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ABSTRACT

Regression equations were developed relating

global, direct, and diffuse solar radiation to: (1)

potential solar radiation, (2) solar elevation, and (3)

the proportion of sky covered by specific cloud genera or

by opaque and transparent clouds, on both an hourly and a

daily basis. The equations were synthesized from source

data collected at two sites in the ponderosa pine forests

of Arizona.

A subroutine was developed from the derived equa-

tions to be used in conjunction with a computer model that

simulates snowmelt processes. The subroutine predicts the

amount of solar radiation impinging upon a snowpack from

cloud cover, when actual measurements are unavailable.

Sources of cloud cover information for input to the sub-

routine are also discussed.
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INTRODUCTION

In a semiarid region such as the southwestern United

States, efficient use of water is of increasing concern due

to its short supply. Arizona receives much of its water

from snowmelt runoff. Improvement of techniques to forecast

the amount and timing of snowmelt runoff may increase the

efficiency in which this runoff can be used.

To improve prediction methods, recent efforts have

been made to model snowmelt processes through computer

simulation (Leaf and Brink 1973, Solomon et al. 1976,

Leavesley and Striffler 1978, etc.). Many snowmelt models

require the measurement of solar radiation, a source of

energy for snowmelt. Unfortunately, solar radiation

measurements are not routinely available in many cases.

Therefore, a means for estimating this parameter from

readily available information would be useful.

The study described herein was structured to develop

empirical relationships between solar radiation components

required in the simulation of snowpack dynamics and commonly

obtained cloud cover characteristics (e.g., per cent cover,

type).

Several studies have investigated relationships

between the amount of solar radiation reaching the earth's

surface and easily recognizable atmospheric conditions.

1
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As early as 1919, scientists had developed equations

relating solar radiation to cloud cover. Kimball (1919)

related radiation intensity to cloudiness and to duration

of sunshine.

Angstrom (1924) related solar radiation to the per

cent of possible sunshine using measurements taken at the

Swedish Meteorological-Hydrographical Office at Stockholm.

The variation of direct and diffuse solar radiation with the

time of year was also reported in the paper.

More recently, Hamon, Weiss, and Wilson (1954)

presented a graphical method for estimating daily solar

radiation from the per cent of possible hours of sunshine.

The empirical relations that were developed predict incident

solar radiation for latitudes of 25° to 50 0 North.

Tangborn (1978) related cloud cover to the mean

daily range in temperature. He then used the temperature

range to estimate a radiation component.

Other recent works have synthesized empirical rela-

tionships between solar radiation and cloudiness (Thompson

1976, Tabata 1964, Mateer 1963, Black 1956, etc.). By com-

bining similar solar radiation-cloud cover relationships

with existing snowpack simulation methods, an increase in

the ability to forecast snowmelt runoff may be achieved.



DESCRIPTION OF THE STUDY

Previous studies have shown that cloud types vary in

their diffusion characteristics (Twomey 1976, Lacis and

Hansen 1974). Therefore, by classifying cloud types into

groups with similar characteristics, it is possible that

solar radiation-cloud cover relationships may be achieved.

Lumb (1964) developed a series of empirical relationships

for nine categories of cloud cover.

In the study described herein, mathematical

functions have been developed relating solar radiation to

cloud cover by genera, and to opaque and transparent clouds.

The specific objectives of the study are:

Objectives 

1. Develop empirical relationships between the compo-

nents of solar radiation and cloud cover for use in

hydrologic simulation modeling.

2. Incorporate these relationships into a snowmen

model, specifically, SNOWMELT (Solomon et al. 1976).

Study Areas 

Snowmelt runoff from ponderosa pine forests is a

major source of water for many of Arizona's river basins

(Ffolliott and Thorud 1975). The major portion of the

ponderosa pine forests in Arizona extends in a band from the

3
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north-central part of the state along the Mogollon Rim to

the eastern edge of Arizona. The two sites chosen for this

study, Schnebly Hill and Alpine, are located at opposite

ends of this vegetation band (Figure 1). These sites were

chosen to sample the range of spatial variability within

the ponderosa pine forests in Arizona.

Schnebly Hill

The Schnebly Hill site is located at the Schnebly

Hill Road turnoff of Interstate 17, approximately 32 kilom-

eters south of Flagstaff; it is at a latitude of 34° North

and a longitude of 111 0 40' West, with an elevation of 2,100

meters. The site has an average annual precipitation of 607

millimeters and a mean annual temperature of 7.3°C.

Alpine

Alpine is located on the eastern edge of Arizona at

a latitude of 33°51' North and a longitude of 109°8' West.

It has an elevation of 2,400 meters, with an average annual

precipitation of 490 millimeters and a mean annual tempera-

ture of 6.4°C.

Field Procedures 

Field procedures were developed to obtain source

data that reflect: (1) solar radiation and (2) cloud cover.

To divide the global solar radiation into its two

components, direct and diffuse solar radiation, two
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Figure 1. Location of the study sites.
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radiometers were used at each site. One radiometer was used

to measure the gobai solar radiation; the other was fitted

with a shadow band of the design used by Horowitz (1969) to

obtain diffuse solar radiation. Direct solar radiation was

calculated by subtracting the diffuse from the global

radiation.

Cloud cover measurements used in this study were

expressions of per cent cover, type, and thickness. The

approach chosen to obtain these measurements was to obtain

photos of cloud cover at uniform intervals to be analyzed

in the office at a later date. This method has the ad-

vantage of creating a permanent record at low cost with a

minimal amount of time spent on the study area. In

specific, photos were obtained using eight-millimeter time-

lapse cameras (Patton, Scott, and Boeker 1972).

The cameras, equipped with light sensors, were set

vertically to expose one frame every three minutes during

' daylight hours. This interval allowed one 15-meter role of

film to last approximately 12.5 to 18.5 days, depending upon

the day length. Blowers were directed over the lenses to

keep snow and frost from accumulating. The portion of sky

covered by the time-lapse imagery is illustrated in

Figure 2.

The monitoring of cloud cover with a time-lapse

camera at Schnebly Hill was initiated on February 26, 1977

(Figure 3). On March 5, 1977, the monitoring of radiation



Figure 2. Portion of a 180-degree hemisphere (Brown 1962)
covered by the time-lapse imagery.
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Figure 3. Time-lapse camera at Schnebly Hill.
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began. Diffuse radiation was measured with an Epply (180-

degree pyrheliometer) pyranometer under a shadow band

(Figure 4), and the source data were recorded with a Honey-

well strip chart recorder. ' Global radiation was measured

at the top of a 9 meter tower with a Kipp and Zonen solari-

meter (Figure 5), and the source data were recorded by a

Lintronic voltage integrator. Instruments at this site were

located within a compound maintained by the Rocky Mountain

Forest and Range Experiment Station's Forestry Sciences

Laboratory (USDA Forest Service) in Flagstaff.

On March 18, 1977, two Lintronic Dome solarimeters

were installed on the roof of the Alpine Ranger Station

(Figure 6), and the monitoring of diffuse and global solar

radiation was initiated. Both global and diffuse solar

radiation were recorded on an Esterline Angus multichannel

strip chart recorder. The following day (March 19), a time-

lapse camera was installed at a nearby USDA Forest Service

research site to monitor cloud cover (Figure 7).

Although the emphasis of this study was to develop

equations to be used during the snowmelt period, source data

were collected during sample periods throughout the year so

that the equations could be used in any season.

1. The use of trade and company names is for the
benefit of the reader; such use does not constitute an
endorsement or approval of any service or product to the
exclusion of others that may be suitable.



Figure 4. Epply (180-degree pyrheliometer) pyx'anometer and
shadow band at Schnebly Hill.
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Figure 5. Kipp and Zonen solarimeter (top of tower) at
Schnebly Hill.
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Figure 6. Lintronic Dome solarimeters at Alpine.
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Figure 7. Time-lapse camera at Alpine.
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Both sites recorded data continuously through May

11, 1977. Beginning on July 11, 1977, and continuing

through January 19, 1978, the instrumentation at Alpine was

in operation two weeks out of every six. The Alpine station

was again operated continuously from February 17, 1978, to

April 13, 1978.

The instrumentation at Schnebly Hill operated for a

single two-week period beginning July 9, 1977. However,

further operation was discontinued until February, 1978, due

to instrument damage caused by lightning. On February 19,

1978, the radiometers previously used at Schnebly Hill were

replaced by two Lintronic Dome solarimeters, and operation

of the station was continued until April 14, 1978.

Each site was visited at least every two weeks

during monitoring periods to change film in the time-lapse

cameras, change charts on the recorders, and adjust the

shadow bands. Whenever possible, the sites were visited

more often.

Analytic Procedures 

The source data collected were analyzed to obtain

values of solar radiation and cloud cover to be used to

develop regression models.

Determination of Solar Radiation

To calculate solar radiation from the Alpine chart

records, each day's record was divided into hourly segments
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corresponding to Local Apparent Time or Solar Time. Due to

the non-linearity of the Lintronic Dome solarimeter's re-

sponse to varying radiation intensities, hourly totals of

global and diffuse radiation had to be obtained from their

average radiation flux densities for the hour. The voltage

output of the solarimeters was taken at 7.5 minute intervals

and adjusted for the departure of the weighted daily mean

temperature from the calibration temperature using the

following equation (Latimer 1972):

Va = Vo (1 + COT - Tc))	 (1)

where

Va 
= temperature adjusted voltage,

Vo 
= solarimeter voltage output,

C .  = temperature coefficient, -0.21%

1967),

(Anderson

T = weighted daily mean temperature (3 times the maximum

temperature plus the minimum temperature, divided

by 4), and

Tc 
= temperature during instrument calibration (30°C).

The adjusted voltages were applied to the following

equation (Matt and Hutchison 1974):

V
a

A/Va + B + C Va
(2)
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where

q = radiation flux density, and

A, B, and C = solarimeter correction coefficients.

The resultant radiation intensities (in cal-cm
-2

min-1) were averaged to obtain a mean for the hour. The

hourly mean intensities could then be converted to hourly

radiation totals by multiplying by 60 min-hour -1 . Addi-

tionally, the diffuse radiation was adjusted by a shadow

band correction factor to compensate for the amount of sky

obscured by the band. The shadow band correction factor is

calculated by the following equation (Latimer 1972):

F
1

2w1 --cos 3s(to • sin L- sin s + cos L cos s • sin to )
7rr

(3)

where

F = shadow band correction factor,

w = width of the shadow band,

r = radius of the shadow band,

s = solar declination,

L = station latitude, and

to = hour angle of the sun at sunset.

The solar radiation data collected at Schnebly Hill

from February, 1977, through July, 1977, was processed at

the Forestry Sciences Laboratory in Flagstaff. After the

reinstrumentation of Schnebly Hill, the diffuse radiation
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from that station was obtained in the same manner as de-

scribed above for Alpine. The global radiation data were

processed similarly, although only one average voltage

reading could be obtained each hour from the voltage

integrator.

Determination of Cloud
Cover by Genera

The cloud cover, recorded on eight-millimeter film,

was analyzed by projecting single frames onto a screen.

Cloud genera defined by the World Meteorological Organiza-

tion (1956), 2 and estimates for per cent cover for each

genus were obtained from every other frame. 3 In addition,

cloud cover was categorized as opaque or transparent. The

recorded cloud characteristics were averaged over one hour

periods corresponding to Local Apparent Time.

2. Definitions of cloud genera may be found in
Appendix A.

3. There was no significant differenct (a = 0.10)
found between analyzing every frame or every other frame.
(All statistical tests conducted in this study were
evaluated at a 10 per cent level of significance.)



RESULTS AND DISCUSSION

Prediction equations developed in this study were

obtained in two phases. In the first phase, preliminary

study results were obtained using source data from a

selected measurement period in April and May, 1977, at

Schnebly Hill. The resulting equations were used as guides

for selecting mathematical models for the entire study

period. In the second phase, final equations were developed

using source data collected throughout the entire measure-

ment period (February, 1977, through April, 1978) at both

study sites.

Preliminary Relationships 

Three regression equations were initially developed

to define empirical relations of cloud cover to solar

radiation: these equations relate (1) direct, (2) diffuse,

and (3) global solar radiation as the proportion of the

potential solar radiation, to the combined hourly per cent

cover of Cumulus and Stratocumulus clouds. The potential

solar radiation impinging on a horizontal surface was ob-

tained using the following equation (Sellers 1965):

1440 I ,	 2R	 (a/d) (H sin L sin s+ cos L cos s sin H)	 (4)o	1F	 o

18
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where

Ro = potential solar radiation on a horizontal surface

at the top of the atmosphere,

Io = solar constant,

a/d ratio of the sun's mean distance from earth to

its true distance from earth,

H = hour angle of the sun at sunset (radians),

L = station latitude (radians), and

s = solar declination (radians).

Only those cases in which no other cloud types were observed

have been used to develop these equations.

The relationship of Cumulus and Stratocumulus cloud

cover to the ratio of diffuse to potential solar radiation

is illustrated in Figure 8. The corresponding equation

indicates an increase in diffuse radiation as cloud cover

increases to approximately 67 per cent. After that point,

additional cloud cover results in a decrease of diffuse

radiation. This result is generally consistent with

findings reported by Kuz'min (1961), which showed diffuse

solar radiation reaching a maximum at 50 to 80 per cent

cover for low to medium clouds and 100 per cent cover for

high clouds.

The ratio of direct to potential solar radiation is

related linearly to the proportion of sky covered by Cumulus

and Stratocumuls clouds (Figure 9). From a maximum of 67

per cent of the potential solar radiation under cloudless
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skies, direct radiation decreases proportionally with in-

creasing cloud cover to a minimum of 12 per cent under

totally cloudy skies.

Global radiation as a proportion of potential solar

radiation is curvilinearly related to the coverage of

Cumulus and Stratocumulus clouds (Figure 10). With no

clouds, global radiation is 70 per cent of the potential,

which may be considered as the atmospheric transmission

coefficient under clear skies. Campbell and Stevenson

(1977) reported that clear sky solar radiation in northern

Arizona averaged about 78 per cent of the potential. The

lower value obtained in this study might be attributed to

the short measurement period from which it was calculated.

For cloud cover up to 30 per cent, global radiation is

reduced by less than two per cent of the value for clear

skies. Greater cloud cover amounts reduce global radiation

by progressively increasing values.

For purposes of illustration, it was useful to

relate solar radiation to a limited number of cloud types.

However, coverage of several cloud types at one time is

common, and it has been shown that cloud types vary in their

diffusion characteristics (Twomey 1976). Furthermore, solar

radiation reaching the surface of the earth is also a

function of solar elevation (Tabata 1964), which in turn

depends upon solar declination, latitude, and time of day.

Therefore, it seemed necessary to develop multiple
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regressions using the various cloud types combined with

solar elevation to properly index solar radiation. The

resulting equations are:

2
Rglo 

= Rh [O. 878 - 0.0456(h) - 0.297 (Cu) - O. 421 (Sc)

- 0.385 (Cs) 
2 ]

r2 = 0.57

RR [0.847- 0.0536 (h) - 0.505 (Cu) - 0.476 (Sc)
dir	 h

- 0.389 (Ac) - 0.135 (Ci) - 0.511 (Cs) 
2

]

r
2 = 0.69

Rdif = Rh [0.0398 + 0.00731 (h) + 0.204 (Cu) + 0 . 0225 (Sc)

3
- 0.158 (Sc) + 0.197 (Ac) + 0.164 (Ci)

- 0. 121 (Ci) 
3 + 0.105 (Cs) ]

r2 = 0.66

Rdi. r
 = Rh

 [0.845 - 0.0533(h) - 0.482 (Cu+Sc) - 0 . 390 (Ac)

- 0.134 (Ci) - 0.511 (Cs) 
2

I

r
2 = 0.69	 (8)

3
Rdif = Rh [0.0402 + 0.00743(h) + 0.207 (Cu+Sc) - 0.140 (Sc)

+ 0.192 (Ac) + O. 123 (Ci+Cs) - 0 .0768 (Ci) 
3 ]

r
2 = 0.65
	

(9)

where

Rglo 
= global solar radiation,

Rdi
r = direct solar radiation,

diffuse solar radiation,Rdif =

24

(5)

(6)

(7)
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Rh = potential hourly solar radiation,

h = hour before or after solar noon,

Cu = proportion of sky covered by cumulus clouds,

Sc = proportion of sky covered by Stratocumulus clouds,

proportion of sky covered by Altocumulus clouds,

proportion of sky covered by Cirrus clouds, and

proportion of sky covered by Cirrostratus clouds.

These preliminary equations define relationships of

global, direct, and diffuse solar radiation to cloud

genera, the hour before or after solar noon, and potential

solar radiation. The equations include only those cloud

types observed during the measurement period. Solar

declination was not signifidant over the relatively short

measurement period; therefore, it was not considered in the

synthesis of these equations.

The equations show that the atmospheric transmission

coefficient varies during the day as the path length of the

radiation through the atmosphere changes. Under cloudless

skies, global radiation reaches a maximum of 83 per cent of

the potential radiation at or near solar noon (Equation 5).

At lower angles of the sun, the amount transmitted is

smaller; for example, 60 per cent of the potential is trans-

mitted at six hours before or after solar noon. Direct

radiation increases with larger solar elevations (Equation

Ac =

Ci =

Cs =



26

6). However, diffuse radiation increases with smaller solar

elevations (Equation 7).

Not all of the cloud genera possess significantly

different diffusion characteristics. The regression co-

efficients for Cumulus and Stratocumulus clouds (Equation

6) were not found to be significantly different. There-

f6re, the regression model could be simplified to the form

given by Equation (8). Using the same criteria, Equation

(7) was also simplified (Equation 9).

Final Relationships 

Cloud-radiation relationships were developed from

the solar radiation data and cloud information collected

from Schnebly Hill and Alpine during the course of this

study. The data from the two sites were pooled so that the

equations would reflect the average. Stratus clouds were

not detected during the periods of instrument operation and,

therefore, could not be evaluated in this study. Cirro-

cumulus clouds could not be entered into the equations due

to their infrequently observed occurrence and restricted

range of per cent coverage.

Hourly Cloud-Radiation Equations

The equations developed to predict solar radiation

on an hour basis use potential solar radiation, solar eleva-

tion, and cloud cover by genus as independent variables.

The time of year and latitude are reflected in the solar
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elevation. Mean solar elevation for each hour is calculated

from the latitude, solar declination, and mean hour angle of

the sun by the equation (Sellers 1965) :

S = 90 - cos -1 (sin L - sin s + cos L - cos s - cos h)	 (10)

where

S = solar elevation,

L = latitude,

s = solar declination, and

h = hour angle of the sun.

The hourly cloud-radiation equations are:

Rglo = R
h [0.605 + 0.00162(S) - 0.305 (Sc) - 0.195 (Cu)

- 3.330 (Cb) - 0.146 (Ac) - 0.195 (As) - 0.482 (Ns)

- 0.0675 (Ci) - 0.216 (Cs) ]

r2 
= 0.21

Rd.r = Rh [0.456 + 0.00286 (S) - 0.448 (Sc) - 0.477 (Cu)

- 0.593 (Cb) - 0.454 (Ac) - 0.340 (As) - 0.471 (Ns)

- 0.327 (Ci) - 0.382 (Cs) ]

r2 
= 0.44
	

(12)

Rdif = Rh [0.149 - 0.00124 (S) + 0.143 (Sc) + 0.282 (Cu)

+ 0.262 (Cb) + 0.309 (Ac) + 0.141 (As) + 0.260 (Ci)

+ 0.166 (Cs)

r
2 

= 0.30
	

(13)
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where

Cb = proportion of sky covered by Cumulonimbus clouds,

As = proportion of sky covered by Altostratus clouds,

and

Ns = proportion of sky covered by Nimbostratus clouds.

Relations of global and direct solar radiation to

cloud cover are defined in Equations (11) and (12) re-

spectively. The regression constants of the two equations

are adjusted by the solar elevation. Under clear skies,

more radiation is transmitted by the atmosphere at larger

solar elevations. For example, in June with no cloud cover,

global solar radiation (Equation 11) reaching the surface

of the earth between 1200 and 1300 hours Local Apparent

Time (LAT) at Alpine would be 73 per cent of the potential

solar radiation. The global radiation would be 63 per cent

of the potential under clear skies from 1700 to 1800 hours

LAT the same day. Under the same circumstances, direct

radiation would be 67 and 50 per cent, respectively.

The relation of diffuse solar radiation to cloud

cover by genus is given by Equation (13). In addition to

the two cloud types (Stratus and Cirrocumulus) not entered

into Equations (11) and (12), Nimbostratus clouds were found

not to add significance to this equation. Through Equation

(13), it can be shown that diffuse radiation as a
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proportion of the potential solar radiation decreases with

increasing solar elevations under cloudless skies.

It is interesting to note that adding the constants

and coefficients in Equation (12) and (13), less the co-

efficient for Nimbostratus, results in the equation for

global solar radiation (Equation 11). This is not sur-

prising due to the fact that direct and diffuse radiation

are the only components of global solar radiation.

In some instances cloud observations may not be

partitioned into cloud types, or cloud genera other than

those appearing in the previous relationships may occur.

Under these circumstances the following equations may be

useful:

Rglo = Rh [0.608 + 0.00164 (S) -0.121(0)

- 0.262(T) + 0.146 (T) 
2

]

- 0.172 (0)
2

r
2 

= 0.19 (14)

2
Rdir = Rh [0.465 + 0.00291(S) - 0.654(0) + 0.212 (0)

-0.638(T) + 0.364 (T) 
2

]

r2 = 0.46 (15)

2
Rdif = Rh [0.146 - 0.00118(S) +0.529(0)

- 0.313(0)

+ 0.363(T) - 0.140 (T)
2

]

r2 =

where

0.32 (16)

0 = proportion of sky covered by opaque clouds and

T = proportion of sky covered by transparent clouds.
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These equations relate global, direct, and diffuse

solar radiation to potential solar radiation, solar eleva-

tion, and the proportion of the sky covered by opaque and

transparent clouds.

Daily Cloud-Radiation Equations

Program SNOWMELT, the modified version of the snow-

melt model, MELTMOD, requires a measurement or an estimate

of daily incoming shortwave radiation (Leaf and Brink 1973,

Solomon et al. 1976). Therefore, for a model predicting

solar radiation from cloud cover to be useful in SNOWMELT,

it must predict daily radiation amounts. Summing hourly

radiation amounts for each day from the relationships pre-

sented above could prove to be an inefficient method due to

the requirement of an estimate of cloud cover every hour.

Therefore, equations relating daily amounts of global,

direct, and diffuse solar radiation to cloud cover were

developed.

To develop the relationships, cloud cover for each

cloud genus was averaged over the entire day. The solar

elevation occurring at solar noon is the value used in the

equations. Along with unobserved Stratus clouds, Cirro-

cumulus and Nimbostratus clouds did not add significance to

the equations; therefore, they were not utilized in the

relationships. The resulting equations are:
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Rglo = Rd [0.274 + 0.00669 (S) - 0.312 (Sc) - 0.325 (Cu)

-0.719 Cu) - 0.248 (Ac) - 0.202 (As) - 0.0891 (Ci)

- 0.155 (Cs) ]

r
2 

= 0.49	 (17)

Rdir Rd [0.284 + 0.00527(S) - 0.496 (Sc) - 0.874 (Cu)

- 0.936 (Cb) - 0.628 (Ac) - 0.425 (As) - 0.408 (Ci)

- 0.419 (Cs) ]

r
2 

= 0.62	 (18)

Rdif = Rd [-00985 + 0.00141 (S) + 0.184 (Sc) + 0.549 (Cu)

+ 0.217 (Cb) + 0.379 (Ac) + 0.216 (As) + 0.319 (Ci)

+ 0.266 (Cs) ]

r
2 
= 0.53
	

(19)

where

Rd = potential daily solar radiation.

Daily clear sky global and direct solar radiation

(Equations 17 and 18) as proportions of the potential solar

radiation increase with larger solar elevations. This

result is consistent with Equations (11) and (12), the

corresponding hourly equations. Contrary to Equation (13),

clear sky diffuse solar radiation (Equation 19) increases

with an increase in solar elevation; this may be explained

by an increased amount of atmospheric water vapor over

Arizona during the summer months.
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As in the case of the hourly cloud-radiation equa-

tions, opaque and transparent cloud cover may be used to

preduct daily solar radiation when cloud cover by genus

cannot be obtained.	 The equations are:

R
glo = Rd [0.277+	 30.00655(S) -0.387(0) +0.203(0)

-0.269(T)]

r
2 

= 0.47 (20)

Rd. r = Rd [0.274+0.00546(S) -0.917(0) +0.516(0)
2

-0.340(T)]

r2 = 0.63 (21)

Rdif = Rd [-0.00422 + 0.00132(S) +0.489(0) -0.0227(0) 2

+0.259(T)]

r
2 

= 0.58. (22)

Equations (18), (19), (21), and (22) were in-

corporated into a subroutine and adapted to program SNOWMELT

(Solomon et al. 1976).

Adaptation to SNOWMELT 

Subroutine RADAY was developed as an alternative to

subroutines SOLAR and CLOUD in program SNOWMELT. 4 A general

flow chart for subroutine RADAY is given in Figure 11. If a

user desires to use RADAY in place of SOLAR and CLOUD, the

only modification needed in the existing program is to call

4. Refer to Appendix B for a listing of subroutine
RADAY and Appendix C for a detailed flow chart.



CRA DAY 1

 ...

INITIALIZE VARIABLES

CALCULATE POTENTIAL SOLAR RADIATION

(INPUT CLOUD
COVER

COMPUTE DIFFUSE SOLAR RADIATION

I COMPUTE DIRECT SOLAR RADIATION

COMPUTE GLOBAL SOLAR RADIATION
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Figure 11. General flow chart of subroutine RADAY.
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RADAY instead of SOLAR in subroutine RADBAL. Subroutine

RADAY interacts with program SNOWMELT, as shown in Figure 12.

Subroutine RADAY calculates the times of sunrise

and sunset on a horizontal surface, and on a surface with

the average slope and aspect of the watershed in question.

From these times, potential daily solar radiation at the top

of the atmosphere is calculated for the horizontal and

sloping surfaces by the equations given by Frank and Lee

(1966). As in subroutine SOLAR, the values of potential

daily solar radiation are calculated every fifth day due to

their small change over that time period. Daily diffuse

solar radiation is predicted from the horizontal

potential radiation by Equation (19) or (22). Daily

direct solar radiation is estimated from the potential

radiation on the sloping surface through Equation (18) or

(21). The diffuse and the direct radiation components are

added to obtain the daily global solar radiation.

Two data cards for each day are required to use

subroutine RADAY in program SNOWMELT. The first card

contains information required in the main program, specific-

ally, the date, maximum and minimum temperatures, observed

snowpack water equivalent and density, and precipitation

(Solomon 1974). The second card contains cloud cover

information required in subroutine RADAY, as listed in

Appendix D.



Initialize variables

(Read card

Yes

Estimate

solar

rodation?

Determine snowpack temperature
with the diffusion model (DIFTEM)

Determine precip type and its

energy 8. mass contributions

Estimate solar radiation by cloud
cover with subroutine RADAY

Calculate effects of energy
inputs on snowpack

Print daily results water equiv., temp., etc.)

START
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Figure 12. General flow chart of SNOWMELT using subroutine
RADAY.
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Sources of Cloud Observations 

Estimates of mean daily cloud cover for use in sub-

routine RADAY can be obtained from several sources. The

following is a brief discussion of some of the more readily

available sources.

National Weather Service

Many National Weather Service Offices record cloud

cover in tenths of total cover and tenths of opaque cover

on an hourly basis. In addition, coverage of specific cloud

genera are recorded in tenths every three hours. In in-

stances where a Weather Service Office is near the watershed

on which a simulation technique (such as SNOWMELT) is being

applied, the cloud information would be readily available

and easily applied to subroutine RADAY.

Direct Observation

In readily accessible areas, cloud information may

be obtained from direct observations. The observer should

get an estimate of the average cloud cover over the entire

day. He may be able to estimate the cover at one point in

time on the site and correct it by further observations off

the site. This approach is advantageous to program SNOWMELT

in that an estimate of average daily cloud cover may be

obtained and input to the model on the same day. However,

the cost in manpower to get this information must be

weighed against costs of the other methods.
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Ground Time-Lapse Imagery

Time-lapse imagery taken from the ground, as ob-

tained in this study, is a simple method to record cloud

cover. However, due to the time required to retrieve,

process, and analyze the film, this method may not be useful

if program SNOWMELT is to be used as a snowmelt runoff

forecasting tool.

Satellite Imagery

When available, satellite imagery may be useful to

estimate cloud cover. To evaluate its usefulness as a

source of cloud information for RADAY, four Landsat images

in spectral band 5 (0.6 to 0.7 micrometers wavelength) were

obtained from the EROS Data Center, Sioux Falls, South

Dakota (Figure 13). Per cent cloud cover was estimated for

each image using a densitometer. Cloud cover amounts ob-

tained by this method were similar to those obtained on the

same day from ground time-lapse imagery. The small varia-

tionzthat did occur between the two methods might be

attributed to the fact that Landsat imagery shows cloud

cover at one point in time over a relatively large area,

while time-lapse imagery gives an average value of cloud

cover directly overhead. During times of no snow cover,

per cent cloud cover was easily obtained. However, with a

snow cover, cloud cover could not be adequately separated

from the snowpack. Perhaps with the combined use of other



Figure 13. Landsat image of Alpine, Arizona, February 18,
1978.
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spectral bands, snow cover and cloud cover could be more

completely separated.

The use of Landsat imagery to obtain real-time

estimates of cloud cover is hindered by an approximately 30-

day lag time from when an image is taken to the time it is

available to the public. Landsat imagery is also not

available for the same area on a daily basis.



CONCLUSIONS

In this study, significant regression equations were

developed relating global, direct, and diffuse solar radia-

tion to: (1) potential solar radiation, (2) solar eleva-

tion, and (3) the proportion of sky covered by specific

cloud genera. Significant relationships were also developed

relating global, direct, and diffuse radiation to: (1)

potential solar radiation, (2) solar elevation, and (3) the

proportion of sky covered by opaque and transparent clouds.

These relationships were used to develop subroutine

RADAY for incorporation into program SNOWMELT. While not

specifically tested in this study, RADAY was designed to

predict the amount of solar radiation impinging upon a snow-

pack when actual measurements are unavailable.

The addition of subroutine RADAY to SNOWMELT may

allow a resource manager to use the model on areas where

previously it could not be used due to a lack of solar

radiation measurements. Estimates of daily cloud cover for

input to RADAY can be obtained from National Weather Service

Offices, direct observations, time-lapse imagery, or

satellite photos. With increasing use of SNOWMELT and other

snowmelt simulation,models, prediction of the amount and

timing of snowmelt may be improved, leading to more effi-

cient use of the runoff.

40



Extrapolation of the results of this study beyond

the range of latitudes in which the study was conducted

should be done with caution.
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APPENDIX A

DEFINITIONS OF CLOUD GENERA

Cirrus '

Detached clouds in the form of white, delicate fila-

ments or white or mostly white patches of narrow bands.

These clouds have a fibrous (hair-like) appearance, or a

silky sheen, or both.

Cirrocumulus 

Thin, white patch, sheet, or layer of cloud without

shading, composed of very small elements in the form of

grains, ripples, etc., merged or separate, and more or less

regularly arranged; most of the elements have an apparent

width of less than one degree.

Cirrostratus 

Transparent, whitish cloud veil of fibrous (hair-

like) or smooth appearance, totally or partly covering the

sky, and generally producing halo phenomena.

Altocumulus 

White or grey, or both white and grey, patch, sheet,

or layer of cloud, generally with shading, composed of

1. Definitions are from the International Cloud
Atlas (World Meteorological Organization 1956).
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laminae, rounded masses, rolls, etc., which are sometimes

partly fibrous or diffuse and which may or may not be

merged; most of the regularly arranged small elements

usually have an apparent width of between one and five

degrees.

Altostratus 

Greyish or bluish cloud sheet or layer of striated,

fibrous, or uniform appearance, totally or partly covering

the sky, and having parts thin enough to reveal the sun at

least vaguely, as through ground glass. Altostratus does

not show halo phenomena.

Nimbostratus 

Grey cloud layer, often dark, the appearance of

which is rendered diffuse by more or less continuously

falling rain or snow, which in most cases reaches the

ground. It is thick enough throughout to blot out the sun.

Low, ragged clouds frequently occur below the layer,

with which they may or may not merge.

Stratocumulus 

Grey or whitish, or both grey and whitish, patch,

sheet, or layer of cloud which almost always has dark parts,

composed of tessellations, rounded masses, rolls, etc.,

which are non-fibrous (except for virga) and which may or
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may not be merged; most of the regularly arranged small

elements have an apparent width of more than five degrees.

Stratus 

Generally grey cloud layer with a fairly uniform

base, which may give drizzle, ice prisms or snow grains.

When the sun is visible through the cloud, its outline is

clearly discernible. Stratus does not produce halo

phenomena except, possibly, at very low temperatures.

Sometimes Stratus appears in the form of ragged

patches.

Cumulus

Detached clouds, generally dense and with sharp

outlines, developing vertically in the form of rising

mounds, domes, or towers, of which the bulging upper part

often resembles a cauliflower. The sunlit parts of these

clouds are mostly brilliant white; their base is relatively

dark and nearly horizontal.

Sometimes Cumulus is ragged in form.

Cumulonimbus 

Heavy and dense cloud, with a considerable vertical

extent, in the form of a mountain or huge towers. At least

part of its upper portion is usually smooth, or 
fibrous or

striated, and nearly always flattened; this 
part often

spreads out in the shape of an anvil or 
vast plume.
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Under the base of this cloud which is often very

dark, there are frequently low ragged clouds either merged

with it or not, and precipitation sometimes in the form of

virga.



APPENDIX B

SUBROUTINE RADAY
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SJL .,'OUTIVE RADAY
• THIS SUBROUTINE COv.PUTES THE AMOUNT OF INCOMING SOLAR aADIATION

IWIDENT ON A GIVEN SURFACE, ADJUSTED FOE CLOUD CO7'. P.
DEVELOPED BY DOUGLAS P. '4 CATA, 1978
FOR PROGRAM SNOWMDLT (MODIFIED VERSION OF MELTMOD)

(SOLOMON ET AL. 1976, LEAF AND BRINK 1973)
• DICTIONARY
• ASPECT - AZIMUTH ANGLE, DEGREES FROM NOaTH
• DIFRA - PREDICTED DIFFUSE BEAM SOLAR RADIATION
• DIRRA - PREDICTED DIRECT BEAM SOLAR RADIATION
• n:)N - POTENTIAL SOLAR RADIATION CN A HCRIZONTAL SURFACE

AT THE TOP OF THE ATMOSPHERE
• )5 - POTENTIAL SOLAR RADIATION CN A SLOPE AT THE TOP OF THE

ATMOSPHERE
• S - SOLAR CONSTANT, 1.94 LYS/MIN
• SE - SOLAR ELEVATION AT SOLAR NOON
• SLOPE - SLOPE, PERCENT
• f - TIME OF SUNRISE AND SUNSET ON A HORIZONTAL SURFACE,

HOURS FROM NOON
• Ti - TIME OF SUNRISE ON SLOPE
• T2 - TIME OF SUNSET ON SLOPE
• XDEO - SOLAR DECLINATION
• KLAT - LATITUDE, DEGREES

COMMON ACTDATE,ACTUAL(21),AVETEMC,AVETEMF,BASTEMF,ENGBAL,dOLDCAP
COMMON CALAIF,CAIDEF,LAIXRIE,CALSNOW,COVDEN,DATE,DATES(3),DEN
COMMON DENSITY,IFIRST,FOCTNOT(16),FREEWAT,IDATE(372),ISNOW,ITABLE
COMMON NOUNT,IASTUSD,LINES,OBSWEQV,RADIN,RADLWN,RADSWN,REFLECT
COMMON PACKTEM,PARTICE,PASTINT,FLOTOBS,PLOTWE,PRECIP,PREiEQV
COMMON SNOmELT,SOBSEQ7(372),SPRECIP(372),SPREQV(372),SUBTETL(8)
COMMON TOTPREC,TITLE(8),THRSHLD,TEMPMIN,TEMPMAX,TCCEFF,USEMEAN
COMMON KMAX,USEPOT,SLOPE,ASRECT,XLAT,DELH,ABSK,CICOV,ZAT,SUM4
COMMON KKPP,XLATE
INTEGER ACTDATE,DATE,DATES,FCOTNOT,PASTINT,PLOTOBS,PLOTWE,SUBTITL
INTEGER TITLE,USEMEAN,USEPOT
JIMENSION ZCLAN(12)
DATA ZCLAN/0.0,31.0,59.0,90.0,120.0,151.0,181.0,212.0,
1243.0,273.0,304.0,334.0/
P1=3. 141592654
S=1.94
IF (KKPP .NE. 5) GO TO 500
XLAT=XLAT*PI/180
SLOPE=ATAN(SIOPE/100)
IF (ASPECT .GT. 180) ASPECT=360-ASPECT
ISPECT=ASPECT*PI/180

500 KKPP=KKPP+1
IF (KKI3P .LT. 5) GO TO 30

KKPP=0
CALCULATE SOLAR DECLINATION
II=DATES(1)
DAY=DATES(2)+ZCLAN(II)
IF (DAY .GE. 355) GO TO 150

DAY=DAY+11
GO TO 151

150 DAY=DAY-355
151 LDEC=-0.41015*(COS(DAY *PI/ 180 ))

• CALCULATE SOLAR ELEVATION
S7=90-(ACOS(SIN(XLAT)* 5 IN(IDEC) +COS(XLAT) * 003 (X DEC )) *160/PI)

q=15*PI/180
• CALCULATE SUNRISE AND SUNSET TIMES
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7 =- (ACOS(( - TkA(XLAT))*TAN(XDEC)))/
(1= ASII(SIN(SLOPE) * COS(ASPECT)*003(XLAT)+CO3(SLOPE)*SII(XLAT))
(2= A -ANHSIN(ASPECT)*SIN(SLOPE))/(COS(SLOP 7 )*CO5(XLA -)-

1 COS(kS?ECT)*SIN(SLOPE)*SIN(XLAT)))
13 =(ACO5(( -TAN(X1))*TAN((DEC)))/;;
T2=T3-X2/6i
T3=T3+.(2/4
IF (T3 .02. T) OP TO 152
T1=-T3
30 TO 153

152 T1=-T
• ESTIMATE RATIO OF SON'S MEAN DISTANCE FROM EARTH TO ITS

TRUE DISTANCE FROM EARTH
• 153 LD=XDEC*180/PI

IF (RD .GT. 19.3) GO TO 10
IF (RD .GT. 10.9) GO TO 11
IF (XD .GT. 0.0) GO TO 12
IF (ID .GT. -10.9) GO TO 13
IF (RD .GT. -19.3) GO TO 14
E2=.969
30 TO 20

10 22=1.031
30 TO 20

11 E2=1.022
GO TO 20

12 :2=1.007
GO TO 20

13 :2=.992
GO TO 20

14 22=.998
• CALCULATE POTENTIAL SOLAR RADIATION ON HORIZONTAL SURFACE

20 QH=(60*S/E2)*(2*T*SIN(XLAT)*SIN(XDEC)+2*SIN(W*T)*CO 5 (RDEC)*

1COS(LLAT)/W)
• CALCULATE POTENTIAL SOLAR RADIATION ON SLOPE

2S=(60*S/E2)*((T2-T1)*SIN(X1)*SIN(IDEC)+(SIN(2*T2) -SIN(L *T 1 )) *

1COS(RDEC)*CO 5 (X1)/W)
30 READ (5,100) IOPTRA,TRA,OPA,SC,CO,CB,AC,AS,CI,CS
100 FORMAT (10X,I1,3X,9F5.2)

IF (IOPTRA) 31, 31, 32
• CALCULATE DIRECT, DIFFUSE AND GLOBAL SOLAR RADIATION

31 0IRRA=QS*(.284+.00527*SE-.496*SC- .874*CU- .93 6* CB- . 628* AC

1-.425*AS-.408*CI-.419*C5)
DIFRA=0*(-.00985+.00141*SE+.184*SC+.549*CU+.2 17* C 8+. 379* AC

1+.216*AS+.319*CI+.266*CS)
GO TO 75

32 DIRRA=QS*(.274+.00546*SE-.971*OPA+.516*(OPA **2 ) - . 340*TRA)

DIFRA=QH*(-.00422+.00132*SE+.489*GPA - . 227* ( 0 PA **2) + . 259* TRA)

75 RADIN=DIRRA+DIFRA
IF (RADIN .LT. 3.0) RADIN=0.0
RETURN
END
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APPENDIX C

FLOW CHART FOR SUBROUTINE RADAY
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Initialize variables

Calculate solar declination

Calculate solar elevation

(Input cloud

Cover

Compute diffuse solar radiation

=f (horizontal potential radiation,

solar elevation, opaque &
transparent clouds)

Compute diffuse solar radiation
=f (horizontal potential radiation,

solar declination, cloud genera )

4,

Calculate times of sunrise & sunset
on a horizontal & sloping surface

Estimate squared ratio of earth's distance
from sun to its mean distance

Calculate potential solar radiation on a horizontal &
sloping surface at top of atmosphere

Compute direct solar radiation

=f (potential radiation on slope,
solar elevation, opaque &

transparent clouds)

Compute --cffrect solar radiation -

=f (potential radiation on slope,

solar elevation, cloud genera)

ite g lobal solar radiation

=direct + diffuse
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APPENDIX D

INPUT FORMAT FOR SUBROUTINE RADAY

Card Column 	 Information Entered 

1-10	 Date and other identifying information.

11	 0 or 1; identifies which equations are to be used
in RADAY. 0 = equations for cloud genera (Equa-
tions 18 and 19); 1 = equations for opaque and
transparent clouds (Equations 21 and 22).

16-19 Average daily proportion of transparent clouds.

21-24 Average daily proportion of opaque clouds.

26-29	 Average daily proportion of Stratocumulus clouds.

31-34 Average daily proportion of Cumulus clouds.

36-39 Average daily proportion of Cumulonimbus clouds.

41-44 Average daily proportion of Altocumulus clouds.

46-49 Average daily proportion of Altostratus clouds.

51-54 Average daily proportion of Cirrus clouds.

56-59 Average daily proportion of Cirrostratus clouds.
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