between satellite estimates and observed data of 0.4 
MJ/m2 (2.9% of the mean value) for the global horizontal, 1.0 MJ/m2 
(6.7% of the mean value) for the direct normal, and 0.8 MJ/m2 (4.5% 
of the mean value) for the global tilted insolation. Considerable 
improvement in relative error is thus achieved for monthly average 
values as opposed to individual daily totals. Georgia Tech surface 
measurements with a Licor photocell sensor have also been used to 
develop a method for using the satellite data to estimate global 
horizontal or tilted irradiance as measured by these Licor photocell 
radiometers. The results of comparison of these estimates with the 
photocell radiometer measurements indicate comparable accuracies for 
the photocell irradiance measurements as for the Eppley instruments, 
giving rms differences for daily totals of 8.8% for the global hori-
zontal and 11.0% for the global tilted values. Although the Licor 
radiometers are normally calibrated in terms of equivalent full 
solar spectrum irradiance, comparisons with spectral irradiance 
model results and photocell response curves, indicate that values of 
photocell collector system short circuit current in amps per square 
meter of collector can be estimated as 0.32 times the Licor photo-
cell radiometer reading in W/m2. Based on a reflectivity-brightness 
temperature relationship, a method is suggested for calculation of 
global horizontal insolation when snow cases are expected. The 
method allows certain cases to be treated as clear, ignoring the 
effects of measured reflectivity, while other cases are treated as 
cloud-covered, using the conventional cloud-modifier term. Data are 
presented which illustrate the sensitivity of clear global, clear 
direct normal, shortwave clear global, and shortwave clear direct 
normal transmittance both to precipitable water amount and to satel-
lite brightness value (presumably an indication of aerosol turbidity 
in the atmosphere). An effect of the relationship between aerosols 
and precipitable water which appears in the observations, and which 
must be accounted for in models if they are to produce accurate 
results is that aerosol optical depth tends to increase with in-
creasing precipitable water amount, because of hygroscopic aerosol 
formation processes. This effect is even more evident in the obs-
ervations for global horizontal and direct normal irradiance at 
wavelengths below 630nm, a spectral region in which there is essen-
tially no water vapor absorption. All effects of precipitable water 
level on the data below 630nm must therefore be from water-vapor-
related aerosols, not from water vapor absorption effects. 
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INTRODUCTION  

Need for Satellite-Based Insolation Estimation Techniques  

For solar energy or other applications, continuous measurements 

of insolation are made with pyranometers located at a few weather 

stations and at scattered universities and agricultural experiment 

stations. However, operating and maintaining pyranometers and com-

piling and quality checking the data is an expensive and laborious 

task. Funding constraints have caused a sharp decline in the avail-

ability of routine insolation measurements, and pyranometer data are 

sparse to non-existent in some foreign countries. Since there are 

many more weather stations than pyranometer sites, efforts have been 

made to infer insolation from conventional meteorological observa-

tions such as cloud cover, cloud type, and precipitable water (e.g. 

Hanson, 1971; Atwater and Brown, 1974; Suckling and Hay, 1977; Atwa-

ter and Ball, 1978; Sherry and Justus, 1983, 1984). However, the 

weather station networks and techniques used are insufficient to 

produce accurate insolation estimates at all locations of interest, 

especially at remote locations (where solar energy is perhaps more 

economically viable). The only practical source of data with the 

required resolution and coverage is meteorological satellites. 

Development of Satellite Insolation Estimation Techniques  

In the summer of 1977, the NOAA (National Oceanic and Atmos-

pheric Administration) National Environmental Satellite, Data and 

Information Service (NESDIS) and the Great Plains Agricultural 

Council undertook a joint experiment to determine if GOES (Geosta-

tionary Operational Environmental Satellite) data could be used to 

estimate surface insolation (Tarpley, et al., 1978). Techniques 

developed from this program (Tarpley, 1979; Brakke and Kanemasu, 

1981) showed the GOES and other operationally available data could 

be used to derive insolation with errors of 10 to 15%. Both tech-

niques developed from the Great Plains data set involved regression 
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against visible radiance from the GOES Visible and Infrared Spin 

Scan Radiometer (VISSR) instrument. 

The NESDIS GOES Insolation Products  

With the support of the AgRISTARS program a GOES insolation 

product was started by NESDIS in July 1980. Coverage included only 

the Eastern portion of the United States. Two years of research-

mode operation revealed the need for more images per day to be used 

in the processing (initially five per day were used, if available; 

this was expanded to six or seven). Other problems identified 

during the research-mode operation were corrected when a new soft-

ware system was completed in June 1982. At the same time, coverage 

was expanded to cover the entire 48 contiguous states (67-125°W, 25- 

49°N), and the agriculturally significant parts of Mexico (90- 

110°W), 16-30°N) and South America (40-67°W, 15-41°S). These areas 

are illustrated on the map in Figure 1. 

The data are accessed from a 24-hour rotating data base main-

tained on the NOAA Central Computing Facility. The visible data are 

in the form of hourly images consisting of arrays of 6-bit count 

values measuring relative brightness. Each array extends to +50° of 

latitude and longitude from the sub-satellite point. The resolution 

of the data, defined as the center-to-center distance between pix-

els, is about 8 km. Each hour's image remains on the computer disk 

system for 24 hours before being replaced by the subsequent day's 

data. The programs producing the insolation estimates are run in 

the late evening, after the last daylight observation for the day 

has been made. Hourly and daily total insolation values are then 

estimated and archived on magnetic tape. 

As part of the present project, the NESDIS insolation estimates 

have been summarized into monthly means, standard deviations, and 

root-mean-square (rms) spatial differences. These data, as well as 

a more complete description of the NESDIS procedures, are presented 

by Justus and Tarpley (1984), and Justus, Paris and Tarpley (1985). 
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Review of Other Satellite Insolation Estimation Techniques  

Other workers have developed physical models to estimate inso-

lation from GOES data (Hay and Hanson, 1978; Gautier, et al., 1980; 

Diak and Gautier, 1983; Gautier, 1982,1983; Halpern, 1984; Gautier 

and Katsaros, 1984; Moser and Raschke, 1984). The relative appli-

cability of these for operational application as well as the rela-

tive accuracy of these models has been reviewed by Raphael (1983), 

Riordan and Hulstrom (1982), Raphael and Hay (1984), and Riordan 

(1984). A summary of the statistics on estimated accuracy of some 

of these models is given in Table 1. The values indicated as "old 

regression" are from the NOAA/NESDIS algorithm in use prior to 

March, 1983. Values indicated as "new regression" are for the 

NOAA/NESDIS algorithm in use since March, 1983, either as it is used 

(without the effects of precipitable water) or with the effects of 

precipitable water included. The values identified as "physical 

model" are from a model described by Justus and Tarpley (1984) and 

Justus, Paris and Tarpley (1985). The values in Table 1 indicate 

that a lower limit in rms error of daily total insolation from sat-

ellite estimates is about 1.0-1.3 MJ/m- (25-30 Ly). 

The most accurate method currently available is that of Gau-

tier. However, it has the disadvantage of requiring time-consuming 

manual "navigation" of the satellite imagery, and the need for cali-

brated sensor radiances if the accuracy levels noted in Table 1 are 

to be achieved. The NOAA/NESDIS regression results and study of the 

physical model approach noted in Table I utilized automated data 

analysis, and relied only on the regularly provided nominal image 

navigation values. All satellite estimation techniques of the 

present study also use only automated, nominal image navigation. 

Because of the significant variation in mean insolation for the 

data sets compared in Table 1, error comparisons are probably more 

meaningful on an absolute basis rather than as an percentage of the 
9 

mean. Whereas the mean value of 24.6 MJ/m- (586 Ly) is typical of 
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the Great Plains in the summer, the mean value of 14.6 MJ/m
2 (349 

Ly) is typical for an annual average over the eastern and central 

United States (Hulstrom et al., 1981). 

One satellite estimation technique for which data are not in-

cluded in Table 1 is that of Halpern (1984). He examined only three 

days at two closely-spaced sites (for which he averaged the surface 

measurements). Although he gives values for the "total integrated 

flux" over the observation period for each day, no values for daily 

total insolation are reported. Errors as low as 2-3% were claimed 

for the "total integrated flux" of 133-150 (units not specified by 

Halpern and seemingly unrelated to his Ly/min units for the hourly 

insolation estimates). However, over the three days studied there 

was only one hour for which the observed insolation fell as low as 

60% of the clear-sky values. For this hour, Halpern's method over- 
-) 

estimated the observed hourly total insolation value by 880 kJ/m- 

(21 Ly) or 49% of the observed value of 1810 kJ/m 2 (43.2 Ly). Over-

cast clouds should produce insolation values on the order of 30% of 

clear sky values. Therefore it is considered that Halpern's method 

has not yet received adequate study under a complete range of cloud-

cover conditions. 

Need for Improved Satellite Insolation Methods  

All of the currently available methods for insolation esti-

mation from satellites, produce estimates for global horizontal 

insolation only. For solar energy applications, it would be much 

more useful to have techniques which can estimate global insolation 

on tilted surfaces (e.g. collector tilt angle), direct beam inso-

lation, and insolation within the spectral range of spectrally se-

lective collector systems, such as photovoltaics. 

Other areas for improvement would be in methods for insolation 

estimates when there is snow cover - currently snow cannot be dis-

tinguished from clouds in the automatic processing systems such as 

that used by NOAA/NESDIS. Adjustments for insolation estimation 
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over very dark surface areas (e.g. water) or very bright areas (e.g. 

desert sand) need to be better understood also. To address these 

needs this DOE/SOLERAS project was undertaken, with the following 

task areas to be addressed: 

1. A Report on Monthly Mean Solar Energy Resource from Current  

Satellite Insolation Data  

2. Development of a Satellite Technique for Direct Beam Insolation  

Estimates  

3. Development of a Satellite Insolation Estimation Technique for  

Photovoltaic Systems  

4. Development of a Technique for Satellite Insolation Estimation  

with Snow Cover on the Ground  

5. Investigation of Error Reduction if Precipitable Water is  

Included  

The following sections of the report give results and conclusions 

concerning each of these areas. 

MONTHLY MEAN INSOLATION SUMMARY DATA 

Monthly Mean and Variability Data  

The insolation estimates produced by the Satellite Applications 

Laboratory of the National Oceanic and Atmospheric Administration 

(NOAA), under the AgRISTARS program, are based on GOES satellite 

data. Daily estimates of global horizontal insolation are produced 

for the entire continental United States, Mexico, and parts of South 

America. 	These are available on computer tape from NOAA at a spa- 

tial resolution of 1° x 1° in latitude-longitude. 	The daily data 
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have been summarized into monthly mean values, standard deviations 

about the monthly mean, and root-mean-square (rms) differences 

across 1° of latitude or longitude. A report outlining the NOAA 

insolation methodology and giving in atlas form the monthly stat-

istical results has been prepared. An abstract of this report, 

"Atlas of Satellite-Measured Insolation in the United States, Mex-

ico, and South America", is in the Appendix. Figure 2 shows a com-

parison of the monthly mean daily total values derived from the NOAA 

satellite estimates with monthly means of surface-measured insola-

tion at the Georgia Tech insolation monitoring site. The rms dif-

ference between the satellite-estimated and ground-observed monthly 

mean daily total values shown in Figure 2 is 0.77 MJ/m2, or 5.2% of 

the mean value of 14.8 MJ/m2. Figures 3-14 give samples of the maps 

of monthly mean data which are shown in the atlas report. These 

figures show the annual mean daily total global horizontal insol-

ation, the annual mean standard deviation, and the annual mean rms 

difference over one degree of latitude or one degree of longitude 

for the continental United States, Mexico, and parts of South Amer-

ica for the year 1983. 

Comparison to Long-Term Monthly and Annual Mean  

Compared to long-term, surface-measured insolation in the Uni-

ted States (Hulstrom, et al., 1981), the satellite-derived means for 

the reported period were found to be somewhat low, especially in the 

central and southwestern United States. Lowest standard deviation 

areas tend to be associated with areas of high mean insolation, such 

as deserts, where high values tend to persist from day to day. Some 

of the areas with high mean insolation also exhibit low spatial var-

iability, with nearby areas of higher-than-average spatial variabil-

ity where the insolation regime changes to one of lower mean value. 

An exceptionally large spatial variability is found in the moun-

tainous regions of Bolivia and Argentina. The southern and central 

Rocky Mountain regions of the United States also show somewhat 

higher than average spatial variability. The rms spatial variabil-

ity, which has not been reported before for such an extensive geo- 
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graphical region, is important in assessing the reliability of 

interpolations or extrapolations to other locations from sites with 

measured insolation. The full report of these results (Justus and 

Tarpley, 1984; Justus, Paris and Tarpley, 1985) also describes the 

atlas of satellite-measured insolation and variability which shows 

the entire study region on a month-by-month basis, as well as the 

annual averages. 

DEVELOPMENT OF A SATELLITE TECHNIQUE FOR  

DIRECT BEAM AND TILTED SURFACE INSOLATION ESTIMATES  

The current insolation estimates being done by NOAA/NESDIS are 

only for global horizontal irradiance. Although this is adequate to 

meet the needs of the agriculturally oriented AgRISTARS program, 

solar energy researchers and systems designers would find estimates 

for direct normal (for focusing collectors) and global irradiance on 

tilted surfaces (non-focusing collectors) of considerable additional 

benefit. A 16-month set of surface-measured data has been used to-

gether with GOES satellite brightness information from NOAA, to pro-

duce a regression model for hourly total global horizontal irradi-

ance, and for hourly total direct normal irradiance. These two est-

imates can be combined, using a relation by Klucher (1979), to pro-

duce an estimate of global irradiance on a tilted surface (estimates 

have been compared here to measurements taken on a latitude tilt). 

The form of the model equations to calculate hourly total dir-

ect normal and global horizontal insolation is given by 

Dir = Dir(C1r) - aDir , 	 (1) 

and 

Glo = Glo(C1r) - oGlo 	 (2) 
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where Dir(C1r) and Glo(C1r) are the clear-sky components of direct 

normal and global horizontal, respectively, and oDir and oGlo are 

the cloud-modifier components of direct normal and global horizon-

tal, respectively. Dir(C1r) is computed by the relation 

Dir(C1r) = ETR (ao + al PW + a2 000 + a3 PW oC o + 

cos(ZA)[a4 + a5 PW + a6 000 ] + 

cos 2 (ZA)[a7 + a8 PW + a9 oCo ]) 	, 	 (3) 

where ETR is the hourly total extraterrestrial insolation on a hori-

zontal surface, PW is the column precipitable water, in mm, oCo is 

the difference between observed GOES VISSR counts (6-bit scale) and 

clear counts (maximum value oCo = 5 for clear conditions, otherwise 

use an average value oCo = 0.75), and ZA is the solar zenith angle. 

The coefficient values found to give these best fit to the observa- 

tions were a = 2.493, a
1 
= -0.01588, a 9 = -0.07174, a

3 
= -3.845 x 

0 
10

-4
, 	a4 = -3.505, 	a5 = 0.02983, 	a6 = -0.1244, 	a7 = 1.769, 	a8 = 

-0.01897, and a9 = 0.1845. 	ETR, in kJ/m2, is given by 4921 cos(ZA). 

oDir is computed by 

oDir = oC [ b + b cos(ZA)] + oC- [ b
2 + b 3 cos(ZA)1 + 

	

0 	1 

ac [ b4 + b5 cos(ZA)] + oC ac [ b6 + b7 cos(ZA)] 	 (4) 

where oC is the difference between VISSR counts and clear-sky 
9 	. 

counts, oC 	is the difference in the square of the counts from the 

square of the clear-sky counts, and ac is the standard deviation in 

the counts (from the target array of 5 x 5, 8-km resolution pixels). 

The coefficient values are found to be b = -67.85, b
1 

= -314.4, 0 



b
2 

= -0.6681, b 3 = 4.825, b 4 
= -502.4, b

5 
= 639.3, b 6 

= 31.65, and 

b 7 
= -36.87 (for 0Dir in kJ/m2). 

Glo(C1r) is computed by the relation 

Glo(C1r) = ETR (co + ci PW + c2 000 + c2 PW 000 

cos(ZA)[c4 + c5 PW + c6 000 ] + 

cos 2 (ZA)[c7 + c6 PW + c9 000 ]) 	. 	 (5) 

The coefficient values found to give these best fit to the obs-

ervations were co = 0.3521, ci = 0.002624, c9 = 0.03645, c2 = 

-0.0002131, c4 = 1.022, c5 = -0.01446, c6 = -0.1594, c7 = -0.5885, 

c6 = 0.01088, and c9 = 0.1284. 

0Glo is computed by 

9 
0Glo = 0C [ do + di cos(ZA)] + 0C- [ d9 + d2 cos(ZA)] + 

cc [ d4 + d5 c os ( ZA)] + oC cc d + d 7 cos(ZA)] 
L 	6 (6) 

The coefficient values are found to be do = 5.845, di = -89.95, d, 
- 

= -0.9903, 	d2 = 1.015, d4 = -99.39, d5 = 114.3, d6 = 9.166, and d7 

= -9.847 (for 0Glo in kJ/m2). 

With the direct and global components evaluated from equations 

(1) and (2) [with the application of equations (3)-(6)], the inso-

lation on a latitude-tilted surface is calculated by the Klucher 

(1979) relation by 

Tilt = Dir cos(4)) + [Glo - Dir cos(ZA)] f h 	, 	 (7) 
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where 4) is the solar zenith angle with respect to the normal to the 

tilted plane, f is [1 + cos(Lat)1/2, and h is 

h = ( 1 + S g)[ 1 + g cos2(,) sin3(ZA)] 	 (8) 

9 
where S is {D. - cos(lat)]/2}

3/2 , and g is [1 - Dir cos(ZA)/Glo]-. 

Results for observed versus satellite-estimated daily total 

global horizontal irradiance are shown in Figure 15, for 1982-1983 

Georgia-Tech data. The rms difference between satellite estimates 

and observed data in this figure is 1.3 MJ/m2, or 8.2% of the mean 

value of 15.8 MJ/m2. This accuracy is somewhat better than from a 

similar comparison against the operational NOAA estimates, inter-

polated to the Atlanta, Georgia Tech site, which yielded an rms 

difference of 1.9 MJ/m2, or 12.8% of the mean value of 14.9 MJ/m2. 

Similar comparisons between surface observations and the new sat-

ellite methods for estimating daily totals of direct normal and 

global latitude-tilted irradiances are shown in Figures 16 and 17. 

The direct normal values cannot be estimated as accurately as the 

global horizontal, giving an rms difference of 3.1 MJ/m2, or 21.3% 

of the mean value of 14.4 MJ/m2. Because it relies in part on the 

direct normal estimate, the estimated global tilted values are also 

slightly less accurate than the global horizontal values, with the 

data in Figure 17 having an rms difference of 1.9 MJ/m2, or 11.1% of 

the mean value of 17.2 MJ/m2. This error estimate for the daily 

total global tilted irradiance is, however, comparable to the esti-

mated accuracy in the current NOAA operational estimates of daily 

total global horizontal irradiance. 

Data for the monthly average daily totals for global horizon-

tal, direct normal, and global latitude-tilted insolation are shown 

in Figures 18-20. The rms difference between satellite estimates 

and observed data is 0.4 MJ/m2, or 2.9% of the mean value of 15.1 
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MJ/m2 for the global horizontal. For the direct normal, the rms 

error is 1.0 MJ/m2, or 6.7% of the mean value of 15.0 MJ/m2; while 

for the latitude-tilted insolation, the rms error is 0.8 MJ/m2, or 

4.5% of the mean value of 17.5 MJ/m2. Considerable improvement in 

relative error is thus achieved for monthly average values as 

opposed to individual daily totals. 

Comparison with Other Regression and Physical Models  

The NOAA/NESDIS model for global horizontal insolation uses a 

simplified form of equations (5) and (6). In the NOAA/NESDIS meth-

od, Glo(C1r) is computed by the relation 

9 
Glo(C1r) = ETR {co + c4 cos(ZA) + c7 cos-(ZA)1 	, 	 (9) 

while AGlo is computed by 

9 
nGlo = 	0C- 	 (10) 

The simplified form of equation (10) is based on the assumption that 

the difference between the satellite-measured radiance and the clear 

radiance value is proportional to the difference between downwelling 

surface irradiance and clear-sky irradiance. The use of the simpli-

fied cloud-modifier term of equation (10) does produce fairly accu-

rate results when compared with the 1982-83 Georgia Tech surface 

measurements: the resulting rms error in daily totals being 1.45 

MJ/m2 (compared to 1.30 MJ/m2 for the complete form of cloud modi-

fier in equation (6)). 

The reason the simple cloud modifier term can do so well in 

estimating the global horizontal insolation is illustrated by some 

results of physical modeling, shown in Figure 21. In this figure, 

the spectral model of Justus and Paris (1985) is used to calculate 
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the clear-sky global transmissivity to the surface and the GOES 

VISSR-band reflectance at the top of the atmosphere. Clear-sky 

values are the points with highest transmissivity on each curve in 

Figure 21. Also plotted in this figure are the global transmis-

sivities and VISSR-band reflectances for cloud layers of optical 

depths 2, 4, 8, 16, 32, and 64 (calculated using a form of the Jus-

tus and Paris spectral model which treats a cloud layer with the 

delta-Eddington radiative transfer procedure). Partly cloudy cases 

(i.e. cases with a mixture of clear conditions and conditions repre-

sented by clouds of a given optical depth) would presumably fall 

somewhere on a line connecting the clear-sky point and the cloud 

layer point in Figure 21. The results of Figure 21 show that, for 

global surface irradiance, partly cloudy cases would correspond 

closely to overcast cloud layer cases which would result from clouds 

of somewhat lower optical depth than those actually present in 

partial cloud cover amount. The linearity of the curves for the 

various cloud layer cases in Figure 21 is a confirmation of the 

assumption used as the basis for the simple cloud modifier, equation 

(10), i.e. that the difference between the satellite-measured radi-

ance and the clear radiance value is proportional to the difference 

between downwelling surface irradiance and clear-sky irradiance. 

For the direct normal irradiance, the same result does not 

hold, however, as seen by the physical model simulation results in 

Figure 22. In this case, the direct normal irradiance rapidly drops 

to zero as the cloud layer optical depth increases. Partly cloudy 

cases could fall essentially anywhere in the large triangular area 

of Figure 22 which is delineated by the dashed lines. This result 

explains the significantly larger errors which result in the satel-

lite estimates of direct normal irradiance, and also explains why 

the more complete cloud-modifier term of equation (4) does signifi-

cantly better for direct normal insolation than does one of the 

simple form analogous to equation (10). The inclusion of terms in 

a are particularly helpful in characterizing the effects of partly 

cloudy situations for the direct normal insolation estimates, in a 

way that is not necessary for the global horizontal case. 
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DEVELOPMENT OF A SATELLITE INSOLATION  

ESTIMATION TECHNIQUE FOR PHOTOVOLTAIC SYSTEMS  

In addition to the highly accurate Eppley radiometers used as 

surface observation data to develop the methods for satellite estim-

ation of the global horizontal, direct normal, and global tilted, 

the Georgia Tech solar radiation monitoring site also includes Licor 

photocell radiometers, operated both on the horizontal and on a lat-

itude tilt angle. Figure 23 shows a comparison of the spectral res-

ponse curve of the Licor photocell radiometer to that for typical 

crystalline silicon photocell material (Bird and Hulstrom, 1982). 

Georgia Tech surface measurements during 1982 and 1983 have also 

been used to develop a method for using the satellite data to estim-

ate global horizontal or tilted irradiance as measured by these 

Licor photocell radiometers. 

The same form of the equations (1)-(8) can be used to estimate 

the global, direct and latitude-tilted insolation for the Licor 

photocell range of the spectrum. Different values of the coeffi-

cients are required, however. For example the coefficients for use 

in equations (5) and (6) for the Licor photocell would be co 

0.4788, 	ci = -0.0006354, 	c2 = 0.003435, 	c3 = -0.0007331, e4 = 

0.6819, c5 = -0.004569, c6 = -0.01052, c7 = -0.3761, cs = 0.004149, 

and c 9 = 0.02500. 	The coefficients of the terms which depend on 

precipitable water are generally smaller than for the broad-band 

model, because the limited wavelength range of the Licor photocell 

is less sensitive to water vapor absorption effects. 	The coeffi- 

cients for the cloud modifier term, equation (6), would be d = 0 
14.71, di = -89.77, d2 = -1.344, d3 = 	1.283, 	d4 = -89.63, 	d5 = 

85.54, d6 = 9.526, and d7 = -9.391. 

The results of comparison of these estimates with the photocell 

radiometer measurements are shown in Figures 24 and 25. These com-

parisons indicate comparable accuracies for the photocell irradiance 
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measurements as for the Eppley instruments, giving rms differences 

of 8.8% for the global horizontal and 11.0% for the global tilted 

values for the daily totals. Although the Licor radiometers are 

normally calibrated in terms of equivalent full solar spectrum ir-

radiance, comparisons with spectral irradiance model results and 

between the curves in Figure 23, indicate that values of photocell 

collector system short circuit current in amps per square meter of 

collector can be estimated as 0.32 times the Licor photocell rad-

iometer reading in W/m2. 

DEVELOPMENT OF A TECHNIQUE FOR SATELLITE  

INSOLATION ESTIMATION WITH SNOW COVER ON THE GROUND  

The current NOAA operational method for satellite estimation of 

insolation does not automatically distinguish between high bright-

ness values produced by clouds and by snow cover on the ground. 

Consequently, clear conditions with snow on the ground will be in-

terpreted as cloudy conditions and the insolation will be signif-

icantly underestimated. A set of SOLMET station data for the last 

part of 1980 was merged with the NOAA GOES satellite brightness data 

for use in developing a technique to handle the snow cases. These 

data also include the GOES infrared brightnesses, which can be used 

to distinguish between cold, bright clouds and (relatively) warm, 

snow covered ground' surfaces. A total of 685 hourly observations 

with snow cover were identified in the data set from 8 SOLMET sites. 

Of these, 98 occurred in clear conditions, 365 occurred in overcast 

conditions, and the remainder were under various degrees of partial 

cloud cover. 

In order to assess the effects of snow and clouds on the trans-

missivity and reflectivity, the data were paired with clear-sky data 

by month and hour of the day. Figure 26 shows the results of plot-

ting the observed transmissivity decrease below the corresponding 

clear-sky transmissivity versus the reflectivity increase above the 
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corresponding clear-sky reflectivity. Overcast clouds (solid dots 

in Figure 26) produce large transmissivity decreases to accompany 

the large reflectivity increases. Clear-sky snow cases (solid tri-

angles) show no transmissivity decrease (and usually a small trans-

missivity increase) at all reflectivity values. Partly cloudy 

cases, with and without snow, show intermediate effects, with cases 

including snow showing the larger increases in reflectivity. 

Conceptually, the satellite-measured brightness temperature can 

be used to distinguish between snow and clouds. Clouds would have 

temperatures corresponding to the atmospheric temperature at the 

altitude of their tops, and would generally indicate significantly 

reduced brightness temperatures in association with their higher 

reflectance values. Snow, on the other hand, would be relatively 

less cold compared to normal surface temperatures and should exhibit 

less temperature decrease in association with the higher reflect-

ances caused by the snow. As the data show in Figure 27, the sep-

aration of snow from non-snow cases is not so clear-cut if partial 

cloud cover is also present. Some effects which obscure the expect-

ed signals of temperature and reflectivity are: (1) the snow-covered 

surface may be somewhat colder than the non-snow covered surface on 

clear days at the same time (i.e. clear-sky insolation will be more 

effective in warming non-snow covered ground than snow-covered 

ground), (2) snow is frequently accompanied by low stratus clouds 

which are not much colder than surface temperatures because they are 

not very high. 

Based on the data in Figure 27, the method suggested for calcu-

lation of global horizontal insolation when snow cases are expected 

is to: (1) treat the case as clear, ignoring the effects of measured 

reflectivity, if the reflectivity-temperature point for the case 

falls to the left of the line drawn in Figure 27, (2) treat the case 

as cloud-covered, using the conventional cloud-modifier term, if the 

temperature-reflectivity point falls to the right of the line drawn 

in Figure 27. 
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INVESTIGATION OF ERROR REDUCTION IF  

PRECIPITABLE WATER IS INCLUDED  

Figure 28 shows a scatter plot of observed global transmittance 

(ratio of global to extraterrestrial horizontal) versus cosine of 

solar zenith angle for clear skies and low precipitable water (<1.7 

cm), with x's showing observations which have less than average obs-

erved satellite brightness values, and +'s having higher than aver-

age brightness. Figure 29 shows comparable results for the clear 

cases with high precipitable water (>1.7 cm). These figures illus-

trate the sensitivity of clear global transmittance both to precip-

itable water amount and to satellite brightness value (presumably an 

indication of aerosol turbidity in the atmosphere). Figures 30 and 

31 show comparable results for direct normal data. 

For comparison, model calculated direct and global transmissiv-

ities are also indicated on these figures, as computed by the spec-

tral model of Justus and Paris (1985). For the low-precipitable 

water cases, PW = 1.0 cm was used, while 2.5 cm was taken for the 

high precipitable water cases. The aerosol optical depth was taken 

to be 0.1 for the low brightness cases, and 0.4 for the high bright-

ness case model comparisons. These figures show that the aerosol 

and precipitable water effects observed are accounted for in the 

model calculations. However, there is an effect of the relationship 

between aerosols and precipitable water which appears in the 

observations, and which must be accounted for in models if they are 

to produce accurate results: namely that aerosol optical depth tends 

to increase with increasing precipitable water amount, because of 

hygroscopic aerosol formation processes. 

This effect is even more evident in the observations shown in 

Figures 32-35, which are for global horizontal and direct normal 

irradiance at wavelengths below 630nm, a spectral region in which 

there is essentially no water vapor absorption. All effects of 

pxecipitable water level on the data below 630nm must therefore be 

from water-vapor-related aerosols, not from water vapor absorption 
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effects. 

CONCLUSIONS  

Following is a statement of the accomplishments, significant 

results, and conclusions obtained on the project during the report-

ing period: 

1. A Solar Energy Resource Report from Current Satellite Insolation  

Data  

The insolation estimates made by the Satellite Applications 

Laboratory of the National Oceanic and Atmospheric Administration 

(NOAA), under the AgRISTARS program, available on computer tape from 

NOAA at a spatial resolution of 1° x 1° in latitude-longitude, have 

been summarized into monthly mean values, standard deviations about 

the monthly mean, and root-mean-square (rms) deviations across 1° of 

latitude or longitude. A report outlining the NOAA insolation meth-

odology and giving in atlas form the monthly statistical results has 

been prepared. An abstract of this report, "Atlas of Satellite-

Measured Insolation in the United States, Mexico, and South Amer-

ica", appears in the Appendix. The rms difference between the 

satellite-estimated and ground-observed monthly mean daily total 

values is 0.77 MJ /m2, or 5.2% of the mean value of 14.8 MJ/m2. 

2. Development of a Satellite Technique for Direct Beam Insolation  

Estimates  

A 16-month set of surface-measured data has been used together 

with GOES satellite brightness information from NOAA, to produce a 

regression model for hourly total global horizontal irradiance, and 

for hourly total direct normal irradiance. These two estimates can 
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be combined, using a relation by Klutcher (Solar Energy, 23, 111- 

114, 1979), to produce an estimate of global irradiance on a tilted 

surface (estimates have been compared here to measurements taken on 

a latitude tilt). Results show an rms difference between satellite 

estimates and observed data of 1.3 MJ/m2, or 8.4% of the mean value 

of 15.8 MJ/m2. This accuracy is somewhat better than from a similar 

comparison against the operational NOAA estimates, interpolated to 

the Atlanta, Georgia Tech site, which, for the same observation per-

iod, showed an rms difference between satellite estimates and obs-

erved data of 1.9 MJ/m2, or 12.8% of the mean value of 14.9 MJ/m2. 

The direct normal values cannot be estimated as accurately as the 

global horizontal, giving an rms difference of 3.1 MJ/m2, or 21.3% 

of the mean value of 14.4 MJ/m2. Because it relies in part on the 

direct normal estimate, the estimated global tilted values are also 

slightly less accurate than the global horizontal values, with an 

rms difference of 1.9 MJ/m2, or 11.1% of the mean value of 17.2 

MJ/m2. This error estimate for the daily total global tilted irrad-

iance is, however, comparable to the estimated accuracy in the cur-

rent NOAA operational estimates of daily total global horizontal 

irradiance. 

Data for the monthly average daily totals for global horizon-

tal, direct normal, and global latitude-tilted insolation show an 

rms difference between satellite estimates and observed data of 0.4 

MJ/m2, or 2.9% of the mean value of 15.1 MJ/m2 for the global hori-

zontal. For the direct normal, the rms error is 1.0 MJ/m2, or 6.7% 

of the mean value of 15.0 MJ/m2; while for the latitude-tilted inso-

lation, the rms error is 0.8 MJ/m2, or 4.5% of the mean value of 

17.5 MJ/m2. Considerable improvement in relative error is thus 

achieved for monthly average values as opposed to individual daily 

totals. 
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3. Development of a Satellite Insolation Estimation Technique for  

Photovoltaic Systems  

Georgia Tech surface measurements with a Licor photocell sensor 

during 1982 and 1983 have also been used to develop a method for 

using the satellite data to estimate global horizontal or tilted 

irradiance as measured by these Licor photocell radiometers. The 

results of comparison of these estimates with the photocell radi-

ometer measurements indicate comparable accuracies for the photocell 

irradiance measurements as for the Eppley instruments, giving rms 

differences of 8.8% for the global horizontal and 11.0% for the glo-

bal tilted values. Although the Licor radiometers are normally cal-

ibrated in terms of equivalent full solar spectrum irradiance, com-

parisons with spectral irradiance model results and between the 

curves in Figure 6, indicate that values of photocell collector sys-

tem short circuit current in amps per square meter of collector can 

be estimated as 0.32 times the Licor photocell radiometer reading in 

W/m2. 

4. Development of a Technique for Satellite Insolation Estimation  

with Snow Cover on the Ground  

Based on the reflectivity-brightness temperature data in Figure 

27, the method suggested for calculation of global horizontal inso-

lation when snow cases are expected is to: (1) treat the case as 

clear, ignoring the effects of measured reflectivity, if the reflec-

tivity-temperature point for the case falls to the left of the line 

drawn in Figure 27, (2) treat the case as cloud-covered, using the 

conventional cloud-modifier term, if the temperature-reflectivity 

point falls to the right of the line drawn in Figure 27. 



5. Investigation of Error Reduction if Precipitable Water 	is  

Included  

Data presented in Figures 28-35 illustrate the sensitivity of 

clear global, clear direct normal, shortwave clear global, and 

shortwave clear direct normal transmittance both to precipitable 

water amount and to satellite brightness value (presumably an 

indication of aerosol turbidity in the atmosphere). An effect of 

the relationship between aerosols and precipitable water which 

appears in the observations, and which must be accounted for in 

models if they are to produce accurate results is that aerosol opti-

cal depth tends to increase with increasing precipitable water 

amount, because of hygroscopic aerosol formation processes. This 

effect is even more evident in the observations shown in Figures 32- 

35, which are for global horizontal and direct normal irradiance at 

wavelengths below 630nm, a spectral region in which there is essen-

tially no water vapor absorption. All effects of precipitable water 

level on the data below 630nm must therefore be from water-vapor-

related aerosols, not from water vapor absorption effects. 
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Table 1. Comparison of Error Estimates for Daily Total Insolation 
from Various Satellite Techniques 

Data Set 
Mean Dapy Total 

MJ/m 	(Ly) 
rms rrr or 
MJ/m - 	(Ly) 

rms Error 
% of Mean 

. 	(1) Great Plains 
896 site-days 24.6 (586) 2.11 (50.4) 8.6 

East 	& Central 	U.S. 
1021 	site-days 
Old Regression 14.6 (349) 1.76 (42.1) 12.1 
New Regression 14.6 (349) 1.59 (37.9) 10.8 
New Regression w/PW 14.6 (349) 1.40 (33.3) 9.5 
Physical Model 14.6 (349) 1.25 (29.8) 8.5 

Canada 	(2) 

184 site-days 19.4 (462) 1.55 (37) 8 

Canada 	(3) 

21 site-days 20.8 
20.8 

(496) 
(496) 

1.25 
1.05 

(30) 
(25) 

6.1
'4) 5.1' 

Canada 
108 site-days 
Gautier 	(1980) 12.3 (294) 1.06 (25) 8.6 
Hay & Hanson 	(1978) 12.3 (294) 1.2 (29) 9.8 
Old Regression 12.3 (294) 1.5 (36) 12.2 

(1) Tarpley (1979), Table 	3. 
(2) Gautier (1982), Figure 4. 
(3) Gautier (1983), Table 	5. 
(4) Diak and Gautier (1983). 
(5) Raphael (1983), Table 	7.1. 
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GOES INSOLATION COVERAGE 

Figure 1. Map of AgRISTARS GOES Insolation Estimation Areas. 
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NOAA/NESIDS Satellite Technique for Continental United States. 
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Fig. 13: As in Figure 11 for Root-Mean-Square Difference Across One 
Degree of Longitude Spacing, WM'. 
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Fig. 30: As in Figure 28 for Direct Normal, Low PW Range. 
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ATLAS OF SATELLITE-MEASURED INSOLATION IN THE 

UNITED STATES, MEXICO, AND SOUTH AMERICA 

Abstract  

A summary is given of the development, testing and applications 
of the satellite insolation estimation project of the National Oce-
anic and Atmospheric Administration (NOAA) Agriculture and Resources 
Inventory Surveys through Aerospace Remote Sensing (AgRISTARS) pro-
gram. The NOAA/AgRISTARS procedure uses data from the Geostationary 
Operational Environmental Satellite (GOES) to estimate daily total 
insolation (on a horizontal surface) at an array of 1° x 1° lati-
tude-longitude locations throughout the continental United States, 
Mexico, and parts of South America. This methodology is compared 
with some other satellite techniques in terms of accuracy and appli-
cability. Summary maps of monthly average daily total insolation 
for the period July, 1982 through December, 1983, as well as annual 
total maps for 1983, are presented for all three geographic coverage 
areas. As measures of temporal and spatial variability, monthly and 
annual data are also presented for the standard deviation of the 
daily insolation values about the monthly mean, and for root-mean-
square values of both north-south and east-west differences over 1° 
latitude or longitude spacing. From the estimated error analysis 
the monthly mean values appear to be accurate to about 5% of the 
mean value, except for the western part of the United States when 
GOES-1 was put back into temporary service as the western GOES sat-
ellite. Compared to long-term surface-measured insolation in the 
United States, the satellite-derived means for the reported period 
are somewhat low, especially in the central and southwestern United 
States. Lowest standard deviation areas tend to be associated with 
areas where then mean insolation is high, e.g. desert regions where 
high values tend to persist from day to day. Some of the areas with 
high mean insolation also exhibit low spatial variability, with 
nearby areas of higher-than-average spatial variability where the 
insolation regime changes to one of lower mean value. An area of 
exceptionally large spatial variability is found in the mountainous 
areas of Bolivia and Argentina. Areas of somewhat higher-than-aver-
age spatial variability are also found throughout the southern and 
central Rocky Mountains of the United States. The rms spatial vari- 
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ability, which has not been reported before for such extensive geog-
raphic regions, is important is assessing the reliability of inter-
polations or extrapolations from sites with measured insolation to 
other locations where insolation values are desired. 
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INTRODUCTION 

In the previous project periods, techniques were developed for GOES 

satellite estimates of daily total global horizontal, direct normal, and global 

tilted-surface insolation (Justus, 1985). Daily and monthly mean insolation 

values estimated from the satellite data were compared with those observed at 

the Georgia Tech insolation monitoring site. These results indicated the basic 

accuracy (based on rms deviation from observed) to be about 4.9% for monthly 

mean global horizontal insolation or 6.7% or the monthly mean direct normal 

(see Figures 1 and 2). 

With the ultimate goal of developing an atlas of the solar energy resources 

for the country of Saudi Arabia, by the use of satellite estimation techniques, 

the previous and current (final) year's activity involved study of techniques 

for the use of METEOSAT data to estimate global horizontal and direct normal 

insolation. Since one or more years of METEOSAT data would be very expensive to 

acquire, the scope of the project was to examine a small number of days of 

insolation from the Riyadh monitoring site with the corresponding METEOSAT data. 

The primary purpose was to determine if the bright sandy surface (which limits 

the contrasting signal between clear and cloud conditions) or the large 

satellite zenith angle for Saudi Arabian sites would cause any problems. A 

second purpose was to determine if the METEOSAT data could be used to determine 

the expected large variations in clear-sky direct and global insolation due to 

optically thick aerosol and dust clouds which are frequently present. 

Study of both summer and winter clear days (Justus, 1986) indicated that 

the brightness of the sandy surface and the satellite viewing angle will present 

no problems. Results from clear days indicated, however, that because of large 

variations due to optically thick aerosol and dust layers the METEOSAT visible 

sensor data alone was not able to provide accurate hourly direct normal 

insolation estimates. The major focus of this study is to determine whether 

information from the thermal IR channel of METEOSAT can be used to improve the 

satellite estimates of direct normal insolation on cloud-free days, and to 

develop and test algorithms for estimating both direct normal and global 

horizontal insolation under both cloudy and cloud-free conditions. 
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DEVELOPMENT OF THE INSOLATION ALGORITHMS 

The general form of the model equations used to calculate hourly total 

direct normal and global horizontal insolation is given by (Justus, 1985) 

Dir 	Dir(C1r) - ADir, 	 (1) 

and 

Glo 	Glo(C1r) - AGlo. 	 (2) 

Dir(C1r) and Glo(C1r) are model-calculated values of direct normal and global 

horizontal surface broad-band irradiance under cloud-free conditions (Justus and 

Paris, 1985). The terms ADir and AGlo are the departures from cloud-free 

irradiance which are due to cloud cover. These may be computed either by a 

model for broad-band irradiance through clouds (see Figures 21 and 22 of Justus, 

1985 or Figure 1 of Justus, 1986), or by empirical relations derived from 

comparison between measured surface irradiance and satellite-measured brightness 

(count) values (see equations 4 and 6 of Justus, 1985). 

Hourly values of direct normal and global horizontal irradiance measured at 

the Riyadh site have been compared with simultaneously observed shortwave 

radiances measured by the visible channel of the METEOSAT satellite. These data 

are shown in Figures 3 and 4 in the form of the reduction in irradiance below 

that calculated from nominal atmospheric conditions with the clear-sky model 

plotted versus the increase in satellite-measured radiance counts from those 

expected under the same clear-sky atmospheric conditions. Nominal atmospheric 

conditions assumed are an aerosol optical depth of 0.3 (at 500 nm). The desert 

surface albedo is assumed to be 0.45 within the spectral range of the METEOSAT 

visible sensor, and the METEOSAT calibration of Koepke (1982) is assumed for 

purposes of calculating the expected clear-sky sensor counts. 

The solid line in Figure 3 provides an estimate of insolation from 

satellite-observed counts via 
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Glo 	Glo(C1r) - 13.85(Counts - Clear Counts) 	, 	 ( 3 ) 

while the solid line in Figure 4 can be expressed as 

Dir 	Dir(C1r) [ 1. - 0.02835(Counts - Clear Counts)] 	. 	(4) 

For some cases, these relations will provide adequate estimates of direct 

normal and global horizontal irradiance. However, both Figures 3 and 4 show a 

substantial number of data points, measured under apparently cloud-free 

conditions, for which slight reductions in surface insolation are accompanied by 

substantial reductions in satellite-measured visible radiance counts below that 

expected for clear-sky conditions (negative values of Counts - Clear Counts). 

These cases are due to overcast aerosol or dust layers which reduce the 

insolation (with the direct normal affected more than the global horizontal), 

while not increasing (or perhaps even decreasing) the amount of reflected 

radiation seen by the satellite. In Figure 4, there are also a substantial 

number of cases in which there is a considerable reduction in surface direct 

normal irradiance (values of relative direct irradiance from about 0.5 to 1) 

without a corresponding increase in the satellite-measured visible radiance 

counts. Some of these may be due to thin, patchy clouds which substantially 

reduce the direct normal hourly average (without much effect on the global 

irradiance), but are not reflective enough to significantly increase the 

reflected radiation seen by the satellite. 

For these problem areas, the ability of satellite-measured infrared 

radiance counts (IR) to improve the insolation estimates over that found by 

using the satellite-measured visible radiance counts (VIS) only has been 

examined by evaluating a multiple regression relation between surface irradiance 

and both of these satellite measurements. The results are expressed as 

Glo 	Glo(C1r) + 0.1685[VIS - VIS(C1r)] - 3.918[IR - IR(C1r)] 	, 	(5) 
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and 

Dir 	Dir(C1r)(1 - 0.01338[VIS - VIS(C1r)] - 0.01948[IR - IR(C10]) . (6) 

The ability of the VIS-only relations (equations 3 and 4) or the VIS+IR 

relations (equations 5 and 6) to reproduce the observed surface direct normal 

and global horizontal irradiance are examined in the following section. 

EVALUATION AND TESTING OF THE INSOLATION ALGORITHMS 

For cloud-free days without substantial overcast aerosol or dust layers, 

such as shown in Figures 5 and 6 for Day 348, 1982, and for cases with 

substantial cloud influence, such as shown in Figures 7-10 for Days 53, 1982 and 

105, 1984, the VIS-only technique adequately reproduces the observed direct 

normal and global horizontal irradiance. For some specific hours problems 

arise, such as with the direct normal values at hour 17 on the two cloudy days, 

and with both the direct normal and global horizontal irradiance at hour 11 on 

day 105, when a small observed satellite-measured visible radiance counts would 

indicate substantially larger surface irradiance values than are observed at the 

Riyadh site. 

Some of these problems are due to the inherent mismatch between satellite- . 

measured values and the corresponding surface irradiance data. The surface 

irradiance is averaged over an hourly period at one location (the Riyadh site), 

while the satellite-measured radiance is essentially a "snapshot" value of 

reflected radiation made near the beginning of the hour. The mismatch can be 

partially (but not completely) compensated by using satellite radiance averaged 

over an approximately 40 x 40 km target area as a surrogate for the hourly 

averaging process at the individual surface site. The type of errors caused by 

this mismatch problem tend to be somewhat random and tend to partially cancel 

when daily and monthly averaged data are considered (e.g. hourly rms errors of 

the order of 15%, daily rms errors of the order of 10%, and monthly rms error of 

the order of 5%). 

For cloud-free days with substantial overcast of aerosol or dust layers, as 

illustrated by day 167 for 1982, 1983 and 1984, shown in Figures 11-16, the VIS- 
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only technique of equations 3 and 4 significantly overestimates the observed 

global horizontal and direct normal irradiance, while the VIS+IR technique of 

equations 5 and 6 offers substantial improvement in the irradiance estimates. 

CONCLUSIONS 

For cloudy days or days with partial cloud cover, and for cloud-free days 

without substantial overcast of aerosol or dust layers, the VIS-only technique 

of equations 3 and 4 provides adequate accuracy for estimating global horizontal 

and direct normal insolation from the satellite-measured visible radiance 

counts. For days with substantial overcast of aerosol or dust layers, the 

VIS+IR technique of equations 5 and 6 provides the additional information 

necessary for estimating surface direct normal and global horizontal irradiance. 

Combined with the results from the earlier studies, that the bright desert 

background and the large satellite viewing angles present no substantial 

problems, these results mean that monthly average direct normal and global 

horizontal irradiance estimates of comparable accuracy to those estimated for 

the Georgia Tech site from GOES data (Figures 1 and 2), should be achievable 

from METEOSAT observations over Saudi Arabia. 
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Figure 2 - Monthly averaged daily total direct normal irradiance observed at 
Georgia Tech versus that estimated from the GOES satellite. 
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Figure 3 - Observed hourly global horizontal irradiance, relative to clear 
global, versus the observed METEOSAT radiance counts, relative to the counts 
expected under cloud-free conditions. 
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under cloud-free conditions. 
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Figure 5 - Time series plot of hourly satellite-estimated global horizontal 
irradiance compared with observed values, for Day 348, 1982, using the VIS-only 
technique. 
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Figure 6 - Time series plot of hourly satellite-estimated direct normal 
irradiance compared with observed values, for Day 348, 1982, using the VIS-only 
technique. 
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Figure 7 - Time series plot of hourly satellite-estimated global horizontal 
irradiance compared with observed values, for Day 53, 1982, using the VIS-only 
technique. 
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Figure 8 - Time series plot of hourly satellite-estimated direct normal 
irradiance compared with observed values, for Day 53, 1982, using the VIS-only 
technique. 
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Figure 9 - Time series plot of hourly satellite-estimated global horizontal 
irradiance compared with observed values, for Day 105, 1984, using the VIS-only 
technique. 
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Figure 10 - Time series plot of hourly satellite-estimated direct normal 
irradiance compared with observed values, for Day 105, 1984, using the VIS-only 
technique. 
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Figure 11 - Time series plot of hourly satellite-estimated global horizontal 
irradiance compared with observed values, for Day 167, 1982, using the VIS-only 
and the VIS+IR techniques. 
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Figure 12 - Time series plot of hourly satellite-estimated direct normal 
irradiance compared with observed values, for Day 167, 1982, using the VIS-only 
and the VIS+IR techniques. 
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Figure 13 - Time series plot of hourly satellite-estimated global horizontal 
irradiance compared with observed values, for Day 167, 1983, using the VIS-only 
and the VIS+IR techniques. 
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Figure 14 - Time series plot of hourly satellite-estimated direct normal 
irradiance compared with observed values, for Day 167, 1983, using the VIS-only 
and the VIS+IR techniques. 
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Figure 15 - Time series plot of hourly satellite-estimated global horizontal 
irradiance compared with observed values, for Day 167, 1984, using the VIS-only 
and the VIS+IR techniques. 
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Figure 16 - Time series plot of hourly satellite-estimated direct normal 
irradiance compared with observed values, for Day 167, 1984, using the VIS-only 
and the VIS+IR techniques. 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129

