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Abstract. To apply a complete energy balance to the computation of evaporation or
snowmelt, radiation data are necessary. At present there is a reasonably adequate network
of incident solar radiation stations. However, a network of all-wave radiometers does not
exist. It is therefore evident that to apply the energy budget technique to hydrological prob-
lems, mncident long-wave radiation has to be estimated. An empirical equalion is developed
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by which incident long-wave radiation can be computed from obs

temperature, vapor pre

rvations of surface air

sure, and ineident solar radiation, Based on comparisons of estimated

and observed incident long-wave radiation at six locations, the following conclusions seem

warranted :
long-term b

(1) The equation should give results comparable within a few per cent on a
is (six months or longer); (2) For any specific atmospheric condition, there

seems to be no tendency for the equation to over or under compute or to give increased

seatter; (3) When data for periods of six months or more w

analyzed, correlation coef-

@

ficients of approximately 0.90 were obtained between computed and observed daily radiation
values. (Key words: Radiation; evapotranspiration: hydrology; meteorology)

INTRODUCTION

To apply a complete energy balance to the
computation of evaporation or snowmelt, radia-
tion data are necessary. For the majority of
evaporation computations, incident all-wave ra-
diation data would be sufficient since the re-
flectivity of a water surface is nearly constant
(03 to 06 [Anderson, 1954]) throughout the
electromagnetic spectrum. In the case of snow-
melt, there are large differences in the reflectiv-
ity of the snow i the portion of the spectrum
lesg than 4 microns (short-wave or solar) as
compared with the remainder of the spectrum
(long-wave or ferresirial) and, therefore, both
meident short-wave and long-wave radiation are

over the suwrrounding area, because net all-
wave radiometers values are only applicable to
the type of surface over which the instrument
i mstalled, If the instrument is installed over
a standard surface (water would be excellent},
the observed net radiation could be corrected
for back radiation, if the temperature of the
water surface iz known, to give a value of in-
eident minus reflected all-wave radiation, In-
cident all-wave radiation could then be com-
puted by uming  an  average  all-wave
coefficient of reflection. Only a few research
mstallations measure incident all-wave radiation
directly. 1t is not likely that such a network
will be established in the near future.

sLa.

]

necessary. For simplicity, meident long-wave The Weather Bureau is now testing an ex-
radiation will be ealled ‘atmospheric radiation’  perimental insulated evaporation pan (desig-
hereafter, nated X-2} that, if observations of water,

In the conterminous United States there 1s

dew point, and air temperature are made con-

a fairly adequate network of incident solar ra-  currently with pan evaporation, will provide
tation atats (RGN + e a4t . L. ) C e .
diation stations (69) to provide data for the  actimates of incident all-wave radiation, using

operational use of energy balance computations,
However, a network of all-wave radiometers
does mot exist. Although there are a limited
number of net all-wave radiometers at various
research installations, these data are of liftle use

9
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a method similar to that deseribed in the Lake
Hefner Report [1952] for the Cummings Radia-
tion Integrator. The method is ag follows:

1. Net radiation for the insulated pan can
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be computed as the residual of the energy bal-
ance;

2. From the surface water temperature, emit-
ted long-wave radiation can be computed, thus
providing a value of incident minus reflected
all-wave radiation;

3. Using this value 2 and an average all-wave
coefficient of reflection, incident all-wave radia-
tion can be caleulated. If ineident solar radia-
tion is measured, incident atmospheric radiation
can be obtained.

A network of these insulated pans, if estab-
lished in the future, could provide a measure
of incident all-wave radiation during the period
of the year that the pans are operable. These
pans would not be operable during the snow-
melt season. As stated previously, in the ap-
plication of the energy budget to computation
of rate of snowmelt, incident solar radiation and
atmospheric radiation must be treated sepa-
rately. Therefore, for purposes of computation
of both evaporation and snowmelt, it would be
necessary to have a method for estimating at-
mospheriec radiation.

The purpose of this study was to develop a
general equation to estimate atmospheric radia-
tion at any location. The equation should esti-
mate atmospheric radiation from surface ob-
servations. The equation was developed to
provide a lower radiation limit (clear sky) and
an upper radiation limit (cloudy sky). The
clear sky portion of the final equation was de-
veloped mainly from radiosonde data from four
radiosonde stations: El Paso, Texas; Las Vegas,
Nevada; Ely, Nevada; and Santa Moniea, Cali-
fornia. The cloudy sky radiation limit was set
by Stefan-Boltzmann’s equation. The propor-
tioning in between clear sky and cloudy sky
radiation was determined from radiometer data
from the U. S. Army Cold Regions Research
and Engineering Laboratory (CRREL), Leb-
anon, New Hampshire. It was hoped that the
development of the equation would be based
as little as possible on radiometer measurements,
even though it would be necessary as a check
to compare some of these measurements with
the results of the equation. Radiometer meas-
urements were eliminated from the development
because of their unknown quality. Although it
is not the purpose of this paper to go into a
detailed discussion of radiometer measurements,
a few pertinent comments should be made.
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The accuracy of all-wave radiometers under
the conditions of calibration is estimated to be
within a few per cent. In the field, however,
this accuraey, even with the most careful obser-
vational techniques, would be difficult to obtain,
owing to such things as unequal response to
different wavelengths, nonuniform specular re-
sponse, changes in the absorption character-
istics of the receiving surface, and responses
cansed by sources other than radiative energy
(such as wind and precipitation). Also, since
an instrument to measure only long-wave radia-
tion has not been developed, measured values
of solar radiation must be subtracted from all-
wave radiation to obtain long-wave radiation.
Thus any error in the measurement of solar
radiation also affects the long-wave radiation.
In the past the temperature dependence of
pyranometers has been ignored in most eases.
The effect of this temperature dependence can
be quite significant. Pyranometers are now
available that greatly reduce this temperature
dependence.

BACKGROUND

A blackbody emits with maximum possible
intensity at all wavelengths at a given tempera-
ture. The total energy (E) emitted by a black-
body can be defermined by Stefan-Boltzmann’s
law

E = oT" (1)

where ¢ is the Stefan-Boltzmann constant and
T is the temperature of the body in °K. A
grey body is one that, at a given temperature,
emits a fixed proportion of the blackbody ra-
diation in all wavelengths. Considering condi-
tions of clear skies, the Farth’s atmosphere is
neither a black nor a grey body. Rather it
absorbs and emits radiation to varying degrees,
dependent on wavelength. At certain wave-
lengths the atmosphere acts almost as a black-
body, whereas at others it absorbs only a small
portion of the radiation. Only two of the gases
in the atmosphere, earbon dioxide and water
vapor, have an appreciable effect on the long-
wave portion of the spectrum. The over-all
effect of carbon dioxide is less important in
the radiative exchange than water vapor, be-
cause of its lesser quantity and fewer absorp-
tion bands. Sinece the proportion of carbon
dioxide in the atmosphere is practically econ-
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stant, its effect may be considered as fixed for
our purposes. The amount of water vapor in
the atmosphere, however, exhibits wide varia-
tions. Thus it is the confrolling variable in
determining the amount of atmospheric radia-
tion for a given temperature and with clear
skies. The long-wave radiation to the Earth’s
surface is a result of radiation from all levels of
the atmosphere. It is dependent upon the
moisture content and temperature distribution
of the entire atmosphere. Elsasser [1942] has
advanced a method to determine the atmos-
pherie long-wave radiation if these distributions
are known. This method, however, is quite
complex and requires that upper air soundings
be made. Since the lavers of the atmosphere
near the Earth have the greatest moisture con-
tent and highest temperature and display the
greatest variability, they generate a majority
of the atmospheric radiation received at the
surface. Based on this fact, Angstrom 19197,
Robitzsch [19267, Elsasser [1942], and Brunt
[1944] have proposed equations to estimate
clear sky atmospheric radiation from surface
air temperature and vapor pressure, Because of
the high degree of correlation normally found
between air temperature and vapor pressure
at a given location, Swinbank [1963] proposed
an equation utilizing surface air temperature
alone. These equations all eontain coefficients
that must be evaluated from radiation obser-
vations at the given loecation or otherwise must
be estimated based on evaluations conducted
by others. A summary of some of these evalua~
tions is given in Snow Hydrology [1956].

When clouds are present the amount of at-
mospheric long-wave radiation inereases. The
absorption spectrum for liquid water is similar
to that for water vapor; however, the magni-
tude of the absorption iz muech greater. Clouds
can effectively be considered to be blackbodies
with respect to atmospheric radiation. Ang-
strom [19019%, Anderson [19547, Lamoreux
[19597, and Koberg [1964] have proposed
equations to estimate the atmospherie radiation
under all conditions from surface air tempera-
ture, surface vapor pressure, and an index to
the extent and/or height of the cloud cover.
The coefficients for these equations are based
on radiometer measurements of atmospheric ra-
diation.
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CLEAR SKY RADIATION

A logieal first step in the derivation of an
equation to estimate atmospherie radiation is
to determine upper and lower limits for any
set of conditions. This section discusses the
methods used to obtain the lower limit, 1.e., the
atmospheric radiation from clear skies.

To determine the parameters needed to esti-
mate clear sky atmospheric radiation reason-
ably, this quantity was ecomputed from theo-
retical considerations, using a digital computer
program developed by Myers [1966]. This pro-
gram is basically a computerized application of
methods deseribed by Elsasser [19607. Myers
uses Flsasser’s generalized transmissivities, ex-
cept that lower water vapor transmissivities
from Wark et al. [1962] are substituted for
wavelengths of from 8.6 to 13 microns.

Atmospheric radiation under clear skies was
computed by Myers’ program, using mean
monthly radiosonde data from four stations
varying in elevation and climatic conditions.
The months used were chosen fo give a good
range and distribution of surface level tempera-
tures and because of relatively consistent clear
sky conditions throughout. These data are sum-
marized in Table 1. Monthly data were used
to reduce the very considerable time that would
have been required for daily analysis.

The results of the program were plotted
against surface level air temperatures and rela-
tive humidities. This plot is shown in Figure 1.
It was decided that the seatter was more than
could be tolerated. To determine if the scatter
could be reduced, the humidity profiles were
made constant for all stations, and the effect
of upper air temperature variations was de-
termined (ie., relative humidity assumed con-
stant at all levels). Then the temperature pro-
files were held econstant, and the effect of
upper-air water vapor variations was deter-
mined, The results of these tests are shown in
Figures 2 and 3. As can be seen, the variation
in upper-level temperatures is mainly respon-
sible for the scatter of Figure 1.

To reduce the scatter, a station adjustment
term is used. This term is a function of the
long-term relationship between air temperatures
at the surface and one upper level. To deter-
mine the station adjustment term, a mean daily
upper air temperature profile, typieal of the
majority of stations for clear sky conditions,
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TABLE 1. Summary of Radiosonde Data

Elevation
above Mean
Sea Level, Months Used, Mean Monthly Air Temperature °C,

Location feet Relative Humidity, and Per Cent Sunshine
2/64 4.6°
El Paso, 2/61 9.0°
Texas 3018 3/63 13.4°
4762 19.6°
6/63 97.3°
4/62 2].1°
T.as Vegas, 12/63 7.0°
Nevada 2162 7/63 32.0°
6/63 26.1°
7/63 19.0°
Tly, 9/62 15.0°
Nevada 6257 10/62 9.0°
12/62 —1.2¢
Santa Monica, 7/64 19.6°
California 30 2/64 13.2°
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was selected. This typieal profile is shown in
Figure 4. (This is also the profile used to com-
pute the values shown in Figure 3.)

The adjustment term was determined by
plotting the atmospheric radiation difference be-
tween the typical and actual profiles versus
the temperature difference between the two pro-
files at the surface and a given level. In choos-
ing the upper level to use, it is best to pick
a level high enough not to be dominated by
surface condifions and vet low enough to be
at a level that significantly affects the atmo-
spheric radiation received at the surface. This
would suggest using a level in the range of 50
to 200 millibars above the surface (75 mb and
150 mb were selected). The radiative and tem-
perature differences between the typical and
actual profiles are shown in Figure 5. Assuming
a linear relationship, the best fit of the plotted
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data for 150 mb above surface gives an ad-
justment term of

A = 5~O<Tua L ug) (2)

where A is the station adjustment term in lang-
leys per day, T.. is the difference between ac-
tual upper-air and surface temperatures as de-~
termined from the long-term relationship for
the site in °C, and T, is the same difference
for the typical temperature profile in °C (Fig-
ure 4). It might be expected that the devia-
tions from the typical profile would not be
Iinear with temperature; however, in the limited
amount of data used such a tendency was not
apparent.

To compute the clear sky atmospheric radia-
tion from the typieal upper air temperature
profile, utilizing only surface air temperature
and vapor pressure, an empirical relationship
was derived to fit the points in Figure 3. The
resulting fit is shown in Figure 6, and the equa-
tion is

1000

Q... = oT," — 228.0

— 11.16[ Ve, — Ve  (3)
where Q.. 1s the atmospherie clear sky radia-
tion for the typical upper air temperature pro-
file in langleys per day, o is the Stefan-Boltz-
mann constant (1171 X 10" langleys/day/
degree*), T, is surface air temperature in °K, e,
is the saturated vapor pressure at T, in milli-
bars, and e, is the surface vapor pressure in
millibars. Clear sky atmospheric radiation can
be computed for any station by applying the
station adjustment term to equation 3.

CLOUDY SKY RADIATION

To ecalculate atmospheric radiation during
cloudy conditions some means of determining
the extent of cloudiness and its effect on atmo-
spherie radiation is necessary. One approach is
to use amount of cloudiness. Amount of cloudi-
ness has the advantage that it can be observed
both day and night, although nighttime values
are generally of doubtful quality. However, it
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Fig. 6. The fit of equation 3 to the data of Figure 3.



has the disadvantage that equal amounts of
clondiness, as reported, do not alwavs refer to
the same degree of cloudiness. Per cent sunshine
could also be used and contains essentially the
same disadvantage as using amount of eloudi-
ness, Per cent sunshine, however, is only an
index to cloudiness during the day. The ratio
of observed solar radiation to elear sky solar
radiation 15 another index to the degree of
cloudiness, It has the advantage that it is a
good index to the mass of Hauid water in the
atmosphere. This ratic has the disadvantage
that it 18 only an index during the day and
is weighted toward the hours of maximum solar
intensity. In this study, basically because in-
coming solar radiation would be needed in most
energy balance computations, it is assumed to
be available. Therefore, the ratio of imcoming
observed solar radiation @, to the clear sky
solar radiation Q.. (referred to as ‘the ratie
for simplicity throughout the remainder of this
text) was selected as the index to the degree
of clondiness.

Having made this decision, the assumption
was made that when the ratio equaled zero
(i.e., observed solar radiation is zero) the atmo-
\phvmc radiation would he equal to blackbody
radiation at the existing surface air temper-
ature. Thus an upper Iimit for atmospherie ra-
diation was set.

To use the ratio as an index, it is necessary
to determine the clear sky solar radiation for
the partienlar location. Two possible methods
are as follows:

1. If sufficient data are available, a plot of
obgerved incoming solar radiation versus time
of year can be constructed. Assuming that the
highest values oceur on clear davs and consider-
ing that the amount of elear sky solar radiation
ig not only a funetion of time of vear but also
of the amount of water vapor and suspended
liquid and solid particles, a curve can be drawn
through these highest values that would then
provide a satisfactory estimate of clear sky solar
radiation,

2. If sufficient data are not available to define
reasonably the clear sky eurve of method 1,
atrnospheric transmission under clear sky con-
ditions (a dust-free atmosphere) can be esti-
mated by means of a chart prepared by Kim-
ball [19307. Since in this study total solar
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radiation rather than direet solar radiation (for
the chart is constructed) is used, a cor-
rection has to be made for the portion of the
direct solar radiation that has been seattercd
and diffusely reflected to the Earth., The total
depletion by atmospheric scattering and diffuse
reflection(s) can be expressed as

1= a, {4)

where a, is the transmission coefficient after
seattering by air and wafer vapor molecules
{(from Kimball’s chart). Diffuse radiation can
be computed from s by allowing for the var-
ability of both the angle of incidence and dis-
tribution in the ecelestial hemisphere of sky
radiation. Since this would be very difficult, a
simpler approximation that has heen used by
Klein [19487 and Fritz [10497] and was stated
first by Kimball {19357 *. . . about half the ra-
diation lost from the incoming rays through

seattering and diffuse reflection iz finally re-
oewed at the ground as diffuse radiation from
the sky,” hag also been nsed in this study. Thus
a simple expression for the total incoming solar
radiation is obtained

Qe = Q..(a + 0.5) (5)

where ). 1s the extraterrestrial solar radiation
and a ig the transmission coeflicient, which takes
mto account moisture absorption and molecular
seattering, from Kimball’'s chart for trans-
mission of direct solar radiation through moist
air. These computed values of clear sky solar
radiatfion should be ecompared with the ob-
served Incoming solar radiation dafa that are
available, If it is assumed that, even in a rela-
tively dmn‘ period of record, ‘(he clearest days
are 1 fact elear from the s’rﬂndpmnt of atmo-
gpherie radiation, the eomputed and ohserved
values should agree. This may not be the case.
This disagreement ean be caused by the pyrano-
meter reading high or low, by inaccuracies in
the method of computing ., or by depletion
due to dust (which ean seatter a significant
amount of solar radiation but has a negligible
abgorption). Thus a linear adjustment should
be made, so that the observed solar radiation
on the clearest days corresponds to the eom-
puted values,

To determine the
ratio and atmospherie

relationship between the
long-wave radiation,
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values from the CRREL observational site at
Lebanon Airport, New Hampshire, were used.
These were judged to be the best data avail-
able.

A plot of the ratio versug the observed at-
nospherie radiation minus the lower limif value
(elear gky} in per cent of range between upper
and lower lmits is shown in Figure 7. On
several days with heavy fog, air temperature
greater than 32°F, and snow on the ground,
the atmosphere radiated at a rate exceeding
that for a blackbody at the existing surface air
temperatire. The most likely explanation iz
that the shelter temperature was lower, beeause
of the presence of the gnow, than the air ahove,
which controlled the incoming atmospheric ra-
diation. Assuming the relationship to be in the
form of the ratio raised to a power (n), the
best fit of the plotted data was obtained using
a value of n of approximately 2.0,

14
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By combining the resulis of the preceding
two sections, the empirical equation derived for
estimating atmospheric radiation (@,) under
all conditions is

G = oT," — [228.0 -+ 11.18

AVe, = Vel — AleQ./Q.1" (0

RESULTS

Equation 6 was tested at six locations where
input data of known quality were available.
These six locations are shown in Table 2. The
comparizsons of observed versus estimated values
are shown in Figures 8 to 13. The estimated
values in these figures were computed using
method 2 for defermining clear day solar radia-
tion. Precipitable water, for use in Kimball's
chart, was estimated from surface vapor pres-
sure by an equation suggested by Reitan [1963].

Note : n is exponent applied to ratio

T i i

BLACK BODY RADIATION AT Ta — CLEAR SKY RADIATION FROM EQUATIONS (2 & 3}
o
N
|

OBSERVED ATMOSPHERIC RADIATION ~ CLEAR SKY RADIATION FROM EQUATIONS (2&3) /

. .
I

-0.4

[ i |

o] 20 40
RATIO OF OBSERVED INCIDENT SOLAR RADIATION TO CLEAR
SKY INCIDENT SOLAR RADIATION IN PERCENT

Fig. 7.

60 80 100 120

Effect of observed incident solar radiation to clear sky incident solar radiation ratio

on atmospherie radiation,
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Fig. 8 Comparison of observed and estimated atmospheric radiation at Lebanon, New
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Values for Lebanon Airport were from Bol-
senga’s [1965] evaluation of Reitan’s equation.
Istimated values for Lebanon Airport, Ster-
ling, and Lake Hefner were also computed using
method 1, with no significant change in the re-
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Tig. 9. Comparison of derived and estimated at-
mospheric radiation at Sterling, Virginia.

gults. Values for Lake Mead were computed
using both Beulder Basin Barge and Boulder
Island temperatures, as given in the Lake Mead
Studies [Harbeck et al., 1958]. There were no
gignificant differences, as the higher air tem-
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Fig. 10. Comparison of derived and estimated
atmospheric radiation at Silver Hill, Maryland.
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Fig. 11, Comparizson of derived and estimated at-
mospheric radiation at Soda Springs, Californis,

perature at Boulder Tsland than at the Boulder
Basin Barge was bal: mcmi hy a lower dewpoint
temperature,

A summary of these
Tahle 3. The over-all b
and  observed values varied from 449 at
Silver Hill to —3.39 at S arling. The correla-
tion of estimated and observed values on a
daily basis resulted in correlation coeflicients
that varied from 0.71 to 0.92,

comparisons 1s given in
18 between estimated
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Fig. 12. Comparison of derived and estimated

atmospheric radiation at Oklshoma City, Okla-
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ANDERSON AND BAKER

CONCLUSIONS
On the hasis of the results obtained, the fol-
lowing conclugions concerning the reliabilty of
equation 6 for estimating atmospheric radiation
seem warranted:

1. The equation should give results compa-
rable with observed values within a few per
cent on a long-term bhasis (6 months or longer).
A comparison with absolute values s impossible
at the present time. Even with the most careful
observational program, currently available ra-
diometers will not provide atmospheric radia-
tion data of aceuraey within 5%.

2. For any specific atmospheric conditions,
there seems to be no tendency for the equation
to over or under compute or fo give increased
seatfer. For example, the comparisons of ob-
served and estimated values ave similar at high
and low temperatures and under overcast and
clear conditions.

3. When long periods are compared (6
months or longer) a correlation coeflicient of
approximately 090 can be expected hetween
ohserved and estimated daily radiation values.
Correlation much higher than 0.90 is probably
not possible using the present input data. For
further improvements either additional upper-
air data {(on a daily | J, necessitating much
more involved caleulation, and/or a better esti-
mate of the degree of cloudiness would need to
be imeorporated.
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13. Comparison of derived and estimated
atmospheric radiation at Lake Mead.
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TABLE 3.

Summary of Comparisons

Difference

en Fstimated and Draily

srved Values for the Correlation

T.ocation Period of Record Coefficient
Lebanon Airport .92
Lake Hefner 0.91
Lake Mead .89

Central Sierra Snow

Laboratory 0.71
Sterling 0.75
Silver Hilt 0.73

4. The seatter in the resulis from the two
i {(Silver Hill, Maryland, and Sterling, Vir-

ginia) where insulated evaporation pang were
ised to compute atmospherie long-wave radia-
tion was greater than at other sites, where ob-
served values were based on radiometer me
urements, This should be expected from the
Silver Hill, Maryland, site for two reasons: (a)
Minimum water temperatures were used to esti-
mate the change in heat storage on a daily
bagis, bhecause measurements at time of ob-
servation were not available; and (b) the as-
sumption used in the energy balance caleula-
tions of neghgible heat flow through the sides
and bottom of the pan scems to be doubtful,
because there ig a seagonal shift,

The data from X-2 experimental pan af
Sterling, Virginia, are for a relatively short
period of record and also include several days
when the water temperature was near or helow
39°F. On these days water temperature at one
level in the pan may not be sufficient to esti-
mate the change in heat storage due to layering.
Further analyses will be made of subsequent
X-2 pan data at Sterling and also for the X-2
pan mstalled at Lake Mead, Arvizona-Nevada,
and the University of California at Davis, Cali-
fornia.
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