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Abstract
In which direction is the influence larger: from the Arctic to the mid-latitudes or vice versa? To answer this question, CO2 
concentrations have been regionally increased in different latitudinal belts, namely in the Arctic, in the northern mid-latitudes, 
everywhere outside of the Arctic and globally, in a series of 150 year coupled model experiments with the AWI Climate 
Model. This method is applied to allow a decomposition of the response to increasing CO2 concentrations in different regions. 
It turns out that CO2 increase applied in the Arctic only is very efficient in heating the Arctic and that the energy largely 
remains in the Arctic. In the first 30 years after switching on the CO2 forcing some robust atmospheric circulation changes, 
which are associated with the surface temperature anomalies including local cooling of up to 1 °C in parts of North America, 
are simulated. The synoptic activity is decreased in the mid-latitudes. Further into the simulation, surface temperature and 
atmospheric circulation anomalies become less robust. When quadrupling the CO2 concentration south of 60° N, the March 
Arctic sea ice volume is reduced by about two thirds in the 150 years of simulation time. When quadrupling the CO2 con-
centration between 30 and 60° N, the March Arctic sea ice volume is reduced by around one third, the same amount as if 
quadrupling CO2 north of 60° N. Both atmospheric and oceanic northward energy transport across 60° N are enhanced by 
up to 0.1 PW and 0.03 PW, respectively, and winter synoptic activity is increased over the Greenland, Norwegian, Iceland 
(GIN) seas. To a lesser extent the same happens when the CO2 concentration between 30 and 60° N is only increased to 
1.65 times the reference value in order to consider the different size of the forcing areas. The increased northward energy 
transport, leads to Arctic sea ice reduction, and consequently Arctic amplification is present without Arctic CO2 forcing in 
all seasons but summer, independent of where the forcing is applied south of 60° N. South of the forcing area, both in the 
Arctic and northern mid-latitude forcing simulations, the warming is generally limited to less than 0.5 °C. In contrast, north 
of the forcing area in the northern mid-latitude forcing experiments, the warming amounts to generally more than 1 °C 
close to the surface, except for summer. This is a strong indication that the influence of warming outside of the Arctic on the 
Arctic is substantial, while forcing applied only in the Arctic mainly materializes in a warming Arctic, with relatively small 
implications for non-Arctic regions.

Keywords  Arctic amplification · Arctic mid-latitude linkages · Regional greenhouse gas forcing · Energy transport · 
Coupled climate model simulations

1  Introduction

Over the last 30 years, Arctic amplification, an increase 
of Arctic surface temperatures twice the amount of the 
Northern hemisphere mean temperature increase, has been 
observed in the field and in climate projections (Cohen et al. 
2014). This is associated with a marked sea ice decline in 
the Arctic which has spurred a multitude of studies investi-
gating the impact of this strong decline on the mid-latitude 
weather and climate including extreme events both from 
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observations and modelling experiments (review papers: 
Overland et al. 2015; Screen et al. 2018; Vavrus 2018). In 
many of the modelling studies the impact of Arctic sea ice 
decline is mostly restricted to the stable Arctic boundary 
layer with only minor temperature increases higher up in 
the troposphere (e.g. Semmler et al. 2016a, b). Furthermore, 
the impact of shrinking sea ice in the Arctic on mid-latitudes 
remain subject to a large uncertainty due to a notoriously 
small signal-to-noise ratio in the northern mid-latitudes, a 
limited time period of observations, and different designs 
of modelling studies (Cohen et al. 2018). Since the specific 
region of sea ice loss plays a role in determining the large-
scale circulation response (e.g. Pedersen et al. 2016), differ-
ences in the prescribed forcing in the idealized modelling 
studies can be important.

Nevertheless, progress has been made. Since feedbacks 
between the different climate system components such as 
ocean, sea ice, land, and atmosphere have been recognized 
to be important, a number of coupled modelling studies 
with long integrations of 100 years or more are available 
now. Screen et al. (2018) give a synthesis of long coupled 
model experiments which reveal some consistent features 
as response to sea ice loss despite differences in the model 
set-up: hemisphere-wide atmospheric warming, intensifica-
tion of Aleutian low and Siberian high, weakening of the 
Icelandic low, weakening and southward shift of the mid-
latitude westerly winds in winter. Semmler et al. (2016b) 
and Petrie et al. (2015) took a different approach, running 
large ensembles of short integrations of only one year rather 
than small ensembles of long integrations, perturbing sea 
ice thickness in spring or early summer. Possibly due to 
a different start date (1st of June versus 1st of April) and 
different intensities of the forcing (summer ice-free con-
ditions versus 2007/2012 conditions), results in terms of 
large-scale circulation response are not consistent although 
a southward shift of the mid-latitude westerly winds in late 
autumn or early winter occurs in both studies. Due to the 
long ocean response time, it cannot be expected that the 
lower latitude ocean substantially warms in these short cou-
pled simulations. Very recently, the response to sea ice loss 
has been isolated from the complete greenhouse gas impact 
in the coordinated multi-model ensemble of CMIP5 models 
(Zappa et al. 2018)—the robust results being a southward 
shift of the jet stream and a strengthening of the Siberian 
High in late winter consistent with many studies prescribing 
idealized sea ice conditions.

The US CLIVAR white paper by Cohen et al. (2018) has 
expressed a need for a common protocol for coordinated 
experiments to overcome the issue of different model experi-
ment design and to further narrow down some of the uncer-
tainties. The resulting common protocol, the Polar Ampli-
fication Model Intercomparison Project (PAMIP: Smith 
et al. 2018) has been endorsed by CMIP6. Experiments 

within PAMIP include applying Arctic sea ice anomalies 
with and without SST anomalies in uncoupled and coupled 
mode in short 1-year and long 100-year simulations. While 
it was relatively straightforward to agree on a protocol for 
the uncoupled experiments, prescribing sea ice and SST, 
the design of the coupled experiments has been much more 
controversial since the sea ice is an interactive component 
of the coupled model system and thus cannot be prescribed. 
Therefore, the sea ice relaxation approach is only suggested 
in the PAMIP protocol for the coupled experiments but is 
not the only choice allowed to achieve a sea ice reduction 
(Smith et al. 2018). This motivated us to experiment with 
an alternative approach.

It is acknowledged that Arctic amplification is influenced 
not only by local processes (e.g. Pithan and Mauritsen 2014) 
but also by the mid- and lower latitudes such as mid-lat-
itude SST (e.g. Luo et al. 2018) and circulation changes 
(e.g. Gong et al. 2017) leading to more frequent moisture 
intrusions into the Arctic (e.g. Woods and Caballero 2016). 
Many recent studies have focused on Arctic-to-mid-latitude 
influences. Here we ask what direction exhibits the stronger 
coupling: from the Arctic to the Northern mid-latitudes or 
vice versa. To answer this question, it is not sufficient to 
alter sea ice conditions as this can only be done in the polar 
regions, not in the mid-latitudes. Furthermore, the ocean 
should be included as it can play an important role in the 
energy transport. Therefore, long integrations are needed. 
To keep the computational burden manageable, we opted 
to run the simulations in a relatively coarse resolution. Our 
idea is to increase CO2 forcing regionally in the Arctic and 
in this way trigger Arctic amplification. Results can be con-
trasted against simulations with CO2 forcing outside of the 
Arctic. This approach has very recently been applied by 
Stuecker et al. (2018) using the Community Earth System 
Model CESM 1.2. We complement their study using another 
CMIP6 model (AWI-CM 1.1) and additionally investigate 
the large-scale circulation response. Furthermore, we ran 
the coupled system for 150 years rather than 60 years which 
allows us to compare the transient response in the first dec-
ades after regionally increasing CO2 to the response after the 
ocean had time to react.

In Sect. 2 the experiment set up is described. Section 3 
explains our results; discussion and conclusions follow in 
Sect. 4.

2 � Experiment setup

As stated in the introduction, there is a lot of discussion 
about how to study the influence of declining sea ice on 
mid-latitudes in coupled simulations. The most common 
methods are applying a ghost longwave radiation forcing 
over the sea ice covered area, a change of the sea ice albedo, 
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and a relaxation of the sea ice concentration to some desired 
distribution such as projected end-of-the-century condi-
tions (e.g. Screen et al. 2018). Here, we experiment with an 
approach to perturbing coupled models very recently intro-
duced by Stuecker et al. (2018). The idea is to increase the 
CO2 concentration in some area of interest. In our study, 
we quadruple CO2 north of 60° N (experiment called 60 N 
hereafter), north of 70° N (70 N), north of the simulated 
ice edge on the 1st of January each year (SICE), in a lati-
tude band from 30 to 60° N (30–60 N), south of 60° N (60 
Ns) or globally (glob)—for an overview see Fig. 1 showing 
Arctic sea ice volume from the different experiments. The 
experiment 30° N to 60° N is additionally run with 1.65 × 
CO2 (30–60 N_1.65) to account for the different size of the 
forcing area in order to make the 30–60 N_1.65 and the 
60 N experiments directly comparable. Indeed the 30–60 
N_1.65 and the 60 N experiment have the same globally 
averaged radiative forcing within the error estimates. This 
has been checked with a Gregory diagnosis (Gregory et al. 
2004): 0.45 ± 0.09 W/m2 for the 30–60 N_1.65 experiment 
and 0.48 ± 0.09 W/m2 for the 60 N experiment.

The simulations are set up in the spirit of the HighResMIP 
protocol (Haarsma et al. 2016), i.e. the control simulation 
(ctl) is run for a total of 200 years with the first 50 years 
regarded as spin-up. After the spin-up period, the described 
sensitivity experiments are run for 150 years which are then 
compared to the corresponding years of the ctl simulation. 
All simulations are run with the Alfred Wegener Institute 
Climate Model version 1.1 (AWI-CM 1.1). AWI-CM has 

been described in Sidorenko et al. (2015), Rackow et al. 
(2018, 2019). The model was run in its low resolution 
CMIP6 set-up (LR). The atmosphere model is ECHAM6.3 
in T63L47 resolution corresponding to about 200 km hori-
zontal resolution and 47 unequally spaced vertical levels up 
to 80 km. The ocean model is the Finite Element Sea ice 
Ocean Model FESOM 1.4 which runs on an unstructured 
mesh with an average horizontal resolution of around 70 km 
and local refinement in the tropics, the northern North Atlan-
tic, the Arctic, and the coasts. In the vertical there are 46 
unequally spaced z-levels.

The regional CO2 method has certain advantages over 
previously used methods, i.e. the model itself is not altered 
through the introduction of extra fluxes or relaxation terms 
which would make the model non-energy-and non-mass-
conserving. Unlike the albedo reduction method, the forcing 
is applied all year rather than only in summer. Furthermore, 
it is possible to perform comparative experiments with forc-
ing in other latitudes. However, also with this method of 
regionally increasing the CO2 concentration the baroclinicity 
is altered by definition.

Figure 1 shows that the regional CO2 method works to 
reduce Arctic sea ice quite fast within about one decade. In 
addition to the rapid response of the sea ice in all sensitivity 
experiments, a slow long-term drift possibly due to oceanic 
processes occurs for the global and nearly global forcing 
experiments (glob and 60 Ns). Even without any Arctic forc-
ing in the 60 Ns experiment, the amount of Arctic sea ice 
declines markedly due to energy transport from the low to 
the high latitudes. If forcing is applied only in the north-
ern mid-latitudes (30–60 N_1.65 and 30–60 N), Arctic sea 
ice is also shrinking, especially in the 30–60 N experiment 
where the reduction is comparable to the 60 N experiment. 
The experiments allow study of the transient phase of rapid 
sea ice loss and the stabilization phase. Results regarding 
atmospheric temperature response, large-scale circulation, 
synoptic activity, and energy transport are described in the 
next section.

3 � Results

3.1 � Atmospheric temperature response

The zonally averaged vertical temperature profile anomalies 
for the 60 N simulation for the first 30 years after regionally 
quadrupling CO2 are shown in Fig. 2. The profiles indicate 
mainly near-surface warming, except for summer where the 
atmospheric boundary layer is less stable and more mixing 
takes place. In boreal winter (DJF), noticeable warming of 
more than 0.5 °C is restricted to layers below 500 hPa. Later-
ally such warming spreads to around 48° N. In the following 
120 years, the picture does not look very different (Fig. 3), 

Fig. 1   Time series of Arctic sea ice volume in March for the con-
trol integration with 1950 CO2 forcing (ctl) and different sensitiv-
ity experiments, in which CO2 is instantaneously increased in 1950: 
quadrupled north of 70° N (70  N), quadrupled north of the sea ice 
edge on the 1st of January each year (SICE), quadrupled north of 60° 
N (60 N), multiplied by 1.65 between 30 and 60° N (30–60 N_1.65), 
quadrupled between 30 and 60° N (30–60   N), quadrupled south of 
60° N (60 Ns), and quadrupled globally (glob)
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although the warming spreads out a little bit more laterally 
due to the gradual heat uptake of the ocean. Warming of 
more than 0.5 °C occurs up to 44° N in these 120 years. In 
addition, slight warming of 0.2–0.5 °C occurs almost eve-
rywhere in the troposphere north of 20° N which is not the 
case for the first 30 years. Due to the weaker forcing in 70 N 
and SICE simulations, warming areas are vertically more 
restricted in those simulations (not shown). The vertical 
restriction of the warming is in line with previous studies 
of the effects of declining sea ice (e.g. Screen et al. 2013; 
Semmler et al. 2016a). 

In the simulations we see some stratospheric cooling 
(Figs. 2, 3) which is opposite from what we have observed 
in recent decades. This cooling becomes even stronger in 
the last 120 years compared to the first 30 years of the sim-
ulation. Previous simulations have shown strong intrinsic 
variability and inter-model differences in the stratospheric 
response to sea ice reduction in both uncoupled and cou-
pled simulations (Screen et al. 2013, 2018) which could 
suggest that also the stratospheric warming that we have 
observed over the last three decades might not be due to sea 
ice decline but simply an expression of intrinsic variability 
or lower latitude impacts. Indeed, Seviour (2017) and Gar-
finkel et al. (2017) confirm by evaluating large ensembles 

of coupled climate model simulations that vortex trends of 
similar magnitude to those observed can be generated by 
internal variability. Due to the stratospheric cooling our sim-
ulated large-scale circulation response to AA might be dif-
ferent compared to studies with stratospheric winter warm-
ing. It should be noted that it is not clear in which direction 
the stratospheric polar vortex is headed under global warm-
ing scenarios (Ayarzagüena et al. 2018).

Figures 4 and 5 show the zonally averaged vertical 
temperature profile anomalies for the 30–60 N and 30–60 
N_1.65 experiments. To account for the different strength 
of the globally averaged radiative forcing in the 30–60 N 
simulation compared to 60 N and 30–60 N_1.65 simula-
tions, the response in the 30–60 N simulation is scaled 
by the different forcing area between 60 N and 30–60 N 
simulations. As expected, the warming spreads out higher 
up into the troposphere in 30–60 N and 30–60 N_1.65 
experiments compared to 60 N experiment, generally up 
to 200–300 hPa rather than 500 hPa. Laterally, the warm-
ing mainly spreads out to the Arctic in the 30–60 N and 
30–60 N_1.65 experiments and amounts to more than 1 °C 
in large areas in all seasons but summer. In contrast, south 
of the forcing area, i.e. south of 30° N the warming only 
exceeds 0.5 °C in a 2°–7° latitude belt depending on the 

Fig. 2   Response in zonally averaged temperature averaged over the 
first 30  years after quadrupling CO2 north of 60° N (in the Arctic) 
in a DJF, b MAM, c JJA, and d SON. Solid and dashed lines indi-

cate above- and sub-zero temperatures in the 1950 control simulation, 
shaded contours indicate anomalies in the sensitivity simulation
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season and on the experiment. It is reassuring that the 
stronger globally averaged radiative forcing in the 30–60 N 
simulation compared to the 30–60 N_1.65 simulation does 
not qualitatively change the vertical profile of the zonally 
averaged temperature response. However, even the scaled 
warming appears to be slightly larger in the 30–60 N simu-
lation compared to the 30–60 N_1.65 simulation. In the 60 
Ns experiment (Fig. 6), a largely homogeneous warming 
corresponding to a scaled value of 0.2–0.5 °C is simulated. 
Only in the subtropical troposphere as well as close to 
the surface in the Arctic in boreal winter (DJF), spring 
(MAM), and autumn (SON) larger temperature increases 
are simulated which resembles a typical response pattern 
to global CO2 forcing.

Very little of the extra energy due to the regional CO2 
forcing spreads towards the equator; the bulk of the extra 
energy spreads towards the pole leading to Arctic Ampli-
fication associated with Arctic sea ice melt in all seasons 
but summer. The typical bottom heavy Arctic Amplifi-
cation signature can be seen both in the northern mid-
latitude forcing experiments (Figs. 4, 5) and in the extra-
Arctic forcing experiment 60 Ns (Fig. 6). In Sect. 3.3 the 
meridional atmospheric and oceanic energy transport is 
analyzed to understand these responses.

3.2 � Near‑surface temperature response in the Arctic 
forcing experiments

After quadrupling CO2 in the Arctic we already see strong 
surface warming in this region in the first 30 years—as 
expected (Fig. 7). In this Figure we only show changes in 
the 60 N experiment but the changes are consistent in the 
3 experiments 60 N, 70 N, and SICE and are robust. Espe-
cially robust is the Barents Sea warming of more than 7 °C 
compared to the 1950 control experiment. This warming 
is caused by the maximum of sea ice loss in this area (not 
shown). In cases of northerly flows we would expect mid-
latitude warming and less temperature variability due to the 
advection of less cold air (Semmler et al. 2012; Ayarzagüena 
and Screen 2016) which we indeed see in many areas, espe-
cially over central Eurasia and the North Pacific (only mean 
signal shown, not variability). However, we see robust boreal 
winter cooling by up to around 1 °C over Central North 
America as well as by more than 0.2 °C over eastern Asia 
and off its coast in the transient phase of the first 30 years 
after quadrupling CO2 (Fig. 7a). In addition, no warming 
or a slight cooling of up to around 0.2 °C is simulated over 
the British Isles, parts of the North Atlantic and western 
Scandinavia, for western Scandinavia only for 70 N and 

Fig. 3   As in Fig. 2 but averaged over the last 120 years
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SICE simulations (not shown). These temperature anoma-
lies are consistent with the geopotential height anomalies in 
500 hPa (Fig. 8, up to around 50 m) indicating a barotropic 
response. The forcing excites a wave train with PNA (Pacific 
North America pattern) and EA (East Atlantic pattern) like 
anomalies. We also see a southward deflection of the jet 
stream in the eastern North Atlantic regions, redirecting the 
jet towards the Mediterranean Sea in the first 30 years after 
regionally quadrupling CO2 (Fig. 9).

In the second and third 30 year periods (Fig. 7b, c) some 
of the regional cold anomalies still persist (no warming over 
North Atlantic and slight cooling off the northeastern coast 
of Asia) but the large cold anomaly of up to around 1 °C 
over Central North America is replaced by a warm anomaly. 
Especially in the third 30 year period regional cold anoma-
lies occur over other areas (Fig. 7c) but are not consistent 
across 60 N, 70 N, and SICE simulations and therefore not 
robust (not shown). Regional deviations from the zonal mean 
response are smaller in the second and third 30 year periods 
compared to the first 30 year period. In the last 60 years 
(Fig. 7d, e), apart from the strong warming over the Arctic 
that decreases with decreasing latitude within the northern 
mid-latitudes, a slight but rather homogeneous warming of 
around 0.2 °C prevails. Therefore, regional deviations from 
the zonal mean response in the last two 30 year periods are 

smallest within the five 30 year periods. Similarly as for 
the 2 m temperature, for 500 hPa geopotential height and 
300 hPa zonal wind regional anomalies become less robust 
over time (not shown). A reason for the weakening of the 
regional deviations from the zonal mean response over the 
simulation time, both in magnitude and robustness, could be 
that the ocean gradually warms; first adjacent to the Arctic 
forcing area and then the warming spreads out further, espe-
cially in the 60 N simulation. The slow adjustment of the 
ocean spreads out the initial temperature gradient weaken-
ing between Arctic and northern mid-latitudes to the south, 
making it again slightly stronger at the boundary of the forc-
ing area. However, the meridional energy transport and the 
synoptic activity considered in the following two subsections 
do not show any trend towards a weakening response with 
simulation time.

Except for the temperature anomalies in the Arctic itself, 
temperature and circulation anomalies are rather small com-
pared to the large intrinsic variability of the system, even in 
the first 30 years after quadrupling CO2 in the Arctic. Anom-
alies generally do not exceed 1 °C for the 2 m temperature, 
50 m for Z500, and 5 m/s for the zonal wind in 300 hPa. One 
exception is the cold 2 m temperature anomaly over parts 
of North America related to the PNA-like anomaly in the 
first 30 years. Generally, our study prescribing greenhouse 

Fig. 4   As in Fig. 3 but with 1.65 × CO2 concentration between 30 and 60° N (in the Northern mid-latitudes)
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gas forcing above and around the sea ice area confirms the 
weak response to Arctic sea ice anomalies that was found 
in previous studies.

3.3 � Meridional energy transport

An analysis of the atmospheric meridional energy transport 
(Fig. 10a, c) reveals a decrease of the northward energy 
transport between around 35° N and 80° N in the Arctic 
forcing simulations 60 N, 70 N, and SICE compared to the 
control run. The decrease is most pronounced in the 60 N 
simulation (up to 0.13 PW). In other latitude belts differ-
ences are very small. This holds for both the first 30 years 
and also the following 120 years. The 30–60 N and 30–60 
N_1.65 simulations show increased northward energy trans-
port north of around 50° N (up to 0.08 PW in 30–60 N simu-
lation in the first 30 years) and a decreased northward energy 
transport south of around 50° N (up to 0.2 PW in 30–60 N 
simulation in the last 120 years) extending southward to 
about 10°–50° S depending on the considered time period 
and on the intensity of the forcing (30–60 N_1.65 compared 
to 30–60 N). It is reassuring that qualitatively 30–60 N and 
30–60 N_1.65 simulations agree, i.e. scaling of the response 
with the magnitude of the forcing is justified.

The 60 Ns and glob simulations show large anomalies 
with respect to the control simulation across all latitudes 
which are due to the nearly global or global CO2 forcing. 
The anomalies generally work towards increased southward 
atmospheric energy transports in the Southern Hemisphere 
and towards increased atmospheric northward energy trans-
ports in the Northern Hemisphere, making the meridional 
energy transport towards the poles stronger almost every-
where. The response appears to be roughly additive, i.e. 
when adding the anomalies of the 60 N and the 60 Ns sim-
ulations (dashed orange lines in Fig. 10a, c), the result is 
similar to the anomalies of the glob simulation (solid orange 
lines in Fig. 10a, c); differences are smaller than 0.03 PW 
and are further decreasing over simulation time (compare 
Fig. 10a with Fig. 10c). This gives credibility to the regional 
forcing approach and is in agreement with Stuecker et al. 
(2018). However, the small differences between the sum of 
60 N and 60 Ns simulations and the glob simulation are in 
the same direction across all latitudes north of 40° S and may 
therefore point to an important difference. The sum of 60 N 
and 60 Ns simulations shows a slightly stronger atmospheric 
northward energy transport across all latitudes north of 40° 
S than the glob simulation (compare dashed orange line in 
Fig. 10a with solid orange line). This can be attributed to 
the increased northward atmospheric energy transport in the 

Fig. 5   As in Fig. 3 but with 4 × CO2 concentration between 30 and 60° N (in the Northern mid-latitudes) scaled with the difference in forcing 
areas (area of Arctic divided by area of the Northern mid-latitudes)
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60 Ns simulation (brown line in Fig. 10a) compared to the 
glob simulation (solid orange line in Fig. 10a) which arises 
over all latitudes north of around 40° S. In contrast, when 
comparing the 60 N simulation to the control simulation 
(black curve in Fig. 10a)—which differs in the same way as 
the glob simulation from the 60 Ns simulation, namely by 
4* CO2 instead of 1* CO2 in the Arctic -, anomalies in the 
northward atmospheric energy transport remain close to 0 
south of around 30° N.

In the ocean (Fig. 10b, d) the situation is not as clear cut. 
Changes beyond the northern mid-latitudes occur also in the 
Arctic forcing simulations, for the larger forcing area (60 N) 
already in the first 30 and also in the following 120 years and 
for the weaker forcing areas (70 N and SICE) only in the fol-
lowing 120 years. Furthermore, no systematic difference can 
be seen between the sum of 60 N and 60 Ns simulations on 
one hand and the glob simulation on the other hand, at least 
not in the first 30 years. In the following 120 years there is a 
slight tendency towards stronger northward energy transport 
in the sum of 60 N and 60 Ns simulations compared to the 
glob simulation. Anomalies in the global and nearly global 
forcing experiments glob and 60 Ns generally work towards 
a weaker poleward oceanic energy transport which is in con-
trast to the atmospheric transport. While in the ocean anom-
alies clearly grow over time for all simulations—around 20° 

S by as much as 0.25 PW in the global and nearly global 
forcing experiments when comparing the last 120 years to 
the first 30 years—in the atmosphere they grow only slightly 
by less than 0.05 PW or they remain constant.

3.4 � Synoptic activity

The reduced atmospheric northward energy transport in the 
Arctic forcing experiments is also reflected by a slightly 
reduced synoptic activity in the northern mid-latitudes 
(Fig. 11a for the 60 N experiment in boreal winter (DJF), 
also true for 70 N and SICE experiments and for the other 
seasons) due to reduced meridional temperature gradients in 
these experiments which can cause less energy exchange. An 
exception is the area over the Greenland, Norwegian, Iceland 
(GIN) Seas in DJF (Fig. 11a) and the Arctic north of 80° N 
in JJA (not shown) where the synoptic activity increases by 
up to 2–3 m—which is very little compared to the variability 
in these areas.

Similarly, the increased atmospheric northward energy 
transport north of 50° N in the mid-latitude forcing experi-
ments is generally reflected by an increased synoptic activ-
ity in these latitudes, especially over the GIN seas, and the 
decreased energy transport south of 50° N by a decreased 

Fig. 6   As in Fig. 3 but with 4 × CO2 concentration south of 60° N (extra-Arctic area) scaled with the difference in forcing areas (area of Arctic 
divided by area of extra-Arctic)
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synoptic activity (Fig. 11b, c for DJF, also true for the other 
seasons).

In the 60 Ns and glob experiments there are areas of 
strengthened and weakened synoptic activity (not shown). 
Especially in the Southern Hemisphere the poleward shift of 
intense synoptic activity typical for greenhouse gas increase 
experiments (e.g. Tamarin and Kaspi 2017) becomes obvi-
ous. In the Northern Hemisphere no poleward shift occurs. 
Instead, an intensification of synoptic activity along the jet 
stream path over the North Pacific and an eastward exten-
sion over the North Atlantic into Europe is simulated. In 
summary, in the 30–60 N, 30–60 N_1.65, 60 Ns and glob 
experiments synoptic activity is redistributed while in the 
Arctic forcing experiments it is reduced with the reduction 
being confined to the area of meridional temperature gradi-
ent reduction.

The weak linkage between the mid-latitudes and the 
Arctic in the Arctic forcing simulations is reflected by a 
large decrease of Arctic sea ice volume (Fig. 1 black and 
grey lines, around 12,000 km3 in 60 N compared to con-
trol)—an indication that the extra energy stays in the Arctic 
and causes melting of the sea ice. The same Arctic sea ice 
volume decrease is simulated when 4* CO2 is applied in 
the northern mid-latitudes 30–60° N (Fig. 1, purple line). 
Obviously, when the magnitude of the global radiative forc-
ing is considered to make the northern mid-latitude forcing 
simulation comparable to the Arctic forcing simulation, the 
Arctic sea ice volume decrease is weaker (Fig. 1, green line).

4 � Discussion and conclusions

In this study, a novel approach is used to explore the impact 
of Arctic climate change on mid-latitudes and vice versa in a 
coupled climate model. In this approach, which recently has 
been also employed by Stuecker et al. (2018), atmospheric 
CO2 concentrations are quadrupled in certain regions, while 
keeping other regions unchanged. An important result of 
this study, which is consistent with previous work, is that Fi
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Fig. 9   Response in DJF 300 hPa u component (m/s) in 60 N simula-
tion averaged over the first 30 years after regionally quadrupling CO2
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the Arctic generally shows a relatively limited influence on 
extra-Arctic regions, while CO2 changes in the extra-Arctic 
region lead to substantial changes in the Arctic. The energy 
added in the regional Arctic forcing experiments stays in 
the Arctic causing efficient reduction of the Arctic sea ice; 
the synoptic activity is reduced, weakening the link between 
Arctic and mid-latitudes. Nevertheless, there are some 
important insights to be gained from the regional Arctic 
forcing experiments which are described in the following 
before turning to the extra-Arctic forcing.

When Arctic sea ice is reduced because of the CO2 
forcing, the vertical temperature profile in the atmosphere 
changes in the Arctic. In the Arctic troposphere, the changes 
are consistent with those found in previous studies reducing 
Arctic sea ice, i.e. most of the warming takes place close 
to the surface. However, in the Arctic stratosphere cooling 
is simulated. Our simulations, thus, suggest that there is a 

stronger stratospheric polar vortex in late winter in contrast 
to a weaker one like some previous studies investigating the 
response to reduced Arctic sea ice reported (e.g. Jaiser et al. 
2013; Kim et al. 2014)—although the stratospheric response 
is sensitive to the location of Arctic sea ice loss (e.g. Sun 
et al. 2015). The strengthened stratospheric polar vortex 
in our Arctic forcing experiments needs to be taken into 
consideration when interpreting the results presented here. 
Even though it has been observed that the intensity of the 
stratospheric polar vortex has decreased in recent decades 
(e.g. Kretschmer et al. 2018), it is not clear if this is due to 
Arctic sea ice decline or due to other factors. Also unclear is 
how the stratospheric polar vortex will develop in a warming 
climate (Ayarzagüena et al. 2018).

In our study, we use a different model than Stuecker et al. 
(2018) (AWI-CM 1.1 instead of CESM2) and consider dif-
ferent regions (more focus on the Arctic region with three 

Fig. 10   Northward a atmospheric and b oceanic energy transport 
response (PW) averaged over the first 30 years. c, d As a and b but 
for the last 120 years. The orange dashed line shows the sum of the 
anomalies from the 60  N and the 60 Ns simulation. The non-zero 

energy transport at 90° N is due to the uptake of heat from the ocean 
and indicates that the ocean is not in equilibrium, especially in 60 Ns 
and glob simulations
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different set-ups as well as the northern mid-latitudes with 
two different set-ups while leaving the Southern Hemi-
sphere untouched). Furthermore, we also consider longer 
time scales, which gives us an insight into the transient ver-
sus the quasi-equilibrium response; and additional analyses 
are carried out that address large-scale circulation changes 
including synoptic activity.

An important result is that only in the adjustment phase 
in the first 30 years after adding the perturbation, there are 
robust regional near-surface temperature and large-scale cir-
culation changes such as surface cooling of more than 1 °C 
over parts of North America and up to around 0.2 °C over 
eastern Asia in winter. The pattern of strongest warming over 
the Barents-Kara Seas and the East Siberian and-Chukchi 
Sea areas along with cold anomalies over North America 
and over eastern Asia are reminiscent of the observed tem-
perature trend pattern of the last two decades (e.g. Kug 
et al. 2015) although in our simulations the East Siberian 
and-Chukchi Sea warming is extended into the Beaufort 

Sea, and the cold anomaly is restricted to the very eastern 
parts of Asia. The latter pattern could be caused by the fact 
that we do not have a weakening but a strengthening of the 
stratospheric polar vortex. Therefore, weak stratospheric 
vortex events are less likely in our Arctic forcing experi-
ments. However, more weak stratospheric vortex events 
have occurred in the recent two decades. Through downward 
propagation this can cause northern Eurasia cold events. 
Indeed this had led to a cooling trend even in the average in 
some Northern Eurasian areas (e.g. Kretschmer et al. 2018). 
The strengthening of the stratospheric polar vortex along 
with the advection of less cold air in cases of northerly flow 
could lead to the relatively strong warming trend over north-
ern Eurasia in our Arctic forcing experiments.

After the first 30 years, the magnitude of the anomalies 
decreases. This is an important result given that the most 
rapid Arctic changes were observed in the last 30 years. 
Because of this similarity between observations and model 
simulations, one might speculate if once a hiatus in Arctic 
amplification occurs for example due to natural variability, 
the expected circulation and temperature anomalies would 
decrease in intensity or even disappear. However, our experi-
ments are highly idealized and our experiments consider a 
sudden rather than transient forcing which then leads to tran-
sient changes.

A plausible explanation of the behavior in the simulations 
could be that the initial warming occuring in the Arctic due 
to the regional CO2 forcing spreads out slowly into lower 
latitudes due to the long ocean adjustment time scale. In 
this respect our results agree with the coupled Arctic sea 
ice reduction experiments described in Screen et al. (2018). 
Therefore, the initial differential heating is not restricted to 
the Arctic anymore. The initial marked meridional tempera-
ture gradient reduction around 60° N is getting spread out 
towards lower latitudes. However, the meridional energy 
transport and the synoptic activity response do not show 
any trend towards a weaker response with simulation time.

It has also been discussed if a weaker meridional tem-
perature gradient may cause more extreme events due to a 
weakened jet stream and amplified and slower moving plan-
etary waves. However, given the shallowness of the Arctic 
temperature increase and the strong natural variability it is 
difficult to get a robust response (Vavrus 2018). When we 
look at the variability on time scales beyond the synoptic 
scale in our three Arctic forcing simulations we see a robust, 
up to around 0.5 °C higher 2-m winter temperature variabil-
ity over Siberia in the first 30 years. In other regions there 
is no consistent pattern. Averaged over the northern mid-
latitudes there is not much change. After the first 30 years 
there is a decrease in 2 m winter temperature variability in 
most northern mid-latitude areas.

While there are some consistent but weak mid-latitude 
features in the transient response to the regional Arctic 

Fig. 11   Response in DJF synoptic activity in 500 hPa (m) for the last 
120 years a for 60 N, b for 30–60 N_1.65, and c for 30–60 N scaled 
with the forcing areas
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forcing, the influence of extra-Arctic forcing on the Arctic 
is clearly more important. Efficient Arctic sea ice reduction 
can occur in absence of Arctic CO2 forcing by quadrupling 
CO2 only south of 60° N (extra-Arctic forcing) or in the 
northern mid-latitudes between 30 and 60° N. While the 
temperature close to the surface strongly increases north of 
the forcing area 30–60° N, this does not happen south of the 
forcing area. This is also true when the forcing in 30–60° 
N is reduced to 1.65 × CO2 in order to consider the larger 
forcing area compared to the area of north of 60° N. Due to 
an increased northward atmospheric energy transport and 
increased high-latitude synoptic activity in the extra-Arctic 
and northern mid-latitude forcing simulations, Arctic sea ice 
reduction is triggered, and consequently Arctic Amplifica-
tion occurs, despite the lack of Arctic CO2 forcing. In the 
extra-Arctic and global forcing experiments an increased 
high-latitude northward oceanic energy transport of up to 
0.1 PW occurs. This could also contribute to Arctic sea ice 
decline and Arctic Amplification; the slow component of 
Arctic sea ice decline in Fig. 1 in these simulations supports 
this notion. In the Arctic forcing experiments decreased 
northward atmospheric energy transport compared to the 
control simulation is only present in the northern high- and 
mid-latitudes. Therefore, the Arctic forcing only impacts 
the mid-latitudes in the atmosphere. However, in the ocean 
the Arctic forcing does play a role also for the low latitude 
northward energy transport which is decreased compared 
to the control simulation at least after the initial 30 years by 
up to 0.12 PW.

While the atmospheric energy transport is generally 
larger in magnitude than the oceanic energy transport by a 
factor of around 3 in northern high-latitudes in all experi-
ments, the anomalies between sensitivity experiments on 
one hand and the control experiment on the other hand are 
of comparable magnitude (see Fig. 10). This indicates that 
the ocean plays an important role in redistributing the energy 
in the sensitivity experiments. For the northern mid-latitude 
forcing experiments, the ocean even plays a larger role in the 
redistribution of the extra energy compared to the atmos-
phere. Anomalies in low latitude northward energy transport 
amount to up to -0.35 PW in the ocean and only up to -0.2 
PW in the atmosphere.

In the first 15 years of the 60 Ns simulation around half 
of the Arctic sea ice volume is gone due to the CO2 forcing 
south of 60° N (Fig. 1). In the remaining 135 years of the 
simulation another sixth of the original Arctic sea ice vol-
ume disappears bringing the total reduction to two thirds. 
The fast adjustment in the first 15 years versus the slower 
adjustment in the remaining simulation time indicates that 
the atmospheric contribution to the sea ice melt decreases 
over time.

We propose that the method of regionally increased 
CO2 concentrations should be used in a set of coordinated 

experiments with as many different climate models as pos-
sible. The PAMIP community could decide to take such 
experiments onboard as additional experiments since it has 
been shown by both Stuecker et al. (2018) and in this study 
that the method works to decompose the regional impacts 
of CO2 concentrations. However, there are important dif-
ferences in the results between the two studies. In our study 
the meridional oceanic and atmospheric energy transport 
plays a major role for Arctic amplification while Stuecker 
et al. (2018) point to the local processes as a major source of 
Arctic amplification. In our study the response in the meridi-
onal atmospheric energy transport to the regional forcing is 
additive in the polar regions while in the low latitudes an 
increased northward energy transport is simulated for the 
sum of extra-Arctic forcing and Arctic forcing compared to 
the global forcing.

It is not clear if the differences between the two studies 
are due to the different model formulations or due to the dif-
ferent experiment set-up (in the case of Stuecker et al. 2018, 
the forcing is symmetric between the two hemispheres; in 
our case the set-up is asymmetric). Therefore the call for 
coordinated experiments. Causes and impacts of Arctic 
amplification could be studied in an idealized and consist-
ent way, and the robustness of the results could be checked 
by comparing multiple climate models.
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