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Attributing Greenland Warming Patterns to Regional
Arctic Sea Ice Loss
Rasmus A. Pedersen1 and Jens Hesselbjerg Christensen1,2,3

1Danish Meteorological Institute, Copenhagen, Denmark, 2Niels Bohr Institute, University of Copenhagen, Copenhagen,
Denmark, 3NORCE, Norwegian Research Centre, Bergen, Norway

Abstract Observed and model‐projected sea ice loss enhances warming in the Arctic. We investigate to
what extent warming on Greenland can be attributed to changes in the sea ice cover in different parts of
the Arctic. Using Climate Model Intercomparison Project phase 5 model projections of the future, we
perform multilinear regressions to separate the simulated warming on Greenland in two parts; one
following global warming and one following regional sea ice changes. This reveals the magnitude and
spatial pattern of warming on Greenland, which can be attributed to sea ice loss in different Arctic regions.
The results indicate that the impact of sea ice loss is largely confined to the coastal parts of Greenland. We
find the strongest links to sea ice loss in adjacent regions; remote regions only have a limited impact.
Overall, warming attributable to sea ice variability is a minor contribution but can be a dominant signal
locally in coastal regions.

Plain Language Summary The observed decline of the Arctic sea ice cover is projected to
continue with continued global warming. Sea ice loss contributes to amplified warming in the Arctic
region, which could increase melting on the Greenland Ice Sheet and thereby contribute to global sea level
rise. Here, we study the long‐term warming impact from sea ice loss using data from 10 climate models
covering the period 1850–2300. Our aim is to isolate the warming contribution from sea ice loss and study
how it varies across Greenland for sea ice loss in different parts of the Arctic. The results indicate that sea
ice loss occurring near Greenland has a warming impact along the adjacent coasts but only a limited
impact on the central, more elevated ice sheet. Sea ice loss occurring in more remote parts of the Arctic has
no substantial impact on Greenland. Finally, our analysis suggests that sea ice loss provides a minor
contribution to Greenland warming overall, but it can be a dominant effect locally in coastal areas.

1. Introduction

The loss of Arctic sea ice observed over the satellite era (i.e., since 1979) is projected to continue due to global
warming. This has serious consequences not limited to but of particular relevance within the Arctic. This
includes possible linkages of sea ice loss to midlatitude weather patterns (Overland et al., 2016; Vihma,
2014), changing habitats for flora and fauna and changing prospects for societies and activities in the high
north (Larsen et al., 2014; Meier et al., 2014), and continued amplified warming of the Arctic (Dai et al.,
2019; Pithan & Mauritsen, 2014; Serreze & Barry, 2011). The latter includes enhanced warming over the
Greenland Ice Sheet (GrIS), which implies potentially accelerating mass loss contributing to global sea level
rise—recent Arctic sea ice loss coincides with increasing runoff from the ice sheet (Mouginot et al., 2019;
Trusel et al., 2018). Here, we address the sensitivity of the GrIS to Arctic sea ice evolution in the prevailing
and future climate conditions. Assessing this sensitivity and its future development is challenging. For exam-
ple, climate model simulations differ widely in their timing of the loss of Arctic sea ice for a given trajectory
of anthropogenic CO2 emissions. Within the Climate Model Intercomparison Project phase 5 (CMIP5;
Taylor et al., 2012), somemodels project a near‐ice‐free Arctic at the annual minimum as early as 2030, while
other models retain a year‐round sea ice cover into the next century (Hezel et al., 2014; Massonnet et al.,
2012; Wang & Overland, 2012), even for an external forcing based on largely undamped anthropogenic
CO2 emissions (the Representative Concentration Pathway scenario RCP8.5; van Vuuren et al., 2011).

Previous work (Notz & Stroeve, 2016) has shown that Arctic sea ice loss almost linearly follows CO2 emis-
sions and hence global warming. Here, we investigate if warming on Greenland follows the global trend,
or if (some of) the change can be attributed to more local‐scale variations in the sea ice cover. Despite the
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expectation that sea ice loss is a key contributor to amplified Arctic warming (Dai et al., 2019; Screen &
Simmonds, 2010; Serreze & Barry, 2011), the still short observational record of the Arctic sea ice cover
change makes it challenging to show direct links between sea ice loss and warming over Greenland.
Previous studies have focused on process‐based attribution using lagged correlations to trace the sequence
of events from sea ice reduction to increased warming or melt on the ice sheet (e.g., Ballinger et al., 2018;
Rennermalm et al., 2009; Stroeve et al., 2017). Here, we use a linear framework, aiming to separate the simu-
lated warming in two contributions: one following the global warming trend and one following the Arctic
sea ice conditions.

Motivated by the varying trends of and sensitivities to sea ice loss in different Arctic regions (Onarheim
et al., 2018; Pedersen et al., 2016; Screen, 2017; Stroeve et al., 2012; Sun et al., 2015), we perform the
analyses for contributions from separate regions of the Arctic. The regions are defined following
Screen (2017), based on analyses of Arctic regions with covariability in the observed sea ice area trends
(see also supporting information, Figure S1). Since projections of regional sea ice trends are highly
model dependent, we employ this regional view in a future context; although we acknowledge that
some of the regional changes may be codeveloping differently during the potential transition toward
an ice‐free Arctic Ocean.

Generally, sea ice loss can impact tropospheric temperatures via both thermodynamic and dynamic pro-
cesses (e.g., Sun et al., 2015). The former describes heat release by turbulent and longwave surface fluxes
(Serreze & Barry, 2011), which can spread to adjacent areas through horizontal advection (Serreze et al.,
2011), while the latter describes large‐scale atmospheric circulation changes forced by sea ice loss (Vihma,
2014). Our approach does not identify the underlying mechanisms but implicitly includes both of these types
of links between sea ice loss and warming on Greenland. The thermodynamic impact is more likely from
oceanic regions close to Greenland, while linkage with more remote regions of sea ice loss likely requires a
circulation response to cause substantial warming on Greenland. Idealized model studies indicate that ice
loss near Greenland has a warming impact, while more remote ice loss has a negligible impact (Pedersen
et al., 2016; Screen, 2017).

The warming impact of sea ice loss is largest during winter, when the ocean is warm relative to the atmo-
sphere (Vihma, 2014). In summer, the ocean‐atmosphere temperature gradient is small, and the excess
energy from forcing and feedbacks will increase melt of any remaining snow and ice; hence, temperatures
remain confined to the freezing point (Serreze et al., 2009). Consequently, winter warming may dominate
the annual mean changes investigated here. While our focus is on long‐term changes in annual means,
we will briefly comment on the summertime patterns in section 3.

2. Data and Methods

We base our analysis on the available CMIP5 simulations following the RCP8.5 emission scenario extended
to year 2300 (Meinshausen et al., 2011) as this includes several examples of loss of the Arctic sea ice, even
during winter. We have expanded the ensemble with an additional CMIP5 model, EC‐Earth v.2.3
(Hazeleger et al., 2012, 2010; S. Yang, Danish Meteorological Institute, personal communication), giving a
total ensemble of ten models (model details are presented in supporting information, Table S1).

The analysis is based on near‐surface air temperature (2‐m temperature) and fractional sea ice concentration
from the model ensemble. The sea ice concentration is recalculated into total area (i.e., not sea ice extent but
surface area covered by sea ice) by multiplying with the area of each grid cell. In order to identify the sensi-
tivity to sea ice loss in different parts of the Arctic, we have separated the Arctic into 10 different regions
obtained from Screen (2017), including for completeness the North Pole area (NP; not featured in Screen,
2017; see also supporting information, Figure S1).

We pose the question: in a long‐term sense, can we attribute part of the warming over Greenland to sea ice
changes occurring in different parts of the Arctic? Our approach is based on a multiple linear regression,
expressing the temperature change in Greenland as a function of global temperature change and the state
of the sea ice cover (i.e., the area change) using annual means of all three variables. For each model, in each
grid cell on Greenland, we evaluate
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ΔTGrIS t; x; yð Þ ¼ aT ΔTGlobal tð Þ þ aice ΔAice tð Þ þ c (1)

whereΔTGrIS(t, x, y) is the change in near‐surface air temperature at year t
at the location (x, y), ΔTGlobal(t) is the global mean temperature change at
year t, and ΔAice(t) is the change in sea ice area at year t in a given region.
The changes are all compared to the 1850–1899 average in the same vari-
ables (except for HadGEMwhere the reference period is 1860–1909 due to
data availability). aT [K/K], aice [K/km

2], and c [K] are regression coeffi-
cients describing the best fit plane in the three‐dimensional space of
Greenland temperature, global temperature, and sea ice area changes
(Figure 1).

The long‐term view employed here is inspired by detection and attribu-
tion studies used, for example, in the context of the Intergovernmental
Panel on Climate Change (Bindoff et al., 2013). It is meant to supplement
process‐based analyses (e.g., Rennermalm et al., 2009; Stroeve et al., 2017),
attempting to reveal covariability between changes in different parts of
Greenland and the state of the sea ice cover and the state of the global
climate, respectively.

As we are investigating the impact of sea ice loss, the regression is
restricted to the periods where sea ice remains in each analysis region.
Consequently, the lengths of the time series in the regressions vary
between regions andmodels. A region is here defined as ice free in the year
when the annual mean sea ice area first is below 1% of the reference level.

In order to obtain confidence in the deduced relations, we enforce two criteria on each regression. The
first criterion is a minimum requirement to the goodness of the fit, such that R2 > 0.9, where R is the
coefficient of multiple determination (von Storch & Zwiers, 2001), meaning that the fit explains more
than 95% of the variance. The second criterion is based on a one‐sample t test comparing the sample
distribution from each model to the hypothesized gradient in the linear relation, with the null hypoth-
esis that the gradient is found randomly. Here, we require a confidence level of p > 0.95.

Although the apparent link between global warming and Arctic sea ice loss is more involved when consider-
ing the individual sea ice regions, equation (1) could bemodified to account for the impact of global warming
on the ice loss, making the two contributing terms more clearly independent. We have repeated the analysis
with an alternate approach replacingΔAice with the so‐called sea ice area residual change, calculated by sub-
tracting the best fit linear regression between the regional sea ice change and the global warming. This alter-
nate regression can be expressed as

ΔTGrIS t; x; yð Þ ¼ aT;res ΔTGlobal tð Þ þ aice;res ΔAice tð Þ− ∂ΔAice

∂ΔTGlobal
ΔTGlobal tð Þ þ b

� �� �
þ cres (2)

where aT,res, aice,res, and cres replace the regression constants aT, aice, and c from equation (1).
Compared to equation (1), this approach represents a more conservative estimate of the sea ice impact.
In the following section we present the results based on equation (1), illustrating an upper limit estimate
of warming contribution from sea ice loss but discuss how these compare to the results from using
equation (2).

We have termed equation (1) and (2) using changes instead of absolute values. This has the benefit of align-
ing the individual models, by adjusting for the reference temperature and sea ice cover at the beginning of
the simulations. While our main assessment is based on robust changes across the individual models, this
formulation allows us to supplement the analysis with attribution based on the complete, merged ensemble
(ALLCMIP). The combined ensemble has been created by bilinear interpolation of all the models to a com-
mon grid, the coarsest grid in the ensemble (from the BCCmodel). Themultilinear regressions (equations (1)
and (2)) were then performed exactly as for each individual model, with the same requirements for the over-
all fit and the gradients.

Figure 1. One example illustrating the multilinear regression finding the
best fit plane expressing the warming in one grid cell on Greenland
(ΔTGrIS) as a function of global warming (ΔTGlobal) and regional sea ice
area change (ΔAice). Black spheres indicate the annual mean values simu-
lated by the model for each year from 1850 until the time of sea ice loss. The
shading on the plane reflects ΔTGrIS.
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3. Results and Discussion

Under the extended RCP8.5 scenario, only two models in the ensemble retain an Arctic sea ice cover by the
year 2300: GISSH and GISSR. Hezel et al. (2014) analyze Arctic sea ice in the CMIP5 models and highlight
that the seasonal sea ice changes in these two models stand out from the ensemble: Both models lose the
summer sea ice early (i.e., at low forcing and global warming) but retain winter sea ice throughout the simu-
lations to year 2300. These two models have the lowest equilibrium climate sensitivity in our ensemble and
the lowest global warming by 2300 (Table S1; Flato et al., 2013; Forster et al., 2013), which could explain why
the winter sea ice remains. The earliest loss of sea ice, for the entire Arctic and by our metrics, is seen in
HadGEM in 2122 (all models and their timing of sea ice loss are listed in Table S1).

For the remainder we will focus on the fraction of Greenland warming that can be attributed to regional sea
ice changes, that is, the second term in equation (1) aiceΔAice (t). For each sea ice region and eachmodel, the
regression has returned an estimate for aice in each model grid point on Greenland—provided that the sta-
tistical criteria were met. We quantify the warming contribution from this term by calculating a linearized
warming estimate (LWE) based on equation (1) as the average contribution from the sea ice term in the lin-
ear relation compared to the simulated warming at the same point in space and time:

LWE ¼ ΔTGrIS;linear;ice

ΔTGrIS
¼ 1

N
∑
N

t¼0

aice ΔAice tð Þ
ΔTGrIS tð Þ

Note that our method, which treats each sea ice region separately, means that the LWEs cannot be added to
reflect the total impact of concurrent sea ice changes in different regions. As such, the actual value of the
LWE represents an upper limit to the warming contribution, and our main focus is thus on the spatial pat-
tern of the LWE. Maps of this relative warming measure are presented in Figures 2–4 for three highlighted
regions: Barents‐Kara Seas (BK; Figure 2), Canadian‐Archipelago and Baffin Bay (CAB; Figure 3), and
Greenland Sea (GS; Figure 4). The seven regions not highlighted here, that is, Beaufort and Chukchi Seas
(BC), Bering Sea (BS), East Siberian and Laptev seas (ESL), Hudson Bay (HB), Labrador Sea (LS), Sea of
Okhotsk (SO), and NP, only have smaller areas with significant regressions, and the magnitudes and spatial
patterns of the estimated contributions are highly variable between the models (cf. Figures S2–S8).

Figure 2 reveals that sea ice loss in the BK region can be linked to a warming contribution along the north-
east coast in all the models, albeit in varying strength and spatial extent. Except for one model (GISSH), the
warming signal is confined to a thin belt along the coast at relatively low elevation. This pattern seems robust
across the models, despite the very large range of regional sea ice projections; EC‐Earth loses the BK sea ice
at a global warming of 4.7 °C, while IPSL retains a BK ice cover until about 10 °C warming. The ALLCMIP
ensemble also has the largest signal along the northeastern coast but also suggests an additional contribution
inland in the northern central Greenland—a pattern that is only seen in GISSH among the individual mod-
els. Compared to individual models, the larger ensemble in ALLCMIP tends to exhibit more widespread sig-
nificant gradients on the more central parts of the ice sheet, although still more modest than along
the coasts.

Observations are currently showing year‐round retreat of sea ice in the BK region (Onarheim et al., 2018),
and our study is not the first to find a link from BK ice loss to Greenland warming. Simulations with an
atmosphere‐only general circulation model by Screen (2017) indicate that BK ice loss, when acting as the
only forcing, leads to wintertime (October–March) warming all over Greenland. The spatial pattern does,
however, not resemble the strong coastal signal found by our linear framework. Using reanalysis data,
Koenigk et al. (2016) find that the November sea ice area in the Barents Sea has a negative correlation with
winter temperatures over Greenland. As the largest warming impact of ice loss occurs in winter (Vihma,
2014), these wintertime warming patterns will likely also have an impact on the annual mean warming.

Sea ice loss in the CAB region has a significant link to warming on the west coast in all the models, as evident
from Figure 3. HadGEM andMPI indicate a limited impact, while CNRM, CSIRO, GISSR, and IPSL indicate
that the sea ice contribution could be larger than that following the global warming on varying parts of the
coast. Several models additionally indicate a more widespread but weak impact on the central ice sheet
(ALLCMIP, BCC, CSIRO, EC‐Earth, and IPSL) and some even on the east coast (CCSM4, CNRM,
and GISSR).
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Figure 2. Linearized warming estimate attributed to sea ice loss in the Barents‐Kara (BK) region (%) calculated as the ratio of the warming from the linear relation-
ship compared to that simulated in the model over the same period. Regressions are only calculated in grid cells within each model's land mask. Gray land areas
indicate that the regression did not meet the statistical criteria, and white areas indicate aice > 0. Numbers in the lower right‐hand corner indicate the year of
regional ice loss (top) and the global warming at that time (bottom) for each model.

Figure 3. As Figure 2, but for the Canadian Archipelago and Baffin Bay sea ice region (CAB).
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A wide range of approaches have previously indicated that Baffin Bay sea ice changes impact conditions on
Greenland. Rennermalm et al. (2009) and Stroeve et al. (2017) present process‐based analyses linking sea ice
loss through changed surface fluxes to increased melt on GrIS. In agreement with the signals we see along
the west coast (Figure 3), both of these studies find that sea ice loss in Baffin Bay promotes melting on the
adjacent parts of the ice sheet. Similarly, Ballinger et al. (2018) show correlation between the freeze onset
timing in the fall and the observed coastal temperature from September to December. Stronger and more
widespread significant correlations are found on southwestern coastal areas. The link is further substan-
tiated by the idealized model study by Screen (2017), which indicates a wintertime warming impact of
CAB ice loss in the outermost area along the west coast, consistent with the strongest signal in
our attribution.

The GS region stands out with a robust warming signature on the east coast in all the models (Figure 4). With
a few exceptions (CNRM and GISSR) part of the signal on the central ice sheet can also be attributed to the
GS sea ice changes. ALLCMIP has the strongest signal on the central east coast but also features a sizeable
contribution on the northern part of central GrIS. While similar contributions are seen in individual models,
all the models show a larger difference between the east coast and the central GrIS compared to ALLCMIP.

Ballinger et al. (2018) and Koenigk et al. (2016) both demonstrate links between the fall sea ice conditions in
the Greenland Sea and the fall/winter temperature on the adjacent east coast. During summer, Rennermalm
et al. (2009) also find local correlations between sea ice cover and GrIS melt on selected parts of the east
coast. Atmospheric model studies (Merz et al., 2016; Screen, 2017) also show that GS ice loss causes warming
on the eastern and southern parts of Greenland; Merz et al. (2016) even illustrate how GS ice loss may cause
atmospheric circulation changes that causes substantial warming over Greenland (albeit under Last
Interglacial climate conditions).

A general feature of our warming attribution is the apparently limited link between regional sea ice loss and
warming on central GrIS. This may be explained by features of the Arctic atmospheric circulation. The lower
Arctic atmosphere is very stably stratified with frequent inversions during winter (Serreze et al., 1992;
Wexler, 1936), where the potential warming impact is at its maximum. The high stability limits the

Figure 4. As Figure 2, but for the Greenland Sea (GS) region.
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vertical extent of the warming (Vihma, 2014), which could contribute to keeping the surface‐based warming
from reaching the central, elevated part of GrIS. The warming from sea ice loss will, however, gradually
weaken the stable stratification (Taylor et al., 2018; Vihma, 2014), meaning that this effect will diminish
as the sea ice is lost. A second factor that may limit warming on central GrIS is downslope katabatic winds,
which can inhibit heat advection toward the central ice sheet (Noël et al., 2014).

Despite these consistent dynamical arguments, earlier studies do indicate that atmospheric circulation
changes can link sea ice loss to more widespread warming on GrIS (e.g., Knudsen et al., 2015; Liu et al.,
2016). We speculate that these circulation‐related patterns observed in relation to recent sea ice loss may
not dominate in the long‐term view or that they are not represented in our model ensemble.

A particular concern regarding warming on Greenland is the potential for increased melt on the ice sheet
contributing to global sea level rise. Assessment of ice sheet changes, however, involves contributions from
precipitation changes, surface processes, and ice dynamics and cannot be based solely on warming.
Nevertheless, this concern merits a closer look at the seasonal differences and the trends during summer.
In this linear framework, attribution of summertime warming is challenged by more limited warming dur-
ing summer and by shorter time series of data (summer sea ice disappears several decades before winter sea
ice). Furthermore, the temperature change may be highly nonlinear in the transition toward an ice‐free
Arctic, where summertime temperatures are no longer limited by melting snow and ice. These factors com-
bined mean that the signals are less robust, but the spatial warming patterns for the highlighted regions (BK,
CAB, and GS) are similar when reproduced for warming and ice loss in the summer half year average
(Figures S9–S11 show the results from regressions based on April–October averages of ΔTGrIS and sea ice
area change). For peak summer conditions (June–August), the lengths of the time series become too short
to obtain widespread significant signals, but a subset of the models does show weaker patterns reminiscent
of Figures S9–S11 (not shown). The magnitude of warming attributable to sea ice loss is much lower during
summer (the largest values are generally <30%) but still mainly found along the coasts adjacent to the ice
loss. Note that wintertime warming will lead to a longer melting season, as the melting point can be reached
earlier in the spring. This may not be reflected in the summer temperature near the ice sheet, which will be
limited to the melting point as long as snow and ice are present.

The results from the alternate approach in equation (2) are qualitatively similar to those following equa-
tion (1). The spatial patterns of the warming contributions exhibit larger spatial variability, but the overall
features described above are generally comparable (compare Figures 2–4 and Figures S12–S14). As expected,
the magnitude of the LWE is more modest when using the residual sea ice areas. Together, the two methods
in our linear framework thus suggest that the impact from sea ice loss is a minor contribution to warming on
Greenland, which is mainly manifested in coastal areas in response to nearby ice loss.

We have repeated the analysis for reanalysis data from the satellite era 1979–2014 from ERA‐Interim (Dee
et al., 2011) downscaled to 5‐km resolution using HIRHAM5 (Christensen et al., 2006; Langen et al., 2017;
Lucas‐Picher et al., 2012; not shown). These regressions do, however, not yield any widespread significant
results (using our selected criteria of R2 > 0.9 for the regression fit and p> 0.95 for the gradients). The limited
trends in annual mean sea ice cover in this period compared to the large interannual variability unfortu-
nately inhibit any robust attribution with the current length of the observational record.

4. Conclusions

The aim of this study was to assess if part of the warming over Greenland can be attributed to sea ice changes
in different parts of the Arctic. Using a multiple linear regression framework based on an ensemble of
CMIP5 models, we separated the fraction of the simulated warming in each point on Greenland, which fol-
lowed the variability of regional sea ice cover rather than that of the global warming. This allowed for a sim-
ple quantification of the warming contribution from sea ice loss and insight into the spatial pattern on
Greenland that could be linked to sea ice changes in the different regions. The spatial patterns reveal that
the impact of sea ice loss is largely confined to the coastal, lower elevation parts of Greenland. The most
robust warming contributions are found for sea ice loss in regions adjacent to Greenland (BK, GS, and
CAB), with the largest amplitude on the coasts facing these regions. This finding is consistent with more
process‐based, dynamical studies. Sea ice changes in more distant parts appear to have limited impact on
Greenland temperatures.
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Regarding the magnitude of warming, this linear framework indicates that the warming attributed to sea ice
variability is a minor contribution compared to that following directly from global warming. Locally in
coastal regions, it can, however, become a dominant signal. Finally, it should be noted that we have focused
solely on the warming on Greenland. How this warming in conjunction with precipitation changes and
ocean warming impacts the ice sheet mass balance and global sea level is beyond the scope of this study,
but the framework could in principle be applied to melt or surface mass balance changes instead
of temperature.
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