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ABSTRACT. Hourly measurements of incoming 
short-wave and long-wave radiation, surface albedo, and net 
radiation were made on and around a plateau ice cap on 
north- eastern Ellesmere Island during the summers of 1982 
and 1983. These data were stratified by cloud type and 
amount. AU cloud types increased incoming long-wave 
radiation, especially low dense clouds, fog, and clouds 
associated with snowfall. Relative transmission of incoming 
short-wave radiation, expressed as a percentage of clear-sky 
radiation receipts, was high for all cloud types compared to 
clouds at lower latitudes. With high surface albedo (~0 .75), 

net radiation was strongly and positively correlated with net 
long- wave radiation but showed little relationship to net 
short- wave radiation. By contrast, with low surface albedo 
('0.20) net radiation was negatively correlated with net 
long-wave radiation but positively correlated with net short
wave radiation. Under high-albedo conditions, an increase in 
cloudiness led to higher values of net radiation but under 
low-albedo conditions net radiation decreased as cloud cover 
increased. Survival of a snow cover would seem to be 
favoured if the seasonal decline in albedo is accompanied 
by a corresponding increase in cloudiness. 

INTRODUCTION 

Meteorological observations were carried out in the 
summers of 1982 and 1983 on and around "St. Patrick Bay 
Ice Cap", northern Ellesmere Island, N.W.T., Canada (lat. 
81 °57 , N., long. 64 °10, W.). The ice cap is situated on the 
Hazen Plateau at an elevation of -850 m above sea-level 
(Fig. 1). Because the surrounding topography is so flat, the 
ice cap is completely unshaded so the effects of slope and 
aspect on topoclimate are minimized. 

Observations were initiated to determine a possible 
mechanism by which the ice cap, through modification of 
the local climate, assists in its own preservation (Bradley 
and Serreze, 1987). One such potential mechanism involves 
the noted high sensitivity of net radiation over Arctic snow 
surfaces to variations in cloudiness and surface albedo (e.g. 
Jacobs and others, 1973; Ambach, 1974; Crane, 1979). These 
studies concluded that, for a high-albedo snow surface, net 
radiation under clear skies is significantly lower than the 
corresponding value under cloudy skies with identical sur
face conditions. 

From the results of these and other studies, we 
hypothesized that seasonal variations in spring/summer 
cloudiness may interact with variable surface albedo so as to 
affect positively the mass balance of the ice cap. To assess 
this possibility, hourly measurements of short-wave and 
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long- wave radiation, surface albedo, and net radiation were 
recorded and were stratified by cloud type and amount. 
Instrumentation used is shown in Table I. 

OVERVIEW OF CONDITIONS IN 1982 AND 1983 

Daily totals of incoming short-wave (Qi) and long-wave 
radiation (Ii) recorded at station Yankee are shown in 
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Fig. 1. Location map; S.P.B.. St. Patrick Bay; B.L .. 
Beau/ort Lakes; W.B .. Wrangel Bay; L.B .. Lincoln Bay. 

TABLE 1. RADIATION INSTRUMENTS USED IN STUDY 

Incoming and reflected short-wave radiation (Qi and Qo) 

Eppley "black and white" pyranometers, Model 8-48 

Incoming long-wave radiation (Ii) 

Eppley precision infra-red radiometer (pyrgeometer) 

Net radiation (R) 

"Fritschen type" net radiometers (Micro met Instruments) 
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Figures 2 and 3. At this site, Qi' li' QQ (outgoing short
wave radiation), and R (net radiation) were measured 
direc\ly. This station was located approximately I km from 
the southern edge of the ice cap over a till surface that 
was snow-covered early in the measurement period and 
became fully exposed later in the season . Surface albedo 
varied between 0.90 and 0.16 during the measurement 
period (Julian Days (ID) 160-208). Large day-to-day 
fluctuations in Qi are associated with synoptic-scale 
events, with peaks associated with clear-sky conditions. Near 
the solstice (JD 172), with a nearly complete (approximately 
95%) snow cover, short - wave (0 .28-2 .80 jl.m) atmospheric 
transmission in clear skies at local noon was 0.77 in 1982 
and 0 .74 in 1983 . These values compare with a 
summer-time value of 0 .81 recorded by Holmgren (1971) on 
the Devon Island Ice Cap in late June. This higher value 
primarily reflects the higher elevation (I 320 m) of the 
Devon Island station as compared to "SI. Patrick Bay Ice 
Cap", although differences in atmospheric turbidity, 
humidity , and instrument types may also be a factor . 

Day-to-day fluctuations of li are much smaller 
co mpared to Qi (Figs 2 and 3), and there is a close inverse 
relationship between the two variables due to the influence 
of cloudiness. Under clear skies, Qi is high with fairly low 
values of li ' Conversely, under cloudy skies, Qi is lower 
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Fig . 2. Daily receipts of incoming short-wave radiatioll ( Qi ) 
(so lid line) alld 10llg-wave radiatioll (li) ( dashed line) ill 
1982 at station Yankee . 
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Fig . 3. Daily receipts of illcomillg short-wave radiat ion ( Qi ) 
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but clouds increase counter radiation. Under dense 
overcast, li may exceed Qi (e.g. 10 188-196 in 1983; Fig. 
3). The result of this balancing relationship between Qi and 
li is that the daily variability of total incoming radiation is 
rather moderate and less than expected on the basis of Q; 
alone. 
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Fig. 4. Meall hourly Qi alld li at statioll Yallkee ill 1982 
and 1983 (for Juliall Days 170-207 ill both years). 

(averaging 7/ 10 in 1983 and 6/ 10 in 1982) . In both years, 
li shows little diurnal variation, reflecting a fairly even 
cloud cover, fairly windy conditions, and a 24 h daylight 
period , resulting in a small diurnal temperature range. 
Despite the slightly greater cloudiness in 1983, values of I · 
are lower than in 1982 due to the significantly colder con~ 
dit ions in 1983 . 

THE ROLE OF CLOUD COVER ON Qi AND li 

Two seasons of hourly surface observations of cloudi
ness allow an analysis of the role of cloudiness on Qi and 
l i· Hourly totals of Qi measured under clear skies and 
different cloud types are plotted against solar angle (as 
measured from a horizontal plane) in Figure 5. Data from 
station Yankee for both years are used . In order to have 
enough cases for analysis, clear skies are defined as 0/1 0 
cloudiness, and for each cloud type cloudiness was )7 / 10. A 
linear regression analysis has been adopted, and seems to 
work well for the range of solar angles in which 
observations were made (-12-30 0). Correlation coefficients 
between solar angle and Qi are uniformly high and 
significant (p z 0.00 I). Extrapolating beyond this range is 
obviously problematical (note negative y-intercepts). 
Although various non-linear functions were fitted to the 
data, they resulted in no significant improvement in the 
correlations. Some scatter is inevitably introduced due to a 
comparison of hourly radiation totals with instantaneous 
(hourly) cloud observations and, although measurements took 
place over two seasons as surface albedo changed, some 
meaningful information can be extracted. 

To enable clear-sky radiation receipts to be compared 
with those under different cloud types, the regression line 
for clear-sky conditions (top left section of Figure 5) is 
shown as a solid dark line in the other diagrams. Table 11 
compares the relative transmission of Qi as a percentage of 
clear-sky surface radiation for different cloud types for 
solar angles of 12 ° and 30°. The difference in relative 
transmission between these two solar angles is also shown 
(cf. AngstrOm and Tryse lius, 1934; Haurwitz, 1946, 1948; 
Liljequist, 1956; Vowinkel and Orvig, 1962; Holmgren, 
1971). As expected, for the thinner, higher cloud types 
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TABLE 11. RELATIVE TRANSMISSION OF Qi FOR 
SOLAR ANGLES 12· AND 30· UNDER DIFFERENT 
CLOUD TYPES (%) . 

(a) 12· (b) 30· (c) b - a 

Cirrus/ cirrostratus 84 89 5 
Altocumulus 58 78 20 
Stratus 50 54 4 
Fog 46 67 21 
Altostratus 46 65 19 
Stratocumulus 35 66 31 
Snow 33 59 26 

Average (all cloud types) 50 68 

(cirrus/cirrostratus), relative transmission is high (84-89%) 
while for the lower thicker cloud types, and snowfall, 
relative transmission is much lower (as low as 33%). 

In comparison with clouds in temperate regions, Arctic 
clouds are noted for their higher relative transmission. This 
is due to Arctic clouds being thinner than temperate clouds, 
due to limited convection and lower absolute humidities. 
AngstrOm and Tryselius (1934) arrived at an annual mean 
of 23% relative transmission under dense overcast conditions 
in temperate regions . By contrast, in Antarctica, Liljequist 
(1956) arrived at a mean of 60%, while Holmgren (1971), 
on the Devon Island Ice Cap, noted even higher values of 
up to 70%. Both of the latter were summer-time values . 
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Our measurements, over a range of solar angles from 12· 
to 30· give a mean relative transmission for all cloud types 
of 50--68% (Table 1I). 

Measurements of li showed virtually no dependence on 
solar angle and, on the average, no diurnal change (Fig. 4). 
The reasons for this are noted earlier. In comparison with 
clear-sky conditions, all cloud types (except cirrus/cirro
stratus at low solar angles) result in an increase in li' The 
effect is most pronounced for denser cloud types, snow, and 
fog. This is summarized in Table 1Il which ranks li accord
ing to a regression-derived value for solar angle of 20° . It 
is clear that cloud types associated with the highest receipts 
of li (stratocumulus, stratus, snow, and fog) are also 
associated with low relative transmission of Qi (Table 11). 

THE ROLE OF ALBEDO AND CLOUD COVER ON NET 
RADIATION 

Interactions between cloudiness and the surface play a 
major role in the radiation balance of a region. Surface 
albedo is an important component in these interactions. 
Here, we consider the role of albedo and cloudiness on net 
radiation (R) at the surface . 

Tables IV and V present correlation matrices between 
R, Qi' li' and the net long-wave (In = li + 10 ) and net 
short-wave (Qn = Qi + Qo) hourly radiation totals for con
ditions of high (~0 . 75) and low (~0.20) surface albedo. 
Outgoing long-wave radiation (emitted and reflected) was 
calculated as a residual of the radiation-balance equation 
(10 s R - Qi - Qo - li), where radiation terms are con
sidered positive when directed towards the surface. Used in 
this analysis are 1982 data from station Yankee, which 
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Fig . 5. Mean hourly totals of Q . (MJ m-2 h- 1) vs solar angle for clear skies (0 / 10 cloud cover) and 
different cloud types ('~7 / 10 ~loud cover). The regression line for each sky condition is enclosed by 
95% confidence intervals. The regression equation. correlation coefficient (R). significance (p), and 
number of cases (N) for clear skies and the different cloud types are also shown. In the regression 
equations, solar angle is abbreviated as S. The solid line is the regression line for clear skies. 

TABLE Ill. RANKING OF Ii FOR DIFFERENT SKY 
CONDITIONS WITH SOLAR ANGLE OF 20

0 
(M] m- 2 h-1) 

* 
Cirrus/cirrostratus 0.773 96% 
Clear skies 0.802 100% 
Altocumulus 0.862 108% 
Altostratus 0.921 115% 
Stratus 0.939 117% 
Fog 0.983 123% 
Stratocumulus 0.994 124% 
Snow 1.021 127% 

*Relative to clear-sky conditions at 20
0 

solar angle. 

operated over a low-albedo till surface in the latter part of 
the measurement season (Bradley and Serreze, 1987) and 
1983 data from station Zebra, which operated in the center 
of the ice cap over a uniform high-albedo snow cover. 
Only Qc;> and R were measured at station Zebra. To close 
the radiation balance for this site, values for Ii and Qi 
were taken from station Yankee. Due to the proximity of 
the two sites (-2 km) and the fact that both sites were 
underlain by a snow cover in 1983, we assume that Ii and 
Qi are identical at both sites. Using these two data sets, the 

effects of cloudiness on R under conditions of high and 
low albedo were investigated. It should be noted that the 
two data sets are from different years and Ii was 
significantly lower in 1983. 

TABLE IV. CORRELATION MATRIX OF R, Qi, Ii, In' 
AND Qn FOR HIGH-ALBEDO CONDITIONS (~75%)* 

Qi I· 1 In Qn 

I· 1 -{).54 
(741) 

In -{).59 0.57 
(741) (741) 

Qn 0.90 -{) .51 -{).66 
(742) (741 ) (741) 

R 0.08 0.27 0.69 0.08 
(742) (741) (741 ) (742) 

*The number of cases is shown in parentheses. All corre-
lations are highly significant (p = 0.001) except for that of 
R, Qi, and Qn 
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TABLE V. CORRELATION MATRIX OF R, Q~ li' 
AND Qn FOR LOW-ALBEOO CONDITIONS ('20 )* 

In' 

Qi I· I In Q n 

I· I -{l.55 
(544) 

In -{).86 0.72 
(544) (544) 

Qn 0.99 -{).54 -{).86 
(544) (544) (544) 

R 0.96 -{l.38 -{).69 0.96 
(544) (544) (544) (544) 

*The number of cases is shown in parentheses. All corre
lations are highly significant (p = 0.001). 

. HIGH ALBEDO (~0.75) 

Under conditions of high albedo, R is best correlated 
(positive) with In' and poorly correlated with Qi' Qn' and 
I· (Table IV). This is clearly seen in Figure 6, where R is 
pllotted against In and Qn' Similar relationships were found 
by Hoinkes (1970), Holmgren (1971), Ambach (1974), and 
Kuhn and others (1975). They noted that In is very 
dependent on cloudiness. 

Ambach (1974) demonstrated that, under 10/10 cloudi
ness, Qi and Qo are reduced by cloud albedo and 
absorption. Qn is therefore also reduced but must remain 
positive. li increases with extensive cloudiness, due to 
enhanced counter radiation (cf. Table Ill). 10 depends on 
the surface temperature and emissivity, and will only be 
marginally affected by an increase in cloudiness. Under 
clear skies (0/10), In is strongly negative, but under over-
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cast conditions it can approach, or even exceed, zero 
(Bolsenga, 1977). These relationships are supported in Table 
IV, where li and In (hence cloudiness) are both shown to 
be negatively correlated with Qi' 

Evidently, with extensive cloudiness, the increase in In 
more than makes up for the decrease in Qn' resulting in an 
increase in R. This effect is clearly illustrated in Table VI, 
in which hourly totals of Qn and In from the present study 
are stratified according to three conditions of cloudiness (in 
tenths, 0-2, 3--6, 7-10, all cloud types combined, and the 
difference between the first and last groups). The change in 
R from condition (a) to (c) is statistically significant 
(p = 0.01). 

LOW ALBEDO ('0.2) 

With conditions of low albedo, R is strongly correlated 
with Qi' QIl (positive), and In (negative), and is poorly 
correlated with li (Table V). This is almost a complete 
reversal from the high-albedo situation. These results agree 
well with those of Wilson (1972), who found an almost 
perfect linear relationship between Qi (and hence Qn) and 
R when the albedo was low. In Figure 7, as before, R is 
plotted against Qn and In' In contrast to the previous 
situation, variations in both QI} and In exert a strong 
influence on R. The influence of cloudiness on Qn and In 

TABLE VI. Qn' In' AND R STRATIFIED ACCORDING 
TO DIFFERENT CONDITIONS OF CLOUD COVER WITH 
SURFACE ALBEDO ~75% (MJ m-2 h- 1) 

(a) 0-2 (b) 3-6 (c) 7-10 (c - a) 

Qn 0.247 0.241 0.103 -{).144 

In -{).207 -{).202 0.009 0.216 

R 0.040 0.039 0.112 0.072 
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Fig. 6. Hourly totals of net radiation (R) in relation to hourly totals of net long-wave radiatioll ([,) 
(left) alld net short-wave radiation (Qn) for high-albedo conditions ('~0.7 5). The dashed lines HI each 
plot are the 95% confidence intervals on a linear regression through the data. Note dlfferellces III scale 
of abscissa al1d ill scales of ordillate compared to Figure 7. 
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is similar to that shown in Table VI, but in this case the 
reduction in Qn with increasing cloudiness more than makes 
up for the increase in In ' This results in a decrease of R. 
These relationships are made clear in Table VII. The change 
in R from condition (a) to condition (c) is statistically 
significant (p = 0.01). 

TABLE VII. Qn' In' AND R STRATIFIED ACCORDING 
TO DIFFERENT CONDITIONS OF CLOUD COVER WITH 
SURFACE ALBEDO QO% (MJ m- 2 h-1) 

(a) 0-2 (b) 3-6 (c) 7-/0 (c - a) 

Qn 0.736 0.678 0.457 -0.279 

In -{).379 -{).354 -0.162 0.2 17 

R 0.357 0.324 0.295 -0.062 

DISCUSSION 

It is evident that the relationships between cloud cover 
and surface albedo exert a major control on R , and hence 
should have an influence on the mass balance of the ice 
cap. The relationships discussed here find support in 
numerous other studies. For example, Holmgren (1971), in a 
synoptic energy-balance study on the Devon Island Ice Cap 
(N.W.T., Canada), noted that the lowest values of R were 
obtained when the surface was frozen and had a high 
albedo . With the same surface characteristics but with an 
overcast sky, R rose dramatically. With a melting surface 
(lower albedo) and clear skies, again with light winds, R 
attained much higher values. Similar relationships were 
found by Alt (1978) on the Meighen Ice Cap (N.W.T., 
Canada). 

Table VI shows that with a high surface albedo, R 

nearly triples from low to high cloud-cover conditions (a to 
c). Conversely, with low albedo (Table VII), the 
corresponding decrease in R is much smaller in proportion 
but similar in absolute terms (-{) .062 vs 0.072 MJ m-2 h-1). 

In terms of total energy, the effect seems rather small but, 
since the Arctic melt season is quite short, any change in 
the timing and extent of melt can have a large impact on 
regional energy budgets (Marshunova and Chernogovskii, 
1968). The relevance of our small-scale study to larger areas 
is suggested by studies of cloudiness and snow melt in the 
Arctic Basin (Robinson and others, 1985, 1986; Scharfen and 
others, 1987) which demonstrated links between the timing 
of late spring and early summer cloudiness and the 
progression of melting and surface-albedo change. 

Little attention has been paid to the possible influences 
of the relationships between cloudiness, surface albedo, and 
net radiation on the survival of a snow cover. From the 
present study, it seems that clear spring-time conditions 
when the surface albedo is high, combined with increased 
cloudiness as melt commences and the surface albedo drops, 
could favour the survival of a snow cover. However, 
precisely where and when this effect would have importance 
is less apparent. Obviously, at some critical solar flux, the 
value of R (and hence the amount of melt) would be en
hanced by clear skies and reduced during periods of greater 
cloudiness, regardless of the albedo of the snow surface, so 
the relationship discussed here would no longer hold. Most 
studies of mid-latitude glaciers show this to be true 
(Muller, 1984). Hence, the effects discussed in this paper 
are probably restricted to high-latitude polar regions where 
radiative f1uxes are rather small, the percentage change in 
the radiation budget being rather sensitive to the effects of 
cloudiness. The effect would probably also be most apparent 
over large, homogeneous snow surfaces where regional 
radiation budgets are rather uniform. Other effects which 
are likely manifested in our results, but have not been con
sidered individually, may also have some importance. These 
include multiple reflection effects between clouds and the 
surface (e.g. Schneider and Dickinson, 1976; Weller and 
others, 1981) changes in surface albedo due to preferential 
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absorption by clouds of near-infra-red radiation (Grenfell 
and Maykut, 1977) and albedo changes related to solar angle 
and specular reflection from snow surfaces (Wiscombe and 
Warren, 1980). 

Because of the many uncertainties, the critical value of 
surface albedo at which an increase in cloudiness would 
benefit a snow cover is unknown. A minimum albedo of 
0.75, suggested by Ambach (1974), would require a change 
in cloud conditions while the snow cover was still fairly 
fresh, which would generally be the case in early to mid
spring. However, the critical value is probably quite 
variable, with the height and radiative temperature of cloud 
types of fundamental importance. Further study of this 
matter is warranted. 
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