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ABSTRACT

A technique is developed for the estimation of total daily insalation on the
basis of data derivable from operational palar-orbiting satellites. Although surface
insclation and metecrclogical observations are used in the development, the
algorithm is constrained in application by the infrequent daytime palar-ortiter

A linear regression approach is used to relates observed insalation to the
optical thickness, expressed through water vapor slant path and effective cloud
transmittance (requiring cloud amount and type). Regression analyses relating
these parameters to the total dafly in :is’son remilt in daily estimates for each
hour. Estimates caresponding to the .mes of satallite passage are weighted,
ammwmmmwwmmrmmammwmmam
daily insalation estimate.

mmmm«mmmm‘cunmzdwmn
was conducted on independent data, with GOES satellite imagery as the data
source for palar-arbiter times. Results were successful in terms of the ratio of the
standard deviation of the residuals to the observed mean (less than 0.2 threshold)
and coarelation coefficients exceeding 0.80. After tuning the cloud
parameterizations and develoning a final set of regression coefficients, checks on
independent surface data revealed that additional improvements can be made by
introducing a bias reduction technique.

An automated procedure for cloud type classificat’on based on the
multispectral infrared sounder data was stipulated from one data swath and tested
on another, This type of cloud classification from opmdomldatamoua
considerahle promise for future application.

This document has been prepared as a part of the FY81 Yield Model
Development Project.
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1.0 INTRODUCTION
1.1 Agriouitirel Requireneats

The Agrioultaze and Resources Inventory Surveys tirough Aercspace
Remote Sensing (AgRISTARS) progran plan calls for estimates of sdlar rediation
incident at the saxface (insclation) based on operational satellite data. Inscilation
and other quantities are needed both fir emdly waming of changes affecting
resource quality and for com modity production forecasts. To meet requirements,
techniques for estimation of insclation must be developed and then put into
operational application for user testing over significant agricultrel aress of the
world.

Insolation is an AgRISTA RS quantity more closely associated with input
to avop yleld models (for ocommodity production forecasts) than for other
applications, but the insolation also is a contributor to the estimation of other
quantities (e.g., 80l maisture) that relate to emily waming of changes of
significance to agriculture. Global coverege requirements call for at least one
technique that will provide local estimates of daily total insclation for any reglon
of the globe.

Most of the recemt effort to extract information on insclation from
satallite data has oconcentrated on the anslysis of radiance measurements of
reflected sclar rediation obtained from gecsynoironous satallites. These platforns
offer frequent (half-hour) high-resclution mesasrements of solar radiation failing
to reach the mxfacs. Although it is possible to oope with the data handling
problems for routine processing of high-resalution digital data, not all geographical
aress of interest are presently covered. Data from the operational polar-orbiting
aatellites provide an altamative with regular global covereage. The key question is
whether or not the infrequent observations froa the polar-arbiter will suffice fora
specification of the dafly total insclstion, which depends aritically on the
cloudiness through the central sunlit hows, Utilization of the aultispectral
capabilities of the palar orbitars might ocompensate far the infrequency of
observations at a given location. .

I is oontemplated that the insclation algorithm will initially be
implementad interactively, in conjunction with precipitation estimation tachniques.
Optimum data charuotaristics (such as high resalution, or noontime data) may not
be available. Therefore, the estimation technique must be flaxibls enocugh to make
the best uss of whatever inforzation is available operstionally.



1.2 Objectives

The majr objective of this study has been the development of a
techiique for estimation of the daily total insclation using data soquired from
operational palar-arbiting satellites. As a first phase, an algorithm fur the
technique is designed on the basis of observations at the suface. Adapted
perametarizations are to be made flon operational satellite data - - possihly from
multispectral atmospheric sounder data. Altematively, the parumeters of the
algorithm are estimated by interective analysis of routine satellite imagwy of
moderate resclution, supplemented by occasional swrface information or products
from the operutional satellite sounder. It is intended that the derived algoritha be
made available for routine testing.

1.3 Soope

This repart includes a very limited discussion of background, data
sources, and preliminary anslyses in the establishment of the approach. A
discussion of the approach reveals limitations that have a bearing on the results
obtained and on the prospects for futire improvements.

Reaults (after modifications) of the regreasion analyses are sum marized
for sach season from 2§ years of data over the United States. Tabulations of the
latest weighting coefficients enable application of the method. A btrief acoount of
independent data tests is given, as well as a discussion of the feasibility study of

the direct estimation of cloud parameters from multispectral infrered sounder
data.



2.0 BACKGROUND
Mechods that have been invoked to provide estimates of the total inscls“ion

on the basis of setallite-derived infornation have emphasized eithe’ an empirical
approach or a £ plified physical model. Rigorous rediative tramfer computations,
over the entire solar spectrua and including all orders of soattaring, are not
practicabls for routine application. Futheraare, all pertinent optiocal information
for the existing atmosphere and clouds at arbitrery tiaes and loocations are not
available in any case. Thus, both empirical and physical models that are applied
wil make use of perameters that are Lkely to be based on climatalogioal
information, Whenever possible, however, the significant variations of clouds and
water vapoar will be depicted on the besis of oparwtional information. Cloud
properties and total water vapor, objectively desaribed, become the important
components of any teshnique. Remote sensing data might be used to infer such
proparties of interest indirectly, o might be needed to obtain some related
information directly (e.g., cloud refisctance).

Early effarts to make use of mtallite data in estimation of aurface insclation
(of. Pritz, ot al.7) demonstrated the relationship between satellits messzements
and at mospheric attenuation, The aignificance of cloud amount has been evident in
all efforts (of. Hanson et al.2, Quirn3, Ellis and Vonder Haar') to establish
parazeterized expreasions. All results are dependent on the space-time scales and
salar angles considered and, on the variable atmospheric attenuation; they are
linked indirectly to mxface reflsctance. Not all recent modals use satellite data
but depend rather on oorventional sxface observations and parameterizations (of.
Atwater and Brown5, Atwater and BallS). These studies reveal the impartance of
cloud type information. With adaptations, satellite data could be used for input
information if cloud types ocould be mtisfactorily charmcterized. Ancother
nuaerical model that has beer. applied extenaively is that of Lacis and Hansen?.
Again, for the direct adaptation of mstallite data, transiations to optical
parametars are neceasay.

Curent approaches most characteristic of the use of sclar reflsctance
neassenents from gecsynchronous satallites a.e the eapirical regression rodel
(TarpleyS) and the simplified physicsl model (Gautier9). Both methods require
brightness measzements for both cloudy and cloud-free backgrounds. The Gautier
Rodel ruquires specification of atmospheric sttenuation oocefficients and clhud
aboorption coefficients, whereas the Tarpley model coefficients are based on least-
Squares regression.



The basic purpose of monitoring cloud reflectance is to determine the
reduction in insalation. The more frequently this is done, the better will be the
estimate of the daily insolation especially when the cbservations are made close to
the central part of the day. '

An altemative to measuring mﬁectaneeistoiufa-(ﬁom measrements) the
transmittance of available radiation to the saface. This approach is necessary
when insufficient daytime reflectance measurements are availahle, as is the case
for this study. Ultimately, it is necessary to account for transmittance in any case
when warking with one-sided satellite measmsrements of upwelling radiance.
(Another alternative is to base the estimate of insalation on a measured response
of the sxface, through its temperature, but such a program of remote
' measrement requires information on cloudiness and swface characteristics as
well. Furthermare, it is preferable instead to estimate the impact of insalation on
the thermal response).

Previous tachniques have revealed the difficulties both of the statistical
approach to the data and of the digital handling of the satellite data. Some bias in
results is anticipated for estimates of extremes. As far the development of the
app]imﬁmofsata]ﬁte&ta,itwﬂlmmgoodmnﬁtymm&taofﬂxe
hndaﬁonatbcaﬂdesﬁxatammwesentaﬁveofamscovmdbyremotesemmg
meaarements.
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3.0 DATA
3.1 SOLMET Data

SOLMET, hourly Salar Radiation - Surface Metearclogical Observations,
is an archived dataset, availabls on magnetic tape produced by the Environmental
Data and Information Service of the National Climate Center. SOLMET combines
houly incoming solar radiation data with the coresponding meteorclogical
observations over the 38-station NOAA Solar Radiation Network into one
comprehensive dataset. Two and one-half years of data from twenty of the
SOLMET stations were used in this analysis, Figure 1 illusirates these locations
geographically, while Table 1 provides pertinent station information.

For the insolation, use was made of the measwed and edited global
{total direct and diffuse) solar radiation on a horizontal swface. Far the
extraterrestrial radiation, listings of the computed available salar energy received
by a horizontal surface at the top of the atmosphere (based on a salar constant of
1377 J/m2 - 8), were used. The data are flagged to indicate source, if other than
observed irradiance, or to indicate carections. The metearclogical data used
consisted of suface pressure and dew paint as well as detailed cloud layer type and
amount information. (Visibility observations were not used in this study). Table 2
sum marizes most of the SOLMET data actually incorparated into the analyses.

3.2 Satellite Data '

The SOLMET data with the supporting howrly (and 3-hourly) surface
meteoralogical observations cover only very small portions of the area under
routine satellite surveillance. Each palar-arbiter can view almost any area twice a
day (four times for the system pair of operational polar orbiting satellites). Of
particular interest are the TIROS-N, NOAA series of satellites!1. The operational
satellites contain two scanning systems with visible and infrared radiometric
measurements: (1) the Advanced Very High Resolution Radiometer (AVHRR), and
(2) the High-Resalution Infrared Radiometer Sounder (HIRS). The latter scanner is
part of the TIROS Operational Vertical Sounder (TOVS) system and plays a major
rale in the generation of TOVS retrieved products.

The AVHRR data are available in five different spectral ranges, two of
which are in the short wavelength region (0.58-0.68 um and 0.725~1.10 um) and

~ three in the infrared region (3.7 um, 11 um, 12 um). Spatial resclution near nadir is

about 1.1 km. I was intended that daytime short wavelength AVHRR data
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FIGURE 1 NOAA SOLAR RADIATION NETWORK



STATION #

03937
03945
12839

12919
13722

13895
13897

NAME

Lake Charles, LA
Calumbia, MO
Miami, FLA
Brownsville, TX
Raleigh, NC

Montgomery, ALA
Nashville, TENN
Dodge City, KAN
Caribou, ME
Burlington, VT

Madison, WIS
Midland, TX
Bismarck, ND
Great Falls, MON

Fairbanks, Alasia

TABLE 1
SOLMET STATIONS USED IN STUDY

LAT

30.07N
38.49N
25.U9N
25.54N
35.52N

32.18N
36.07N
37.46N
46.52N
u4.28N

43.08N
31.57N
%.%N
47.29N
64.49N

38.59N
30.23N
39.44N
m.BON
41.22N

LON

93.13W
92.13W
80.17W
97.26W
T8.HTW

86.24W
86.41W
99.58W
68.01W
73.09W

89.20W
102.11W
100.46W
111.22W
147.52W

77.28W
84.22w
86.16“
80.13W
96.01W

ELEV

19
2T
8
12
137

68
186
795
195
112

an
872
511
1118
U3

87
18
2u4

3n

- Loy



TABLE 2
TYPES OF SOLMET DATA USED IN STUDY

WBAN STATION NUMBER
YEAR

MONTH

DAY

SOLAR HOUR

SOLAR MINUTE

ESTRATERRESTIAL RADIATION

DIRECT RADIATION & FLAG

INDIRECT RADIATION & FLAG

OBSERVED TOTAL INSOLATION AND FLAG

STATION PRESSURE

STATION DEW POINT .

SKY CONDITION (clear, scattered, broken, overcast, or obscured)
TOTAL SKY COVER _

.LOWEST CLOUD LAYER AMOUNT AND TYPE®

SECOND CLOUD LAYER AMOUNT AND TYPE®

THIRD CLOUD LAYER AMOUNT AND TYPE®

FOURTH CLOUD LAYER AMOUNT AND TYPE®

TOTAL OPAQUE SKY COVER

#Given every three hours, based on 16 generic cloud types or obscuring phenomena.




at the high resalution would be used only as a means of deaigning and checking
alow specifications, and may be availabls only once per day. For regular analysis
it is more likely that AVHRR data that are stored at reduced resclution (Global
Area Coverage), with a subpoint resalution of 4 km for both the infrered and
available visihle data, would be used. The reduced resclution, with only a third of
the ariginal scanlines used, consists of U09 spots in each scanline. After
identification of AVHRR pixels within some specified grid box, threshalding and a
histogram analysis could be performed far cloud amount, brightness, and
temperature. The data may be analyzed interactively from multichannel imagery.

HIRS data, with an optimum spatial resalution of about 17.5 km,
represent a potential source of data for routine analysis of cloudiness within the
general areas of interest. Each scan line contains 56 scanspots of data for each
channel. Every 40th scanline there usually is a 3-line data gap for calibration. The
HIRS instrument includes 19 infrared radiometric channels spaced from the near-
infrared window region around 3.7 um through the centrel portion of the 15 um
band of carbon dioxide, A single shart wavelength channel is centered around 0.7
micrometers, This channel is available, under sufficient sunlight, as a general
source of brightness data to supplement daytime inferences made from the infrared
data. However, it is likely that AVHRR data would stll be required for the initial
development of cloud amount specifications, If HIRS and AVHRR data are applied,
sy, to a 2.5 x 2.5 degree grid box with a subgrid of 0.5 degrees (25 subdivisions),
then several HIRS datapoints can be averaged far each subdivision. Within each
subdivision, it would be possible to obtain statistics of AVHRR data (over 150
points archived at U-km resalution).

AVHRR and HIRS data available on digital tape include location and
calibration information. However, imb carrection algarithms must be applied for
standardization prior to analysis (spectral variations in infrared slant path
attenuation with zenith angle are thereby accounted for). HIRS data swaths from
successive orbits begin to overlap paleward of about 35 degrees latitude.
Equatoarward of that latitude it is possible to have data gaps to the extent that a
particular spot may not be covered by the orbital swaths for that mode (ascending
or descending) on that day. Also, on successve days, the satallite subtrack shifts
about 8 degrees of longitude relative to a fixed equator crossing.



With an additional reduction in spatial coverage, standard TOVS
products are routinely availabls for specified retxieval boxes. For each box these
products include clear~column HIRS radiances, retrieved temperatures and
retrieved mixing ratios appropriate to specified pressure levels, The total
precipitable water may be inferred tvom the mixing ratios,

10



4.0 APPROACH

4.1 Planned Analyses and Tests
4.1.1 Genersl Constraints

The approach adopted for the use of data obtainable operationally
from the palar-orbiting NOAA matellites has evalved on the premise that the
preferred repetitive high-resclution visihle reflectance data will not be available at
optimum times during the day. This limitation of the available palar-orbiter data
does not alter the major objective of any successful approach, namaly, to acoount
for the impact of cloud attenuation on the daily insclation. Toward that end it is
most desirahle to deal with a physical model that accounts for the radiative
processes. A rigorous radiative transfer treatment would not be acceptable on
operational grounds, both from the paint of view of availahble information and
computational demands. Greatly simplified physical models can be introduced as
long as adequate perameterizations are incorporated. Components of the model
should be "observable" from the satellite platform. However, when reflsctances
themselves are not incorporated in the model, then the link between the remote-
sensing data and the total transmittance of solar radiation to the lower boundary
surface must be achieved indirectly through more parameterization.

4.1.2 Regres=ion Analysis, Dependent Data

The difficulty of aﬁafactaﬂy accounting for atmospheric
Mmmmmmmmnmmmmmumonw
approach, using actual observations near the suface. Initially, the independent
variables in the regression approach are selected from surface data, but are chosen
to represent information that can be inferred from palar-orbiting satellite data.
The regression expreasion, on the other hand, is selected 30 as to represent (in a
very generalized way) the physical processes. Succeas or faflure of the regreasion
approach depends on the suitability of the available data and on the suitability of
the physical representativeness of the regreasion expression.

' During the design stage of the regression analysis (with dependent
data) observations of total daily insclation, along with computed insalation incident
on a horizontal surface at the top of the atmosphere, are used to desribe the
dependent. variable. Cloud observations (amount and type) and surface dew point
temperatures are used to describe independent variables indicative of



transaittance through cloudy and cloud-free atmospheres (with variable water
vapor). Experience with these data types also provides the information needed for
improving the model or for altering the dataset when possible. The program starts
with examination of howrly data, since both the dependent and independent data
sources are avallable at that frequency. Analysis of hourly data also makes it
easier to asseas the role of changes in the salar zenith angle. Next, the total daily
insclation is examined in relation to specific howrly sources of independent data,

since the data will be acquired only at several specific hours (from palar-orbiting
satellites).

4.1.3 inaependent Data Tests

Once the regression analyses with the dependent data are
estahlished, expreasions must be tested. One type of test is to make use of the
SOLMET data themsealves for periods not previously included in the design analysis
with dependent data. Far that program, two months of data during the
agriculturelly significant spring period were reservad for testing.

After progressing to the stage of incorporation of operational
stellite data as the source of independent data, the first tests are in terms of an
interactive analysis of simpls satellite imagery, pimarily from single channel
infrared radiometric measurements, as supplemented during the day by visible
reflactance measrements. These measurements are typical of operational
scanners aboard the polar-orbiting satellites, although the high resalution scanners
on the most recent palar-orbiters are not limited to a single visihle and a single
infrared channel. Nevertheless, to simuiate polar-orbiter coverage, satellite
images were selacted from full~disc infrered GOES data, along with occasional
visible imagery, to represent imagery that might be avaflable to the operational
analyst for interactive scrutiny. Generally, only three images were selacted to
represent the early maming-earily evening passss and the mid-aftermoon pass of the
NOAA series polar arbiters. For this test, cloud parameters had to be estimated
foar local areas immediataly around specific pyrenometer stations, while the
mcoistire perameter was estimated from NMC hemispheric (6-how) reparts on
suface charts,

In addition to the interactive test of the method by using satellite
imagery, the operational sounder data are examined as the source for estimating
cloud parameters as input to the insclation model. In particular, seven of the

12 .-
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infraced HIRS channels were introduced into a multiple discriminant analysis
program designed to estimate cloud type. The cloud type is used to specify the
cloud transmittance. (When ready for operstional application, the cloud
specification and the precipitabls wvater derived from the sounder data may be
tested in the regression expreasion). The arganization of the analysis procedures is
outlined in Figure 2.
42 Model
4.2.1 Basic Expreasion .

On physical grounds it was desired to modal a linear expreasion
aince multipls linear regression was to be use. “0 define the algorithm. At any
given time the total direct-plus-diffuse solar radiation Fg incident at the suface
can be expressed in terms of solar flux Fq incident on a horizontal sxface at the
top of the atmosphae and an "equivalent" total flux transmittance through the
aloud-free or cloudy atmosphere. Independent variables are introduced through the
transmittance, but precaution is taken to avoid an excess of variahlas that are not
independent of each other. If T, represents cloud-free at mopsheric transmittance
and T, represents the cloudy at mospheric transmittance, then

FaaFo Ty Tozlg(R/RRcos2 T, T, ¢))

where I, is the salar constant (1377 joules m=2 s~1), K is the mean earth-sun
distance, and Z is the salar zenith angle. The indicated cos Z accounts only for the
harizontal srface at the top of the atmopshere; slant paths invalving the solar
zenith angle are implicit in the transmittance expressions, Each of the
transmittance terms could be factored firther to separate, say, malecular
scattering or absorption flom aerosal scattering or absorption.

One method for retaining an expreasion for linear regression with
terms that can be associated with physical processes is to consider the negative of
the natural logarithm of Eq. (1)

-In(Py/F) = =~ In( t9-1n( 1) @
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Thus, by dealing with the log of the total trunsaittance (Fg/F o), & linear expreasion
results in terms of the logarithms of individual atmospheric tramsaittance ternms,
To the extant that the transaittance terms can de representad by exponentials, the
right-hand side of Eq. (2) rejresents the optical tidckness,
4.2.2 Variables and Paranm eterizations

(a) Mclecular Atmosphere: To associate the attenuation with the
regression ooefflcients, the cloud-free treansaittance T4 may be approximated by
the product of two exponentials ¢ and 41U, The path length U is postulated as
a preamre-scaled slant path through the total atmospheric precipitable water, as
estimated from the |urface vapor pressure &y

U = (bg + b1 egpa/pr) M | ©)

where the constants by and by are ¢-signed for an average representation of the
total precipitable water (of. Smith12) but could be expanded to allow for seasonal
latitudinal variations in the relationship to the sxface dew paint ar, in this case,
the vapar presmre. The ratio of suface presmure to a refearence preasure, as a
scaling fotor, effectively accounts as well for large changes due to station
elsvation. The slant path magnification factar M replaces the sec Z so as to avoid
problams with the plane~parellel assumption at very low scan angles. Fallowing
Rogers, the relationship is expressed as

Mak [0@-Dooze1]t = ®)

with k = 35.

() Cloudss In order to maintain a simple initial cloud
classification, sach of the surface observations of cloudiness is placed into one of
ssven total categariess CLEAR, HIGH, MID, FOG, LOW, MIXED and THICK. The
categorical ranking is in terms of an assumed increasing attenuation (decreasing
cloud transmittance). The MID categary actually includes high cloud also, if they
are present with the middls clouds. The initial classification of FOG or
OBSCURATION, LOW and MIXED were subsequently altered on the basis of
transu ittances infarved from the SOLMET data and the initial regression model
The MIXED category initially included FOG or LOW CLOUDS with MID and/axr
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HIGH clouds. Subssquently, most of the MIXED clouds were reclassified acoording
to the doninant layer detaraining the aloud osling (from below), with a subsequent
incresse in the trensmittance for the remaining MIXED oategory. Also, in the
THICK oategxy (including nimbostretus and cumulonimbus), the cumulonimbus
category was reclassified as low for soattered amounts, sinoe their effects may
have beent minimal over the cberving station. Obscuretion conditions were added
to the THICX oategory, whereas LOW subsequently was ssparated into cumulus
(CU) and strudiforn (3T).

To oonsider the cloudy trwnsmittance in more detafl, the
inaclation may be described by

Fas Fo [(1-C) g+ C "] (5)

where C is the cloud amount and ¢ is the cloud unsmittance. For use with
SOLMET data the cloud amount is desaribed as the observed opaque cloud amount
plus an additional 35 percent of the difference between the total cloud amourt and
the opaque amount. The transmittance 3" cutside the cloud differs somewhat from
the cloud-free 2ansaittance T4, largely as a result of soattering. However, the
difference can be absorbed as a factar of ¥ , perhaps by letting ¥ become V.
Then Eq. (5) becomes ’

Fo/Fox Ty [1-C(1=-0"] (6)

The tracket term, raised to some power (closes to unity) to accomodate the
approximation and as a oonvenience for regression, defines ths cloudy
transmittance T, and

FeFos T Tor o[1-CC:-v"]%2 )

The assumed fors for Vis a Minear function of the cosine of the solar zenith angle
with a transmittance factar, Y , to represent the transmittance for a particular

~ aloud type at a partioular solar zenith angle:

W Y(dg+ dy 008 2) 8)
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Actually, the overull representation of the total transamitance over a finite time
period need not necessarily be restricted to a aimple cloud "type” with a given
amnount, as implied by Eq. (7). In fact, the dloudy trensmittance term ooculd be a
product tarm of mare than one type. Nevertheless, for this study it is assumed
that the cloud classification and the transmittance relationship can be applied to a
time pariod of one how, Therefore, the oos Z that appears in the modeled
whmmumwmamnzmmgmnm.

(c) Dafly Averagem When oonsidering the total daily insalation,
it becomes necessary to oconsider the average daily cos Z, which can be expreased
in terms of the half=day hour angle H as

co8 2 asinfain & + cosffoos & ain H/H (9

where § is the latitude and the declination. (The angular velocity of the earthw =
dvdt = 2 red day~1). The maximum salar zenith angls is given by the diffarence (9
= &), wheress the hour angle to either sunrise or sunset. is given by cos H = -tan §
tan 8. If, during the evaluation of Eq. (7) over a peariod of a day, the numerator
and denominator of the left-hand side are summed or integrated separately, then a
restriction is implicitly imposed on the averege daily transmittance oxrresponding
to the observed-computed left-hand side. In particular

A AN
Sr,a:/Sroa:. T,

where S .5 Q T Podt /j'ro at

1 rae cos 2

Instead of introducing the weighting factor indicated in Eq. (10) sach of the

averaged transaittances was approximated by assignment of a daily average cos Z
in place of the cos Z indicated in their definitions (Eqs. 4 and 8).
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4.2.3 Regression Coefficients and Weighting Factors
With the perameterizations described, the regression expression
for any hour becomes

-In (Fg/Fo)=ag+ay1 U-apxln T, (11)
whereas for the daily total
- - A
<In (Fg/Fg)sag+ai1 U-axln T, (12)

where the caret indicates that the dafly average cos Z has been used instead of the
instantaneous cos Z. In terms of the desired insalation itself, the hourly or daily
insalation

FS;FOGXP{-(%*-@] U-azln tc)} . (13)

where the coefficients have been determined by linear regression in terms of -ln
(Fo/Fo) '

When observations from several different hours (ki) are to be
combined in a single estimate of the daily total insclation, then additional
regression coefficients are introduced in the analysis for each direct transmittance

An (Fg/Fy) = ag + a1 6+a21n {r\c(k1)+
a3ln T (kp)+ayln Ty (kg) (14)

where only a single average U term is used for the day, but separate terms are
maintained for the cloud transmittances because it is not likely that they should all
be weighted equally. Proper relative weighting is handled by the regression
coefficients,

An altermative procedure to that represented by Eq. (14) far
prespecified hows is to form a weighted average of separate daily insalation
estimates (one for each observation time) based on information obtained at
different hours, characterized by palar-orbiter overpasses, If Fg(k1) represents the
estimated daily insolation based on data for the hour k1,




-

- - A A
Fslkq) = Fo exp -{ao +ay Uky)~apln 't(k‘l)} ’

_Then the final daily estimate might be based on three separate initial estimates

Fez W1 Fslky) + Wo Falko) + W3 Falks) (15)
Wie 324-?3

where the W's represent weighting factors., More generally, if E is used to define
the estimated daily insalation and the subscript k identifies predictar hour,

N
E=zgp (WgEgVz Wi (16)
k=1

where the sum mation is over the mimber N of daily estimates based on individual
hourly data. The weighting factar Wi, will increase to a maximum for the howr
with the daily maximum cosine of the salar zenith angle, cos Zyx. This also
represents the time with the maximum correlation between the estimated Ej, and
the observed Fgq, at least for the dependent data used in the regression analysis.
Therefore, as a first approximation it is possible to use the correlation coefficients
derived from the regression analysis as the weighting factor. However, the general
form that was adopted is expressud in terms of the salar zenith angle for that hour,
cos Z, as well as the maximum solar zenith angle '

Wig=AcosZyy+cosZy an

where the constant A generally exceeds unity.
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5.0 RESULTS
5.1 Qbserved Hourly-Daily Insalation Carvelations

The SOLMET data files, with hourly insalation observations, are ideal
for the determination of the correlation between an hourly total and the total daily
insalation, the variable of most interest. Such correlations, apart from the obvious
contribution arising from the fact that the hourly total is also part of the daily
totil, are especially informative about the relative significance of observation
times to be used in the daily estimation. Only fully sunlit hours are innluded in the
carrelations, which have been determined from data for 20 different stations
during each seasonal period. Biased cloud distributions are about the only factor
that could result in an asymmetry of the insalation distribution relative to salar
noon. All of the results are sum marized in Figure 3. Some slight skewness toward
the aftemoon howrs is apparent. Otherwise, the carelation curves are quite
predictable, with the most peaked distribution for the sharter winter days,

It is apparent that an observation near solar noon carvies the most
information about the daily total. Obviously, a satellite observation near noon or
early aftermoon is most useful. A number of hours close to noon, say within three
hours, also are highly carrelated with the daily total. The correlation drops off
near sunrise and sunset, even if only full sunlit hours are considered.

Any individual station skewness in distribution is masked in Figure 3
because each curve is based on data from 20 scattered stations. Seasonal
variability in distribution appears largest in the aftermoon. The correlations in
Figure 3 may be interpreted as limiting conditions for estimation since they
represent what would result if perfect hourly estimates were avaflable (for any
hour). To a first approximation, the square of the carelations near sunrise and
sunset also suggest the magnitude of the explained variance that might be
associated with some sidll. Thus, as will be seen later, regression results near
midnight are associated with reduced explained variance that show little value
reiative to the estimation of total daily insalation.

5.2 Preliminary Computations
5.2.1 Hourly-Hourly Regressions
Regression coefficients can be established between hourly
insalation and hourly estimates based on cloud and water vapor slant path
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FIGURE 4 OBSERVED AND ESTIMATED HOURLY INSOLATION
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TABLE 3

REGRESSION COEFFICIENTS FOR PRELIMINARY
HOURLY INSOLATION ESTIMATES

(Standard errors in parentheses)
WATER VAPOR CLOUD TRANSFER
GROUP INTERCEPT (ag) COEFFICIENTS (a1) COEFFICIENTS (a0)
1A 1765 (.0321) 0311 (.0051) 1.2774 (.0338)
1B 1059 (.0256) 0365 (,0032) 9771 (.0319)
2A .1856 (.0283) 0272 (.0030) 1.1240 (.0317)
2B .1278 (.0242) 0278 (.0016) .8866 (.0251)

1+ Bismarck, Dodge City, Madison
A = APR, MAY B=JUL, AUG

2 Montgomery, Lake Charies, Nashville
A = APR, MAY B=JUL, AUG

a3




parameters. Figure 4 illustrates the initial sets of remits!! derived from two
separate groups of 3 stations each during spring and summer months, (Group 1:
Bismarck, Dodge City, Madison; Group 22 Montgomery, Lake Charies, Nashville).
It is apparent from thess results (obtained without any fine tuning of initial

. parameters) that there is little geographical dependence, but ssasonal differences

do appear. Table 3 shows the caresponding regression coefficients and their
standard errors. AL of the coefficients are significant; magnitudes are
representative of those for other tests, Coefficiants for the cloudy
transmittances, as well as intercepts, are larger in the spring than the summer. It
was anticipated that the cloudy atmosphere transmittance coefficients would be
close to unity.

The results in Figure U4 show that the summer estimates and
observations are somewhat better correlated, with less bias, than in spring. The
btias in the spring data shows overestimates for lowest magnitudes and
underestimates for higher magnitudes, Part of the failure to successfllly estimate
the extremes results merely from the statistical nature of the coefficients. Some
of the low-magnitude overestimation also could result from underestimates of
cloud absorption in certain clouds, whereas in other circumstances the cloud
transmittance is underestimated. Improper specifications of the physical processes
affecting the linear regression model are likely sources of nonlinearity. On.the
other hand, even with the proper regression expreasion in handling the logarithm of
the insalation, some distortion is introduced in the average of the insclation
estimates that are based on the least-squares coefficients for the logarithm of
insalaticn,

5.2.2 Hourly-Dafly Estimates

If hourly estimates of insalation are obtained throughout the day,
they may be sum med to provide estimates of the daily total insalation. Figure 5
presents such sample results for one group of stations shown in Figure 4, for both
spring and summer. Presumably, such estimates are superior to those dafly
estimates that do not include estimates for every hour, As can be seen in Figure 5,
there are far fewer points (only one per day) than in hourly-hourdly comparisons.
Furthermore, the averaging over the day results in a degradation of significance of
the U coefficient, which is dependent on the diumal variations in the siant path
(the average daily zenith angle does not vary significantly within the da‘a sample).
As before, the spring estimates are somewhat more biased then the simmer
estimates,
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If estimates are not available for each hour, so that the hourly
estimates can be summed to obtain the daily total, the cloud and maisture
observations at any hour can be used to estimate the total daily insclation on the
basis of hourly-daily regression (see Eq. 12). Or, if suitable weighting coefficients
were availahle, individual hourly estimates could be weighted to provide a daily
estimats (see Eq. 16). Another means for obtaining dafly estimates from howrdy
data is to use regression coefficients that have been designed to link parameters
from two or mare specific hours directly to the dafly insalation (see Eq. 14). For
the first test of this latter procedure, water vapar and cloud parameters for 0730
and 1500, approximating NOAA-6 and TIROS-N daytime passes, were used to
specify the daily insalation. Regression coefficients for the cloud transmittance
terms are dominant but smaller than those associated with a single hour. Results
of the preliminary computations coresponding to the data in Figure 5 are
lustrated in Figure 6. Despite a slight reduction in the corelation and the slight
increase in residual differences the overall distributions of estimates and
observations are similar to those for the hourly summations. This result was
encouraging, since the palar orbiters do not provide the frequency of observation or
the optimum times of observation that are included in howly summations.
However, it does appear that the bias in spring is more pronounced than for the
hourly sum mations, although some overestimates of the daily insclation are now
made at the high-magnitude end of the range.

5.2.3 Apparent Sensitivities

The preliminary computations indicated that the regreasion
analysis approach was feasible, but that improvements in parameterization would
be worthwhile. Regression coefficients for the precipitable water term appear to
be significant only when significant variations in the average cosine of the salar
zenith angle occur, Swurface dewpaint probably is a) adequate estimator of
effective water vapor path. Clouds dominate the results (also related indirectly to
surface dew point) and their parameterization is the most logical area for
improvement.,

Initial computations for selected U.S. stations east of 105W
longitude and between 30N and 47N latitude failed to show any pronounced
latitudinal or regional influence on the regression coefficients, On the otherhand,
seasonal variations appear to be significant, both in terms of the magnitudes of the
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regreasion coefficients and the jint distribution of estimations and observations.
The distributions show some bias in the estimates, especially with departure from
local noon.

The question of the dependency of resmults on individual stations
was checked further by computing regression coefficients separately for each of 20
stations, and coefficients also for all 20 stations combined. Table 4 sum marizes
the most important regression coefficient (for the aloud transmittance term) for
the most significant hour, 1200-1300 local time, appropriate to two 4-month
periods, April-May-October-November and June-July-August-Soptember. The
average coefficient is largest in the spring/fall period. Unly two of the stations
show anomalies of twenty percent ar more in the same sense for both seasons.
Fairbanks has low coefficients and Sterling shows anomalously high coefficients.

5.3 Modifications
5.3.1 Regression Expression

With the dataset expanded to 20 stations and SOLMET data overa
2% year period, checks were made on any improved carrelation between estimation
and obeervation as a result of alterations in the regression expression. Some
improvement was found by the simple introduction of the cloud amount C as a
factor in the logarithmic expreasion (Eq. 12)%

<ln (Fo/Fg) = g + a1 0. as C(dn %) (1'8)

Eq. (18) was used in all subsequent regression analyses. The improvement, while
not explained on physical grounds, may have been related to the nonhomogeneity of
cloud conditions (Le., departure from an idealized single cloud cover).

The terms with carets in Eq. (18) indicate that a single average
cosine of the solar zenith angle is used to describe the path for the dafly estimats.
A comparison of results using ¢os Z, the dafly average cosine, or cos Z) x, the
maximum cosine, showed very little difference in rusults. Consequently, most of
the final regreasions that were performed used cos Z)y y instead of cos Z. This
change is justified in part by Eq. (10).

The impact of introducing cloud amount C in the last term of Eq.
(18) is {llustrated in Figure 7, which shows the distribucions for estimates and
observations both without (7(a) and with(7(b) the factor C. Only the results from




TABLE 4

SUMMARY OF DOMINANT INSOLATION-ESTIMATION REGRESSION
COEFFICIENT COMPUTED FOR INDIVIDUAL STATIONS AT
1200-1300 LOCAL TIME

. CLOUD TRANSMITTANCE
REGRESSION COEFFICIENT

STATION SPRING/FALL SUMMER
l.ake Charies 1.020 0.746
Calumbia 1.056 0.804
Miami 0.992 0.626
Brownsville 0.800 0.694
Raleigh 1174 0.680
Montgomery 1080 0.586
Nashville 1.119 0.812
Dodge City 1013 0.802
Caribou 0.873 ‘ 1.074
Burlington 1.064 1.017
Madison 1.035 0.949
Midland 1.067 0.963
Bismarck 0.804 0.888
Great Falls 0.865 0.960
Fairbanks 0.439 0.629
Sterling 1,210 1.088
Tallahassee 0.306 0.598
Indianapalis 1.154 0.809
Pittsburg 1.057 0.818
JOINT COEFFICIENT 1.000 0.836
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the G-station dataset for sur- aer are shown. The carrelation coefficlent for this
cans is inoreased ftom 88 to 92 ~u.oent.
5.3.2 Cloud Transmittance Pare metarization
For the earliest (prelininary) computations with a small dataset,
regression computations in acoordance with Eq. (12) used a given set of aloud
categoriss, sach with a given Y for computing the trensaittance from Eq. (8) with
do and dq set at 0.6 and 0.7, respectively:

Vs Y(0.6 0082 +0.7) .

The chaloe of dy and d¢ requires that vy is the tremsmittance ror cos Z = 0.5.
Initially adoptad values of Y are indicated in the first list of Y's in Table 5.
After the preliminary ocomputations with the initial cloud
categories and v 's, the estimates of insclation were examined by cloud categary.
onuumammgm,mmmmmvhunm
sccordingly. However the oconstants d, and d¢ (Eq. 8) also were altered 0 as to
define Y as the cloud trensmittance for an overhead sun (cos Z = 1.0). Thus, the
second set of transmittances that appesr in Tatle 5 wére altered both to
ocompensats for observed biases and to normalize to an overhead sun. This sscond
set of treansaittances (along with ¥ = v (0.7 cos Z + 0.3)) was used for the
interactive data tests, using stellite imagery for cloud parameter specification.
Conputations with the second set of cloud trensmittances were
separated into three categariess CLEAR (€0.1 cloud amount), CLOUDY (20.9 cloud
amount), and the REMAINDER. Most of the data fell in the latter category.
Regression results for the latter ostegory were simflar to those obtained
previously. Regreasion analyses for the CLOUDY oategory were ssprising L chat
the explained variance was vary low. As a result of the relativaly poor Job of
fitting the CLOUDY cases, alterations were sovght for improvement of the
parameterization. To obtain a basis for a modifisd paremeterization, the
regression coefficients and the observations were introduced into the regression
expreassion. Salition for the Y 's was achisved by inverting the regression
expression., At the same time, sarface repats were 1sed to divide the LOW cloud
category into strutifors and cusuliform. Much of the MIXED cloud category was
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placed either into one of the LOW categories ar the MID category, according to the
observed ceiling. The redefined y's that appear as the final listing in Table 5 were
based only on a single computational step rather than an interactive procedure. -
They remresent effective empirical transmittances, dependent on the axface
observaticrs, i=at were designed to yield improved estimates of daily insclation
from the model adopted.

Figura 8 illustrates several of the effective cloud transmittances
(total direct and diffuse) as a functica of the cosine of the salar zenith angle. For
comparison, some of the theoretical computations by Lioul5 are included in Figure
8. The large discrepanc ietween transmittances for the cumulus category results
to some extent from th. fact that the observations are available only for partial
cloud covers and include ¢nhanced scattering from cloud walls.

In addition to the changes in cloud categories, some of the
transmittances were increased by a significant amount. An objective analysis of
the manner in which all of the cloud categaries would be identified in the satellite
data was not completed. Nevertheless, the impact of revised cloud categories of
the SOLMET data was to improve the insalation estimates,

5.3.3 Final Adjustment .

Inasmuch as the regression coefficients were determined in a
least squares procedure applied .to the logarithm of the insclation, it was.

~considered likely that a statistical bias could result in average underestimates of

the insalation itself (when applying the coefficients). A possible method to avaid
such bias is to apply a nonlinear least squares regression analysis directly to the
insalation form of the equation (see Eq. 13), in which the coefficients all appear
witlin the argument of an exponential term. In this approach the attempt is to
obtain coefficients that minimize the residual insalation standard deviation.
Figwe 9A shows the resulting distribution of estimated and observed daily
insalation based on nonlinear regression with data for the best local hour, 1200-
1300. For comparison, Figure 9B shows the disiribution for estimates derived after
the usual linear regression on the logarithm of the insolation. It appears that the
nonlinear technique did not result in a superior estimate (slightly worse in this
case). Thus it is likely that any residual estimation bias, if not from physically
inadequate parameterization, might arise from the statistical association of data
for any one hour with that for the entire day. Far example, if three separate hours
are invalved in separate estimations of the daily insalation and all show cloudy
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conditions, then each estimate will be slightly biased because each regreasion will
include clear data for other hous rather than considering the specific joint
observation at the other two estimation hours, If treated simultaneously in a jint
regression, the fact that all three hours were cloudy would indicate a much better
chance for the entire day being cloudy and would result in lower magnitude than
for the individual hourly treatments, Similarly, the singls equation might give
higher magnitudes for clear sky conditions than does the weighted sum of individual
estimations. These possibilities suggest that the weighting factars to be applied to
individual hourly estimates of daily insclation should take into account the known
prevailing sky conditions at all (three) times of daily estimation.

If residual estimation b'as is sufficiently large, it can be removed by
an approximate correction applied directly to the estimate for a given hour. This
can be accomplished in the fallowing manner where Ej, is the criginal estimate and
E)' is the revised estimate:

Ey'= ¢+ 01 Eg + c2 By 4~ - - (19)

In effect, only a slight linear rotation may be required. The
coefficients in (19) are determined by specifying values of E)’ from the observed Fg
in the dependent datasets. Subsequently, the revised estimates of Fg, through E),
can be applied to the estimates that are obtained for the weighted combination of
data from three differert hours, Alternatively, Eq. (19) could be applied directly
to a weighted estimate of the daily insalation. '

TABLE 5

INITIAL AND REVISED CLOUD CATEGORIES
AND TRANSMITTANCE FACTORS

INITIAL® SECOND#®# FINAL#®#

CATEGORY DESCRIPTOR DESCRIPTOR

1 CLEAR 1.00 .98 CLEAR

2 HIGH b6 .80 HIGH

3 MID w/wo HIGH S0 63 Cu

y FOG; OBSCURATION .40 S50 MIXED

5 LOW 33 0 MID w/wo HIGH

6 MIXED 22 .35 ST

7 THICK B .22 THICK
& s 006 +* 0-7

&8y =0.7 +0.3
36
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5.4 Interactive Tests From Satallite Photographs
To conduct a limited "operational” test of the technique for estimating

total daily insalation, harvi oopy prints of restricted satellite imagery were supplied
to the interactive analyst. Prints were generally avaiflable at resclutions of about
8km or lower, with three to four infrared images considered acceptabls and with
only a singls visible print allowed in the test. Use of the low resclution single-
channel GOES infrared data was expected to yield estimates inferior to those
determined from SOLMET data. Nevertheless, the tests indicate the overall
adequacy of the approach. Of course, when the model with the SOLMET data was
formulated, it was not geared to the interactive analyst woarking with data at
relatively low resalution. Independent data for testing the dafly insalation
estimation technique were acquired for a spring period (15 April to 15 May 1979)
and a summer period (August,1979). Ten SOLMET stations were used, distributed
in high plains (Midland, Dodge City), the prairie (Bismark,0maha, Columbia), the
southeast (Nashvills, Montgomery, Raleigh) and the Ohio Valley (Indianapalis,
Pittsburg). Far each station on each day, observations of cloud amount and type
were made from GOES full-disk IR imagery at times approximating those of the
two palar orbiting satellites (3 a.m., 7 a.m., 3 p.m., 7 p.m.). One early afternoon
visible image was used as well. In addition, dewpcints were recorded from
hemisphere surface maps for each observation time, for use in the precipitable
water term. |
5.4.1 Spring Tests

SOLMET insclation data were only available for 196 of the 300
"station-days" for which data were collected. Three of the four observation times
were used (early a.m., late p.m. and evening). Tach »f Lae three observations was
applied to the particular predictive equation coresponding to the time of the
observation. This ylelded three differing predictions® of the daily total insclation.
The three values were combined into a single estimate through weighting

"Implicit in the development of each estimation equation is the tacit assumption
that conditions observed at that hour will prevail throughout the day. A daily
average of the cosine of the salar zenith angle is included in the parameterization.
Regreasion results appear to be relatively insensitive to changes in the effective
solar zenith angle included.
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tachniques (the sum of the products of estimates and weighting factars divided by
the sum of the weighting factars). The weighting procedure emphasizes the values
closest to noon, the best time for estimates of daily totals. One technique used the
mﬂaﬁmmmmmudwimwwummm
in the developmental stage, as the weights, A second technique modified each of
these weights by multiplioation with the additional facter (1 + (o0s Z/00s Zyy)]
where the cosine of the salar zenith angle, ocs Z, refers to the average for the
particular hour whereas cos Zy x refers to the solar noon value.

As an additional test, uss was made of a single predictive
equation with regression coefficients based on the incorparation of all three
observations at the three different times in one regression expression. Only one
estimate of the daily total insolation is obtained, and no weighting is invalved in
this technique.

5.4.2 Sum mer Tests

The summer tests were oconducted in the same manner as the
spring tests, and with about the same ratio of actual data matches to the total
numbers of estimates (198 to 310 station days for summer). In addition to the
three weighting methods (combining daily wstimates from three separate
observation times, and the single predictive equation), a third weighting method
was introduced for the sum mer tests., This last weighting method was intended to
be free of the specific regreasion results and thus did not invalve the corelation
coefficients, It did include the cosine of the maximum solar zenith angle (a
function of latitude and declination) and the cosine of the solar zenith angle for the
hour of estimation. Therefore, the non-corelative weighting method employed the
weighting factor

[‘I.‘I cos ZMx +GOBZ]

In this expression the cosine of the solar zenith angle could be allowed to become
negative, since the coefficient of cos Zux would prevent the total weighting
factar from becoming negative. '
During the interactive analysis for the summer season it was
poasible to introduce significant ervors in transition from a satellite image to a
representative parameterization of cloudiness at a local point. Moet of the thick
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adloudiness was of the convective type with considerabls variation over shart
distances. This may have contributed to some degradation in quality of the
sum ner results as compared to those of spring.
5.4.3 Resuits From Interactive Tests
Tahble 6 summarizes the spring and sum mer test results obtained
with the different weighting methods. In both tests the three-equation (individual
hourly regressions) models with weighting of each daily estimate performed better
than the single equation model (single regression for com bination of hours), at least
in terms of corelation and the standard deviation of the residual. The bast result
in both tests stems from the modified correlation weighting procedure, but a test
with the non-carrelative weighting showed about the same results

. Table 6
RESULTS FROM INTERACTIVE TEST WITH SATELLITE IMAGERY

CORRELATION RATIO: Residual RMS
Estimated-Observed To Observed Mean

WEIGHTING METHOD ' Spring Summer Spring Summer
TEST 1 (Carrelation weighting) 0.903 0.819  0.191  0.184
TEST 2 (Modified carelation weighting) 0.904 0.836 0.185 0.178
TEST 3 (Single pridictive equation) 0.888  0.794 0.239 0.184
TEST 4 {Non-carrelative weighting) —— 0.831 —— 0.179

In general, it was anticipated that clear-day insalation would be
underestimated somewhat, while cloudy-day insalation would be overestimated.
For the interactive tests, the second or intermediate set of cloud categories and
transmittance factars was used (see Table 5). Some difficulty was expected with
an interactive "estimate” of cloud amount; such estimates usually invalve a
regional averaging because of the impracticality of pinpointing a useful local cloud
amount from a full disk-image. With the imagery available, cloud amount was
specified only to the nearest quarter of the sky. Neverthelass, even though
optimum data were not used and not all of the recent model improvements were
included, the summary in Table 6 indicates that the interactive tests were quite
successful.
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Figue 10 {llustretes results for the spring test and Figure 11
shows the sum mer results. Although the spring remilts show much less bias than
those of the sum mer test, and show higher carrelation, the ratio of the eror to the
observed mean is actually a bit smaller for the simmer test. With the higher
sunmertime mean this is so0 despite the more obvious bias in the sum mer results
(somewhat exaggerated by the scales). Figure 12 shows another estimate for the
sunmer test data, this time using the three hour combined regression equation
(single predictive equation). This result shows less-biased estimates (in the
extremes) than those in Figure 11, although the correlation is lower and the RMS a
little larger (see Table 6). Not shown is the fact that the average deviation
(absolute) of estimate from otservation was actuslly smaller for the single
predictive equation. Future development should reexamine the possibility of
adjusting the single equation approach, with modification, as an alternative to
improving the weighting factors for individual hours,

5.5 Final Regression Model Results
SOLMET data were split into three groups for final analysis
Decenm ber-January-February-March(winter), April-May-0ctober-Noven ber(spring-
fall), and June-July-August-September(summer). The spring-fall combination
subsequently was separated into spring and fall subgroups, each about half as large

as the winter and summer groups. Attenuation regresiion coefficients, along with
their standard errors, are listed for each hour of the day in Tables 7a~d. The

nmumber of observations invalved in each hourly-daily analysis showed a minimum
after midnight and a maxinum in mid-afternoon for all seasons. In terms of the
estimated insclation itself, after exponentiation with the derived coefficients, the
carrelation coefficients between estimated and observed insclation are determined,
as are the standard deviation of the residual differences, These terms are included
in the tables.

Seasonsl changes in the estimation observation statistics are evident.
Coarrelation coefficients, disregarding the nighttime values, are much tiv. same in
spring and summer, highest in fall, and almost as high in winter. The standard
deviation of residual differences, or standard residual, shows a general inverse
relationship to the cavelation. It was smallest during the fall and wintar, During
the important spring and sum mer seasons, the ratio of the standard residual to the
mean observed insalation becomes smaller in summer with the higher observed
means.
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TABLE Ta
SPRING

SUMMARY OF DAILY INSOLATION COEPFICIENTS DETERMINED PROM
REGRESSION ANALYSIS FOR AVERAGE BACKGROUND ONTERCEPT),
WATER VAPOR SLANT PATH, AND CLOUD ATTENUATION PARAMETERS

NUMBER
HOUR OF OBS
01 641
02 641
03 1141
o4 1187
05 1187
06 = 1356
o7 1502
08 1464
09 1487
10 1521
(: 1504
12 1549
13 1585
11 1575
15 1591
16 1604
17 1556
18 1541
19 1546
20 1417
21 1332
22 1318
23 1179
24 T46

Standard errors are in parenthsses
(249) ('f’

INTERCEPT PATH cloup
0.7214 (0.05T) «0,0205 (0.019) 0.5505 (0.054)
0.6706 (0.056) <0.0185 (0.019) 0.6116 (0.055)
0.6064 (0.041) 0.0089 (0.014) 0.6991 (0,042)
0.5872 (0.039) 0.0128 (0.014) 0.6967 (0.040)
0.5409 (0.039) 0,0247 (0.014) 0.7417 (0.041)
0.4771 (0.034) 0.0335 (0.012) 0.8127 (0.037)
0.4508 (0.031) 0.,0278 (0.011) 0.9090 (0.034)
0.4118 (0.030) 0.0249 (0.010) 1.0642 (0.034)
0.3654 (0.027) 0.0323 (0.009) 1.1678 (0.031)
0.3390 (0.025) 0.0345 (0.009) 1.2l56 (0.029)
0.2965 (0.023) 0.0377 (0.008) 1.3682 (0.028)
0.2666 (0.022) 0.0436 (0.007) 1,4058 (0.027)
0.2427 (0.021) 0.0497 (0.007) 1.4344 (0.026)
0.2047 (0.020) 0.0603 (0.007) 1.5110 (0.026)
0.2176 (0.021) 0.0671 (0.008) 1.4454 (0.027)
0.2442 (0.022) 0.0667 (0.008) 1.3848 (0.027)
0.2584 (0.024) 0.0660 (0.008) 1.3701 (0.030)
0.3205 (0.025) 0.0525 (0.009) 1.2659 (0.032)
9.3853 (0.027) 0.0389 (0.010) 1.1641 (0.033)
0.4269 (0.030) 0.0298 (0.011) 1.1182 (0.036)
0.4744 (0.033) 0.0230 (0.012) 1.0388 (0.038)
0.5208 (0.034) 0.0167 (0.012) 0.9693 (0.038)
0.4394 (0.037) 0.0670 (0.010) 0.9018 (0.045)
0.5956 (0.044) =0.0037 (0.016) 0.7598 (0.049)

HOUR = Localtime at end of howr

CORR = Carrelation between estimated and observed daily insclation
STD RES = Standard deviation of residuals (kj m=2)

by

0.83
0.78
0.74
0.70
0.67
0.64
0.59
0.58

6182
5912
5537

4583
4170
3784
354
3341
3356
3595
387
4239
4695

5414
5691
5891
6233
5998
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TABLE T©
SUMMER

SUMMARY OF DAILY INSOLATION COEFFICIENTS DETERMINED FROM
REGRESSION ANALYSIS FOR AVERAGE BACKGROUND ONTERCEPT),

WATER VAPOR SLANT PATH, AND CLOUD ATTENUATION PARAMETERS

NUMBER

HOUR OF OBS

1325
1325
2197
2283
2289
2152
3045
2961
3028
3077
3049
3203
3254
3225
3274
3283
3173
3156
3152
2823
2706
2692
2331
1589

Standard evors are in parentheses

m'r(?)h CEPT gf_?rg_ %E%u D
0.4217 (0.043) 0.0556 (0.011) 0.4996 (0.032)
0.4136 (0.043) 0.0557 (0.011) 0.5279 (0.032)
0.5189 (0.031) 0.0329 (0.008) 0.5885 (0.026)
0.5035 (0.030) 0.0345 (0.008) 0.6019 (0.025)
0.4669 (0.029) 0.0403 (0.008) 0.6617 (0.025)
0.4114 (0.024) 0.0421 (0,006) 0.7400 (0.022)
0.4270 (0.023) 0.0308 (0.006) 0.7751 (0.020)
0.3918 (0.022) 0.0317 (0.006) 0.9174 (0.020)
0.3676 (0.020) 0.0311 (0.005) 1.0081 (0.019)
0.3533 (0.018) 0.0285 (0.005) 1.1042 (0.018)
0.3299 (0.017) 0.0284 (0.004) 1.2350 (0.018)
0.3074 (0.015) 0.0311 (0.004) 1.3056 (0.016)
0.3159 (0.015) 0.0312 (0.00%) 1.2673 (0.016)
0.2856 (0.015) 0.0376 (0.004) 1.3304 (0,017)
0.2744 (0.015) 0.0436 (0.004) 1.3039 (0.017)
0.2975 (0.016) 0.0422 (0.004) 1.2235 (0.018)
0.2994 (0.017) 0.0454 (0,005) 1.1911 (0.019)
0.3318 (0.019) 0.0457 (0.005) 1.0578 (0.021)
0.3832 (0.021) 0.0395 (0.006) 0.9447 (0.022)
0.4103 (0.024) 0.0388 (0.006) 0.8952 (0.025)
0.4239 (0.026) 0.0426 (0.007) 0.7785 (0.025)
0.4661 (0.027) 0.0372 (0.007) 0.7027 (0,025)
0.3918 (0.029) 0.0665 (0.007) 0.6531 (0.029)
0.4637 (0.033) 0.0432 (0.009) 0.5447 (0.030)

HOUR = Local time at end of howr
CORR = Carelation between estimated and
STD RES = Standard deviation of residuals (kj m

45

od dafly insolation

CORR STD RES

0.59
0.60
0.60
0.62
0.64
0.70
0.73
0.76
0.8¢
0.83
0.87
0.89
0.89
0.89
0.86
0.86
0.83
0.78
0.74
0.69
0.66
0.64
0.60
0.61

5610
5563
5664
5535
5372
4970
4796

4156
3803
3436
3160
3164

32u7

4296
4704

5483
5718



TABLE 7e
FALL

SUMMARY OF DAILY INSOLATION COEFFICIENTS DETERMINED FROM
REGRESSION ANALYSIS FOR AVERAGE BACKGROUND OINTERCEPT),
WATER VAPOR SLANT PATH, AND CLOUD ATTENUATION PARAMETERS

Standard errors are in parentheses
NUMBER (ap) (aq) (a2
QUR OF OBS INTERCEPT PATH CLOUD CORR STD RES
01 603 0.6111 (0.071) 0.0583 (0.019) 0.4744 (0.050) 0.62 4310
02 603 0.5886 (0.070) 0.0602 (0.019) 0.5154 (0.051) 0.63 4271
03 999 0.6279 (0.055) 0.0408 (0.014) 0.5958 (0.041) 0.65 4082
o4 1034 0.5751 (0.052) 0.0477 (0.013) 0.6383 (0.038) 0.69 3913
05 1003 0.5550 (0.052) 0.0499 (0.013) 0.6697 (0.038) - 0.70 3786
06 1M 0.5355 (0.045) 0.0462 (0.012) 0.6952 (0.034) 0.75 3713
07 1311 0.4960 (0.039) 0.0435 (0.011) 0.7789 (0.030) 0.79 3u25
08 1292 0.4463 (0.039) 0.0423 (0.010) 0.8522 (0.030) 0.81 37T
09 1395 0.3868 (0.032) 0.0394 (0.009) 0.9590 (0.027) 0.85 2821
" 1417 0.3586 (0.031) 0.0367 (0.008) 1.0185 (0.025) 0.89 2461
i 1385 0.3210 (0.029) 0.0394 (0.008) 1.1035 (0.024; 0.91 2155
12 1447 0.2882 (0.026) 0.0442 (0.007) 1.1678 (0.022) 0.93 1927
13 1471 0.2658 (0.025) 0.0449 (0.007) 1.1818 (0.021) 0.9 1869
14 1448 0.2787 (0.025) 0.0473 (0.007) 1.1961 (0.022) 0.93 1941
15 1474 0.3010 (0.026) 0.0476 (0.007) 1.1537 (0.023) 0.92 2133
16 1493 0.3395 (0.027) 0.0458 (0.008) 1.0989 (0.023) 0.90 2374
17 1420 0.3505 (0.030) 0,0500 (0.008) 1.0811 (0.026) 0.87 2635
18 1378 0.3624 (0.03%) 0.0562 (0.009) 1.0184 (0.028) 0.85 2917
19 1372 0.3989 (0.036) 0.0540 (0.007) 0.9543 (0.028) 0.83 3105
20 1221 0.4403 (0.042) 0.0494 (0.011) 0.9042 (0.032) 0.79 3293
21 1165 0.4829 (0.046) 0.0438 (0.011) 0.8298 (0.034) 0.77 3421
22 1169 0.5656 (0.047) 0.0303 (0.012) 0.7652 (0.035) 0.75 3573
23 1078 0.5366 (0.055) 0.0721 (0.011) 0.6410 (0.041) 0.69 3913
24 651 0.5807 (0.063) 0.0482 (0.017) 0.6052 (0.048) 0.68 3926

HOUR = Local time at end of howr
CORR = Carelation between estimated and observed daily insalation
STD RES = Standard deviation of residuals (kj m
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Standard errors are in parentheses
NUMBER (ag) (ay) (a2)
UR OF OBS INTERCEPT PATH CLOUD CORR STD RES
1 1658 0.5878 (0.035) 0.1362 (0.013) 0.3258 (0.032) 0.56 4673
2 1658 0.5705 (0.035) 0.1349 (0.013) 0.3546 (0.033) 0.57 U645
3 2800 0.5968 (0.027) 0.0906 (0.009) 0.4197 (0.025) 0.62 4460
4 2880 ~0.5688 (0.026) 0.0887 (0.009) 0.4592 (0.024) 0.65 4398
5 2812 0.5259 (0.027) 0.0929 (0.009) 0.5118 (0.024) 0.67 4261
D 2993 0.4865 (0.024) 0.0988 (0.009) 0.5403 (0.022) 0.70 4123
{ 3251 0.4407 (0.022) 0.0984 (0.008) 0.5903 (0.020) 0.74 3913
3 3227 0.3873 (0.021) 0.0938 (0.008) 0.6832 (0.020) 0.77 3662
9 3490 0.3315 (0.018) 0.0894 (0.007) 0.7745 (0.018) 0.82 3290
) 3552 0.3170 (0.017) 0.0851 (0.006) 0.8169 (0.017) 0.85 3035
| 3461 0.3017 (0.016) 0.0781 (0.006) 0.8978 (0.017) 0.88 2729
2 3520 0.2748 (0.015) 0.0815 (0.006) 0.9527 (0.016) 0.90 2470
3 3N 0.2586 (0.014) 0.0814 (0.005) 0.9963 (0.015) 0.91 2314
4 3512 0.2513 (0.015) 0.0850 (0.006) 1.0184 (0.015) 0.92 2280
5 3582 0.2563 (0.015) 0.0923 (0.006) 0.9907 (0.015) 0.91 2410
6 3623 0.2795 (0.015) 0.0959 (0.006) 0.9340 (0.016) 0.89 2646
7 3492 0.2901 (0.017) 0.0970 (0.006) 0.9078 (0.017) 0.87 2902
8 3470 0.3180 (0.018) 0.1007 (0.007) 0.8362 (0.018) 0.84 3221
9 3476 0.3636 (0.018) 0.0946 (0.007) 0.7803 (0.018) n.82 3435
0 3124 0.3928 (0.021) 0.0906 (0.008) 0.7509 (0.020) 0.78 3619
1 2982 0.4366 (0.023) 0.0861 (0.008) 0.6923 (0.021) 0.75 3763
2 2996 0.4847 (0.023) 0.0752 (0.008) 0.6492 (0.021) 0.73 3893
3 2825 0.4983 (0.025) 0.0688 (0.007) 0.6368 (0.023) 0.71 3985
4 1882 0.5209 (0.028) 0.0688 (0.011) 0.5285 (0.028) 0.69 4078

TABLE T7d
WINTER

SUMMARY OF DAILY INSOLATION COEFFICIENTS DETERMINED FROM
REGRESSION ANALYSIS FOR AVERAGE BACKGROUND ONTERCEPT),

WATER VAPOR SLANT PATH, AND CLOUD ATTENUATION PARAMETERS

HOUR = Localtime at end of hour
CORR = Coarelation between estimated and observed daily insalation
STD RES = Standard deviation of residuals (kj m=2)
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The standard erors of the regression coefficients are included
parenthetically after each coefficient in the tables, Only the few of the nighttime
water vapor path coefficients during spring (especially the negative values) are
insignificant., Otherwise, the daytime water vapor path coefficients are smallest in
summer and largest in winter. The most impoartant coefficient, for the cloud
transmittance ternm, is largest in spring and declines with season to smallest values
in winter. mtaceptstmdtobesmanastinmandwmnrandminran
and winter.

ALl coefficients vary diumnally. Near midnight, the explained variances
and carelation cofficients reach low levels, in many instances dropping below the
variance associated simply with the changing saolar zenith angle. Below such a
ﬁmmnhmm'ﬂmmwmmrwmtmcmtam
little useful information for estimation of the tots1 daily insolation.

Figures 13-16 {llustrate distributions of estimated and observed daily
insalation, based on the regression results that are available for the hour 1200-1300
during each seasonal period. These llustrations give a good view of the scatter and
residual bias in the data distributions for this optimal hour. In application, the
daily estimate would be based on a combination of estimates from three different
times. A distribution of such results would resemble the distributions lustrated.

5.6 Independent Data Tests
5.6.1 Independent SOLMET Data

Two months of SOLMET data, for an April and a May, were
withheld from the final regression analysis (dependent data) so that they could be
used as a sowrce of independent data for checking results, Two tests were made
with these data, by using information taken from three different hours (simulating
data coverage from two palar-orbiting satellites), The only difference between
tests was a one-hour shift in the time of the central data input, from the 1300-1400
local hour to 1400-1500. In each case the results were weighted in accordance with
Egqs.(16) and (17). Far these tests the latest or "final" version of the cloud
categories and transmittance factors (see Table 5) was used. For one of the tests,
an adjustment to remove bias, in accordance with two terms of Eq. (19), was
attempted with factors based on the empirical dependent data for spring.
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Results for the tests with independent SOLMET data are shown in
Figue 17a, b, and c. In the statistical sense it must be concluded that the tests
were certainly satisfactory, even though satellite inputs were not actually used
here. The shift in the midaftermoon data sowrce by one hour had a slight but not
especially significant impact on the results. The adjustment to remove the
regression bias improved the RMS by 8 percent and visibly improved the sym metry
of the distribution. The btias correction here was linear, for the three constituent
hours. A non-linear or step-function >arection might improve the results further,

5.6.2 Independent Digital Infrared Satellite Data

The aim of using digital multispectral data from an operational
palan-crbiting satellite is an automated technique for insclation estimation
invalving cloud attenuation information. The initial step of specifying cloud types,
for the parameterization of cloud transmittances was designed and tested as
discussed in the Appendix.

Of most importance {or an automated operational procedure is
the availahility of an objective cloud type specification, Data from seven channels
of the operational HIRS sounder were selected for analysis toward this
development. Tt was assumed that high resclution AVHRR data might be used with
a threshalding method to define a corresponding cloud amount. Ultimately, both
cloud type and amount for a given resalution (say 40 km) could be passed along to
the interactive analyst, who could assimilate this information with whatever
imagery was available for making final estimates.
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6.9 CONCLUSIONS AND RECOMMENDATIONS
Results obtained from analyses of SOCLMET data as well as tests have

demonstrated the feasibflity of implementing an operwtional algorithm for
estination of insalation on the basis of polar-arbiting satellite data. Surfrce data
or other satallite data could be used as well. Cloud amount and cloud type are the
prinary predictors. Total water vapor is much less significant statistically, but the
~wwwwnhwmmmm(wwm,wm
above sea lsvel) as well as slant path (through sec Z). When diunal variations are
excluded in anslysis, there is much less variance in the water term. To some
extent there is also a built-in compensation on the optical thickneas: the larger the
averuge slant path due to latitude, the smaller is the optical thickness dus to
water vapor.,

Jenerally, the selection of parameters has not led to any obvious conclusion
on the spatial bias, if any. Some examination of regeasion coefficients has shown
no ooherent patterm of a geographical or site-specific dependency. On the other
hand, any reconsideration of spetial bias will require a closer look at the
geographical variation of diurmal and seasonal insclation distributions, which can
depart from normal distributions. A ssasonal separation of regression coefficients
has already been adopted.

The present technique makes use of a set of regression coefficients for each
hour (during any given season) to provide an estimate of the total dafly insalation
for the closest daytime period. For application to any location covered by a palar-
orbiting satellite, all that is required, in addition to the pertinent hourly regression
coefficients, is the time, latitude, and salar declination (assuming that the incident
solar flux across a horizontal sxface at the top of the atmosphere is known).
Mmmmmwmammoonmnedﬂmmwdm factors that depend on
the existing and maximum solar zenith angles.

The present method requires that the analyst supply three pieces of
information: the gross cloud type, the cloud amount, and the total precipitable
water or suface dewpaint. Initially the cloud type and amount will be detcrmined
by an analyst using an interactive system displaying satellite imagery. The
feasihility of this approach was demonstrated in the interactive tests of Section
54. If not avaflabls from satellite sounder profiles of mixing ratio, the
precipitable water quantity can be acquired from NMC analysss or from
climatological valuas if no other sowvce is avaflable. For each time of satellite
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coverage, tabulated regression coefficients are applied to the three paranmeters to
obtain estimates of daily insclation. Reaults for the seversl hows are weighted to
arrive at a singls daily estimats. The interactive analyst can use his knowledge of
atmospheric disturbances and their characteristic cloud signatures to alter
weighting fotars if he believes the available cloud observations do not acourataly
represent the day as a whals for any particular location. Similarly, the bias
introduced by the regreasion process which results in the overestimation of
insalation on mostly cloudy days and the underestimation of insalation on :ostly
clear days can be removed if the analyst detects either of thess two situations and
compensates accordingly.

It is likely that algoritom improvements can be accomplished with improved
parameterization and weighting. Aslong as suface data are used in the estimation
process, sxface dewpaints can be used (as estimators of total precipitabls water).
However, an aitermnative is required from satellite data. At the present time it
appears that the retrieved mixing ratios that are included in the TOVS product
should be applied, but other measures might be found also. Mare work is required
on the cloud parameters, with possible consideration of an automated treatment of
the larger scale cloud oarganization (helpful for fflling in gaps between polar-orbiter
data coverage). Reflectance data, both of cloud and of the surface, should be
introduced even if limited to a single time each day. When availabls, the diumal
range of- temperature can be used as an additional estimator of daily insclation or
at least as a check on the estimated insolation. '

One step in the improvement proceas is to engage in iterative regression to a
geater extent that was done here. In cther words, first salutions of coefficients
are used to infer cloud parameters, and the inferred cloud parameters are then
used to obtain new coefficients, with the process continuing until a convergence is
obtained. Furthermare, if the final results tend to be nonlinear, departures of the
estimates flrom the original obeervations can be used in another regression to
eliminate the bias.

As the polar-arbiting satellite data are used in the algorithm, it will be
beneficial in the learning stage to match ‘he satellite data with the SOLMET data.
This will provide the most direct link to ti» desired parametears. When interactive
procedures are used, it may be most profitable far the analyst to estimate
parameters over the sites of interest at other times than those of satallite pussags.
In fact, the times can be fixed near noon, x at critical denartures from noon 80

that fixed weights can be applied.
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Other stallite data, at high resclution, could be used to estimate a specific
aloud amount and temperature. Reailts for each grid elsment could be stored with
the TOVS product sum mary. Surface refisciance data should be added to permit an
additional oorrection to the insclation estimation when necessary (e.g., with a fresh
oW ocover).

Finally, the SOLMET stations with both direct and diffuse sclar rediation
acasrenents should be examined separately to enubls a direct-diffuse irrediance
ssparation. This separation should lead ultimataly to a better insalation estimation
algorithm, especially for cloudy and partly cloudy conditions.

It is recomn mended that action be taken to complste the development of the
use of the HIRS data in the specification of cloud parameters. Results or
sum maries derived therefrom, even if not used in an automated analysis, would aid
in the decision making process of the interactive analyst.
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APPENDIX: HIRS DATA ANALYSISFOR CLOUD TYPE -

As a first step to the analysis of HIRS data into classes related to cloud
parametars of interest for the estimation of insclation, cloud targets had to be
selected on the basis of known cloud types. Prints of GOES imagery were acquired
to assist is the selsction of the cloud targets, with initial emphasis on cloud type
rather than specific amount. These selections represent the first phass of a
supervised cluster analysis. In effect, the cloud specifications, in terms of
previously established cloud type categaries, constituted the cloud truth for the
study. :
From all avaflable HIRS infrared data, seven channels, centered at wave
numbers of 705, 732, 748, 901, 1218, 2191 and 2210 em~1, were selected initially
far further analysis. An effort was made to avoid exceasive duplication in channel
response, but to Gzirtain a minimum number of channels consistent with the
described number of cloud types, Data from each selected channel were limb
carrected; selected printouts were made in terms of scanlines and scanspots. The
application of latitude and longitude grid lines to the printouts makes it possible to
check the accuracy of data locations and matchups., A gray-scaled printout of
infrared window data from HIRS can be checked readily against the gridded 1mage
of the GCES infrared window.

Initial cloud types were defined so as to avoid ambiguities as much as
possible. Six adopted types were CLEAR, HIGH, MID, LOW, MIXED and THICK. A
stepwise .multiple discriminant analysis was applied to the HIRS data (using the
seven channels as predictors to specify six cloud types). Table A-1 sum marizes the
results obtained from the SPSS discriminant analysis package as applied to a June
26,1980 data swath(NOA A-6 satellite). It is apparent that clear skies over codl
water were interpreted as low clouds in a number of cases, The HIGH category
shows same spread associated with variations in opacity. As might be expected,
the MIXED category sometimes is assigned to a particular cloud type. |

Figure A-1 is a plot in the space of the first two discriminant functions. Sets
of coefficients derived far each function are applied to each observation in
determination of the category. Separation of data points, each assigned a cloud
category, is apparent in Figure A-1, but distances between groups are not large.
The same discriminant functions were applied in an independent test to HIRS data

A-1 .-



TABLE A-1

SUMMARY OF INITIAL CLOUD CLASSIFICATIONS FROM

HIRS/2 MULTISPECTRAL SCANSPOT DATA

CLASSIFICATION RESULTS -

NO. OF

ACTUAL GROUP CASES
CLEAR 1 62
HIGH °2 2y
MID 3 17
( low 4 22
 MIXED 5 43
THICK 6 32

PREDICTED GROUP MEMBERSHIP

PERCENT CF GROUPED CASES CORRECTLY CLASSIFIED

1 2 3 4 5 6
51 0 0 0 0 0
82.3 0.0 0.0 17.7 0.0 0.0
1 19 2 2 0 0
4.2 79.2 8.3 8.3 0.0 0.0
0 0 16 0 1 0
0.0 0.0 94,1 0.0 59 0.0
0 0 0 22 0 0
0.0 0.0 0.0 100.0 0.0 0.0
0 1 2 1 39 0
000 203 uo7 203 90-7 . 0-0
0 0 0 0 1 31
0.0 0.0 0.0 0.0 3.1 969

89.00
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from 0030-0215 GMT, 30 June 1980, over eastern North America and the coastal
Atlantic. A complete distribution of predicted cloud types is shown in the printout
displayed in Fig. A-2. There is little high-quality ground truth availabls for
checking the predicted spatial distribution of types. Some spot checks are possible
from Northermn Hemispheric suwrface charts (not reproduced here). Several such
reports, although not strictly coincident with HIRS data, substantiated significant
classifications. Figure A-31=aeopycta‘vislﬂqp1ntﬁvm GOES imagery from
2315Z, 29 June 1980, approximately one and one-half howrs prior to the sacellite
swath over the Eastern United Statas (0030 to 0045Z, 30 June 80). Later satellite
imagery applies after sunset over the Eastern portion of the area. Several features
apparent in the satellite imagery are well represented in Figure A-2. The large
area of thunderstorms over northern Mississippd ard Alabama is evident as a cluster
of thick clouds (categary 6) in Figure A-2. The precipitation producing clouds over
New York extending into New England are clearly described. The large swirl of
mosaily low cloudiness over the Great Lakes is well represented as is the large clear
area in the Ohio Valley. The clear area ar "dry tongue" extending from Western
New York southwestward into Kentucky can be seen readily. Although other
features are difficult to discerm in the illustrated copy of the GOES image, a
qualitative evaluation of the cloud type estimation model using the ariginal print
indicates considerable success. No doubt improvement would result from the use
of additional multispectral parameters. Therefore, this method should be fully
developed for application.
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