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Abstract.

A simple method for estimating the global radiative forcing caused by the sea-ice-albedo
feedback in the Arctic is presented. It is based on observations of cloud cover, sea-ice
concentration, and top-of-atmosphere broadband albedo. The method does not rely on
any sort of climate model, making the assumptions and approximations clearly visible
and understandable, and allowing them to be easily changed. Results show that the glob-
ally and annually averaged radiative forcing caused by the observed loss of sea ice in the
Arctic between 1979 and 2007 is approximately 0.1 W m™2; a complete removal of Arc-
tic sea ice results in a forcing of about 0.7 W m~2, while a more realistic ice-free-summer
scenario (no ice for one month, decreased ice at all other times of the year) results in
a forcing of about 0.3 W m~2, similar to present-day anthropogenic forcing caused by
halocarbons. The potential for changes in cloud cover as a result of the changes in sea
ice makes the evaluation of the actual forcing that may be realized quite uncertain, since
such changes could overwhelm the forcing caused by the sea-ice loss itself, if the cloudi-

ness increases in the summertime.

Citation: Hudson, S. R. (2011), Estimating the global radiative impact of the sea ice-
albedo feedback in the Arctic, J. Geophys. Res., 116, D16102, doi:10.1029/2011JD015804.

1. Introduction

The rapid reduction in Arctic sea-ice extent ob-
served between 2005 and 2010 and the longer term re-
duction observed in the prior decades [Stroeve et al.,
2008; Comiso et al., 2008; Parkinson and Cavalieri,
2008] have helped bring attention to the sea-ice-albedo
feedback [Curry et al., 1995], both within the scien-
tific community [e.g., Comiso, 2009; Perovich et al.,
2008, 2007a, b] and in media reports about climate
change. In general introductions to the topic of climate
change, the sea-ice-albedo feedback (SIAF) is often sin-
gled out for use in explaining the concept of climate
feedbacks (e.g., it is the only feedback mentioned by
Gore [2006]), something that can give the impression
to the interested public that it is the most important
feedback process, while its popularity likely stems from
the relative ease with which it can be explained and
grasped.

Locally and regionally, the STAF is a very impor-
tant component of the Arctic climate system [e.g., Per-
ovich et al., 2007a; Hall, 2004]. Here, its global impor-
tance is considered by estimating the global, annually
averaged, radiative effect of the observed, and possible
future, loss of sea ice in the Arctic, allowing a compari-
son of the radiative forcing caused by the Arctic sea-ice
melt with direct climate forcings, such as those pre-
sented by the IPCC [Forster et al., 2007]. There have
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been previous studies to examine the global impact of
the albedo feedback [some examples from five decades,
Lian and Cess, 1977; Wang and Stone, 1980; Ingram
et al., 1989; Covey et al., 1991; Hall, 2004; Flanner
et al., 2011]. The methods used in these studies have
varied, but the first five all rely on some form of a global
climate model, with the effect of the albedo decrease due
to loss of sea ice or sea ice and snow isolated to some
extent; of these five, only one [Covey et al., 1991] gives
a result as a global radiative forcing, while the three
earlier studies report either a relative change in the cli-
mate sensitivity or a feedback parameter (the change in
radiative forcing per unit change in temperature), and
Hall [2004] presents geographically distributed temper-
ature changes. The last study [Flanner et al., 2011] is
more similar to this one, but focuses on both snow and
sea ice, and uses very different methods, allowing for an
interesting comparison of their results with the results
here, presented in Section 4.

This study focuses directly on the changes in the
amount of solar radiation absorbed by Earth due to the
loss of Arctic sea ice. It focuses only on the Arctic
because that is where significant changes have been ob-
served in recent decades. The estimates here are based
mostly on observations, rather than on the results of
climate models. Furthermore, they are kept relatively
simple, to make the uncertainties and assumptions that
go into the calculation of the increased absorption of
solar radiation as clear as possible. This method does
not provide the possibility to give a detailed assessment
of the specific changes in regional temperature or other
variables, and it is, therefore, a complement to, rather
than a replacement for, studies with complex climate
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models, such as that presented by Hall [2004]. The
results are presented as radiative forcing (W m~2) for
a given change in sea ice, rather than as a feedback
parameter (W m~2 K—1), because of the nonlinear na-
ture of the STAF, which decreases in effectiveness as the
amount of sea ice in the sunlit season decreases towards
Zero.

2. Method

The method aims to isolate the effect of the de-
crease in albedo caused by a given decrease in sea ice
coverage, and to be simple and clear enough to allow it
to be changed as new or better data, approximations or
assumptions become available. As the goal is to exam-
ine the global effect of the STAF, the focus is on albedo
changes at the top of the atmosphere (TOA). The basic
outline is: 1) a grid is set up that covers all areas of
the Northern Hemisphere that may have sea ice cover
at some point in the year; 2) data are obtained to es-
timate the sea-ice concentration and cloud fraction in
each grid cell, as a function of time of year; 3) data
are obtained to estimate the TOA albedo, as a function
of solar zenith angle, for clear and cloudy sky over sea
ice and over ocean; 4) the solar zenith angle is calcu-
lated as a function of time and latitude (with a program
adapted by Warren Wiscombe from Michalsky [1988]);
5) for each time interval through the year, the energy
absorbed in each grid cell is calculated as

Eabs = So COS A At{ [1 — (lcldl 907 M)] [fl fc]

+ 1= (0o, M)] [fi (1= fo)] (1)
+ [1 = acao(0.)] [(1 = fi) fe]

+ 1= aaro(0a)] (L= £) (1= £)] },

where S, is the solar flux at the TOA (set to
1365 W m~2), 0, is the solar zenith angle, A is the
area of the grid cell, At is the time step (150 s), acdr,
Qelrl, QeldO, and agro are the broadband TOA albedos
for cloud over sea ice, clear sky over sea ice, cloud over
ocean, and clear sky over ocean, respectively, and f;
and f. are the fractions of the grid cell with sea ice (ice
concentration) and cloud (cloud fraction). In addition
to the albedos being a function of 6., the sea-ice albe-
dos are a function of whether the sea ice is assumed to
be melting or not, as indicated in the equation by M,
a binary test for melting, which affects which aea1(6s)
and acp1(fs) curves are used. Equation 1 is evaluated
for each ocean grid cell, for each 2.5-minute time step
through the year, and the total energy absorbed (E1°T)
is calculated by summing over all grid cells and time
steps. This is done for different scenarios, which differ
in their prescribed progression of f; with time in each
grid cell (the progression of f, can also be changed);
the final result, the change in radiative forcing due to
the change in f1 is then determined by d1v1d1ng the dif-
ference between ETO? in a pair of scenarios bg/ the sur-
face area of Earth (Sset to 5.10072 x 10'* m?) and by
3.1536 x 107 s (1 year) to convert it to W m 2 As seen
in Equation 1, within each grid cell, random overlap of
clouds and sea ice is assumed.

Historical values of f; are from gridded monthly
sea-ice concentrations determined from passive mi-
crowave satellite data [Cavalieri et al., 1996, updated
2008]. These data were obtained for all months from

January 1979 to December 2007. The data gap around
the pole is filled using bilinear interpolation. The grid
used in this dataset is also used for the calculations pre-
sented here. It covers 7.56 x 107 km? of the Northern
Hemisphere, of which 3.74 x 107 km? is ocean, includ-
ing some ocean never covered by sea ice; see the supple-
mentary material for more information about the grid.
For each month, the monthly concentration field from
the dataset is used as the concentration field on the
fifteenth of that month; the fields on other days are
then linearly interpolated at each grid cell. All forc-
ings are presented as anomalies from the absorption
calculated with the 1979-1998 climatological (monthly-
varying) ice field. The climatological ice concentration
field, along with the domain and land mask can be
viewed in the animation with the supplementary ma-
terial.

Historical values of f. are from the the cloud cli-
matology presented by Hahn and Warren [2007], which
is based on synoptic weather observations that reported
cloud cover and type, made between 1954 and 1997.
From this climatology, the zonally and seasonally aver-
aged total cloud fractions, based on combined day and
night data from ocean observations only, were used.
Hahn and Warren do provide longitudinally varying
values; however the longitudinal grid spacing varies in
the Arctic (to keep approximately constant grid-box
area), and not all grid boxes have data for all sea-
sons. These issues, combined with the weak longitudi-
nal variations in the sea-ice areas, especially in summer,
prompted the decision to use the zonal means. Hahn
and Warren give these values for 5° latitude bands, and
these were interpolated linearly in latitude to get f. at
each grid location; no interpolation in time was done
(the winter value was used for all of Dec, Jan, and Feb,
etc.). Figure 1 shows the cloud fractions used here for
each season, as a function of latitude.

The TOA albedos g1, aelar, and a0 are from
the average broadband albedo for these scene types
observed by the Clouds and the Earth’s Radiant En-
ergy System (CERES) satellite instruments during the
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Figure 1. The percentage of cloud cover used in
this work, as a function of latitude, for each of the
four seasons is shown. Data are taken from Hahn
and Warren [2007].
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two-year period used for the development of their snow
and sea-ice angular distribution models. The method
used to determine these scene-dependent albedos as a
function of solar zenith angle is described by Kato and
Loeb [2005]. Kato and Loeb separated sea-ice scenes
into bright and dark sea ice, which turned out to corre-
spond well with melting and non-melting surfaces; this
gives two possible curves to use for both ac,1(65) and
ae1a1(6s). This distinction is used here to try to include
the part of the STAF that acts before the complete dis-
appearance of the ice, as melting snow and melt ponds
darken the surface. In the calculations here, from 1 Jul
to 31 Aug, approximately the melt period in the central
Arctic [Markus et al., 2009], the dark-ice albedo is used
in all grid cells; at other times, the dark-ice albedo is
used in grid cells with less than 25% ice concentration,
or where the ice concentration decreases by more than
10% from one month to the next (if the decrease oc-
curs from Apr to May, the dark albedo is used from 16
Apr to 15 May); otherwise the bright-ice albedo is used.
This stepwise change in albedo is a significant simplifi-
cation from the real progression of sea-ice albedo, which
changes with the onset of snowmelt, the loss of snow, the
formation and maturation of melt ponds, among other
things [Perovich et al., 2002, 2007b], but it is an im-
provement over ignoring such changes altogether. Kato
and Loeb give the albedos in 5° bins of 6,, and these
values are linearly interpolated to values appropriate for
the latitude of each grid cell at the given time step. The
CERES albedos can be downloaded from http://asd-

The albedo curves for cloud over sea ice, are the aver-
age of the thick and thin cloud scenes in the CERES
dataset.

Kato and Loeb [2005] did not give albedos for
overcast scenes over open water, so acqo(f.) is taken
from the results of a radiative transfer model. The
model, SBDART [Santa Barbara DISORT Atmospheric
Radiative Transfer Model; Ricchiazzi et al., 1998], was
used to calculate the broadband (integrated over wave-
lengths from 0.2 to 10 pgm, with thermal emission turned
off) TOA albedo over the standard subarctic summer
atmosphere [McClatchey et al., 1972], with a cloud with
optical thickness 10 (the median optical thickness found
over sea ice in the CERES dataset [Kato and Loeb,
2005], and in line with previous findings for summer-
time Arctic clouds [Curry et al., 1996]) and droplet ra-
dius 10 um placed between 1 and 2 km, and with the
surface reflectance described using SBDART’s built in
ocean water bidirectional reflectance distribution func-
tion; it was run at 5° intervals in 6,, and the resulting
albedos were linearly interpolated to values appropriate
for the latitude of each grid cell at the given time step.

Figure 2 shows the six albedo curves used in the
calculation. Since solar zenith angles over sea ice are
almost never less than about 35 degrees, the CERES
dataset does not give sea-ice albedos for these small
zenith angles; if they were needed in the calculation,
the albedo for the smallest available solar zenith angle
was used. The fact that the cloud-over-ocean albedo
becomes larger than the clear-ice albedo at moderate

www.larc.nasa.gov /Inversion/adm/terra-adm-snow.html. solar zenith angles is likely due to the fact that most
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Figure 2. The six albedo curves, as functions of the solar zenith angle, that were used in this
calculation. Dashed curves are for cloudy scenes, solid for clear scenes; cyan curves are for bright
sea ice, red for dark sea ice, and black for open ocean. All curves except that for cloud over ocean
are from data presented by Kato and Loeb [2005].
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Figure 3. The top series (line with dots) shows the yearly anomalies in globally and annually
averaged radiative forcing caused by that year’s anomalies in Arctic sea-ice area. All anomalies
are from the 1979-1998 20-year mean. The horizontal lines give 5-year averages of the radiative
forcing anomalies (4 years for the last one because 2008 ice concentration data were not yet
finalized). The lower series, plotted against the right-hand axis, is the mean Arctic sea-ice extent
in September of each year, with the scale inverted.

sea ice under solar zenith angles less than 50 degrees
has already undergone some significant surface melt,
darkening the surface. The deviation from a monotonic
increase in the sea-ice albedo curves could illustrate un-
certainties in the data, or they could reflect the com-
peting factors affecting the TOA albedo, i.e., as the so-
lar zenith angle increases, the surface albedo increases
(increasing the TOA albedo), but the atmospheric ab-
sorption also increases (decreasing the TOA albedo).

3. Results

For each year from 1979 to 2007, the energy ab-
sorbed with the observed ice concentration field was
compared to that with the 1979-1998 climatological ice
concentration field to determine the radiative forcing re-
sulting from the deviations from climatology of the ice
concentration in that year. The resulting time series of
radiative forcing is shown in Figure 3. While similar to
the inverse of the commonly seen plot of September ice
extent versus time, it differs from this in that Figure 3
is not based on ice anomalies at any one time of year,
but is an integration over the whole year, with the most
weight on ice changes when and where there is signifi-
cant solar insolation, i.e. in May, Jun, and Jul, and at
lower latitudes in other months.

It is also interesting to consider possible forc-
ing caused by any continued loss of Arctic sea ice in
the future. If all sea ice is removed from all grid cells

throughout the entire year, the calculation results in an
additional radiative forcing of 0.68 W m™2, compared
with the climatological ice concentration. This value
can be seen as an estimate of the upper limit of the
direct effect of the STAF caused by Arctic sea-ice melt.
It is, however, an unrealistic scenario for the coming
decades, when ice will likely reform in winter, even if it
begins to entirely melt away in the summer.

A more realistic scenario [e.g., Boé et al., 2009],
with an Arctic that is free of sea ice for one month
in late summer, can be used to estimate the radiative
forcing the SIAF in the Arctic may cause during coming
decades. This scenario was constructed for this work,
based on the observed 2007 ice concentration, shifted to
make the period from 15 Aug to 15 Sep ice-free. In this
scenario, the mid-month ice concentration fields from
Oct to Mar are set to the monthly mean fields from Sep
to Feb 2007, and the mid-month fields from Apr to Jul
are set to the monthly mean fields from May to Aug
2007; the mid-month ice concentration was set to zero
everywhere in Aug and Sep, with the usual linear in-
terpolation between the 15 Jul and 15 Aug fields (the
melt-off over the whole region that still had ice in Aug
2007) and between the 15 Sep and 15 Oct fields (the
formation of new ice over the whole region that had ice
in Sep 2007). This ice concentration field is also shown
in the animation with the supplementary material. It
is a hypothetical progression of the distribution of sea
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ice in a somewhat warmer climate, not an attempt to
predict it exactly at any given point in the future, or
for any given amount of warming.

Using this ice-free-summer scenario, the esti-
mated radiative forcing caused by the albedo reduction
due to the lost ice is 0.29 W m~2. This provides a more
realistic idea of the potential impact of the STAF caused
by changes to Arctic sea ice that are predicted to occur
this century by many GCMs.

4. Discussion

Despite the fact that the two studies used very
different methods, the results presented here agree quite
well with results presented by Flanner et al. [2011].
Their central estimate of cooling caused by Arctic sea
ice is 0.65 W m~2, compared to 0.68 W m~2 in this
study (numbers given by Flanner et al. are averaged
over the area of the Northern Hemisphere, rather than
the entire planet, and must therefore be divided by 2
for comparison with numbers presented here). Likewise,
their estimate of reduced cooling caused by sea-ice loss
from 1979 to 2008, about 0.11 W m~2, is similar to the
change shown in Figure 3.

The results presented here are intended to assess
the effect of one process, the SIAF, in isolation, and
in a way in which the uncertainties and assumptions
are clearly visible and easily changed. In the remainder
of this section, some of the uncertainties are discussed,
along with the main complexity associated with assess-
ing the radiative forcing caused by sea-ice melt.

There are uncertainties in all three data sources:
the historical ice concentrations, the TOA albedo func-
tions, and the cloud climatology.

Ice concentration estimates from passive mi-
crowave data are known to underestimate the concen-
tration during the melt season, when melt ponds and
wet ice are mistaken for open water [Andersen et al.,
2007; Meier, 2005]. This may cause the calculations
presented here to underestimate the forcing by reduc-
ing the area covered by sea ice in the climatology. The
exact bias in the passive microwave data is difficult
to quantify, and varies with season, but both Ander-
sen et al. [2007] and Meier [2005] reported negative
biases in some cases of up to about 15%. To find a
bound on the possible effect of this bias in the cal-
culation here, the ice-free-summer scenario was rerun,
with increased ice in the areas estimated to be melting
(in both the climatological and ice-free-summer fields).
Specifically, where it was determined to use the dark ice
albedo, f; was increased by 15% where 0% < f; < 80%,
and was increased to 95% where 80% < fi < 95%.
With these increses in f;, the calculated forcing caused
by a shift to the ice-free-summer scenario increased to
0.37 W m~2, from 0.29 W m~2. Taking nearly the max-
imum bias over all metlting areas probably provides an
upper bound for the effect of this uncertainty on the
calculation here.

The TOA albedos are mostly based on a modern
set of observations of broadband albedo at the TOA,
with good scene identification; however, using only six
curves for a(f,) is clearly a significant simplification,
especially for the cloud-covered area, where the albedo
will obviously vary with cloud thickness and other phys-
ical properties. While this is a simplification, trying to
add more scene types, either with varying cloud prop-
erties or more types of sea ice, would greatly reduce

the transparency of the method, without necessarily im-
proving the result. On the other hand, CERES is still a
fairly new dataset and the Kato and Loeb [2005] albedo
data were not developed specifically as a climatological
albedo dataset. The CERES project will likely result in
better albedo datasets in the future, which, once avail-
able, could be used to improve this type of calculation.

To examine the uncertainty due to the prescribed
albedos, the radiative forcing caused by a change to
the ice-free-summer scenario was calculated eight more
times; each time, the albedo curve for one scene type
was increased or decreased by 10% (relative change).
Table 1 shows the resulting radiative forcing for each
case, giving a range of possible forcings of 0.21 to
0.36 W m~2. The calculation is most sensitive to
changes in the albedo of cloudy scenes. Kato and Loeb
[2005] estimate RMS errors for their retrieved fluxes
over sea-ice scenes of up to about 6%, excluding errors
caused by sensor calibration uncertainties and scene
identification error; therefore, 10% seems like a reason-
able level of uncertainty for the albedos overall.

The cloud cover climatology is based on visual
observations made from ships, eliminating the problems
associated with identifying clouds over the Arctic with
satellite observations. The largest source of uncertainty
related to the clouds is that in this study no interannual
variability or future cloud changes were included. This
brings up what is likely the biggest problem associated
with understanding the SIAF: isolating its effects from
cloud changes.

The frequent cloud cover in the Arctic, especially
in summer, reduces the global radiative effect of remov-
ing sea ice. Therefore, any changes in cloudiness that
happen concurrently with changes in sea ice, whether
as a cause or effect, will significantly alter the overall
radiative forcing caused by the sea ice changes. While
considering the potential cloud changes makes the re-
sults no longer entirely focused on the SIAF| it is worth

Table 1. Radiative forcing caused by a change from the cli-
matological ice concentration field to the ice-free-summer field,
calculated with a variety of changes to the prescribed albedos
and cloud cover. The value in the first row was calculated with
the standard albedo curves and cloud climatology; each of the
other results was calculated with one albedo curve changed as
indicated, or with a change to the cloud fraction. When albe-
dos for ice scenes were changed, both the bright- and dark-ice
curves were changed simultaneously. Except for the last two
rows, the indicated changes were made with both the climato-
logical and ice-free-summer cases; for the final two rows, the
clouds were changed only in the ice-free-summer case.

Case Forcing (W m~2)
Unchanged 0.29
aelro + 10% 0.28
acro — 10% 0.29
ol 4+ 10% 0.30
aerrr — 10% 0.27
aclao + 10% 0.23
AcldO — 10% 0.35
Qelar + 10% 0.36
Qcldl — 10% 0.21
c=0 0.56
fe+15% 0.25
fe—15% 0.33
fo +15% (IFS only) —0.31
fe —15% (IFS only) 0.89
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doing to get a sense of to what degree the global effect
of the STAF can be masked by cloud-cover changes.

The effect of clouds was examined in two ways.
First, to look at the result of uncertainties in the spec-
ified cloud cover, the ice-free-summer scenario was run
with cloud fraction changed by +15% everywhere, in
both the climatological ice year and the ice-free-summer
year. These changes resulted in radiative forcings of
0.25 W m~2 with increased cloud cover and 0.33 W m~2
with decreased, compared to 0.29 W m™~?2 with the stan-
dard cloud climatology. This range gives an estimate
of the uncertainty in this calculation due to the cloud
cover uncertainties. Given that interannual variability
in the cloud dataset in the Arctic Ocean is on the or-
der of +5% to +10%, depending on season [Eastman
and Warren, 2010], this is quite a large uncertainty to
impose on the cloud climatology, and still resulted in a
relatively small change to the overall result.

The second cloud experiment was done to exam-
ine the possibility of the STAF being enhanced or over-
whelmed by changes in cloudiness that happen along
with changes in sea ice cover. In this test, the cloud
cover for the year with the climatological sea-ice cover
was set to the normal cloud climatology, but the cloud
cover for the ice-free-summer year was changed by
+15%. A 15% decrease in cloudiness occurring con-
currently with the shift to the ice-free-summer case in-
creases the radiative forcing to 0.89 W m™2, while a
15% increase in cloudiness changes even the sign of the
overall radiative forcing, bringing it to —0.31 W m~2.
This experiment should be viewed as bounding the off-
setting or enhancing effect of cloud changes. A 15%
change in cloud cover is considerable, approximately
twice the observed interannual variability in the Arctic
Ocean, and more than 3 times the observed difference
between mean cloud amount in low and high ice years
durir]lg the period 1979 to 2007 [Eastman and Warren,
2010].

These results show that a strong sea-ice-cloud
feedback could greatly enhance or completely over-
whelm the global effect of the STAF. There remains un-
certainty about the likely changes in cloud cover associ-
ated with changes in sea ice, but an inverse relationship
is generally expected, which would dampen the SIAF.
However this relationship is expected to be weakest in
summer [Fastman and Warren, 2010; Kay and Gettel-
man, 2009], when the SIAF is most important, min-
imizing the dampening effect of increased cloudiness.
Clearly a better understanding of what cloud changes
are likely in the Arctic is necessary for a full assessment
of the STAF.

An additional interesting investigation regarding
clouds is to see to what extent the current cloud cover
masks the potential STAF. To look at this, the ice-free-
summer scenario was run with no cloud cover in either
the climatological ice year or the ice-free-summer year.
This removal of all clouds increased the calculated ra-
diative forcing caused by the change in sea-ice area from
0.29 to 0.56 W m~2, indicating that present-day cloud
cover has the ability to mask approximately half of the
clear-sky STAF.

5. Conclusion

A relatively simple method of estimating the
global radiative forcing due to the SIAF in the Arc-
tic was used to show that the sea-ice loss observed be-
tween 1979 and 2007 is capable of producing a radiative
forcing of about 0.11 W m~2, while removing all ice

throughout the year would result in a radiative forcing
of around 0.7 W m~2, slightly less than half of current
total net anthropogenic forcing [Forster et al., 2007].
An ice-free-summer scenario (one month with no ice,
reduced ice at all other times) produced a forcing of
about 0.3 W m~2, similar to the present-day anthro-
pogenic forcing caused by tropospheric ozone pollution
or by halocarbon emissions [Forster et al., 2007].

The largest uncertainty in the future radiative
forcing caused by sea-ice loss is related to how clouds
in the Arctic will change. If cloud cover increases as
sea ice decreases, that could offset the direct effect of
the SIAF, especially if clouds increase in summer, when
there is the most sun and the most sea-ice loss. How-
ever, studies so far have found that the summer season
has the lowest correlation between ice cover and cloud
cover, which would minimize the offsetting effect that
clouds play.
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