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Designers and cngincers of solar energy conversion sys-
tems need solar resource information for different loca-
tions and types of collectors. Solar resource information
provides data on how much solar energy is available to a
collector and how it might vary from month to month
and year to year.

This manual provides solar radiation values for common
flat-plate and concentrating collectors for 239 stations in
the United States and its territories. The solar radiation
values are expressed as monthly and yearly averages [or
the period of 1961-1990. Minimum and maximum
monthly and yearly averages are included to show the
variability of a station's solar resource.

Introduction

Tn addition to the solar radiation data, this manual con-
tains tables listing climatic conditions such as average
temperatures, average daily minimum and maximum
temperatures, record minimum and maximuin tempera-
tures, average heating and cooling degree days, average
relative humidity, and average wind speed.

The solar radiation and climatic data are presented in
tables, with cach station having its data presented on a
single page. The pages are arranged alphabetically by
the state or territory two-letter abbreviation, and within a
statc or territory the pages are arranged alphabetically by
city or island.
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adiation Data Base, whose data were used to calculate values for




Technical Background

The solar radiation data in this manual are based on the
National Solar Radiation Data Base (NSRDB), Version
1.1, which was completed in March 1994 by the National
Renewable Energy Laboratory. Version 1.1 supersedes
Version 1.0, which was completed in August 1992,
Differences between the two versions are described
briefly in the Appendix. The NSRDB contains hourly
values of measured or modeled solar radiation and
meteorological data for 239 stations for the 30-year pe-
riod from 1961-1990. A complete description of the
NSRDB and how it was produced is presented in its
user's manual (NSRDB—WVol. 1, 1992),

There are two types of stations in the NSRDB: primary
(denoted by asterisks on the station map) and secondary
(denoted by dots on the station map). Primary stations, of
which there are 56, measured solar radiation for a part
(from 1 to 27 years) of the 30-year period. The remain-
ing 183 stations made no solar radiation measurements
and have modeled solar radiation data that are
derived from meteorological data such as cloud cover.
They are designated secondary stations. Both primary
and secondary stations are National Weather Service
stations that collected meteorological data for the period
of 1961-1990.

Succeeding the older 1952-1975 SOLMET/ERSATZ
data base, the NSRDB accounts for any recent climate
changes and provides more accurate values of solar radi-
ation for several reasons:

« More measured data

« Better model for estimating values
(More than 90% of the solar radiation data in both
data bases are modeled.)

« Improved instrument calibration methods

« Rigorous procedures for assessing quality of data.

A comparison of the old and new data bases provides the
incentive for developing new solar radiation resource
products such as this data manual. On an annual basis,
40% of the NSRDB and SOLMET/ERSATZ stations are
in disagreement for global horizontal radiation by more
than 5%, with some stations showing disagreement of up
to 18% (Marion and Myers 1992). For direct beam
radiation, 60% of the NSRDB and SOLMET/ERSATZ
stations are in disagreement by more than 5%; some
stations show disagreement of up to 33%. Disagreement
between the two data bases is even greater when com-
pared on a monthly basis. Most ol the disagreement is at-
tributed to differences in the instruments’ calibration
procedures and models.

This manual presents monthly and yearly average solar
radiation values for various flat-plate and concentrating
collectors to enable quick estimates of the incident solar
energy for common collectors. The solar radiation
values were computed using a model and NSRDB
hourly values of direct beam and diffuse horizontal solar
radiation. Climatic data were obtained from the NSRDB
and from climatic data sets provided by the National
Climatic Data Center, Asheville, North Carolina. The
Appendix describes in more detail how this manual was
produced.
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Interpreting the Data Tables

For each of the 239 stations, a data page describes the
station location, presents average solar radiation values
for flat-plate and concentrating collectors, and gives av-
erage climatic conditions. Except for mean atmospheric
pressure, given in millibars, Standard International (SI)
units are used. To convert to other units, use the conver-
sion factor table on the inside back cover,

Station Description
Information at the top of each page describes the station.
» City and state in which the station is located

+ Station Weather Bureau Army Navy (WBAN)
identification number

- Latitude (degrees; north)

- Longitude (degrees; east or west)

- Elevation of station (meters)

« Mean atmospheric pressure of station (millibars)
- Type of station (primary or secondary).

Solar Radiation Data for Flat-Plate and
Concentrating Collectors

For the period of 1961-1990, tables provide solar radia-
tion data for flat-plate and concentrating collectors.

» Monthly and yearly averages of solar radiation
(KWh/m?/day)

» Minimum and maximum monthly and yearly
averages of solar radiation (kWh/m?/day)

- Uncertainty of solar radiation data (+ %).

Minimum and maximum monthly and yearly averages
are included to show the variability of a station’s solar
resource. The uncertainty of the data is presented in the
table headings.

The manual includes data for the flat-plate and concen-
trating collectors described in the next few paragraphs.

Flat-plate collectors facing south at fixed tilt.
Data are presented for five tilt angles from the horizon-
tal: 0°, latitude minus 15°, latitude, latitude plus 15°, and
90°. Data for a tilt of 0°, referred to as global horizontal
solar radiation, show how much solar radiation is re-
ceived by a horizontal surface such as a solar pond.

Maximum yearly solar radiation can be achieved using a
tilt angle approximately equal to a site’s latitude. To opti-
mize performance in the winter, the collector can be
tilted 15° greater than the latitude; to optimize perfor-
mance in the summer, the collector can be tilted 15° less
than the latitude. Data for a tilt of 90° apply to collectors
mounted vertically on south-facing walls and apply to
south-facing windows for passive solar designs.

Tilt

s~ \.
E

Flat-plate collector facing south at fixed tilt




One-axis tracking flat-plate collectors with axis
oriented north-south. Data are presented for four dif-
ferent axis tilt angles from the horizontal: 0°, latitude
minus 15°, latitude, and latitude plus 15°. These trackers
pivot on their single axis to track the sun, facing east in
the morning and west in the afternoon. Large collectors
can use an axis tilt angle of 0° to minimize collector
height and wind force. Small collectors can have their
axis tilted up to increase the solar radiation on the collec-
tor. Just as for the flat-plate fixed tilt collector, the yearly
and seasonal solar radiation can be optimized by the
choice of tilt angle. The data presented assume continu-
ous tracking of the sun throughout the day.

Axis of
rotation

%

One-axis tracking flat-plate collector with axis oriented north-south

Two-axis tracking flat-plate collectors. Data for
two-axis trackers represent the maximum solar radiation
at a site available to a collector. Tracking the sun in both
azimuth and elevation, these collectors keep the sun's
rays normal to the collector surface.

Axis of rotation
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Two-axis tracking flat-plate collector

Concentrating collectors. Direct beam solar radia-
tion data are presented for four concentrators: one-axis
tracking parabolic troughs with a horizontal east-west
axis, one-axis tracking parabolic troughs with a horizon-
tal north-south axis, one-axis concentrators with the axis
oriented north-south and tilted from the horizontal at an
angle equal to the latitude, and two-axis tracking concen-
trator systems. Direct beam radiation comes in a direct
line from the sun and is measured with instruments hav-
ing a field-of-view of 3.7°, These instruments see only
the sun'’s disk and a small portion of the sky surrounding
the sun.




Interpreting the Data Tables

Axis of rotation

One-axis tracking parabolic trough with axis oriented east-wesl

Axis of rotation
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Two-axis tracking concentrator

Solar Radiation Graph

A graph at the top of each data page shows the variability
of monthlv and yearly solar radiation for a tlat-plate col

lector facing south with a tilt equal 1o the station’s lati-
tude. For each month and year, 30 data values
representing each vear ol the NSRDB are plotted along
with the 1961-1990 averages (or the months and year,
The graph shows how the minimum and maximum val-
ues compate with the 1961-1990 average. 1t also shows
the distribution of data points with respect to the average,
minimum, and maximum values,

Climatic Conditions

A table shows average climatic conditions by listing
monthly and yearly values lor various parameters.

- Monthly and yearly average temperature (°C)

« Average daily minimum temperature (°C)

- Average daily maximum temperature (°C)

- Record minimum temperature (°C)

< Record maximum temperature (°C)

+ Average heating degree days (HDD), base 18.3°C

» Average cooling degree days (CDD). base 18.3°C

» Average relative humidity (%)

» Average wind speed (m/s).
Degree days indicate heating and cooling requirements
ol buildings. They are defined as the dilference between
the average temperature for the day and a base
temperature. If the average lor the day (calculated
by averaging the maximum and minimum temperature
for the dav) is less than the base value, then the differ-
ence is designated as heating degree days. If the average

for the day is greater than the base value, the dilference
is designated as cooling degree days.




Other Data Formats

The data presented on the data pages in this manual, with the
exception of the solar radiation graph, are also available on
floppy disks in ASCII format. These data can be imported into
popular spreadsheet programs. Also available on floppy disks
are averages of solar radiation for each of the flat-plate and
concentrating collectors for each month for the period of
1961-1990 (360 months). These data could be useful for
identifying extended periods of low or high solar radiation or
plotting graphs of monthly solar radiation for any of the flat-
plate and concentrating collectors. The printed manual includes
graphs only for flat-plate collectors tilted at an angle equal to
the latitude.

To obtain either of these data sets on floppy disks, please
contact the NREL Technical Inquiry Service at
(303) 275-4099. “Readme” files, which describe the contents
of the data sets, are included on the floppy disks.
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Appendix - Methodology

This Appendix describes Version 1.1 revisions of the National
Solar Radiation Data Base (NSRDB) and describes the method
used to calculate the monthly and yearly averages of solar
radiation for flat-plate and concentrating collectors. It also
describes how the solar radiation data uncertainties were deter-
mined and how the climatic information was derived.

National Solar Radiation Data Base
Version 1.1

This data manual is based on the NSRDB Version 1.1,
completed in March 1994; the previous Version 1.0 was com-
pleted in August 1992. Version 1.1 corrects two types of errors
discovered in Version 1.0: (1) for 23 stations, the wrong time
zones were used, and data values were mismatched with their
time stamp by 1 or 2 hours, and (2) for 8 stations that measured
solar radiation, from 1 to 3 months per station had some hourly
solar radiation values that were unrealistically low.

Version 1.1 corrects time zone errors for the following stations:

Anchorage, AK McGrath, AK
Annette, AK Nome, AK
Barrow, AK St. Paul Island, AK
Bethel, AK Talkeetna, AK
Bettles, AK Honolulu, HI
Big Delta, AK Lihue, HI

Cold Bay, AK Evansville, IN
Fairbanks, AK South Bend, IN
Gulkana, AK Louisville, KY
King Salmon, AK Lewistown, MT
Kodiak, AK Ely, NV

Kotzebue, AK

Version 1.1 replaces erroneous measured solar radiation data
with modeled data for the following stations:

Montgomery, AL
Miami, FL

Great Falls, MT
Ely, NV

Albany, NY
Brownsville, TX
Seattle, WA
Lander, WY
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Appendix - Methodology

Calculating Solar Radiation for Flat-Plate
and Concentrating Colleciors

The total solar radiation received by a (Tat-plate collector
(1.) is a combination o direct beam radiation (1),
diffuse (sky) radiation (1), and radiation reflected from
the surface in front of the collector (1,):

. = lycos B+ 13+ 1,
where 0 is the incident angle of the sun's rays to the
collector, The incident angle is a function of the sun's
postion in the sky and the orientation of the fixed or
tracking collector. Algorithms presented by Menicucecd
and Fernandez (1988) were used to compute the incident
angles for the various collectors, For tracking collectors,
these algorithms also were used to compute collector tilt
angles from the horizontal. Direct beam solar radiation
hourly values [rom the National Solar Radiation Dala
Base (NSRDB) were used to determine the direct beam
contribution (Iy, cos @) for each hour. Except for the first
and last daylight hour, incident angles were caleulated
al the midpoint of the hour. For the first and last daylight
hour, incident angles were calculated at the midpoint
ol the period during the hour when the sun was above
the harizon.

The diffuse (sky) radiation, Ly, received by the collector
was caleulated by an anisotropic diffuse radiation mocde!
developed by Perez et al. (1990). The model determined
the diffuse (sky) radiation for the collector using hourly
values (from the NSRDB) of diffuse horizontal and
direct beam solar radiation, Other inputs to the model
included the sun's incident angle 1o the collector, the
collector tilt angle from the horizontal, and the sun's
zenith angle. The model is an improved and refined
version of their original model that was recommended
by the International Energy Agency Tor calculating dil-
fuse radiation for tilted surfaces (Hay and MckKay 1988).

The Perez model equation For diffuse sky radiation lor a
tilted surface is:

g = lgn ! 03CT-F) 1 +cos )+ Fa/b + Fasin B
where
[y = diffuse solar horizontal radiation

Fy = circumsolar anisotropy coefficient. function of
sky condition

sy = harizon/zenith anisotropy coefficient. fune-
tion of skyv condition

[ = tilt of the collector from the horizontal

a = 0orthe cosine of the incident angle,
wlichever is grealer

b = 0.087 orthe cosine of the solar zenith angle.,
whichever is greater.

The model coefficients F| und I'; are organized as an
array of values that are selected for use depending on the
solar zenith angle. the sky's clearness, and the sky's
brightness. The manner in which this is done is described
by Perez et al. (1990).

The ground-reflected radiation received by a collector is
a [unction ol the global horizontal radiation (1), the tilt
of the collector from the horizontal (), and the surlace
reflectivity or albedo (p):

I, = 05p1,(1-cosP).

Surlace albedo was adjusted depending on the presence
of snow cover. as indicated by the snow depth data in the
NSRDB. Il there was snow on the ground. the surface
albedo was set 10 0.6 (albedo Tor snow ranges from about
0.35 for old snow 1o 0.95 Tor dry new snow ). 11 o snow
was indicated. the surface albedo was set 10 0.2, a nomi-
nal value lor green vegetation and some soil types.

The concentrating collectors portrayed in the manual
have small fields-ol~view and do not receive diffuse
(skv) radiation or ground-reflected radiation.
Conseguently, solar radiation for these concentrating
collectors is solely a function of the direct beam radia-
tion and the sun’s incident angle to the collector. Solar
radiation received by the concentrating collectors simpli
[ies to

I I, cos 6.

.=
For cach station location, collector type. and collector
orientation, hourly values ol solar radiation received by
the collectors were calculated. Monthly and vearly aver-
ages were then determined for the period of 1961-1990.
For a few stations, monthly and yearly averages do not
include data for 1989 or 1990 or both because NSRDB
data did not include those station years. Stations with
less than 30 years of NSRDB data, along with their pe-
riod ol record. are listed below:

Tucumeari, NM 19611988
Eagle, CO 196]1-1988
Minot. ND 19611988
Miles City, MT 1961-1989
Cul Bank, MT 19611988
Burns. OR 1961-1988
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Appendix - Methodology

Estimating the Uncertainty of Solar
Radiation Data

The solar radiation values presented in the manual were
caleulated using improved models and data. The esti
mated data uncertainties assigned to the calculated val-
tes show how they might compare with true values.

They were determined using the uncertainty method of

Abernethy and Ringhiser (1985). This root-sum-square
method defines an uncertainty. £Upgg. in which 95% of
the time, the true value will be within plus or minus the
uncertainty of the caleulated value,

URS‘S = ] IIR)3 + B2 ]i-;‘
where

i =student’s T distribution factor (equals 2
for sample size greater than 30)

R = random error
B = bias error.

Random and Bias Errors. Thic two tyvpes ol crrors
that contribute 1o uncertainties are random errors and
hias errors, Random crrors usually follow statistical dis-
tributions and result in values both above and below the
true values. Random crrors tend to cancel when individ-
ual values are used to determine an average. For exam-
ple. a 30-year monthly average ol solar radiation may
use 10,800 hourly values tassuming 30 days per month
and 12 hours of sunlight per day) to determine the
average monthly solar radiation. The random error of the
average is reduced by a factor of 10,8002, or approxi-
mately 100, Consequently, random error sources do not
contribute significantly to the uncertainty ol 30-year
monthly averages.

Bias errors, however, are not reduced by averaging. Bias
crrors, which are often referred to as lixed or systematic
errors, cause values to be i error by about the same
amount and direction, The reason lor bias errars, as well
as theirmagnitude and direction, may be unknown;
otherwise, corrections such as changes in the calibration
factor can be made. When detailed information is not
known about the bias errors, reasonable estimates ol the
bias crror magnitude can be made using procedures
similar to those described here.

For the monthly averages of solar radiation. we evalu-
ated the three major bias crrors: (1) errors in direct beam
radiation incident on the collector caused by errors in
NSRDB direct beam radiation data. (2) errors in dilTuse
radiation incident on the collector caused by errors in
NSRDB diffuse horizontal radiation. and (3) errors in
diffuse radiation incident on the collector caused by
errors in modeling the diffuse solar radiation for the col

lector. Climate change could also bias monthly
average solar radiation values but was not considered a
major source of error for this worlk,

The root-sum-square of the individual bias errors vields
the total bias error. Because the random error is neglig-
ible, the total bias error is the same as the total uncer-
tainty of the monthly averages. Consequently, the
uncertainty, =l pgg, can be expressed as:

L'.RSS =B=| Bh2 * Bc;l: - E’m2 Iuj
where

By, = crrors in collector direct beam radiation
caused by errors in direet beam radiation data

B, = crrors in collector diffuse radiation caused by
errors in diffuse horizomal radiation data

B, = c¢rrors in total collector radiation caused by
crrors in modeling the diffuse solar radiation
for the collector.

The bias errors Tor direct beam and dilTuse horizontal
radiation were extracted rom the NSRDB daily statistic
files for each station. The NSRDB daily statistic files
include. among other information, 30-vear averages and
their uncertainties for direct beam and diffuse horizontal
radiation. An integer number represents an uncertainty
range. Examples of uncertainty ranges for the monthly
averages are from 6% to 9%, from 9% to 3%, and from
13% 10 18% of the monthly average,

For 30-year averages, most of the stations have direct
beam radiation uncertainties in the 6% to 9% range and
diffuse horizontal radiation uncertainties in the 9% to
13% range. The remaining stations have direct beam rad-
iation uncertainties in the 9% to 13% range and diflTuse
horizontal radiation uncertainties in the 13% to 18%
range. For the purpose of extracting the bias errors from
the daily statistic fles, a single integer value near the
midpoint of the range was used (8% Tor the 6% 10 9%
range. 1% lorthe 9% 1o 3% range. and 16% for the
13% to 18% range).
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The bias error for modeling the collector radiation is
attributed to the diffuse solar radiation model because
the direct beam component is considered an exact solu-
tion (I,cos0), An evaluation of the original Perez model
by Hay and McKay (1988) provided information
whereby we estimated the bias error to be about 3% of
the total collector radiation for our applications.,

The uncertainty, £Upgg. can be expressed as a pereent
age of the otal collector radiation by the following equa-
tion:

4 v | hl
100 |[(wpHp)= + (wgyHg)= +
(w,H.)= 1Y</H;

Urss (%)

where

Hi, = average monthly direct beam radiation inci-
dent on the collector

H, = average monthly diffuse radiation incident
on the collector

H. = average monthly total radiation incident on
the collector ( Hy + Hy

wy, = pereent bias uncertainty ol average
monthly beam radiation

w g, = pereent bias uncertainty of average
manthly diffuse horizontal radiation

w,, = percent bias uncertainty of the solar radia
tion modeling Tor tilted surlaces

Uncertainty Values in Tables. Becausc ol the large
number of solar radiation values presented in the manual
(546 per station), it was judged impractical with respect
o space limitations to present uncertainty values for
cach solar radiation value, Rather, a simplifving assump
tion was made so that only one uncertainty value was
presented For all Tat-plate collectors. The assumption
was that the divect beam radiation and diffuse radiation
incident on the collector were ol equal weight. The un-
certainties of the diffuse horizonial and direct beam radi-
ation have about the same value. so this assumption did
not create large changes in caleulated uncertainties for
collector radiation.

Over a range of direct-beant-radiation-to-difTuse-radia-
tion ratios (30/70 10 90/10). the assumption yielded
uncertainties within 1% or 2% of that when calculated
using the exact proportions ol direct beam radiation and
dilfuse radiation (e.g.. uncertainty of 8% or 10% instead
ol 9%). This was judged acceptable, considering that
there are uncertainties associated with the uncertainty
vilues used for the average monthly direct beam radia-
tion, the average monthly diffuse horizontal radiation.
and the solar radiation modeling for tilted surfaces, Asa
conservative measure, the calculated uncertainties were
rounded o the next highest integer value.

For most of the stations in the data manual. uncertainties
ol 9% were assigned to the solar radiation data lor flat-
plate collectors, The few stations with higher uncertain-
ties for direct beam and diffuse horizontal radiation were
assigned uncertainties of 11 %.

A separate value was assigned 1o the uncertainty for the
direct heam radiation for concentrating collectors, which
is only a function of the uncertainty (wy, ) of the average
monthly beam radiation. For most ol the stations in the
data manual, uncertainties of 8% were assigned to the
solar radiation data for concentrating collectors, The few
stations with higher uncertainties for direet beam radia-
tion were assigned uncertainties of 11%,

Data values in the data manual are given to one signifi-
cant figure by rounding the calculated value to the
nearest tenth ol a KWhfm=. Consequently, the data values
presented are within 0.05 KWh/m< of the calculated val

ues. Because of the uncertaintics of the data values, there
is no benefit to expressing the data values to more than
one significant figure,
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Deriving Climatic Data

The climatic data presented in the manual were derived
using both data from the National Solar Radiation Data
Base (NSRDB) and from climatic data sets provided by
the National Climatic Data Center (NCDC), Asheville,
North Carolina (704) 271-4994.

Climatic data pertaining to average temperatures, aver-
age daily minimum temperature, average daily maximum
temperature, average heating degree days base 18.3°C,
and average cooling degree days base 18.3°C were
extracted from NCDC’s data tape, “1961-1990 Monthly
Station Normals All Elements.” This data tape includes
temperature and degree day normals for about 4775
stations in the United States and its territories. The nor-
mals are averages computed by NCDC for the period of
1961-1990.

For this data set, NCDC used procedures, when possible,
to estimate missing data and to correct for other incon-
sistencies by using data from neighboring stations. For
one of the stations in this data manual, data were not
available on NCDC’s data tape. For this station, in
Arcata, California, the averages were computed using
NSRDB data, but no attempt was made to estimate
missing data or to correct for other inconsistencies.

NSRDB data were used to calculate average relative
humidity and average wind speed. Record minimum and
maximum temperatures were obtained primarily form
NCDC’s data diskette, “Comparative Climatic Data
Tables—1991.” This data diskette contains, among other
useful parameters, record minimum and maximum tem-
peratures for about 90% of the stations in this manual and
spans periods of record back to 1948 and earlier. For the
remaining 10% of the stations, record minimum and
maximum temperatures are based on NSRDB data.
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Unit Conversion Factors

To Convert Into Multiply By
kilowatt-hours per square meter megajoules per square meter 3.60
kilowatt-hours per square meter Btus per square foot 317.2
kilowatt-hours per square meter Langleys 86.04
kilowatt-hours per square meter calories per square centimeter 86.04
meters feet 3.281
meters per second miles per hour 2.237
millibars pascals 100.0
millibars atmospheres 0.0009869
millibars kilograms per square meter 10.20
millibars pounds per square inch 0.0145
degrees Centigrade degrees Fahrenheit °Cx 1.8+32
degrees (angle) radians 0.017453
degree days (base 18.3°C) degree days (base 65°F) 1.8
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