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ABSTRACT 
Snow/ice is a key climate element in the Earth system, which significantly affects surface energy 
and water balance through a strong snow/ice albedo feedback (SAF). Over the past decade, 
substantial progress has been made on improving the understanding of SAF over the Northern 
Hemisphere, particularly under climate change scenarios. However, minimal attention has been 
paid to quantifying the SAF over the Arctic, a region that is extremely sensitive to global 
warming. SAF is also an important component in the Arctic amplification. Thus, quantifying the 
SAF strength in the Arctic allows for a comparable representation of warming responses in the 
region, especially under the effects of climate change. In this study, SAF is decomposed into the 
product of two terms, one representing the dependence of net incoming solar radiation on 
surface albedo and the other representing the change in surface albedo induced by a unit 
temperature change. The calculations used reanalysis data from the Modern-Era Retrospective 
analysis for Research and Applications (MERRA-2) from the NASA Global Modeling and 
Assimilation Office.  surface albedo radiative kernels from four widely-used global climate 
models (GCMs) were utilized to quantify the first term and compared it with the MERRA-2 
analysis in order to investigate GCM ability to reproduce the Arctic SAF strength. SAF was 
analyzed over the different surface types within the Arctic, including ocean with sea ice and land 
snow/ice/glacier, to quantify their relative contributions.  
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1.  INTRODUCTION 
 

Climate feedback differences are 
often a major source of error for 
divergence in climate model responses 
to anthropogenic forcing in correlation to 
how well these models reproduce the 
Arctic’s atmospheric conditions. The 
snow albedo feedback has multiple 
atmospheric properties manipulating its 
quantification of its strength (Bony et al., 
2006; Stocker et al., 2001; Bony et al., 
2004). Snow albedo feedback strength 
is critical for climate change prediction 
for its role in amplification of the Arctic. 
(Holland, M. M., and C. M. Bitz, 2003) 
Incoming solar radiation enters the 
atmosphere striking the Arctic Ocean. 
This causes the ocean to transfer heat 
into adjacent ice and snow. More heat 
transfer results in more ice and snow 
melt, which opens up more Arctic Ocean 
water to absorb solar radiation, causing 
a positive feedback loop (Cubasch et al. 
2001; Holland and Bitz 2003). 
Quantification of this so-called positive 
snow albedo feedback loop allows for 
better representation of the Arctic region 
for model prediction. It accounts for 
almost half of the additional net 
incoming solar radiation associated with 
northern hemispheric cryosphere retreat 
in simulated climate change equilibriums 
(Hall  2004). Analyzing observational 
data sources, satellite records favor the 
idea of the snow albedo feedback. 
Groisman et al. (1994a,b) correlated 
Earth’s radiation budget top of the 
atmosphere shortwave fluxes and 

satellite observations snow extent in 
northern hemisphere extratopics that for 
the last two decades northern 
hemisphere warming can be attributed 
to changes in snow albedo. Similarly, in 
nearly all previous modeled simulations 
of snow cover for future climates, snow 
cover retreats almost simultaneously 
with anthropogenic warming of northern 
hemisphere extratropical land masses 
attributing to enhance solar absorption 
in the relevant areas (Cess et al., 1991; 
Randall et al., 1994; Cubasch et al., 
2001; Manabe and Wetherald, 1980; 
Robock, 1983; Ingram et al., 1989). This 
correlation is seen in Intergovernmental 
Panel on Climate Change Fourth 
Assessment Report (AR4) as well. 
There is a consensus on the sign of a 
feedback loop, however it is known that 
in simulations carried out over the past 
two decades, snow albedo feedback 
strength varies significantly (Cess et al. 
1991; Randall et al.1994;  Cubasch  et 
al.  2001;  Holland  and  Bitz  2003). 

 Xin Qu and Alexander Hall 
developed methods to quantify snow 
albedo feedback strength for northern 
hemispheric lands. Their method can be 
applied to the Arctic region allowing for 
more representation for this region of 
Earth where models often have 
difficulties representing because of lack 
of observational data and divergence in 
modeled simulations (Cubasch et al. 
2001; Holland and Bitz 2003). We 
applied their method in our constant of 
greater than 60°N to analyze the snow 
albedo feedback strength of the Arctic 
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with the current satellite record to three 
decades previous (2017-1980) seasonal 
cycles to compute statistically stable 
estimate of snow albedo feedback 
strength. For the purpose of our study, 
we focus primarily on seasonal 
transitions of Spring and Summer for 
quantification of snow albedo feedback 
strength.  
 
2.1 SAF DECOMPOSITION OF ITS 
COMPONENTS 

In Qu and Hall 2006a, they quantified 
Snow Albedo Feedback (SAF) strength 
by the fluxuations in net incoming solar 
radiation (Q) with surface air 
temperature (T ) due to changes in 
surface albedo (α ): 

 
the subscript SAF is used to emphasize 
the partial derivative refers only to 
changes in Q and T  that occur 
because of changes in α . The first 
term, I, represents the incoming solar 
radiation at the top of the atmosphere 
which can be treated as a constant. The 
second term, ∂α /∂α , represents the 
atmosphere’s attenuation effect on 
anomalies in α . α  is the planetary 
albedo. The last term, 𝚫α /𝚫T , is the 
change in surface albedo induced by a 
unit change in surface air temperature, 
determined by surface processes. 
 
 
 

2.2  ∂α /∂α   components 
Qu and Hall have developed two 

distinct methods to quantify the second 
term, ∂α /∂α  . The first method, which 
we will refer to as Method I, rewrites  
∂α /∂α : 

 
where ∂Q/∂α  is the dependence of net 
incoming solar radiation on surface 
albedo.  For Method I, we were 
interested to see how well model data 
could represent ∂α /∂α  when 
compared to the reanalyze data. We 
employed four  widely-used global 
climate models (GCMs) for the National 
Center for Atmospheric Research 
(NCAR). We utilized NCAR’s 
Community Atmosphere Model version 
3 and 5 (CAM3, CAM5), the National 
Oceanic and Atmospheric 
Administration (NOAA) Geophysical 
Fluid Dynamics Laboratory (GFDL), and 
the Max Planck Institute for Meteorology 
Atmospheric General Circulation Model 
(ECHAM), as our four models. 
Introducing modeled data into our 
analyze provides a backdrop to 
compare our reanalysis computations to 
for better understanding of how the 
snow albedo feedback strength 
qualification for northern hemispheric 
lands can be reproduced if the region is 
shifted to be computed over the Arctic. 
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The second method that Qu and 
Hall developed to quantify ∂α /∂α  is 
an analytical model composed of four 
separate variables: 

  
With Tcrₐ representing the clear-sky 
atmospheric radiative transfer, ε₂ as the 
linear coefficient, c as cloud cover 
fraction, and 𝛕 as optical depth. We refer 
to this method as Method II. We utilized 
our MERRA-2 reanalysis data to 
quantify ∂α /∂α  from Method II.  
 
3.1  𝚫α /𝚫T  Components 

The last term of the main equations 
represents that ratio of the change in the 
surface albedo over the change in the 
surface air temperature. To help with 
visualization, a spatial plot was created 
for 𝚫α /𝚫T . 

 
 
 
 

 

 
The geographical distribution of percent values 
for seasonal transitions in 𝚫α /𝚫T  of Spring 
(March-May) and Summer (June- August) from 
the  37 year climate time span of 1980-2017 
 
 
Geographic location of the percent 
representation of this term highlights 
how location influences T  and α . At 
the start of Spring, the surface albedo 
has a high percent value for the region 
in consideration. Early Spring, snowmelt 
is just beginning. For the Summer 
months, most of the snow melt has 
occurred and reached in minimum, 
resulting in lower percent values for 
surface albedo. The surrounding 
northern hemispheric lands have a 
smaller change in albedo decrease with 
seasonal transitions. This is primarily 
because of their location further out of 
the Arctic circle and having less snow 
and ice cover at the start of the season. 
Focusing on the Arctic ocean, the 
percent change for α  is largest with 
seasonal transitions. This can be 
contributed to the concept of the positive 
feedback loop and Arctic Amplification. 
Greenland remains to be relatively 
unaffected with seasonal transitions, as 
we will see in many of our other 
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analysis. Despite its reach into the Arctic 
circle, the effects of the warming season 
do not have such a strong influence on 
Greenland because of the physical land 
underneath Greenland’s snow and ice. 
 
3.2 ∂α /∂α  representation for 
Method I 

To help with visualization, a spatial 
plot was created for ∂α /∂α . 
Geographic location of the percent 
representation of this term highlights 
how location influences α  and α . 
Greenland remains to be relatively 
unaffected with seasonal transitions. 
Greenland tends to have a higher 
percent value because of its location 
further into the Arctic circle with physical 
landmass underneath it’s snow and ice, 
slowing many of the atmospheric 
radiation systems that are influences the 
Arctic ocean. The surrounding northern 
hemispheric lands have a smaller 
change in ∂α /∂α  with seasonal 
transitions since these land masses are 
further out of the Arctic circle and have a 
smaller magnitude change with 
transitions in the seasons. 
 
 

 

 

 
The geographical distribution of percent 
changes in seasonal transitions of Spring 
(March-May) and Summer (June- August) from 
the  37 year climate time span of 1980-2017 
 
 
3.3 ∂α /∂α  representation for 
Method II 

Further decomposition of Method II 
outlines the different contributions of 
clouds and the atmosphere have on the 
overall calculated value for  ∂α /∂α . 
Breaking our analysis into the seasonal 
transition allows for better 
representation of each season’s relative 
contribution when calculating ∂α /∂α . 
Tcrₐ represent the relative contribution for 
the atmosphere, while ε₂cln(𝛕+1) 
represents the relative contribution for 
the clouds. 
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Climatological Spring time average values of Tcrₐ 
(atmosphere contribution) and ε₂cln(𝛕+1) (cloud 
contribution) from MERRA-2 reanalyse data. 
Quantified then averaged over 37 year time 
span and region.  

 
 

 
Climatological Summer time average values 
of Tcrₐ (atmosphere contribution) and 
ε₂cln(𝛕+1) (cloud contribution) from 
MERRA-2 reanalyse data. Quantified then 
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averaged over 37 year time span and 
region.  

 
When referencing Qu and Hall 2006b, 
we find that our Arctic values resemble 
northern hemisphere extratropical North 
America and Eurasia values quantified 
from the same method.  

 
 

 

 
3.4 ∂α /∂α  Five Model 
Quantification With two ways to quality 
∂α /∂α , we calculated Method I and 
Method II to compare the 4 GMC’s 
ability to create the reanalysis data. 
 

 
Values of ∂α /∂α  for the Arctic region (>60°N) calculated then average over 37 years 
(1980-2017).  4 models (CAM3, CAM5, GFDL, ECHAM) and reanalysis (MERRA-2) data 
overleigned for comparison of values.  
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Analyzing the seasonal transitions, it 
becomes apparent there is a distinct 
pattern from Spring to Summer. 
Individual divergence between each 
model can be contributed to the different 
atmospheric phenomena that each 
model takes into consideration when 
creating its variables and calculating 
∂α /∂α .  In the Spring, there is a 
gradual increase to our peak value for 
all models and reanalysis data. In the 
Summer, there is a gradual decrease 
and where we find the lowest value for 
our seasonal transitions.  This pattern 
follows the same pattern as northern 
hemisphere extratropical America and 
Eurasia (Qu and Hall 2006b). The 
average values for  
∂α /∂α  in each model and relayasis 
data hover around the same magnitude 

found for northern hemisphere 
extratropical America and Eurasia and 
the International Satellite Cloud 
Climatology Project  
(ISCCP) (Rossow, W. B., and R. A. 
Schiffer, 1991) value for ∂α /∂α  (Qu 
and Hall 2006b). This resemblance 
shows that ∂α /∂α  does not have a 
strong influences on the divergence in 
the overall qualification for the snow 
albedo feedback strength.  
 
3.5  𝚫α /𝚫T  Reanalysis 
Quantification 

For the quantification of 𝚫α /𝚫T , we 
only consider the Spring (March-May) 
and the Summer (June-August).  

 
 

Values of 𝚫α /𝚫T  for the Arctic region (>60°N) calculated then average over 37 
years (1980-2017).  Results calculated from MERRA-2 reanalysis data 
considering March-August 
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Analyzing the overall pattern, it is what 
would be expected. In the Spring 
months, where snow melt has just 
began, there is a surface air 
temperature increase with a surface 
albedo decrease. However, in the month 
of August, based off of the data there is 
a shift in the pattern where it has a 
positive magnitude. Separating out the 
variables and analyzing them 
individually sheds light in how there is 
an positive value in 𝚫α /𝚫T  for the 
month of August. 

 

 
Average climatology for T  over 37 
years (1980-2017). 
 
Looking at the month transition between 
July and August, there is both a 

decrease for α  and T . This decrease 
is found in the late summer, where the 
Arctic is experiencing rapid change and 
transition in to the colder months. 
Theoretically, we should see an 
increase in α  with a decrease in T . 
With colder temperatures, snow 
accumulation can occur resulting in a 
higher albedo. This suggest that the 
Arctic experiences a lag time between 
these two variables. Despite the colder 
temperature snow accumulation cannot 
match to create a higher albedo. It is of 
importance to account for other 
atmospheric and geological processes 
that are happening during the month of 
August that also have influence over 
𝚫α /𝚫T  like the refreezing of ice 
sheets and cloud composition that will 
be further investigated in later works. 
Most of the divergence seen within our 
calculations comes from uncertainties 
within this term. 
 
4.1 Snow Albedo Feedback Strength 
Quantification 

The snow albedo feedback strength 
for the Arctic region (>60°N) is 
quantified using MERRA-2 reanalysis 
data averaged over 1980 to 2017. We 
constrain our analysis to March through 
August. The overall pattern is relatively 
cohesive except for, yet again, the 
month of August. As previously stated in 
section 3.5, this correlation can be 
connect with the effects of 𝚫α /𝚫T  
and the lag time displayed between α  
and T . 
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Comparing the Arctic snow albedo 
feedback strength with that of the 
northern hemisphere extratropical 
America and Eurasia snow albedo 
feedback strength, the overall 
quantification has significant differences 
(Qu and Hall 2006b, 2014). There is no 
negative value found in August or in any 
of the months. It is uniquely relevant to 
the atmospheric phenomena that occur 
in the Arctic region. The peak value for 
northern hemisphere extratropical 
America and Eurasia is found in May at 
a magnitude of 1.1 Wm⁻²K⁻¹. For the 
Arctic region, the perk in found in July at 
14Wm⁻²K⁻¹. This magnitude difference 
can be contributed to unanalyzed 
atmospheric and geological and the 
influence of Arctic amplification.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.1 Influence of other Atmospheric 
and Geological Phenomenon 

In conclusion, we have found that  
∂α /∂α  has similar seasonal 
transitions values for the 4 GCMs and 
the reanalysis data. Secondly, ∂α /∂α  
has similar values to northern 
hemisphere extratropical America and 
Eurasia concluding that this term has 
less influences on the snow albedo 
feedback strength for the Arctic.  

For the last term, 𝚫α /𝚫T , it is 
much larger over the Arctic Ocean than 
the Arctic because of the positive 
feedback loop and the influences of 
amplification of the Arctic. Secondly, 
𝚫α /𝚫T  is the root cause for large 
variations in snow albedo feedback 
strength main calculation because of an 
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apparent lag time between July and 
August trantion where its variables, α  
and T , both decrease in value.  

Snow albedo feedback strength 
shows of a correlation between the 
Arctic lag time found in 𝚫α /𝚫T , in the 
same climatological average month of 
August for 1980-2017, and is the 
dominant influence on its value. 
Secondly, the snow albedo feedback 
strength snows how Arctic Amplification 
influences its value, especially when 
compared with extratropical northern 
hemisphere extratropical America and 
Eurasia. 

Further analysis includes 
investigating the atmospheric properties 
and phenomena that create large 
variations and the lag time seen in 
𝚫α /𝚫T . Analyzing other Arctic 
surface properties can narrow the 
spread of divergence and quantify their 
relative contributions.  
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