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Observed Impact of Snow Cover on the 
Heat Balance and the Rise of Continental 

Spring Temperatures 

Pavel Ya. Groisman,* Thomas R. Karl, Richard W. Knight 
Analysis of satellite-derived snow cover, radiative balance, and surface air temperature 
over Northern Hemisphere extratropical land shows that the retreat of the Northern Hemi- 
sphere's extent of spring snow cover over the past 20 years parallels a change in the 
influence of snow cover on the radiative balance and an observed increase of spring 
temperatures over the same area. These results help explain why the long-term (20th 
century) increase in surface air temperature over Northern Hemisphere land has been 
greater in spring than in any other season relative to the interannual variability. 

Snow on the ground has important effects 
on the Earth's heat balance, influencing the 
planetary albedo (a) and outgoing long-wave 
radiation (OLR), whlch then feed back ( I )  to 
surface temperature. In this report, we esti- 
mate the impact of interannual and decadal 
snow cover variability on the hemispheric 
heat balance and temperature over the past 20 
years. Our study focuses on the northern 
extratropical land (NEL) (Fig. I), where snow 
covers the ground at least once every 20 years 
for a week or more. This area encompasses 
55% (54.2 x lo6 km2) of the land in the 
Northern Hemisphere and 2 1% of the entire 
hemispheric area. 

We used four databases: (i) Northern 
Hemisphere weekly snow cover derived from 
National Oceanic and Atmospheric Admin- 
istration (NOAA) satellites (2); (ii) month- 
ly mean surface air temperatures (3); (iii) the 
Earth Radiation Budget Experiment (ERBE) 
planetary albedo and OLR measurements 
(4); and (iv) a gridded climatology of total 
cloud cover (5). We interpolated or reinter- 
polated all monthly data (radiative fluxes, 
surface air temperature, and cloudiness) 
onto the same grid cells (4081 cells) used for 
snow cover measurements (Fig. 1). 

The extent of annual snow cover (Table 
1) declined by -10% over the Northern 
Hemisphere, including both North Ameri- 
ca and Eurasia, over the past 20 years. 
Trends over the three continental-scale 
regions (North America, Europe and West 
Asia, and East Asia) are all negative. The 
decline is related to the increase in the 
annual temperature over these regions (2, 
6). Most of the decrease occurred in the 
second half of the hydrological year (April 
to September) and was especially promi- 
nent in spring (April to May). 

The ERBE data from 1984 to 1988 were 
used to develop a relation between the frac- 
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tion of monthlv snow cover (S) and each of . , 
the various components of the Earth heat 
balance (clear-sky and total albedo and OLR) . 
Because temperature is often a good surrogate 
for other factors (besides snow cover), we 
grouped grid cells by monthly surface air 
temperature (in the range of 20.5"C). For 
each set of cells, we retrieved the correspond- 
ing radiation components for clear-sky and 
all-sky conditions and subjected them to a 
regression analysis. We estimated adas 
(aOLRIaS) as a function of temperature by 
regressing the mean monthly values of plane- 
tary albedo (OLR) and snow cover for grid 
cells grouped together by surface air tempera- 
ture (7). These relations were used to estimate 
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Fig. 1. Land area over Northern Hemisphere 
(except Greenland) where at least once during 
the past 20 years observations of weekly snow 
cover in January have reported the presence of 
snow cover (NEL). The spatial resolution of the 
observations is presented by the size of the 
grid cells. The bold line represents the partition 
of the Eurasian continent used in Table 1 

the impact of snow cover on the climate 
system over the past 20 years. 

The radiative balance of an atmospheric 
column for each grid cell of the NEL is RB = 
ASR - OLR, where ASR (absorbed solar 
radiation) and OLR are determined at the 
top of the atmosphere (TOA), both being 
functions of TOA solar radiation (0). tem- ~ -, . 
perature, cloudiness, and snow cover. The 
radiative balance equation can be expanded, 
and the main linear component affected by 
snow-cover variations is 

where o(S) is the remainder of the Taylor 
series expansion, which is of minor impor- 
tance in snow cover feedback and has been 
neglected. The values of ASR and OLR can 
be calculated by 

ASRtOt,l = ( 2 4  

Q[ 1 - %ear( 1 - c )  - CaovercastI 

and 

where C is the fraction of mean cloud cover 
over the grid cell (8).  Substituting Eqs. 2 
into Eq. 1 yields 

where temperature, cloud cover, and snow 
cover can be considered to be independent 
variables. Equation 3 provides an estimate 
of the climatic feedback effect snow cover 

Table 1. Linear trends, p, of snow cover over 
the NEL (1973-92), their standard errors, up, 
and percent of interannual snow cover variab~l- 
ity described by the trend (R2). The value of p 
is reported at the 0.05 two-tail statistical signif- 
icance level. Therefore, no data are reported for 
autumn (October to November) and winter (De- 
cember to March). 

Season p (1 o5 km2/ U, (I  o5 km2/ R 2  
10 years) 10 years) 

Spring 
Summer 
Annual 

Spring 
Summer 
Annual 

Spring 
Summer 
Annual 

Spring 
Summer 
Annual 

North America 
-7.4 2.8 
-5.1 1.6 
-4.3 1.4 

Europe and West Asia 
- - 
-2.1 0.5 
-3.0 1.2 

East Asia 
-9.5 2.1 
-4.6 1.3 
-4.3 1.2 

All area 
-19.8 5.2 
-1 1.8 3.1 
-11.7 3.2 
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has on the regional heat balance. Clouds, 
their associated albedos, and OLR vary 
during the year, but the variation does not 
depend substantially on the presence or 
absence of snow cover; therefore, dClaS = 
0, dOLR,,e,c,s,IdS = 0, and d a  ,,,, c,,,/aS = 
0. These assumptions are approximately 
correct, except we shall show the last as- 
sumption not to be completely valid for 
temperatures below freezing. Equation 3 
can then be simplified as 

RBS = 

Integration of Eq. 4 over the NEL gives 
the hemispheric snow cover feedback of 
the RB (9). 

The data (Fig. 2) show that snow cover 
increases the planetary albedo and, at the 
same time, suppresses OLR, which varies 
with surface temperature. These effects are 
especially apparent at low surface air tem- 
peratures because snow cover is likely to 
have different radiative characteristics at 
low temperatures and be more continuous. 
The relation depicted in Fig. 2A explains 
25 to 30% of the spatial variance of clear- 
sky albedo (acl,,,) for grid cells with mean 
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Fig. 2. (A) Sensitivity of clear-sky and total 
albedo to the snow cover extent (dcuClea,/dSand 
acu,,,,l/dS) as functions of the mean surface air 
temperature (B) Sensitivity of clear-sky and 
total OLR to the snow cover extent (aOLR,,,,,I 
aS and aOLR,,,,,laS) as functions of the mean 
surface air temperature Dashed lines are the 
clear-sky curves multiplied by (1 - C), where 1 
- C IS the fractlon of clear skies. 

temperature below P C ,  15 to 20% of the 
variance for the grid cells with mean tem- 
perature from 0" to 5"C, and less than 10% 
of the variance for warmer temuera- 
tures. An estimate of the spatial variance of 
dOLRCle,,ldS as a function of the surface air 
temperature (Fig. 2B) explains 30 to 40% of 
the variance of OLRcI,,, for the grid cells 
with mean temperature below -5"C, 20 to 
30% of this variance for the grid cells with 
mean temperature from -5' to O°C, 8 to 
15% of the variance for the grid cells with 
mean temperature from 0' to 4'C, and less 
than 4% of this variance for higher temper- 
atures. The emissivity of snow-covered 
woodland or grassland is about 10% less than 
that of snow-free woodlands and grasslands 
(1 0). The sign of our estimates of dOLR,,,,,I 
as is consistent with this information. 

We also amlied the method used for the 
& .  

estimation of the derivatives da,,,,,/dS and 
aOLRCle,,laS to the OLR and albedo with- 
out regard to cloud cover (all-sky or "total" 
conditions). In this instance, however, the 
effects of clouds are included in the relation 
between the radiative balance and snow 
cover, so the concept of a partial derivative 
is no longer valid. If the influence of snow 
cover on the radiative fluxes is onlv mani- 
fested under clear-sky conditions, then the 
estimates of the d a  ,,,,, /as and dOLR ,,,, JdS 
(Fig. 2) should be equal to the values for 
clear-sky conditions when multiplied by a 
factor equal to (1 - C). Our analysis shows 
that the sensitivity of the planetary albedo 
to snow on the ground for all-sky conditions 
is 5 to 50% higher than expected for tem- 
peratures below freezing (Fig. 2A). Further- 
more, from -13' to -4"C, the relation 
describes a 5 to 10% larger uortion of total - 
variance between albedo and snow cover 
than the clear-sky relation. This apparent 
discrepancy may be a result of thin clouds, 
often registered by surface observers [and 
therefore, present in the data of Warren rt 
al. (1 I)] in cold climates. Thin clouds are 
relatively transparent to the &light, al- 
lowing the snow cover to affect planetary 
albedo for cloudy-sky conditions. Regres- 
sion estimates of dOLR,~,,,,IaS for all-sky 
conditions are about one-sixth of those for 
clear-sky conditions and describe 5% or less 
of the total OLR variance. This decrease of 
sensitivity to snow cover is likely related to 

a combination of cloud and water vapor 
effects that interfere with the impact of 
snow cover on long-wave radiation. The 
effect of snow cover on OLR estimated from 
clear-sky long-wave fluxes characterizes an 
atmosphere significantly drier than that un- 
der all-sky conditions (12). We expect a 
stronger absorption of long-wave radiation 
by atmospheric water vapor under all-sky 
conditions, com~ared with that under clear 
skies, and a reduced impact of snow cover 
on the OLR. This partially explains the 
difference in the OLRCIe,,(1 - C) versus 
OLR,,,,, sensitivities. We cannot separate 
the effects of clouds and water vauor in the 
framework of our approach (1 3). 

Year-by-year seasonal estimates of the 
snow-cover feedback on the radiative bal- 
ance can be made with the results in Fig. 2, 
Eq. 4, and the observed snow cover. The 
time series of the interannual variations of 
RB, from Eq. 4 (Fig. 3A and Table 2) (14) 
ind~cates that (i) despite the larger extent of 
snow cover in winter (December to March) 
compared to spring (April to May), the snow 
cover feedback of ASR in s~ r ine  is iust as 
large; (ii) the maximum impact of snow 
cover on OLR occurs in winter and has a 

Fig. 3. Seasonal and annual impact of snow cover 
on the radiative balance over the NEL (RB,) on 
the basis of (A) the clear-sky approach (Eq. 4) 
and (B) the all-sky ASR (from Eq. 5) and the 
clear-sky OLR (from Eq. 4) approaches. 

Table 2. The impact of snow cover on the radiative balance over the NEL over the past 20 years. 
Mean values and interannual standard deviations are listed (on the basis of the clear-sky approach). 

Season Short-wave (ASR) Long-wave (OLR) Total (RB,) 
(W m-') (W m-') (W m-") 

Autumn -3.1 + 0.5 
Winter -11.2 + 0 5  
Spring -1 1.6 -t 0.8 
Summer -0.7 -r- 0.2 
Year -6.4 -t 0.34 
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Table 3. The impact of snow cover on the rad~at~ve balance over the NEL over the past 20 years. 
Mean values and interannual standard deviations are l~sted (on the basis of the all-sky approach). 
The last two columns pertain to the all-sky approach for the short-wave feedback (from Eq. 5) and 
to the clear-sky approach for the long-wave feedback (from Eq 4). 

Short-wave (ASR) Long-wave (OLR) Total (RB,) (W m-') 
Season (W m-2) (W m-2) All-sky OLR Clear-sky OLR 

Autumn -5 4 _c 0.8 2 8  2 0 2  -2.6 -c 0 6 -1 4 k 0 4  
W~nter -15.4 + 0.8 5.3 2 0.2 -10.0 k 0.6 - 5 7 k 0 6  
Spring - 1 6 . 6 2  1 3 1.9 + 0.1 -1 4.7 2 1.2 -13.7 2 1.1 
Summer -1.2 2 0.3 0.2 2 0.05 -1 1 * 0.3 -1 .I * 0.3 
Year -9.2 k 0 56 2.6 k 0.1 1 -6  6 2 0.46 -4.8 + 0.42 

Fig. 4. Spring (April to May) impact of snow 
cover on the radiative balance (RE,) and sur- 
face air temperature anomalies over the NEL;  
the correlation coefficient between these two 
time series IS 0.72. 

sign opposite that of the albedo; (iii) the 
effect of snow cover on the radiative balance 
is near zero during summer and autumn; and 
(iv) as a result of the above, the effect of 
snow cover on radiative balance is largest 
during spring (April to May). If instead of 
using Eq. 4, we use 

where the estimates of d~,,,,l/aS and 
dOLR,,,,,ldS relate to all-sky conditions, 
these conclusions remain unchanged, but 
the magnitude of the feedback on RE3 is 
different (Table 3 and Fig. 3B) (1 5). 

In sorine. the influence of snow cover on . -. 
the radiative balance is especially promi- 
nent. The global retreat of the spring snow 
cover over the past 20 years (Table 1) has 
enhanced the warming in NEL. A change 
in the maenitude of RB of 1.0 W mP2 

L. 

corresponds to an increase of surface air 
temoerature of about 0.6OC on the basis of 
the sensitivity of the Earth climate system 
to radiative forcine estimated from climate 
models and satelli; observations (1 6). The 
change in the annual RB as a result of snow 
cover over the NEL between 1979 and 1990 
(two extremes) was 0.9 W m-2 (in spring 
2.6 W m-2). This corresponds to an in- 
crease of about OS°C in the annual surface 
air temperature over NEL (in spring, 
1.5"C). Over the NEL, the actual differ- 
ence in mean surface air temperature be- 

tween these two years is 0.98"C and, in 
spring, 1.09'C. Thus, about 50% of the 
annual temperature difference of these two 
years (and much more in spring) may be 
related to snow cover feedback. Of course, 
advection distributes the excess radiation 
gain to other regions. The negative trend 
found in the summer snow cover (Table 1) 
is probably a residual stemming from the 
retreat of spring snow cover. 

Jones and Briffa (1 7) found that over the 
past 100 years, there was a significant in- 
crease in global surface air temperature; 
century-long trends in surface air tempera- 
ture were esoeciallv orominent over the 
land areas o i  the ' ~ o r t h e r n  Hemisphere 
during April and May. Our analysis indi- 
cates that there is a strong positive feedback 
between spring snow cover and the radia- 
tive balance over the NEL. During the 20th " 
century, the global warming that has oc- 
curred in the spring is likely to have been 
significantly enhanced by corresponding 
changes in snow cover extent (Fig. 4). Thus, 
the transient effects of external climate forc- 
ing, such as greenhouse warming, may be 
especially prominent during spring in mid- 
and high-latitude lands of the Northern 
Hemisphere, where snow cover variations 
substantially affect the radiative balance. 
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