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Arctic seaice is retreating rapidly, raising prospects of a future ice-free Arctic Ocean during summer.
Since climate-model simulations of the sea-ice loss differ substantially, we here use a robust linear
relationship between monthly-mean September sea-ice area and cumulative CO; emissions to infer the
future evolution of Arctic summer sea ice directly from the observational record. The observed linear
relationship implies a sustained loss of 3 + 0.3 m? of September sea-ice area per metric ton of CO;
emission. Based on this sensitivity, Arctic sea-ice will be lost throughout September for an additional
1000 Gt of CO; emissions. Most models show a lower sensitivity, which is possibly linked to an
underestimation of the modeled increase in incoming longwave radiation and of the modeled Transient

Climate Response.

The ongoing rapid loss of Arctic sea ice has far reaching
consequences for climate, ecology, and human activities
alike. These include amplified warming of the Arctic (7),
possible linkages of sea-ice loss to mid-latitude weather pat-
terns (2), changing habitat for flora and fauna (3), and
changing prospects for human activities in the high North
(3). To understand and manage these consequences and
their possible future manifestation, we need to understand
the sensitivity of Arctic sea-ice evolution to changes in the
prevailing climate conditions. However, assessing this sensi-
tivity has been challenging. For example, climate-model
simulations differ widely in their timing of the loss of Arctic
sea ice for a given trajectory of anthropogenic CO, emis-
sions: While in the most recent Climate Model Intercompar-
ison Project 5 (CMIP5) (4) some models project a near ice-
free Arctic during the summer minimum already toward the
beginning of this century, other models keep a substantial
amount of ice well into the next century even for an external
forcing based on largely undamped anthropogenic CO,
emissions as described by the Representative Concentration
Pathway scenario RCP8.5 (4, 5).

To robustly estimate the sensitivity of Arctic sea ice to
changes in the external forcing, we here identify and exam-
ine a fundamental relationship in which the CMIP5 models
agree with the observational record: during the transition to
a seasonally ice-free Arctic Ocean, the 30-year running mean
of monthly mean September Arctic sea-ice area is almost
linearly related to cumulative anthropogenic CO, emissions
(Fig. 1). In the model simulations, the linear relationship
holds until the 30-year running mean, which we analyze to
reduce internal variability, samples more and more years of
a seasonally ice-free Arctic Ocean, at which point the rela-
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tionship levels off toward zero. For the first few decades of
the simulations, a few models simulate a near-constant sea-
ice cover despite slightly rising cumulative CO, emissions.
This suggests that in these all-forcing simulations, green-
house-gas emissions were initially not the dominant driver
of sea-ice evolution. This notion is confirmed by the CMIP5
1% CO, simulations, where the initial near-constant sea-ice
cover does not occur (fig. S3A). With rising greenhouse-gas
emissions, the impact of CO, becomes dominating also in all
all-forcing simulations, as evident by the robust linear trend
that holds in all simulations throughout the transition peri-
od to seasonally ice-free conditions. We define this transi-
tion period to start when the 30-year mean September
Arctic sea-ice area in a particular simulation decreases for
the first time to an area that is 10% or more below the simu-
lation’s minimum sea-ice cover during the period 1850-
1900, and to end once the 30-year mean September Arctic
sea-ice area drops for the first time below 1 million km? (see
table S1 for specific numbers).

The existence of a robust, linear relationship between
cumulative CO, emissions and Arctic sea-ice area in all
CMIP5 models and in the observational record extends the
findings of earlier studies that demonstrated such relation-
ships for individual, sometimes more simplified models (6,
7), and of studies that have demonstrated a linear relation-
ship between Arctic sea-ice area and either global mean
temperature (5, 8—12) or atmospheric CO, concentration (13,
14). These linear relationships are highly suggestive of a
fundamental underlying mechanism, which has been elusive
so far. We will later suggest a conceptual explanation of the
linearity, but before doing so we first discuss two implica-
tions of the observed linear relationship that are independ-
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ent of its underlying mechanism.

First, the observed linear relationship allows us to esti-
mate a sensitivity of 3.0 + 0.1 m? of September Arctic sea-ice
loss per ton of anthropogenic CO, emissions during the ob-
servational period 1953-2015. This number is sufficiently
intuitive to allow one to grasp the contribution of personal
CO, emissions to the loss of Arctic sea ice. For example,
based on the observed sensitivity, the average personal CO,
emissions of several metric tons per year can be directly
linked to the loss of tens of m? of Arctic sea ice every single
year (see fig. S1).

Second, the linear relationship allows for a robust evalu-
ation of climate-model simulations. While a number of pre-
vious studies have found that the observed sea-ice retreat
has been faster than projected by most climate-model simu-
lations (15, 16), it has remained unclear whether these dif-
ferences are primarily a manifestation of internal variability
(17, 18). The sensitivity that we estimate here is, in contrast,
based on the average evolution over many decades, thus
eliminating internal variability to a substantial degree. A
mismatch between the observed and the simulated sensitivi-
ty hence robustly indicates a shortcoming either in the
model or in the external forcing fields used for a simulation.

Evaluating the simulated sensitivity, we find that most
CMIP5 models systematically underestimate the observed
sensitivity of Arctic sea ice relative to anthropogenic CO,
emissions of 3.0 + 0.3 m? (see table S1 for details). Across
the full transition range to near ice-free conditions, the mul-
timodel mean sensitivity is only 1.75 = 0.67 m? loss of Arctic
sea ice per metric ton of anthropogenic CO, emissions. Be-
cause of the linear response, a similar sensitivity is obtained
for subperiods of the transition period that have the same
length as our observational record, with overall maximum
sensitivities over such 61-year-long time periods from indi-
vidual simulations of 1.95 + 0.70 m?/ton. Note that these
estimates of the models’ sensitivity might be biased some-
what high, as previous studies found that the aerosol forcing
of CMIP5 simulations might have been too weak in recent
decades (19, 20). This would give rise to artificially amplified
warming and thus amplified sea-ice loss in these simula-
tions, rendering the true sensitivity of the models to be even
lower than the values we estimate here.

The low sensitivity of the modeled sea-ice response can
be understood through a conceptual model that explains the
linearity. To derive such a conceptual model, we consider
the annual mean surface energy balance at the ice edge,
which describes the fact that the net incoming shortwave
radiation (I-a)Fsy and the incoming non-shortwave flux
Foonswin are balanced by the outgoing non-shortwave flux
and the conductive heat flux at the surface of the ice.

With increasing atmospheric CO, concentration, the in-
coming non-shortwave flux increases at the ice edge in re-
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sponse to the rising atmospheric emissivity and related at-
mospheric feedbacks. However, neither the outgoing non-
shortwave flux nor the conductive heat flux in the ice will
change much, as the surface properties of sea ice at the ice
edge are largely independent of its location. We conjecture
that this also holds for total albedo o, since a possible rise in
cloudiness caused by sea-ice loss (21I) will primarily occur
over the open water south of the moving ice edge, rather
than at the ice edge itself. In addition, the albedo of clouds
is comparable to that of the ice at the ice edge. Hence, it
seems plausible to assume that the surface energy balance
at the ice edge is primarily kept closed by a decrease in the
incoming shortwave flux that compensates for the increase
in incoming non-shortwave flux. Such decrease of the in-
coming shortwave radiation is obtained by the northward
movement of the ice edge to a region with less annual mean
solar irradiance. Equilibrium is re-established at the ice
edge when
AF'SW(-Z'O{) =- A-FnonSI/V,in~ (1)

If we now for simplicity assume a circular shape of the
sea-ice cover centered at the North Pole, the sea-ice area
that is enclosed by any given latitude has virtually the same
latitudinal dependence as the annual mean incoming
shortwave radiation at the top of the atmosphere (Fig. 2A).
Hence, the change in area enclosed by the ice edge Adcqice
should roughly be proportional to the change in incoming
annual mean shortwave radiation at the ice edge (Fig. 2B),

A Aseqice OCAFSW(I' O() (2)

We additionally find empirically that the incoming non-
shortwave flux is fairly linearly related to anthropogenic
CO, emissions Eco» across CMIP5 model simulations both in
the Arctic, where the loss of sea-ice might amplify the
change in radiative forcing, and globally, where such ampli-
fication is small (fig. S2). This linearity arises because more
of each ton of emitted CO, remains in the atmosphere as
oceanic CO, uptake decreases in the future. This then rough-
ly compensates for the logarithmic rather than linear
change of atmospheric long-wave emission with changes in
atmospheric CO, concentration (22). It is hence a plausible
assumption that the linearity of incoming long-wave radia-
tion with rising CO, emissions also holds at the ice edge,
and we can write

dF .
AF‘nonSW in — MAECO (3)
’ dEc, :

(Page numbers not final at time of first release) 2

Downloaded from http://science.sciencemag.org/ on November 3, 2016


http://www.sciencemag.org/
http://science.sciencemag.org/

Inserting Eqgs. (2) and (3) into Eq. (1) then finally gives

dEmnSW in
seaice = dE - AEcoZ (4‘)

co,

which for constant dFyonsw,n/dEcos iS a possible explanation
for the observed linear relationship between Arctic sea-ice
area and cumulative CO, emission.

Based on this expression, we can infer that most climate
models underestimate the loss of Arctic sea ice because they
underestimate the increase of incoming non-shortwave flux
for a given increase of anthropogenic CO, emissions. An
analysis of the available fields of surface heat fluxes in the
CMIP5 archive confirms this notion, with high correlation
between modeled sea-ice sensitivity and modeled changes in
either incoming total non-shortwave flux or incoming
longwave radiation, as the latter dominates the change in
the non-shortwave flux (Fig. 3, A to D). Unfortunately, ob-
servational uncertainty is currently too large to test our
finding of too low an increase in incoming longwave radia-
tion against independent records (23).

On a more regional scale, our conceptual explanation al-
lows us to ascribe a minor role for the overall evolution of
sea ice to processes that are unrelated to the large-scale
change in atmospheric forcing. This includes a minor role of
oceanic heat transport on the time scales that we consider
here, since we can derive a linear relationship without con-
sidering these transports. While it might alternatively be
possible that the oceanic heat transports have changed mo-
notonously in recent decades, we have no indication that
this is the case from either observations or model simula-
tions. The current minor role of oceanic heat transports im-
plies that on time scales of several centuries, the linearity
will most likely no longer hold, since sensitivity will increase
once changes in oceanic heat content start measurably af-
fecting Arctic sea-ice coverage (12).

Our results also suggest that regional differences in at-
mospheric heat-flux convergence or wind forcing do not
significantly affect the Arctic-wide mean energy balance on
the time scales that we consider here. On the other hand
this also explains why the linear relationship does not hold
in the Antarctic, where dynamical forcing from wind and
oceanic heat transport are key drivers of the large-scale sea-
ice evolution.

The apparent minor role of oceanic heat transport, and
the correlation between the change in global surface fluxes
and Arctic sea-ice loss, suggest that we can use the observed
evolution of Arctic sea ice as an emergent constraint on
Transient Climate Response (TCR). This is commonly de-
fined as the global-mean warming at the time of doubled
atmospheric CO, concentration following a 1% CO. increase
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per year (24). Indeed, we find good correlation between the
modeled sea-ice sensitivity and TCR both in the full-forcing
simulations (Fig. 3E) and in the simulations with rising CO,
only (fig. S3B).

Unfortunately, while indicative of a TCR at the higher
end of simulated values, the correlation does not allow for a
direct estimate of TCR for two reasons: First, the loss of Arc-
tic sea ice is more directly driven by the regional tempera-
ture rise in the Arctic rather than the global temperature
rise that is expressed by the TCR. Any failure of the models
to realistically simulate the ratio between global and Arctic
temperature rise, usually referred to as Arctic Amplification,
could hence lead to an erroneous quantitative estimate of
the TCR based on the correlation that we identify. Second,
TCR is estimated from simulations where all non-CO, forc-
ings are kept constant, while the non-CO, forcings change in
the historical and RCP8.5 simulations that we consider here.
This affects at least to some degree the robustness of the
correlation (see Supplementary Text for details.)

Previous studies that estimated climate sensitivity from
emergent constrains have usually focused on the Equilibri-
um Climate Sensitivity (ECS), which describes the
equilibirum global-mean warming for a sustained doubling
of atmospheric CO, concentration. They also come to the
conclusion that the real sensitivity of the Earth climate sys-
tem is at the higher end of simulated values, either from
analyzing atmospheric convective mixing (25) or mid-
troposphere relative humidity (26). In contrast, studies ana-
lyzing the Earth’s energy budget, in particular after consid-
ering the recent slowing down in atmospheric warming,
find that the TCR should be at the lower end of simulated
values (27, 28). This result, however, might be biased by the
different data coverage in models and observations (29).

Regarding the future evolution of sea ice, our analysis
suggests that there is little reason to believe that the ob-
served sensitivity of Arctic sea-ice loss will change substan-
tially in the forseeable future. Hence, we can directly
estimate that the remainder of Arctic summer sea ice will be
lost for roughly an additional 1000 Gt of CO, emissions
based on the observed sensitivity of 3.0 + 0.3 m? September
sea-ice loss per ton of anthropogenic CO, emissions. Since
this estimate is based on the 30-year running mean of
monthly averages, it is a very conservative estimate of the
cumulative emissions at which the annual minimum sea-ice
area drops below 1 million km? for the first time. In addi-
tion, internal variability causes an uncertainty of around 20
years as to the first year of a near-complete loss of Arctic sea
ice (18, 30). For current emissions of 35 Gt CO, per year, the
limit of 1000 Gt will be reached before mid century. On the
other hand, our results also imply that any measure taken to
mitigate CO, emissions will directly slow down the ongoing
loss of Arctic summer sea ice. In particular, for cumulative
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future total emissions compatible with reaching a 1.5°C
global warming target, i.e., for cumulative future emissions
significantly below 1000 Gt, Arctic summer sea ice has a
chance of long-term survival at least in some parts of the
Arctic Ocean.
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Fig. 1. Relationship between September Arctic sea-ice area
and cumulative anthropogenic CO, emissions. (A) Actual
values. The thick blue line shows the 30-year running mean of
observed September sea-ice area and the thinner red lines the
30-year running means from CMIP5 model simulations. For
reference, we also show the annual values of observed
September sea-ice area, based from 1953-1978 on HadISST (31)
(circles) and from 1979 to 2015 on the NSIDC sea-ice index (32)
(diamonds; see methods for details). (B) Normalised
simulations. For this plot, the simulated CMIP5 sea ice-area is
normalized by dividing by the simulated sea ice-area at the onset
of the transition period as defined in the text. For each
simulation, the cumulative emissions (33) are set to O at the
onset of the transition period and then linearly scaled to reach 1
by the end of the transition period (compare table S1 for actual
values). Note that this linearization is only carried out to more
explicitly visualize the linearity in the models. All analyses in the
paper are based on the original data shown in panel A.
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Fig. 2. Relationship between
annual mean incoming shortwave
radiation and sea-ice area. (A)
Annual mean incoming top-of-the-
atmosphere shortwave radiation at
and area within a given latitude.
The area within a given latitude
band is calculated from simple
spherical geometry. The latitudinal
dependence of average daily
incoming shortwave radiation at
the top of the atmosphere is
calculated from the very good
approximation S(p)=1-
0.482P(sin(p)), where P, is the
second Legendre polynom (34).
(B) Same as before, but with x-axis
exchanged for clarity.
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Fig. 3. Relationship between Arctic sea-ice loss and other metrics. (A) Each dot represents the
sensitivity of Arctic sea-ice loss in a particular model as a function of the increase in global mean
incoming nonshortwave fluxes per CO, emission in the same model. The latter was obtained from a
linear fit of incoming nonshortwave fluxes as a function of cumulative anthropogenic CO, emissions
during the transition period of each individual model. (B) Same as (A), but fluxes only evaluated in the
Arctic. (C and D) Same as (A) and (B), but neglecting sensible and latent heat fluxes. (E) Each dot
represents the sensitivity of Arctic sea-ice loss in a particular model as a function of the Transient
Climate Response (24) in the same model. (see table Sl for actual values and Supplementary Text for
more discussion on panel E). All correlations given in the figure are significant at the 1% level..
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