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ABSTRACT

The sea ice-albedo feedback is a driver of climate variability across a variety of temporal and spatial scales.
Whether there are climate-scale albedo feedbacks, and how they are triggered, is critical to understanding
future climate stability. The common conceptual model of sea ice evolution and ice-albedo feedback describes
the reflectivity of ice-covered surfaces as a function of the ice concentration alone. While intuitive, this
assumes no relationship between ice albedo and sea ice thickness, an assumption true only for a thick sea ice
cover. In the Arctic, trends in sea ice volume over the satellite period have been influenced both by changes
in sea ice thickness and sea ice area, potentially reaching a state where the effects of sea ice thinning strongly
impact its albedo. We utilize an ensemble of earth system model predictions of past and future sea ice cover
to demonstrate that changes to sea ice thickness drive sea ice and Arctic-wide albedo as effectively as changes
in sea ice area, and posit a robust sea ice thickness-albedo feedback. We show further that decadal changes
to the albedo of summer Arctic sea ice are explained by two effects: changes to the sea ice surface caused by
an earlier snow melt and an increase in melt ponding, and the direct effect of the thinning, with a transition
in dominant mode when the summer sea ice becomes snow free. As Arctic sea ice has thinned by more than
half over the satellite era, this feedback mechanism is likely already a substantial part of current climate, with
the resultant increase in solar radiation under ice potentially having a significant impact on Arctic ocean heat
uptake and under-ice ecology.

1. Introduction

A main coupling between Arctic sea ice and global cli-
mate evolution is through its albedo, α , the reflectivity of
a surface to incoming solar radiation. The strong contrast
between the high albedo of ice surfaces (α ∼ 0.7) and the5

strongly absorptive ocean (α ∼ 0.06) means that the pres-
ence of sea ice protects the ocean against warming by the
sun. Accordingly the extent and albedo of the sea ice cover
is the most important determining factor in surface heat
input to the high latitudes during summer months (Per-10

ovich and Richter-Menge 2009). Due to its important role
in the global heat balance, the albedo of bare sea ice has
been used as a tuning parameter for global climate models
(Eisenman et al. 2007; Losch et al. 2010).

A decline in sea ice coverage leads to the classical pos-15

itive sea-ice-albedo feedback (Curry et al. 1995; Perovich
et al. 2007; Vaughan et al. 2013). As the sea ice melts, its
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area is replaced by open water, increasing the solar radia-
tion absorbed into the upper ocean, and hastening the sea
ice decline through further melting. Changes to sea ice 20

cover, therefore, may be a trigger or indicator of rapid cli-
mate change (Gildor et al. 2003; Nghiem et al. 2007). For
a unit area of the ice-covered ocean, of which a fraction,
0 ≤ C ≤ 1 is sea ice, the surface albedo, α (unitless), is
the fraction of incoming solar radiation, Qsw (units W/m2) 25

that is reflected, equal to the concentration-weighted aver-
age of sea ice albedo, αi, and open water albedo αw,

α =Cαi +(1−C)αw. (1)

The amount of solar radiation available to warm the ocean
or melt sea ice is Qsw(1−α). We henceforth define the
“Arctic surface albedo”, αArctic as an area-weighted aver- 30

age of α over all grid cells above 66◦N that have sea ice
or open water present (the ocean north of 66◦N).

As written in Eq. 1, the surface albedo where sea ice is
present varies in space and time due to two primary fac-
tors: (1) the sea ice concentration, C, and (2) the albedo of 35

the sea ice itself, αi. The open-water albedo also varies,
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FIG. 1. Relationship between summer sea ice albedo, sea ice concentration and sea ice thickness in the CESM PICONTROL. (a) (Colors)
PICONTROL average change to June-August surface albedo expressed as a function of a decrease in local sea ice thickness (∆VH ≡C∆H, y axis)
or decrease in local sea ice concentration (∆VC ≡ ∆CH, x axis). Contours are the base ten logarithm of the number of grid cells having each value of
(∆VC,∆VH ). Hashed values have no such points. Only locations where there is sea ice in both July and August are used. (b) PICONTROL average
change in local surface albedo due to a decrease in sea ice thickness (blue line), or a decrease in concentration (red line). Averages are obtained
by integrating through the x or y-axis of (a), weighted by the number of grid cells. Purple line indicates the PICONTROL average change in local
surface albedo when sea ice concentration does not change but thickness does. Green line indicates the PICONTROL average local albedo change
when thickness does not change but concentration does.

though within a much narrower range than C or αi, and
for the purposes of this study, we assume it to be con-
stant, αw ≈ 0.06. Locally, sea ice albedo bears a compli-
cated relationship to the inherent optical properties of sea40

ice, its thickness, and its surface covering (Perovich 1996).
We define the “Arctic sea ice albedo”, αArctic,i as an area-
weighted averages of αi over all sea ice, or equivalently
the average over the distribution of all the aforementioned
local parameters above 66◦N.45

Simple analytical models used to examine the sea ice
albedo feedback (e.g., Budyko 1969; Sellers 1969; Eisen-
man and Wettlaufer 2009; Eisenman 2012; Winton 2013;
Wagner and Eisenman 2015) typically assume that the
albedo of sea ice is a constant. Climate model-based50

examinations of the sea-ice albedo feedback (e.g., Curry
et al. 1995; Flanner et al. 2011) consider sea ice state pa-
rameters as modifiers, but not drivers, of the feedback pro-
cess. In these popular depictions of sea ice variability, the
sea-ice albedo feedback mechanism is driven entirely by55

changes to sea ice concentration.
We show that a main driver of Arctic surface albedo

variability is sea ice thinning. Sea ice is an absorptive-
scattering medium (Perovich 1996), and field observations
demonstrate that decreasing sea ice thickness is associ-60

ated with a decrease in both solar reflectivity and absorp-
tivity, especially for thin, bare, ponded, or first-year sea
ice (Brandt et al. 2005; Light et al. 2008; Lu et al. 2016).
Arctic summer sea ice is transitioning from multi-year to
mainly first-year ice (Serreze and Stroeve 2015), which65

has higher melt pond fractions, less snow cover, and lower
albedo Light et al. (2008). Further, there is a strong ob-
served covariance between average ice thickness and sea
ice area (Blanchard-Wrigglesworth et al. 2011).

By using well-tested models of sea ice radiative transfer 70

in climate model ensemble simulations, we show that sea
ice thickness changes have a first-order relationship with
the albedo of the Arctic system, both due to indirect effects
associated with thickness variability and direct effects of
thinning itself. In contrast to the accepted paradigm of 75

Arctic sea ice albedo, changes to Arctic surface albedo
are sensitive to thickness variability more strongly than
area variability, and the connection between albedo and
thickness should become stronger as mean ice thickness
declines. We estimate that each meter of future sea ice 80

thinning reduces summer Arctic surface albedo by 0.06,
an effect larger than the decline of 0.04 observed over the
satellite period (Pistone et al. 2014). As the decline of
Arctic sea ice thickness is also the primary component of
Arctic sea ice volume loss (Kwok and Rothrock 2009), 85

conceptual models of the sea ice albedo feedback must
take thickness into account.

2. Climate model ensemble simulation of sea ice statis-
tics

The most advanced treatment of shortwave radiative 90

transfer in global climate models today is a multiple-
scattering “δ -Eddington” radiation model (Joseph et al.
1976). This scheme is the standard treatment of radia-
tive transfer in climate modeling, as it is highly accu-
rate when applied to radiative transfer problems through 95

an absorbing-scattering medium, of which sea ice is one
(Lenoble 1985). The δ -Eddington scheme uses the thick-
ness, surface type, and inherent optical properties (IOPs)
of a medium to derive its apparent optical properties
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FIG. 2. Sea ice and surface albedo variability in the CESM PICONTROL and TRANSIENT ensemble runs. (a) July Arctic-wide sea ice albedo,
αArctic,i (unitless), as a function of Arctic-wide sea ice area in km2. Light red dots are individual TRANSIENT ensemble member years, solid is
the ensemble mean at a given year. Black dots are PICONTROL years, with green the PICONTROL average of all years. Dashed line extends
the PICONTROL average. (b) July Arctic-wide surface albedo, αArctic, as a function of time, for the TRANSIENT ensemble members (thin green
lines). Thin orange lines are estimated using the Arctic-wide ice area from TRANSIENT ensemble members but with the sea ice albedo fixed at
the PICONTROL average (green dot in (a)). Heavy lines are 10-year moving ensemble means.

(AOPs): the reflectivity (albedo), absorption, and trans-100

mission of solar radiation. For the sea ice radiative transfer
scheme in CESM (Holland et al. 2012; Hunke et al. 2015),
IOPs and AOPs are computed semi-empirically based on
physical measurements on sea ice of all ages and thick-
nesses (Grenfell and Maykut 1977; Perovich 1996); that105

is bare, snow-covered, or ponded (Warren and Wiscombe
1980; Light 2004; Flanner and Zender 2006); and includ-
ing secondary impacts of biological material, brine, or
other contaminants (Cox and Weeks 1983; SooHoo et al.
1987). The CESM δ -Eddington scheme has been exten-110

sively validated, accurately reproducing AOPs of Arctic
sea ice for all of the above sea ice types (Briegleb and
Light 2007; Light et al. 2008).

Sea ice AOPs are a complicated function of the local sea
ice properties that determine IOPs, the sea ice thickness,115

and the sea ice surface type, variables that we collectively
term ζ . To estimate variability in αArctic based on observa-
tions requires a representative sampling of ζ , whose phase
space in the Arctic is highly correlated and poorly ob-
served, introducing the possibility of selection bias. We in-120

stead turn to ensemble simulations of Earth’s climate, the
Community Earth System Model Large Ensemble Project
(CESM LE Project, Kay et al. 2015). The 33 ensemble
members simulate the historical (1920-2005) and RCP8.5
emissions pathway from 2006-2100 (together referred to125

as TRANSIENT), initialized from a multi-century pre-
industrial simulation (referred to as PICONTROL).

We assume that the parameter space of ζ captured
across the ensemble members, years, months, and grid

points is the best available representation of the real phase 130

space in the physical world.

a. The albedo sensitivity to sea ice thickness

We begin by examining the local month-to-month
changes of albedo in PICONTROL. Figure 1a plots
the PICONTROL average change in surface albedo 135

∆α(∆VC,∆VH), as a function of changes to sea ice volume
through thinning, ∆VH , or through concentration loss, ∆VA
(see Materials and Methods), focused on only grid cells
for which sea ice volume declines.

Surface albedo declines when sea ice volume is lost 140

(Fig. 1a, colors). Less intuitively, across most volume
ranges, surface albedo is more sensitive to changes in
thickness than concentration, for the same change in sea
ice volume. Fig. 1b shows the PICONTROL change in
surface albedo associated with a volume loss due to thin- 145

ning (blue) or due to area loss (red) (obtained by taking an
average of ∆α over all ∆VC or ∆VH , respectively). For the
same change in local sea ice volume, the sensitivity of sur-
face albedo to sea ice thickness is larger than that of chang-
ing ice concentration. We also consider changes to the 150

surface albedo when only sea ice concentration changes
(green line, ∆α(∆VC,0)) or only sea ice thickness changes
(purple line,∆α(0,∆VH). A reduction in sea ice volume
of 1 m3/m2 decreases the surface albedo by 0.12 if due to
sea ice thinning, versus 0.09 if due to a decline in sea ice 155

concentration.
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FIG. 3. Arctic surface in July from the CESM TRANSIENT ensemble runs. Arctic-wide fraction covered by sea ice in July (grey) and breakdown
by the sea ice surface types of bare sea ice (green), ponded sea ice (blue) and snow covered sea ice (red). Solid lines are 10-year running ensemble
averages. (b) July Arctic-wide sea ice albedo, αArctic,i, as a function of Arctic-wide sea ice thickness. Light red dots are individual TRANSIENT
ensemble member years, solid is the ensemble mean at a given year. Black dots are PICONTROL years, with green the PICONTROL average
of all years. (c) Percentage of Arctic-wide sea ice albedo variance explained by the change in sea ice surface types (red) or the change in sea ice
thickness (blue) over the later TRANSIENT period. (See Materials and Methods)

b. The relationship between thickness, sea ice and Arctic
albedo

Figure 2a shows July Arctic sea ice albedo αArctic,i as a
function of Arctic-wide sea ice area across all 33 TRAN-160

SIENT LE members from 1930-2100. If the phase space
of the intensive variables discussed above were stationary
with changing sea ice area, αArctic,i would not vary with
Arctic-wide sea ice area, and remain fixed: αArctic,i≡ 0.64.
This assumption is represented by a dashed line in Fig. 2a,165

and is violated across all ensemble members. As Arctic-
wide sea ice area declines, so too does the Arctic-wide
sea ice albedo, by over 50%. This strong relationship be-
tween sea ice area and the sea ice albedo is robust across
all members and years of the TRANSIENT simulations:170

over the range of sea ice extent from 8-4 million square
kilometers, corresponding to the time period 1930-2040,
for every million square kilometers of ice extent lost, the
albedo of the sea ice that remains is lowered by 0.08.

In Fig. 2b, we show the evolution of Arctic-wide July175

surface albedo, comparing the surface albedo from indi-
vidual TRANSIENT runs (light green lines) to the Arc-

tic surface albedo estimated with the Arctic-wide sea ice
albedo fixed at the time-average from PICONTROL, with
sea ice area as in TRANSIENT (light orange lines). The 180

difference between these two curves demonstrates the im-
portance of other covariant factors with sea ice area. As
sea ice area begins to decline, estimates of Arctic surface
albedo that are based on the PICONTROL average sea
ice albedo are erroneously high. When the Arctic sea ice 185

albedo is freely-varying, the ensemble mean Arctic sur-
face albedo decreases by 0.06 for every decrease in Arc-
tic sea ice area of 1 million square kilometers (solid green
line). If Arctic sea ice albedo is fixed, however, the change
to surface albedo is considerably smaller. When Arctic sea 190

ice albedo is fixed at the PICONTROL average, the en-
semble mean Arctic surface albedo decreases by 0.04 for
every decrease in Arctic sea ice area of 1 million square
kilometers (solid orange line).

3. What controls Arctic sea ice albedo? 195

Parameterized values of local surface albedo used in cli-
mate models respond equally if not more sensitively to
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changes in sea ice thickness as to changes to sea ice area.
As sea ice is thinning as it contracts in summer, the impact
of this sensitivity is that over the near term, for every mil-200

lion square kilometers of sea ice extent loss, the average
albedo of the sea ice area that remains declines by 0.08.
Fixing sea ice albedo at a constant value may introduce
larger biases as the sea ice retreats further.

Fig. 3a shows the time evolution of the percentage of the205

Arctic Ocean in July covered by sea ice of varying types
for TRANSIENT ensemble members. Roughly 65% of
the July sea ice in 1930-2005 is covered by snow. Over
time as the melt season occurs earlier, ponded and bare
sea ice account for a larger proportion of the Arctic sum-210

mer ice coverage. The historical ensemble albedo of bare
ice, snow-covered ice, and ponded ice, respectively, are
0.57, 0.64, and 0.18. As the sea ice declines in the TRAN-
SIENT ensemble, the percentage of July sea ice covered
by snow declines as well, from 65% to 0%, replaced by215

a combination of ponded and bare sea ice, and a signif-
icant albedo change occurs in summer due to the earlier
melt onset. Over the period from 2006-2050, the change
in surface types best explains the variance in the Arctic
sea ice albedo (red line, Fig. 3c). After 2050, there is little220

snow left on sea ice in July, and changes to the surface of
the sea ice are a weaker predictor of sea ice albedo. Once
summer melt is underway, the direct impact of thinning is
the dominant control of albedo, though there is still a sig-
nificant covariance between sea ice thickness and sea ice225

albedo due to the relationship between thin ice and melt
ponds.

Fig. 3b shows the relationship between mean July Arc-
tic sea ice thickness and Arctic sea ice albedo for the PI-
CONTROL and TRANSIENT ensemble. In general, Arc-230

tic sea ice thickness is covariant with sea ice albedo. How-
ever, the direct impact of changing local sea ice thickness
is much weaker for thicker ice, with impacts declining to-
ward zero as sea ice thickness approaches 2 meters (Light
et al. 2008; Polashenski et al. 2012), which helps explain235

why thinning alone is a weaker predictor of the variabil-
ity of sea ice albedo before 2050 (blue line, Fig. 3c). Af-
ter the transition between snow-covered and pond-covered
sea ice in July is complete, and all July sea ice is in mature
states of melt, sea ice thinning explains almost all of the240

variance in sea ice albedo.

4. Discussion and Conclusions

The preceding work showed the important role of sea
ice thickness variability in determining the albedo of the
Arctic ocean. The sensitivity of local surface albedo to245

sea ice thickness variability is at least as large, if not larger
than to sea ice area. The evolution of Arctic-wide albedo
is also highly related to sea ice thickness variability. As
the sea ice area melts, it both shrinks and thins: we find

this thinning may be as influential in determining the Arc- 250

tic surface albedo as the decline in sea ice area. This result
contrasts with a common perception of sea ice as a thin,
white sheet whose area alone determines its impact on cli-
mate. We posit instead that the sea-ice-albedo feedback
may be controlled by sea ice thickness as well as area. 255

Predictions of future Arctic sea ice albedo depart from
the historical average due to two factors. The first is
changes to melt onset: as the Arctic warms, snow that falls
in winter will melt earlier, and areas formerly covered in
snow on a given date will be ponded or bare rather than 260

snow covered. The second are the indirect and direct ef-
fects of sea ice thinning itself: thinner sea ice typically has
a larger fraction of its surface covered by melt ponds, and
scattering of light from the ice itself will reduced, low-
ering the albedo of bare sea ice. The changeover between 265

the dominant mode of albedo variability occurs by 2050 in
the CESM LE simulations, with the two effects explaining
more than 95% of the variance in the sea ice albedo for the
TRANSIENT ensemble runs over different time periods.
In other words, thickness changes are already important 270

factor in determining Arctic albedo, and are expected to
become the dominant factor within several decades.

Two immediate consequences arise when considering
sea ice thickness as a driver of sea ice albedo. Firstly, it
emphasizes the importance of understanding ocean heat 275

uptake within the sea ice cover itself. Recent observations
and modelling of under-ice phytoplankton blooms show
that major ecological events have emerged in the modern
Arctic, triggered by recent changes to Arctic sea ice sur-
face type and thickness Arrigo et al. (2012); Horvat et al. 280

(2017); Cuevas et al. (2018). Other work has indicated the
primary role of sub-mesoscale ocean eddies in distributing
heat under a heterogeneous sea ice cover (Matsumura and
Hasumi 2008; Barthélemy et al. 2015; Horvat et al. 2016;
Manucharyan and Thompson 2017). Understanding the 285

coupled ice-ocean-atmosphere interactions within the sea
ice cover will be a crucial part of predicting future Arctic
ecology and sea ice evolution.

Second, the sea-ice-albedo feedback mechanism must
be interpreted in light of the rapid decline of Arctic sea ice 290

thickness. Over the past 40 years, annual-average Arctic
ice has thinned by up to 50%, a decline of 2 meters (Kwok
and Rothrock 2009), in contrast to a 15% annual-average
decline in Arctic sea ice area. The Arctic is likely now in
a regime in which the sea ice is thin enough that changes 295

to ice thickness drive the large-scale thermodynamic re-
sponse of the sea ice cover. If so, a sea ice albedo feedback
which depends on sea ice thickness, not area, may already
be underway.

Methods 300

Relationship between local albedo and thickness or
concentration change To determine the PICONTROL
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sensitivty of local surface albedo to concentration or thick-
ness change, for every ice-covered grid cell above 66◦N, in
each year, we compute monthly changes in surface albedo,305

∆α j, ice concentration ∆C j, and ice thickness ∆H j, where
j is an index that runs over all years, ice-covered areas,
and pair of summer months in PICONTROL. Denoting
the mean local sea ice thickness and concentration over the
same period as H j and C j, the month-to-month change in310

sea ice volume per unit area is, ∆Vj, is,

∆Vj = ∆ [CH] j = ∆C jH j +C j∆H j ≡ ∆VC j +∆VH j. (2)

The two terms on the right-hand-side of Eq. 2 express
the change in local sea ice volume in terms of a change
in concentration and thickness, respectively. Every index
j, therefore, is identified with a local change in surface315

albedo ∆α j, and a vector, ~∆V j = (∆VC j,∆VH j). We then
compute the PICONTROL sensitivity of surface albedo to
changes in sea ice thickness or sea ice concentration by
computing the average change in surface albedo for all j
that share the same ~∆V .320

Explained variance of Arctic sea ice albedo To de-
termine the variance explained discussed in Sec. 3 and
Fig. 3c, for each ice type we compute the albedo

αk = 1−
Q↓,k
Qsw

, (3)

where k = b, p,s corresponds to bare ice, ponds, or snow-
covered ice, Qsw is the downwelling shortwave radiation325

at the ice surface, and Q↓,k is the non-reflected shortwave
flux. For each ice type we compute the 1930-2005 aver-
age albedos for each sea ice surface type using the TRAN-
SIENT ensemble members, and use these values to form a
predictor of surface albedo based on the historical albedo330

of each ice type,

α
∗ = αbAb +αpAp +αsAs, (4)

where the Ak are the concentration of each ice surface type
(bare,ponded, or snow-covered). The second predictor, H,
is the average sea ice thickness.

To compute the variance explained at each time from335

1930-2100, we de-trend and normalize αi, α∗, and H, and
perform a series of regressions of sea ice albedo αArctic,i
against either α∗ alone or H for time periods beginning in
1930. For example, the value of the blue line in 2020 is the
R2 statistic when regressing αArctic,i on H over the period340

from 1930-2020.
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