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R (Lake) = 1.18 R (Toronto). 
n n 

(80) 

The coefficient of equation 80 is close to that given in Figure 33, 

and demonstrates that the difference in surface albedo between the 

two sites largely accounts for the R difference indicated by the 
n 

regression equation. 

'Ih e scatter of points in Figure 33 is probably due to 

differences in local cloud cover. The two completely cloudless 

days during the season have values that fall close to the regression 

l i ne. 

Regression between the two R measurement sets for pooled 
n 

hourly total data for the season (Table 27) gave a slope value similar 

to that of the regression of daily total data. 

TABLE 27 REGRESSION OF R (Lake) UPON R (Toronto) FOR ALL SEASON 

HOURLY TOTAL FLUX DATA 

All Daylight Night 
Data Only Only 

Intercept 0.12 2.13 -1.86 

Slope 1. 23 1.19 0. 88 

Correlat i on .94 . 90 .61 
Coe ffici ent 

Standard e rror 6. 58 8. 73 2.36 

Numb er of 2869 1465 1267 
obs ervations 



Using only daylight data, the slope is again greater than unity 

and shows the influence of albedo on the relationship. At night, 

when albedo can have no effect, the slope value should be close to 

1.0. However, if L. is assumed constant over time and between the 
1 

two surfaces, 

dR (Toronto)/dL (Toronto)=dR (Lake)/dL (Lake)=l. n o n o 

Hence, rearranging and integrating, 
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(81) 

R (Lake) = [dL (Lake)/dL (Toronto)]R (Toronto)+constant. (82) n o o n 

The slope for the nocturnal data therefore gives some indication 

of differences in rates of change of surface temperature of the two 

sites, and Table 27 shows that generally the changes are slower for 

water than for land. The correlation coefficient of the nighttime 

relationship is lower than for the daylight, but it is still signifi-

cant above the 1 percent level. The lower coefficient occurs probably 

because a constant L. cannot be assumed for more than a few hours, and 
1 

changes in L which are unconnected with R are possible. 
o n 

The slope values for the monthly regressions of the nighttime 

data have a seasonal trend (Table 28). Early in the season, when Q. 
1 

intensity is high, the land surface warms more quickly than the water, 

while in the last two months the two rates of temperature change are 

approximately the same. 

lower th an R (Toronto). 
n 

All intercept values indicate that R (Lake) is 
n 

If equal L. at the two sites is assumed, the 
1 



difference must be a function of the temperature difference between 

water and land. The data indicate maximum temperature differences 

in September, and almost equal temperatures in November. 

TABLE 28. MONTHLY REGRESSION OF R (Lake) UPON R (Toronto) FOR n 
HOURLY VALUES: i'l"OCTURNAL DATA ONLY 

July August September October November 

Intercept -2.26 -1.85 -3.14 -2.60 -0.27 

Slope .56 .87 .61 .98 .98 

C. COMPARISON OF METHODS OF ESTIMATING NET RADIATION 

Techniques of R estimation will be examined and the 
n 

errors associated with them assessed. Table 2 indicates that net 
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radiation can be determined to within ~ 10 percent by direct measure-

ment. 

If no measurements of any kind at a desired location can 

be made, estimation based on the results from a nearby site is possible. 

The comparison of Toronto and Lake Ontario data indicates that, with 

an albedo correction for surface differences between the two sites, R 
n 

can be estimated to within about ~ 20 percent. If surface temperature 

differences are also considered, the estimates may be somewhat better. 

The distance between the sites is probably unimportant provided Q. and 
1 



L. are approximately the same. Consequently care must be taken to 
1 

ensure that the experimental and control sites have similar cloud 

regimes. 
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Other estimation methods depend on the ability to measure 

~ at the desired location. R can then be determined either by em­
n 

pirical determination of L or by use of the regression relationship 
n 

between~ and Rn. 

L can be estimated using the empirical methods discussed 
n 

in Chapter 5 to within about 10 percent in cloudless conditions. Hence, 

since Ln is usually a small portion of Rn' and ~ can be measured to 

within 8 percent (Table 2), results by this method are almost as good 

as direct measurement. However, in cloud conditions the L estimation 
n 

methods have a poor performance, and errors in L are likely to be large. 
n 

The regression relation between ~ and Rn can be used in 

all cloud conditions. The major drawback to this method lies in 

assigning reasonable values for the regression constant and coefficient. 

The values must depend both on the time period of interest and on whether 

hourly or daylight total data are available. The data in Tables 25 

and 26 may be taken as representative for a lake surface. However, the 

long period data were collected when L was increasing with time. Hence 
n 

if spring and summer is the period of interest, L will be decreasing 
n 

and the variation of values with time period will be in the opposite 



direction to those of Table 25. Assuming that reasonable values 

can be assigned, itowever, the regression method leads, with an 

assumed~ measurement error of 8 percent, to Rn determinations to 

within ~ 18 percent. 

Hence, even with measurements, the error in R 
n 
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estimate can be almost twice as much as that from direct measurement 

when clouds are present. Since some form of instrument platform 

must be installed for the Q sensors, it would appear advantageous 
n 

to measure R directly at the same site. If measurement is impossible, 
n 

t he easiest method, which has an error comparable to that using ~ 

measurements alone, is to estimate R from measurements at a nearby 
n 

accessible site. 



CHAPTER 8 

CONCLUSIONS 

The components of the radiation balance can be resolved 

from measurements of R , Q., Q , and T. with commercially available 
n 1 o 1 

sensors. The maximum error in L when it is determined as a 
0 

residual from such measurements is ±15 percent. However, for a 

water surface it can be determined to within about 1 percent from 

the Stefan-Boltzmann law if surface emissivity and temperature are 

known. Surface emissivity for water was found to be close to 0.975, 

irrespective of water composition. If a surface contaminating film, 

such as oil, is present the emissivity may decrease by a few percent. 

Surface temperature can be determined with good accuracy using 

floating sensors or with a remote temperature sensor. Both methods 

generally yielded results within ±1 C of the true temperature. 

Hence, if a knowledge of radiation balance components is ' required 

for a water surface, it is recommended that R , Q., Q and T 
n 1 o s 

should be measured. L. and L can then be obtained by calculation. 
1 0 

'lhis approach may prove difficult for a land surface, since T 
s 

cannot be measured precisely, and the surface emissivity will not 

be constant. 
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Although the radiometric determination of L has a 
0 

maximum error of ±15 percent for individual observations, the long-

term average value should be considerably more accurate. The two 

methods of L determination were used to compute the divergence of 
0 
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outgoing longwave radiation between the surface and radiometer level 

on a seasonal basis. In summer divergence dominated. Average 

-2 -1 -1 values were about 0.004 cal em min m during daylight and 0.002 

-2 . -1 -1 . cal em m1n m at n1ght, corresponding to a change in flux of 

about 1 and 0.5 percent per metre respectively. Later in the 

b · 1 th 0.001 cal cm- 2ml·n-l -l season convergence was common, e1ng arger an m 

during the day, and considerably less than this at night. For 

surface flux values a floating sensor system is recommended since 

measurements some distance above the surface will not be representative 

of the surface. Since divergence is common on a seasonal basis, it 

is likely to influence significantly the heating rate of the air 

layer close to the surface. Careful short-term measurements, 

similar to those carried out by Funk (1960) over land, are needed 

to determine the frequency and magnitude of divergence over a 

water surface. 

With a constant emissivity the outgoing longwave flux is 

controlled by surface temperature alone. Changes in L depend on 
0 

surface heating which is partly determined by net radiation. A 

heating coefficient relating L to R was examined. Its value 
o n 
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varied between 0.008 in summer and 0.001 in fall. These values 

are dependent on the level above the surface at which L is 
0 

measured, because of flux divergence in the air layer between the 

surface and the sensor height. True values require that L be 
0 

measured at the surface. 1he few values of this heating coefficient 

that have been obtained over land are considerably higher, thereby 

indicating a more rapid change of T with R . Several workers 
s n 

over land have determined surface heating by relating L to R 
n n 

in conditions where L. is nearly constant. This approach was not 
1 

possible over water for much of the season, since L variations 
0 

were small and L variations were frequently controlled by small 
n 

changes in L. , which were unrelated to the surface. In addition 
1 

to radiative heating, surface temperature changes can be induced by 

other components of the surface energy balance, namely sensible and 

latent heat exchange with the overlying air, vertical exchange with 

deeper layers and horizontal advection of energy. Such component-

i nduced changes can exceed those caused by radiative heating by 

several hundred percent. It is clear that water surface heating 

cannot adequately be explained in terms of radiative changes alone. 

1he departures from the radiative heating rate indicate the 

magnitude of the non-radiative influences. While wind speed 

influence on surface heating has been demonstrated, the influence 

of the various energy balance components cannot be separated with 

the present data. 

• 



Incoming longwave radiation cannot be regarded as constant 

in cloudless conditions, since short-term variations of up to 

20 percent were recorded. L. also varied with cloud amount. High 
1 

cloud appeared to have little influence on L. , but an increase in 
1 
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both medium and low cloud amounts increased the flux . Variations in 

both clear-sky radiation and cloud distributions, however, made it 

difficult to specify cloud influence on L.. Hence a study of L. 
1 1 

when cloud distributions, heights and base temperatures are known 

is required to determine the role of clouds in producing L. 
1 

variations. 

The performance of chart methods for estimating L. was 
1 

poor, probably because the radiosonde data from low levels were 

more representative of land than water. Empirical formulae, however, 

performed well. The Swinbank (1963) formula proved the most 

convenient to use, since it required only screen temperature 

measurements. In cloudless conditions L. can be estimated by this 
1 

formula to within ±10 percent. When cloud was present a correction 

using the Bolz (1949) coefficients led to estimates within about 

±15 percent for the whole season, Gut gave wider variability for 

individual days. 

Variations in net radiation are controlled mainly by 

variations in net shortwave radiation during the daylight hours. 
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In summer both L. and L had marked diurnal cycles and produced diurnal 
1 0 

changes in Ln which were opposite to those of ~· Consequently 

variations in R were about 10 percent less than those produced by 
n 

~ changes alone. Later in the season, when diurnal changes in L 
0 

were small and L. had little diurnal pattern, the influence of L on 
1 n 

R was variable and generally small. R variations for a water 
n n 

surface appear to be reduced less by changes in L than those for land, 
n 

where the diurnal L cycle is more marked. 
0 

Estimates of net radiation at remote locations over water 

can be made to within about ±20 percent by using measurements from 

a nearby land site with corrections for differences in albedo and 

surface temperature between the sites. The distance between sites is 

probably unimportant provided that the cloud regime is similar at 

both sites. If Q can be measured or estimated at the site, R 
n n 

can be estimated either by use of a regression relations between 

Rn and~· or by measurement of Ts and estimation of Li. The regression 

equation gives estimates to within ±18 percent, but is limited 

to daylight data. Further, the slope of this relation, whether for 

half-hourly or daylight total data, depends on L variations and 
n 

varies both from day to day and with the length of record used 

to determine the relationship. A representative slope will be 

obtained only if the range of values used in the regression approaches 
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th e maximum possible. The accuracy of this method, however, is not 

affected by the presence of cloud. Measurement of T and determination 
s 

of L. by the Swinbank formula yields estimates of R in cloudless 
1 n 

conditions with an accuracy comparable to those of direct measurement 

(±10 percent). Accuracy decreases when clouds are present, especially 

if short-term values are required. Therefore, while no single method 

of estimating R can be used in all conditions, R can generally be 
n n 

estimated, wi th careful selection of the method appropriate to the 

conditions and time period of interest, to within ±20 percent. A 

considerably more accurate estimate is possible in cloudless conditions. 



APPENDIX 

LIST OF SYMBOLS 

A Constant in 2nd atmospheric radiation equation of Swinbank 
s 

A 'A Spectrophotometer response for standard surface 

(arbitrary units) 

a Constant of regression of R upon Q. n 1 

a' Constant of regression of R upon ~ n 

a Constant in atmospheric radiation equation of ~gstr~m 
a 

~ Constant in atmospheric radiation equation of Brunt 

a Constant in atmospheric radiation equation of Elsasser e 

a . Constant in atmospheric radiation equation of Idso and 
J 

Jackson 

a Constant in 1st atmospheric radiation equation of Swinbank 
s 

B Constant in 2nd atmospheric radiation equation of Swinbank 
s 

B'A Spectrophotometer response for sample surface 

(arbitrary units) 

b Coefficient of regression of R upon Q. n 1 

b' Coefficient of regression of R upon Qn n 

b Constant in atmospheric radiation equation of 1\ngstr~m a 

bb Constant in atmospheric radiation equation of Brunt 

170 



171 

b Constant in atmospheric radiation equation of Elsasser e 

b. Constant in atmospheric radiation equation of Idso and 
J 

b 
s 

c 

E 

e 

F',\(T) 

G 

H 

K 

k 

L. 
1 

Jackson 

Constant in 1st atmospheric radiation equation of Swinbank 

Bulk cloud coefficient in equation of Gal'perin 

Constant in Planck function 

Constant in Planck function 

Coefficient for high cloud 

Coefficient for low cloud 

Coefficient for medium cloud 

-2 -1 Latent heat exchange between surface and air (cal em min ) 

Vapour pressure (mb) 

Radiative flux in all directions and for all wavelengths 
-2 -1 

(cal em min ) 

Monochromatic black-body flux from a body at temperature T 
-2 . -1 (cal em m1n ) 

Monochromatic flux from a real body at temperature T 
-2 . -1 

(cal em mm ) 

Heat exchange between surface and deeper layers 
-2 . -1 

(cal em m1n ) 

-2 . -1 Sensible heat exchange between surface and air (cal em m1n ) 

Spectrophotometer response constant 

Cloud coefficient in equation of Bolz 

Constant relating radiometer output to radiative flux 

Incoming longwave radiation (cal cm- 2min- 1) 



L 
n 

Ln(c) 

Ln(d) 

L ns 

L 
0 

L (R) 
0 

L (T ) 
0 s 

n 

p.-
1 

Q. 
1 

Incoming longwave radiation in cloudless conditions 
-2 -1 (cal em min ) 

Incoming longwave radiation in cloudy conditions 
-2 -1 (cal em min ) 

Incoming longwave radiation with complete cloud cover 
-2 . -1 

(cal em m1n ) 

-2 . -1 Net longwave radiation (cal em m1n ) 
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-2 -1 
Net longwave radiation in cloudless conditions (cal em min ) 

-2 -1 
Net longwave radiation at dawn and dusk (cal em min ) 

-2 -1 Net longwave radiation at the surface (cal em min ) 

-2 -1 Outgoing longwave radiation (cal em min ) 

Outgoing longwave radiation determined by radiometer 
-2 . -1 

(cal em m1n ) 

Outgoing longwave radiation determined from surface 

Cloud amount (tenths) 

Amount of high cloud (tenths) 

Amount of low cloud (tenths) 

Amount of medium cloud (tenths) 

-2 -1 temperature (cal em min ) 

Average pressure of i th atmospheric layer (mb) 

Surface atmospheric pressure (mb) 

-2 . -1 
Incoming shortwave radiation (cal em m1n ) 

-2 . -1 
Net shortwave radiation (cal em m1n ) 

-2 -1 Outgoing shortwave radiation (cal em min ) 

Mean specific humidity of i atmospheric layer (g kg- 1
) 



R 
n 

r 

s 

T 
a 

T 
c 

T. 
1 

T.l 
1 

T 
n 

T 
r 

T 
s 

Ts (b) 

T 
s (m) 

Ts (r) 

T 
s(s) 

T 
u 

u 

u. 
1 

v 

a 
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Net radiation (cal cm- 2min- 1) 

Correlation coefficient 

Standard error of estimate (various units) 

Monochromatic reflectivity of standard surface 

Monochromatic reflectivity of sample surface 

Air temperature (°C) 

Radiometer cavity temperature (°K) 

-2 -1 Total (shortwave + longwave) incoming radiation (cal em min ) 

Output of radiometer measuring T. (mV) 
1 

Temperature of cone for emissivity measurement (°C) 

Radiative temperature of a surface (°C) 

S f ( oC) ur ace temperature 

Surface temperature measured by infra-red thermometer (°C) 

Surface temperature measured by multiple sensor float (°C) 

Surface temperature calculated from outgoing longwave 

flux (°C) 

0 Surface temperature measured by single sensor float ( C) 

0 Radiative temperature of the atmosphere ( C) 

Corrected optical depth of j atmospheric layers (em) 

Corrected optical depth of i th atmospheric layer (em) 

Total corrected optical depth of atmosphere (em) 

Radiometer output voltage (mV) 

Surface albedo 

Rate of change of L with R 
n n 
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S* Rate of change of L with R - the radiative heating 
o n 

S* (R) 

S*(T ) s 

y 

li F 

lip . 
1 

liT 

€ a 

€ 
c 

A. . 
1 

A. 
n 

A. 
0 

(J 

coefficient 

Radiative heating coefficient determined from radiometric 

measurements 

Radiative heating coefficient determined from surface 

temperature measurements 

Constant in atmospheric radiation equation of Kngstr~m 
-2 -1 Subsurface horizontal heat flux (cal em min ) 

Pressure difference between top and bottom of i th 

atmospheric layer (mb) 

0 Difference between surface and air temperature ( C) 

Temperature difference between two radiometer surfaces (°C) 

Surface emissivity 

Apparent emissivity of a cone 

Effective emissivity through apex of a cone 

Effective emissivity of the atmosphere 

Spectral emissivity 

Emissivity coefficient for atmospheric radiation exchange 

Wavelength (microns) 

Rate of change of L. with ~ 1 

Rate of change of L with ~ n 

Rate of change of L with Qn 0 

Stefan-Boltzmann constant 

a Standard deviation (various units) s 

¢1.. Spectral sensitivity of a sensor (percent) 

w Solid angle of sight of a sensor (steradians) 
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