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Abstract To counteract global warming, a geoengineering approach that aims at intervening in the
Arctic ice-albedo feedback has been proposed. A large number of wind-driven pumps shall spread
seawater on the surface in winter to enhance ice growth, allowing more ice to survive the summer melt.
We test this idea with a coupled climate model by modifying the surface exchange processes such that the
physical effect of the pumps is simulated. Based on experiments with RCP 8.5 scenario forcing, we find that
it is possible to keep the late-summer sea ice cover at the current extent for the next ∼60 years. The
increased ice extent is accompanied by significant Arctic late-summer cooling by ∼1.3 K on average north
of the polar circle (2021–2060). However, this cooling is not conveyed to lower latitudes. Moreover, the
Arctic experiences substantial winter warming in regions with active pumps. The global annual-mean
near-surface air temperature is reduced by only 0.02 K (2021–2060). Our results cast doubt on the potential
of sea ice targeted geoengineering to mitigate climate change.

1. Introduction
The declining trend of the Arctic sea ice extent (Comiso, 2011; Kay et al., 2011; Lindsay & Schweiger, 2015;
Stroeve et al., 2012), caused mainly by anthropogenic greenhouse gas emissions (Notz & Stroeve, 2016), is
expected to continue. Projections based on climate models foresee a largely ice-free Arctic Ocean in late
summer around the mid-21st century in the business-as-usual emission scenario (Intergovernmental Panel
on Climate Change, 2014; Jahn, 2018; Niederdrenk & Notz, 2018; Notz & Stroeve, 2018). The replacement of
the highly reflective ice cover by the dark ocean has been described as one of the most severe positive feed-
backs in the climate system (Manabe & Stouffer, 1980) and contributes to the Arctic warming amplification
(Pithan & Stouffer, 2014).

The Paris Agreement stipulates the reduction of greenhouse gas emissions to keep global warming well
below 2 ◦C (Cornwall, 2015; United Nations, 2015). However, even if all national commitments to curb
emissions will be implemented, the 2 C target will likely be exceeded significantly (Rogelj et al., 2016).◦

The discussion around alternative approaches based on climate engineering—the anthropogenic large-scale
modification of the Earth's climate to mitigate global warming (Bellamy et al., 2017; Keith, 2001; Talberg
et al., 2018)—is highly controversial (Blackstock & Long, 2010; Givens, 2018; Hamilton, 2013). Neverthe-
less, with the prospect of insufficient emission reductions, the scientific examination of climate engineering
strategies appears advisable.

Several climate engineering approaches that focus on the Arctic sea ice cover and the positive ice-albedo
feedback have been proposed (Cvijanovic et al., 2015; Desch et al., 2017; Field et al., 2018; Mengis et al., 2016;
Seitz, 2011). The Arctic Ice Management (AIM) strategy put forward in Desch et al. (2017, D17 hereafter),
which attracted the attention of the scientific community and the media alike (rated within the top 5% of all
research output; Altmetric Attention Score, 2017), entails the large-scale employment of wind-driven pumps
that spread seawater on the ice surface in the winter months. The sea ice and the snow that is accumulated
over it are materials with low thermal conductivity compared to the ocean water. During the freezing season,
even a thin layer of sea ice limits the heat flux from the warmer ocean to the cooler atmosphere considerably
(Trodahl et al., 2001), reducing the growth of additional sea ice. The AIM approach aims to bypass the
thermally insulating effect of sea ice, allowing thereby more ice to grow thick enough during winter to
withstand the summer melt (Figure 1).
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Figure 1. Idealized representation of the 21st century sea ice system with and without Arctic Ice Management (AIM).
In unperturbed winter conditions (top left) the sea ice and snow act as insulator reducing the heat flux from the warmer
ocean to the much colder atmosphere. The sea ice growth takes place mostly at the ice-ocean interface and is relatively
slow (dark blue fraction of the ice floes). By summer (bottom left) most of the ice has melted, leading to an ice-free
Arctic Ocean in the second half of the century and amplifying the warming through the ice-albedo feedback (yellow
fraction of ocean). In AIM conditions (top right) ocean water is pumped onto the ice, leading to larger heat flux and
rapid ice growth at the surface. More ice withstands the summer melt (bottom right) and increases the surface albedo.

Based on simple thermodynamical arguments and observations from an ice mass balance buoy in the Beau-
fort Sea, D17 estimate that ∼1.4 m of seawater would need to be pumped onto the ice to generate ∼1.0 m of
extra ice thickness over the course of one winter at a typical location in the Arctic Ocean. They envisage the
deployment of ∼10 million devices, each comprising a wind turbine, a pump, a water tank, and a delivery
system that distributes the water over an area of 0.1 km2. D17 calculate that 1 m extra ice thickness would
lead to a shift of the local melt date by ∼15 weeks (3 weeks per 0.2 m). They argue that it might be possible to
maintain a large part of the usually seasonal ice zone throughout the summer by appropriate annual repo-
sitioning and/or reseeding of the AIM array. Considering associated albedo changes, D17 calculate a global
annual-mean shortwave radiative cooling by up to 0.14 W/m2. This is about half of the estimate by Hudson
(2011) for the global annual-mean forcing associated with a virtually ice-free Arctic summer (0.3 W/m2) and
a significant fraction of the current anthropogenic radiative forcing by ∼1 W/m2.

Considering energy requirements, economical demands, and technical challenges, D17 conclude that such a
major undertaking seems indeed feasible. However, the question is left open what the quantitative response
of the Arctic as well as the global climate system would be. It is also unclear whether the local thermody-
namic considerations can be scaled up to the whole Arctic. For example, the large-scale exposure of relatively
warm ocean water is expected to generate positive near-surface temperature anomalies. Because the surface
turbulent heat fluxes are proportional to the surface temperature gradient (Serreze et al., 2007; Wallace &
Hobbs, 2006), increased winter temperatures might induce a negative feedback that dampens the additional
ice growth. Complex climate models that simulate the relevant physics, including the general circulations
of the atmosphere and the ocean, can provide answers.
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Here we use the Alfred Wegener Institute Climate Model (AWI-CM; Danilov et al., 2015; Rackow et al., 2016;
Sidorenko et al., 2015) to study the efficacy of AIM and the response of the climate system, in the Arctic
and beyond. To this end we modify the parameterization of the surface heat and mass fluxes in ice-covered
ocean regions north of the polar circle (∼ 66.5◦N) such that the effect of the AIM devices is simulated.
The modification is activated during the Arctic winter from 21 October to 21 March from 2020 onward.
The strength of the modification is modulated with two parameters that affect the large-scale spatial extent
and the local efficiency of the pumps. A sensitivity analysis with respect to these parameters is followed
by a more detailed analysis based on ensemble simulations (4× unperturbed and 4× AIM) with RCP 8.5
scenario forcing until 2100. Moreover, we analyze the effect of an abrupt suspension of AIM in 2030 to test
its reversibility.

2. Results
2.1. Regulating the Strength of AIM
The impact of AIM depends on the strength of the modification applied. In the real world, this would depend
on the number and spatial distribution of the deployed AIM devices, as well as their efficiency in distribut-
ing the ocean water over the surrounding sea ice. To start with, we have performed a simulation where a
liquid layer is maintained over the whole ice cover, allowing us to determine an upper bound for the impact
of AIM on the ice and on the global climate. This extreme scenario should be regarded as an idealized case
to test the response of the climate system to AIM. In this experiment the mean Arctic ice thickness increases
almost linearly by∼2.1 m per year from 2020 to 2030 (the historical 1850–2000 annual-mean value is∼1.8 m).
Thereafter the thickness growth slows down until the mean thickness levels off around 65 m from 2080
onward, corresponding to a pan-Arctic ice volume of ∼ 900 × 103 km3 (supporting information Figure S1,
right). The ice extent attains values around 15 × 106 km2 in late winter (February) and 13.5 × 106 km2 in
late summer (September; Figure S1, left). This implies almost a doubling of the late-summer sea ice extent
compared to historical conditions (1850–2000). The ice thickness and extent stop growing due to the grad-
ual warming by increasing greenhouse gas concentrations and, for the same reason, would start to decline
beyond 2100 despite AIM.

The near-surface temperature response in this extreme case is profound: Averaged over 2021–2060 north of
66.5◦N, the Arctic is colder by ∼5.2 K in September, compared to the four-member ensemble of unperturbed
runs without AIM, but warmer by ∼10.6 K in February when the pumps are active (Figure S2, top). The
northern middle latitudes (30–60◦N), however, are warmer by 0.5–1.0 K throughout the year. This implies
that the radiative cooling from the increased albedo is not strong enough to (over)compensate the effect
from the direct Arctic winter warming which is transported to lower latitudes by atmospheric advection and
persists there in the ocean mixed layer throughout the year. (The September warming of the northern middle
latitudes tends to be present already after a single AIM season [Figure S2; 2020], which is not compatible
with the typical time scale for oceanic transport.) The results raise the question whether a more moderate
implementation of AIM, where pumps are employed only where they are needed to make the ice thick
enough to survive the summer melt, might be better suited to generate an overall cooling. A weaker AIM
implementation is also more realistic given that it seems unlikely that the AIM devices would be able to
maintain a closed cover of liquid water and also in regard to the number of devices required: The extreme
case corresponds to more than 10 times the number of devices envisaged by D17.

We have thus introduced two parameters that affect the large-scale spatial extent and the local efficiency of
the AIM devices: The Global Modulation Parameter (GMP) determines an ice thickness threshold beyond
which the pumps are deactivated. Thereby the modification is active only in regions with relatively thin
ice, where extra ice thickness can reduce the chances of the ice to melt completely over the course of the
subsequent summer. In contrast, the Local Modulation Parameter (LMP) determines which fraction of the
ice surface in model grid cells with active pumps is covered by water. The LMP represents the spatial density
of AIM devices as well as their efficiency to maintain a liquid layer.

To explore the impact of the two parameters, we have conducted nine simulations from 2020 to 2040 by
combining three GMP values (1, 2, and 3 m) with three LMP values (25%, 50%, and 75%; Figures 2 and S3).
Averaged over all 20 years, the March sea ice extent falls short of the historic level by 1.1–1.7 × 106 km2 in
any of these settings (Figure 2). One reason for this low sensitivity is that the historical winter sea ice edge
is located south of the southern bound of the AIM domain at 66.5◦N, except in the Nordic Seas. Further-
more, this reflects that the winter ice edge is largely controlled by large-scale atmospheric (and oceanic)
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Figure 2. The nine pie charts show the sea ice extent and volume anomalies in nine sensitivity simulations
(2020–2040) compared to historical conditions (1850–2000) for March and September. The numbers inside the pie
charts provide the anomalies in 106 km2 for the sea ice extent and in 103 km3 for the sea ice volume. Each pie chart
corresponds to one combination of the Global Modulation Parameter (GMP; increasing from left to right) and the Local
Modulation Parameter (LMP; increasing from bottom to top). The LMP and GMP choice defines the active AIM domain
(red area in the GMP maps) and therefore the strength of the AIM in the simulations. The combination GMP = 2m and
LMP = 25% (marked in red) is used for the 21st century AIM simulations. AIM = Arctic Ice Management.

temperatures: If they never fall below the freezing point, no ice can grow, irrespective of AIM. In contrast,
the September sea ice extent and the sea ice volume at any time of the year are strongly sensitive to the two
parameters, with larger values of the parameters leading to larger extent and volume. The influence exerted
by the thickness threshold (the GMP) is stronger than the one by the local density/efficiency (LMP). The
LMP has only a minor influence for GMP = 1 m, where the impact of AIM is generally weak because 1-m
ice thickness is typically not enough to withstand the summer melt. The influence of the LMP grows with
increasing GMP.

For the 21st century simulations discussed in the following we have chosen GMP = 2 m and LMP = 25%.
This setting restores the summer sea ice extent, which largely determines the ice-albedo feedback, quite
accurately to historical levels (Figure 2). Moreover, assuming that a single AIM device covers∼ 0.1 km2, aver-
aged over winter 2020–2040 this setting approximately corresponds to 106 active devices (Figure 3, bottom),
as envisaged by D17.

2.2. Arctic Sea Ice in the 21st Century with AIM
The unperturbed simulations without AIM coherently project a virtually ice-free Arctic ocean in late sum-
mer after 2060 (Figure 3). The introduction of AIM in 2020 induces a strong and sudden perturbation of
the sea ice state. At first a new quasi equilibrium close to historical conditions is reached within a few
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Figure 3. (top) Evolution of pan-Arctic sea ice extent (left) and volume (right) in March (upper curves) and September
(lower curves). (bottom left) Daily number of active devices as a function of time of the year (vertical) and year
(horizontal) in the AIM simulations (ensemble mean). NSIDC = National Snow and Ice Data Center; SI = sea ice;
PIOMAS = Pan-Arctic Ice Ocean Modeling and Assimilation System; AIM = Arctic Ice Management.

years. Compared to the unperturbed ensemble, the sea ice volume increases by ∼40% in March and ∼60% in
September, and the September extent increases by ∼40%, whereas the March extent is again hardly affected.
After the transition phase, however, the declining trend in sea ice volume is similar for both ensembles.
For the month of March (September), the declining sea ice volume trend is −163 ± 2 km3

year
(−121 ± 3 km3

year
) for

the control ensemble mean and −182 ± 3 km3

year
(−144 ± 2 km3

year
) for the AIM ensemble mean (Table S1). Also,

the September sea ice extent shows a clear declining trend due to the greenhouse gas-induced warming:
−8.3 ± 0.3 × 104 km2

year
for the control ensemble mean and −6.2 ± 0.2 × 104 km2

year
for the AIM ensemble mean

(Table S1). Based on the sea ice extent trends of the two ensemble means, a virtually ice-free Arctic ocean
(sea ice extent < 1 × 106 km2) occurs 66 ± 6 years later with AIM. While the exact delay depends on the
parameter considered, overall the Arctic sea ice decline is delayed by roughly 60 years through AIM.

Our approach entails that the number of active AIM devices continuously changes in response to the spa-
tial ice thickness distribution, both between years and within a freezing season (Figure 3, bottom left). In
early 2020, immediately after the AIM activation, the number of active devices (20×106) is particularly large
because the sea ice thickness is below the thickness threshold (GMP = 2 m) in most places. Until around
2060, the area of ice less than 2 m thick and hence the number of active devices tends to decrease monoton-
ically from 10 × 106 to ≤ 5 × 106 devices over the course of each freezing season. After 2060 the seasonal
maximum is shifted gradually toward the end of the freezing season because the greenhouse gas-induced
warming impedes the thickness growth, so that the seasonal ice area growth becomes faster than the sea-
sonal growth of the ice area with thickness≥2 m. Similarly, the seasonally averaged number of active devices
grows toward the end of the century because the ice area with thickness ≥2 m declines more rapidly than
the total ice area.

If AIM would generate unanticipated detrimental effects of any kind, it would be important that the
approach is reversible. To test this, we have branched off four additional simulations from the AIM ensem-
ble in 2030 where AIM is turned off. The sea ice extent and volume return to the unperturbed trajectory
within a transition period of less than 10 years (Figure 3, purple curves). This is consistent with earlier find-
ings that there is no tipping point associated with Arctic sea ice and the ice-albedo feedback (Tietsche et al.,
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Figure 4. (top left) Near-surface (2 m) temperature anomalies (AIM ensemble mean minus unperturbed ensemble mean) for the periods 2021–2060 and
2061–2100. (top right) As before but for the total precipitation anomaly. (bottom) Grid cell fraction with active AIM devices. Note that the 25% upper boundary
is defined by the GMP. Stippling indicates local statistical nonsignificance of the anomaly at the 95% confidence level according to a two-tailed t test.
AIM = Arctic Ice Management; GMP = Global Modulation Parameter.

2011) and suggests that AIM is fully reversible. While this can be regarded as a beneficial property of AIM,
it also implies that the array of devices would need to be maintained constantly to stay on a trajectory with
delayed Arctic sea ice decline. The rapid loss of the response to geoengineering once it is discontinued seems
to be common to geoengineering techniques trying to alter the Earth's albedo (McCusker et al., 2014).

2.3. The Climate Impact of AIM
The increased surface albedo associated with the additional sea ice results in significantly more reflected
solar radiation in the Arctic during summer (∼5.0 W/m2 at the top of the atmosphere in July north of the
polar circle for 2021–2060; ∼6.5 W/m2 for 2061–2100; see also Figure S4). Averaged over the globe, the solar
radiative forcing due to AIM amounts to ∼0.25 W/m2 in July (for 2021–2060 as well as 2061–2100) but only
∼0.02 W/m2 for 2021–2060 and ∼0.08 W/m2 for 2061–2100 when averaged over the whole year. The latter
corresponds to slightly more than half of the estimate by D17 and a quarter of the estimate by Hudson (2011)
for a summer ice-free Arctic Ocean.

In the Arctic, AIM leads to a consistent late-summer cooling (Figure 4, top left; September). Averaged over
the area north of the polar circle, September near-surface (2 m) temperatures are reduced by ∼1.3 K during
the first half of the simulations (2021–2060) and by ∼1.4 K during the second half (2061–2100) compared
to the unperturbed simulations. The Arctic winter response is more heterogeneous in both space and time
(Figure 4, top left; March). In February, most areas of the Arctic Ocean are cooled by AIM during the first
decades (average temperature anomaly over cooling regions is ∼ −1.1 K), whereas some peripheral seas
including the Baffin Bay area and the Kara Sea are subject to additional near-surface warming (average
temperature anomaly over warming regions is ∼1 K); on average the Arctic is cooled by ∼0.3 K. Toward
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the end of the century the regions with AIM-induced warming expand further into the Arctic Ocean; the
average Arctic cooling turns into a warming by ∼0.5 K. This adds to the 10.7 K of Arctic February warming
in 2061–2100 relative to historical conditions in the unperturbed simulations.

The Arctic temperature response (Figure 4, top left) is caused mainly by four mechanisms:

1. In winter, the AIM devices maintain a layer of liquid water approximately at the freezing point on the ice
surface. This leads to strongly enhanced surface heat fluxes and warm temperature anomalies in areas with
active devices. This explains the February warming that expands gradually from the peripheral regions
to the central Arctic. Figure 4 shows a clear correspondence between regions with warm temperature
anomalies (top left; February) and the active AIM regions (bottom).

2. Some marginal thin-ice regions of the Arctic ice cover experience winter cooling instead of warming
despite active AIM devices, simply because these regions are ice-free in the unperturbed simulations.
These regions, including the northern Barents Sea, have gained ice through increased advection from
AIM-affected upstream regions.

3. Regions with ice thicker than 2 m that were previously subject to AIM encounter weaker winter heat fluxes
from the ocean to the cold atmosphere due to the increased ice thickness compared to the unperturbed
simulations. Such thick-ice regions without AIM activity thus experience cold temperature anomalies.
This explains the February cooling in the central Arctic in 2021–2060.

4. In summer, the additional ice in the AIM ensemble has a direct cooling effect on the atmosphere and
surface ocean by latent heat absorption associated with its melting, as well as an indirect cooling effect due
to the increased surface albedo and accordingly reduced solar radiative heating. This explains the Arctic
summer cooling.

While the impact of AIM on Arctic temperatures is substantial, lower-latitude regions are only weakly
affected. The strongest influence outside the Arctic is exerted on the northern North Atlantic (Figure 4, top
left). In particular, the Irminger Sea and the Labrador Sea are affected by enhanced ice export from the Arc-
tic. The additional ice leads to a moderate cooling by up to ∼1 K that prevails year-round throughout the
century, but the Atlantic Meridional Overturning Circulation is not sensitive to these changes (Figure S5).
Outside the northern North Altlantic, the temperature response to AIM is weak and mostly not statistically
significant. Some late-century anomalies, like the winter warming in central Eurasia and the summer cool-
ing south of Alaska, appear to be locally significant (Figure 4, top left), but limited field significance for the
middle and low latitudes as a whole suggests that these temperature anomalies might be spurious.

The annual-mean near-surface temperature response of the northern middle latitudes (30–60◦N) to AIM is
close to 0 (∼ −0.04 K and ∼ −0.02 K in the first and second half of the simulations), with minor seasonality.
This means that the middle-latitude warming obtained with the extreme-AIM experiment (Figure S2) can
be prevented with a careful regulation of the interference. However, a significant cooling outside the Arctic
(and northern North Atlantic) is still not accomplished. The annual global-mean near-surface warming of
∼1.9 and ∼3.6 K in the first and second halves of the unperturbed simulations is reduced by only ∼0.02 and
∼0.05 K, despite the intervention in the Arctic ice-albedo feedback.

Finally, a large-scale interference with the climate system can in principle also affect other relevant aspects
of climate besides radiation and temperature. The most obvious additional impact of AIM in our simula-
tions is an enhancement of the hydrological cycle and precipitation in regions with warming and moistening
due to active devices in winter (Figure 4, top right; March). We also find a drying across the Arctic Ocean in
summer (Figure 4, top right; September), albeit less significant than the associated cooling. The precipita-
tion response beyond the Arctic is weak, and small regions with locally significant anomalies again appear
not to withstand field significance considerations. In general, the large-scale circulation does not respond
coherently to AIM in our simulations, despite the modified meridional near-surface temperature gradient.
We conclude that the impact of AIM on climate outside the Arctic (and the northern North Atlantic) is
generally weak.

3. Discussion
This study involves a number of simplifying assumptions and approximations. The AIM implementation
neglects peculiarities associated with ice formation at the surface instead of the bottom. Differences in the
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amount of salt rejected during the freezing and related to the flooding of the snow cover would have implica-
tions for the physical properties of the resulting sea ice, including its surface reflectivity and its mechanical
behavior. More generally, the use of a single climate model with necessarily simplified representations for
all components of the physical climate system implies that our results are subject to uncertainty.

The difference between our estimate for the global annual-mean solar radiative forcing of AIM (0.08 W/m2

for 2061–2100) and the estimates by D17 (0.14 W/m2) and Hudson, (2011; 0.3 W/m2) can have various rea-
sons. The amount of clouds prevailing over the Arctic in summer for instance modulates the impact of
changes in surface albedo. However, the Arctic summer cloud cover in our simulations amounts to about
80%, which is in line with the assumptions and observations used in D17 and Hudson (2011). We also do not
find a response of the summer cloud cover that would be strong enough to explain the difference (Figure
S4). Other relevant factors include the assumed or simulated ice surface albedo and how it develops when
melt ponds form (which is treated by a diagnostic melt pond scheme in our model) as well as the assumed or
simulated sea ice area difference. In fact the latter might explain why D17 arrive at a higher estimate: They
assume that the albedo change would occur over the entire area of the Arctic Ocean (107 km2), whereas the
ice extent anomalies in our simulations amount to roughly half of that area (depending on the year and time
of the year; compare Figure 3 for September).

Another element of uncertainty arises from the way we regulate the strength of AIM: Our implementation
implicitly assumes that the deployment and relocation of devices is accomplished so efficiently that the
evolving areas with ice thinner than 2 m are equipped with devices during the whole winter. Our estimate
of ∼ 10 × 106 for the number of required devices, corresponding to the number suggested by D17, should
thus be regarded as a lower bound.

Our work does not consider the economic and technical feasibility of the construction, deployment, and
maintenance of the enormous array of AIM devices that would be required. It also does not touch the politi-
cal and societal dimension associated with such a planetary-scale intervention. Moreover, we do not attempt
to provide precise estimates for the impacts of AIM on the climate system. This also holds for possible
impacts on permafrost thaw and associated carbon emissions due to the summer cooling and winter warm-
ing in Arctic land regions. Rather, our results constitute a first assessment of the efficiency and impacts of
AIM from a climate physics perspective. We find evidence that AIM can in principle delay the Arctic sea
ice decline by several decades. Yet the cooling of lower latitudes, anticipated as a consequence of the inter-
vention in the ice-albedo feedback, fails to materialize. These results cast doubt on the potential of sea ice
targeted geoengineering as a meaningful contribution to mitigate climate change.

4. Methods
4.1. The AWI Climate Model
We use the AWI-CM (Rackow et al., 2016; Sidorenko et al., 2015) which contributes to the Coupled Model
Intercomparison Project Phase 6 (CMIP6; Eyring et al., 2016). For the atmospheric model component
ECHAM6 (Stevens et al., 2013) we use the coarse-resolution version with ∼1.8◦ grid spacing. For the
unstructured-mesh ocean and sea ice model component FESOM1.4 (Timmermann et al., 2009) we use the
“CORE2” mesh with a resolution of ∼25 km in the Arctic and ∼ 1.27×105 surface nodes globally. Details on
the influence of the model resolution of the two model components can be found in Sein et al. (2018) and
Rackow et al. (2019). The sea ice model (Danilov et al., 2015) includes an elastic-viscous-plastic rheology and
a thermodynamical component based on Parkinson and Washington (1979), including a prognostic snow
layer (Owens & Lemke, 1990). The heat, momentum, and mass fluxes at the interface between the ocean
(including the sea ice) and the atmosphere are computed within the atmospheric model and exchanged
6-hourly via the OASIS3-MCT coupler. The surface fluxes play a central role in this study because the
implementation of AIM in AWI-CM is based on the modification of the surface exchange processes.

4.2. AIM Implementation
Our implementation of AIM acts on the vertical fluxes of heat, mass, and momentum across the
ocean/ice-atmosphere interface. When AIM is active, it is assumed that a fraction of the sea ice defined by
the LMP is covered by a thin but persistent water layer (PWL). The PWL has the same temperature as the
sea surface and is thus close to the freezing point in regions with sea ice. The PWL is continuously restored
by the AIM devices as soon as the water freezes or evaporates. The lower boundary of the atmosphere thus
corresponds to an increased fraction of open water because the PWL masks the sea ice underneath. The
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latent and sensible heat fluxes, which represent the turbulent part of the surface heat budget, are calculated
for a correspondingly altered open water fraction. Likewise, the surface thermal emissivity and the surface
albedo are set to open water values for the PWL-covered part, even though the shortwave radiation plays
a minor role during the Arctic winter. Since the PWL covers the sea ice and inhibits ice sublimation, only
evaporation from the PWL is allowed in the AIM-affected part of the ice surface. Snow has a temperature
of at most 0 ◦C, whereas the PWL is close to the freezing point of salty sea water at ∼ −1.8 ◦C. Snow falling
into the PWL is thus immediately added to the ice mass without latent heat changes, whereas snow falling
into open water is assumed to melt and absorb latent heat.

Formulated as a weighted average of the original fluxes over open water (w) and ice (i), the total heat flux
H and the total mass flux M thus depend on the sea ice concentration Ai and the LMP as follows:

H =
(
1 − LMP · Ai

) (
Qw

S + Qw
L + Qw

LW + Qw
SW

)
+
(
LMP · Ai

) (
Qi

S + Qi
L + Qi

LW + Qi
SW

)
+
(
1 − Ai

) (
Psnow · Lf

)

M =
(
1 − LMP · Ai

)
Eevap +

(
LMP · Ai

)
Esubl + Psnow + Prain

where Ai is the sea ice concentration, QLW and QSW are the net longwave and shortwave radiation, Prain and
Psnow are the liquid and solid precipitation, Lf is the latent heat of fusion of melting ice, QS is the sensible
heat flux, QL is the latent heat flux, and Esubl and Eevap are the sublimation and evaporation fluxes. The
momentum flux calculation remains unchanged.

This modified formulation is used from 21 October to 21 March (the Arctic freezing season) in grid cells
north of the polar circle (∼ 66.5◦N) where the ice thickness is below the GMP. No GMP is applied in the
extreme AIM simulation.

Except for the described modifications, the sea ice physics remain the same as in the standard FESOM
model. The sea ice model does not include a grounding scheme (i.e., no seabed stress is considered), and the
ice thickness is not limited by the ocean depth, which has implications for the realism of our extreme AIM
experiment in particular in shallow ocean regions.

4.3. Experimental Setup
Our CMIP-type simulations are designed to test the response of the climate system to AIM in a progressively
warming climate. After a 700-year spin-up simulation with constant CMIP6 preindustrial (1850) forcing,
we performed a single simulation until 1999 with transient CMIP6 historical forcing. In 2000, small per-
turbations were applied to the atmospheric model to generate a four-member ensemble of simulations that
continued until 2014 with CMIP6 historical forcing. Since the new CMIP6 scenario forcings (O'Neill et al.,
2016) were not yet available at the time, we used CMIP5 scenario forcing from 2015 onward, accepting a
minor discontinuity in the forcing. RCP 8.5 corresponds to the “business-as-usual” scenario where no sub-
stantial efforts are implemented to curb greenhouse gas emissions. The four unperturbed simulations were
conducted until 2100.

In 2020 a total of 13 simulations was branched off from the unperturbed simulations:

• One simulation with extreme AIM, that is, with LMP = 100% and no GMP applied, until 2100;
• Nine sensitivity simulations combining three GMP values (1, 2, and 3 m) with three LMP values (25%, 50%,

and 75%) until 2040, one of which (GMP = 2 m, LMP = 25%) is extended to 2100; and
• Three additional simulations with GMP = 2 m and LMP = 25% until 2100, with each member of the

resulting four-member ensemble initialized from one of the four-member unperturbed ensembles.

4.4. Simulated Versus Observed Historical Sea Ice State
A realistic simulated sea ice state is an important prerequisite for a meaningful quantitative assessment of
AIM. The Arctic sea ice extent simulated for the period 1979–2017 is in overall agreement with observations
in terms of mean value, trend, and interannual variability (Figure 3, top left), although the model seems
to slightly underestimate the March sea ice extent and fails to simulate years with particularly low sea ice
extent as they occurred in 2007 and 2012. The AWI-CM slightly underestimates the Arctic sea ice volume
compared to PIOMAS (Schweiger et al., 2011) during the period 1979–2005. The more recent volume values
are better represented. Nevertheless, the model captures the declining sea ice volume trend (Figure 3, top
right). The spatial thickness distribution is also realistically simulated, with thicker ice north of Greenland
and the Canadian Archipelago compared to the rest of the Arctic (Figure S6). The modeled sea ice thickness
can be visually compared to sea ice thickness satellite retrievals and reanalysis products (Ricker et al., 2017;
Wang et al., 2016).
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Acronyms
AIM Arctic Ice Management
AMOC Atlantic Meridional Overtourning Circulation
D17 Desch et al. (2017)
AWI-CM Alfred Wegener Institute Climate Model
CMIP6 Coupled Model Intercomparison Project Phase 6
LMP Local Modulation Parameter
GMP Global Modulation Parameter
NSIDC National Snow and Ice Data Center
PIOMAS Pan-Arctic Ice Ocean Modeling and Assimilation System
PWL Persistent Water Layer
TOA Top of the Atmosphere
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