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but also via greenhouse effect of water vapor and clouds. 
The change in total atmospheric heat transport determined 
as a result of counteracting dry-static and latent heat com-
ponents, therefore, is not a reliable measure for the net 
effect of atmospheric dynamics on the Arctic warming. The 
current numerical experiments support a recent interpreta-
tion based on the regression analysis: the concurrent reduc-
tion in the atmospheric poleward heat transport and future 
Arctic warming predicted in some models does not imply a 
minor role of the atmospheric dynamics. Despite the simi-
lar magnitude of poleward heat transport change, the Arctic 
warms more than the Southern Ocean even in the equilib-
rium response without ocean dynamics. It is shown that a 
large negative shortwave cloud feedback over the Southern 
Ocean, greatly influenced by low-latitude surface warming, 
is responsible for this asymmetric polar warming.

1 Introduction

It is well known that the Arctic experiences larger warming 
than the rest of the world under the elevated atmospheric 
 CO2 concentration. In this so-called Arctic amplification, 
ice albedo feedback plays a central role (Laîné et al. 2016; 
Yoshimori et al. 2014b). While the ice albedo feedback is 
a process operating mainly in the polar regions, the mag-
nitude of Arctic warming is well correlated to the global 
mean warming among climate models. Figure 1 shows the 
relation between global and Arctic (≥70°N) mean surface 
air temperature changes during the twenty-first century for 
Coupled Model Intercomparison Project 5 (CMIP5) mod-
els, and high correlations exist in two scenarios of Rep-
resentative Concentration Pathways (RCP) 4.5 and 8.5 
(Taylor et al. 2012). Because the surface area of the Arctic 
region is relatively small, the globally averaged surface air 
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temperature change is only about 5–7% larger than the spa-
tially averaged value excluding the Arctic region (8–11% if 
the Arctic is defined as the region ≥60°N). While these data 
do not exclude a possibility of Arctic indirectly warming 
other regions, it is likely that there is a strong thermal influ-
ence on the Arctic region from the rest of the world.

The importance of atmospheric heat transport in 
the Arctic warming is reported in many previous stud-
ies. Cai (2005) used a 4-box conceptual model to pro-
pose a dynamical amplification mechanism in which the 
increased poleward atmospheric heat transport leads to 
Arctic amplification that is further enhanced by water 
vapor feedback in the warmer Arctic. Lu and Cai (2010) 
used an idealized atmospheric general circulation model 
(AGCM) with no seasonal cycle to show that the Arctic 
amplification can occur even without strong evaporative 
cooling at low latitudes, positive ice albedo feedback 
at high latitudes, nor an increase in poleward atmos-
pheric transport of latent heat (LH). In their particular 

experimental setting, the amplified warming is attrib-
uted to the increase in poleward atmospheric transport 
of dry-static energy (DSE). Solomon (2006) argued for 
the importance of LH transport in future Arctic warm-
ing by extrapolating a strong relation between LH release 
in extratropical storms and poleward heat transport by 
transient eddies in the current climate. Graversen et  al. 
(2008) found a prominent influence of increased atmos-
pheric poleward heat transport on the Arctic warming in 
a particular reanalysis dataset, but the robustness of the 
dataset was questioned by subsequent studies (Alexeev 
et al. 2012; Bitz and Fu 2008; Grant et al. 2008; Screen 
and Simmonds 2011; Thorne 2008).

The role of atmospheric heat transport in the Arctic 
warming is also investigated by applying latitude-depend-
ent forcing to numerical models. Alexeev et al. (2005) con-
ducted experiments by adding a heat flux anomaly to the 
tropical and extra-tropical regions, separately, using two 
aqua-planet AGCMs coupled to a slab ocean model with-
out seasonal cycle and ice albedo feedback. They showed 
that a significant Arctic warming occurs even under trop-
ical-only forcing although the pronounced Arctic ampli-
fication occurs under extra-tropical forcing. In addition, 
they demonstrated with an energy balance model that the 
Arctic amplification occurs when the poleward heat trans-
port is parameterized such that the transport increases 
with the global mean temperature rise (associating with 
LH transport) and not with the meridional temperature 
gradient (associating with DSE transport). Chung and 
Räisänen (2011) conducted sensitivity experiments using 
two AGCMs coupled to slab ocean models under  CO2 
forcing that depends on latitudes: one only in the North-
ern Hemisphere (NH) high latitudes and the other only in 
other regions. They found that the most profound Arctic 
surface warming is simulated when the model is forced 
with the remote  CO2 forcing, and attributed the warm-
ing to the increased poleward atmospheric heat transport. 
The details of the mechanisms are, however, not pre-
sented. Screen et  al. (2012) investigated the relative role 
of observed changes in sea surface temperature (SST) and 
sea ice distribution with two AGCMs by prescribing them 
globally or only in the Arctic region. Their results show 
that near-surface warming in autumn to winter is primar-
ily caused by the Arctic sea surface changes while warming 
above 700 hPa in the same season is mainly caused by the 
change in remote sea surface conditions. While their study 
clearly isolated the effect of atmospheric dynamics on the 
Arctic warming, the prescribed sea surface conditions did 
not reveal how the atmospheric dynamics interacts with 
other climate feedback processes. We note that Chung and 
Räisänen (2011) and the current study suggest that a large 
part of the prescribed Arctic sea surface changes in Screen 
et al. (2012) are forced remotely.

Fig. 1  Relation between global and Arctic temperature changes 
during the twenty-first century in the RCP4.5 (blue) and RCP8.5 
(red) scenarios for 40 CMIP5 models.  R2 indicates variance shared 
by the two variables while the slope corresponds to that of linear 
regressions. CMIP5 models (run number r1i1p1) are ACCESS1-0, 
ACCESS1-3, BCC-CSM1-1, BCC-CSM1-1(m), BNU-ESM, 
CCSM4, CESM1-BGC, CESM1-CAM5-1-FV2, CESM1-CAM5, 
CMCC-CMS, CMCC-CM, CNRM-CM5, CSIRO-Mk3-6-0, 
CanESM2, EC-EARTH, FGOALS-g2, FGOALS-s2, FIO-ESM, 
GFDL-CM3, GFDL-ESM2G, GFDL-ESM2M, GISS-E2-H-
CC, GISS-E2-H, GISS-E2-R-CC, GISS-E2-R, HadGEM2-AO, 
HadGEM2-CC, HadGEM2-ES, INM-CM4.0, IPSL-CM5A-LR, 
IPSL-CM5A-MR, IPSL-CM5B-LR, MIROC-ESM-CHEM, MIROC-
ESM, MIROC5, MPI-ESM-LR, MPI-ESM-MR, MRI-CGCM3, 
NorESM1-ME, and NorESM1-M
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Hwang et  al. (2011) found a negative (positive) corre-
lation between the Arctic amplification and the poleward 
atmospheric (ocean) heat transport change over the twenty-
first century among 10 CMIP3 models. They also showed 
that poleward LH transport increases while DSE transport 
decreases at NH high latitudes for all of the models, while 
the sign of moist static energy (MSE = DSE + LH) trans-
port change depends on the model. Recently, Graversen and 
Burtu (2016) applied a regression analysis to the daily-scale 
variations of meridional heat transport of the atmosphere 
and Arctic temperature, clouds, and radiation. They scaled 
the regression relation to the change between the twentieth 
and twenty-first centuries and concluded that the contribu-
tion of the LH transport increase is about one order of mag-
nitude larger than the contribution of the same amount of 
DSE transport increase. In their analysis, however, the sea-
sonal dependence was not taken into account.

In summary, it is still unclear how the atmospheric heat 
transport interacts with other regional feedbacks in the 
Arctic and leads to the Arctic warming under a realistic 
model configuration (seasonal cycle and geography). In the 
present study, we investigate the role of atmospheric heat 
transport and its interactions with regional feedbacks in 
the Arctic without considering the ocean dynamical feed-
back. We note, however, that the importance of ocean heat 
transport was pointed out in other studies (Holland and Bitz 
2003; Mahlstein and Knutti 2011). The uniqueness of our 
approach is that sensitivity experiments, in which forcing is 
essentially partitioned into NH mid-high latitudes and other 
regions, and detailed feedback analysis based on the energy 
budget analysis are combined. By so doing, we are able to 
quantify the role of remote and local forcing and their asso-
ciation with various feedbacks involved.

The paper is organized as follows. In the next section, 
the models and experiments are described. The analy-
sis method is explained in Sect.  3. Section 4 presents the 
results followed by discussions and conclusions given in 
Sects. 5 and 6, respectively.

2  Model and experiments

The model used in the present study is an atmospheric gen-
eral circulation model (GCM) coupled to a mixed-layer 
slab ocean model, and is identical to that used in Yoshimori 
et al. (2014b). We note that the atmospheric model compo-
nent is identical to that of the coupled atmosphere–ocean 
GCM, MIROC4m used in Yoshimori et  al. (2014a), and 
a suite of experiments with essentially the same model 
as MIROC4m were archived in the CMIP3 (Meehl et  al. 
2007). The ocean model component has a constant depth 
of 50 m and solves only the thermodynamic equation and 
does not calculate the circulation. Therefore, the effect of 

the ocean heat transport is represented by an additional heat 
flux (so-called Q-flux) term which is determined to repro-
duce the observed seasonal march of SST and sea ice distri-
bution under present-day conditions. Q-flux varies monthly 
and from place to place, but not between the experiments. 
All model components, atmosphere, land, ocean, and sea 
ice, share the same horizontal resolution of T42 (~2.8°) and 
the atmosphere has 20 vertical levels.

Experiments conducted in the present study are illus-
trated in Fig.  2 and described here in details. All experi-
ments are conducted to investigate the equilibrium 
response. The AS-CTRL experiment is run under the 
pre-industrial conditions, and serves as a control experi-
ment (Fig. 2a). The AS-2xCO2 experiment is the same as 
AS-CTRL except that the atmospheric  CO2 concentration 
is doubled (Fig.  2b). In AS-CTRL and AS-2xCO2, both 
SST and sea ice mass at every grid points are computed 
in the model (sea ice concentration is diagnosed from the 
mass). The AS-LCL experiment in Fig. 2c is the same as 
AS-2xCO2 except that SST and sea ice mass to the south of 
40°N are prescribed by those in AS-CTRL. The AS-RMT 
experiment in Fig. 2d is the same as AS-CTRL except that 
SST and sea ice mass to the south of 40°N are prescribed 
by those in AS-2xCO2. In comparison with AS-CTRL, 
AS-LCL is aimed to isolate the response of the Northern 
Hemisphere (NH) mid-high latitude surface warming to the 
 CO2 radiative forcing. It does, however, include the effect 
of land surface response to the elevated  CO2 concentration 
at other latitudes. Thus, a supplementary experiment with 
only NH mid-high latitude  CO2 forcing (Fig.  2i with lin-
early increasing  CO2 from  1xCO2 to  2xCO2 in 35–45°N) 
is conducted to see the effect of land surface warming in 
remote latitudes on the Arctic warming. In comparison 
with AS-CTRL, AS-RMT is aimed to isolate the effect 
of remote surface warming on the NH mid-high latitude 
response. The boundary latitude of 40°N is located south 
of the maximum seasonal extent of NH sea ice cover, and 
this choice guarantees not to introduce any artificial discon-
tinuities in sea ice distribution in the two sensitivity experi-
ments (AS-LCL and AS-RMT).

Two other experiments are conducted to investigate the 
reason for the asymmetric polar warming of Northern and 
Southern hemispheres by using the slab ocean model in mid 
and high latitudes of both hemispheres (AS-CTRL2 and 
AS-RMT2 as in Fig. 2e, f). In both experiments, the oceans 
north of 40°N and south of 40°S are represented by the slab 
ocean model while the SST was prescribed between 40°S 
and 40°N. Atmospheric  CO2 concentration was fixed at the 
 1xCO2 level. In the first experiment (AS-CTRL2), the pre-
scribed 40°S–40°N SST was taken from the AS-CTRL and 
it was replaced by the SST from AS-2xCO2 in the second 
experiment (AS-RMT2). AS-CTRL, AS-2xCO2, AS-LCL, 
AS-RMT, AS-CTRL2, and AS-RMT2 experiments are 



3460 M. Yoshimori et al.

1 3

integrated for 60 years, and the last 30 years are used for 
the analysis.

The slab ocean model component is removed from the 
last two experiments, A-CTRL and A-RMT as in Fig. 2g, 
h, respectively, and the model is simply an atmospheric 
GCM. In A-CTRL, SST and sea ice mass are prescribed 
by those in the AS-CTRL while they are combined from 
AS-CTRL and AS-2xCO2 in A-RMT. The pre-industrial 
atmospheric  CO2 concentration is prescribed in both 
experiments. A-CTRL may be replaced by the AS-CTRL, 
but it is nevertheless conducted for completeness, and the 
result of A-RMT is always referenced to that of A-CTRL. 
In the A-RMT, SST and sea ice mass from AS-CTRL are 
prescribed to the north of 45°N while those from the AS-
2xCO2 are prescribed to the south of 35°N. In between, 

they are linearly interpolated in order to avoid the arti-
ficial jump of the prescribed boundary conditions. In 
comparison with A-CTRL, A-RMT is aimed to isolate 
the effect of remote surface warming via atmospheric 
dynamics by essentially disabling the NH mid-high lati-
tude surface warming. We note, however, that the surface 
temperature on snow and sea ice is allowed to change 
in A-RMT with respect to A-CTRL even though sea ice 
mass is fixed. A-CTRL and A-RMT experiments are inte-
grated for 40 years, and the last 30 years are used for the 
analysis.

Our experimental design is aimed to answer questions 
on how large the NH mid-high latitude response alone to 
 CO2 radiative forcing is and how that is magnified if the 
surface warming feedback outside of the region is added.

Fig. 2  Illustration of the 
experiments. “Fix” and “Cal” 
stand for fixed and calculated 
lower boundary conditions of 
the atmosphere (i.e., SST and 
sea ice conditions), respectively. 
See text for the details of each 
experiment
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3  Analysis method

3.1  Atmospheric energy transport

The zonal mean, northward atmospheric energy transport 
at a pressure level may be decomposed into three compo-
nents of mean meridional circulation, stationary eddies, 
and transient eddies:

where square bracket and overbar denote zonal and time 
averages, respectively, and star and dash denote the devia-
tions from the zonal and time averages, respectively. Here, 
v is northward wind velocity, and

is the moist static energy with T  air temperature, � geo-
potential, q specific humidity, cp specific heat at constant 
pressure, and L latent heat of vaporization. Kinetic energy 
is ignored in the present study. Keith (1995) presented a 
formula equivalent to (1) for more generalized vertical 
coordinate:

where � denotes a layer thickness of the atmospheric level 
of interest. In the model used here, the vertical coordinate 
is defined by specifying � ≡ p∕ps, i.e., pressure p normal-
ized by the surface pressure ps. Thus, � = Δp = psΔ� in 
our case. The second and triple moments are computed 
at every time step during the model integration and their 
monthly mean values are stored as model output. There-
fore, our time average represents monthly mean, and the 
transient eddy represents sub-monthly variabilities.

3.2  Climate feedback–response analysis method

In order to decompose the simulated temperature change 
to contributions of individual processes, we adopt the cli-
mate feedback-response analysis method (CFRAM) origi-
nally developed by Lu and Cai (2009a) and applied in many 
studies including those on the Arctic warming amplifica-
tion (Cai and Lu 2009; Sejas et al. 2014; Taylor et al. 2013; 
Yoshimori et al. 2014a, b). The CFRAM solves the energy 
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budget equations at all layers of the atmosphere and the 
surface simultaneously, and a three dimensional composi-
tion is thus obtained. This approach has an advantage com-
pared to solving the energy balance equation at the surface 
(Laîné et al. 2016) or at the top of the atmosphere (single 
level diagnosis). In the single level diagnosis, the contribu-
tion of temperature anomaly in other layers of the atmos-
phere to the level of interest is not attributed to physically 
insightful processes: a part of the surface temperature rise 
is attributed to the air temperature rise in the layer right 
above the surface, and a part of the air temperature rise is 
attributed to the surface temperature rise.

The perturbed energy budget equation for each column 
of the atmosphere and the surface is given by

where the perturbation is denoted by Δ, and 
� =

(
T1, T2,… , TN , TS

)t is a transposed vector of tempera-
ture at N atmospheric levels and at the surface (TS). � and 
� are vectors of N + 1 elements which respectively repre-
sent radiative and non-radiative components of the energy 

flux convergence at every level of the column. ��LW∕�� 
is a Planck response matrix of (N + 1) × (N + 1) elements 
which are the divergence of longwave radiative fluxes at 
N + 1 levels due to a unit temperature increase at N + 1 lev-
els. The Planck response matrix is precomputed using the 
radiative transfer part of the atmospheric GCM, and it is 
identical to that used in Yoshimori et al. (2014a).

Radiative and non-radiative terms are further decom-
posed into

with SW and LW denoting shortwave and longwave radia-
tion, respectively. The meaning of superscripts in Eqs. (5) 
and (6) are listed in Table  1. They are identical to the 
decomposition used in Yoshimori et  al. (2014a) except 
that there is an additional term Δ�ERR

SW
, which represents 

the residual term arising from the estimate of SW radia-
tive fluxes. As stated in Yoshimori et al. (2014a), the error 
emerges in summer Arctic when the insolation is extremely 
large. The surface albedo component is diagnosed using 

(4)Δ� =

(
��LW

��

)−1

(Δ� + Δ�)

(5)Δ� ≡ Δ�EXT
SW

+ Δ�WVP
SW

+ Δ�ALB
SW

+ Δ�CLD
SW

+ Δ�ERR
SW

+ Δ�EXT
LW

+ Δ�WVP
LW

+ Δ�CLD
LW

,

(6)Δ� ≡ Δ�EVP + Δ�SH + Δ�LSC + Δ�CUM + Δ�VDF + Δ�DYN + Δ�RES



3462 M. Yoshimori et al.

1 3

the radiative kernel technique in which the precomputed 
anomalous radiative flux pattern caused by a constant 
albedo change is scaled by simulated albedo changes. The 
cloud component is computed by adjusting the difference 
between total-sky (ttl) and clear-sky (clr) radiative fluxes 
with the so-called cloud masking effect:

where j represents external forcing, water vapor, surface 
albedo, and temperature. The procedure is essentially the 
same as Soden et  al. (2008) except that the kernels are 
applied to compute the radiative fluxes at all levels, rather 
than only at the top of the atmosphere. We compute Δ�ERR

SW
 

by subtracting the sum of individually diagnosed SW 
radiative fluxes with the radiative kernels from the total 
SW radiative fluxes stored as a model output. We note 
that atmospheric and surface temperatures are used only 
to compute the LW cloud masking, and that only the dif-
ference between total-sky and clear-sky components is 
used. We therefore consider that the diagnosed individual 
CFRAM terms are virtually independent of the simulated 
temperature change, and that a comparison of the sum of 
all CFRAM terms with simulated temperature change may 
be used to evaluate the consistency of the analysis method. 
In this article, we only present the result of partial surface 
temperature changes (ΔTS) by individual terms as in Sejas 
et al. (2014) although the full equation of (4) including par-
tial air temperature changes is solved.

(7)Δ�CLD = Δ�ttl − Δ�clr −
∑
j

(
Δ�j,ttl − Δ�j,clr

)

4  Result

Figure  3 shows the zonal and annual mean atmospheric 
temperature change from the control simulation. In the 
 CO2 doubling experiment with the global slab ocean 
model, well-known features of enhanced warming near 
the Arctic surface and tropical upper troposphere are 
simulated (Fig.  3a). We note that the warming is also 
enhanced near the surface at the Southern Hemisphere 
(SH) high latitudes, though, to a lesser degree compared 
to the NH counterpart. The NH mid-high latitudes show, 
on the other hand, a limited warming in response to the 
 CO2 forcing when the sea surface in other latitudes are 
fixed at  1xCO2 conditions (Fig. 3b). We note that Fig. 3b 
also includes the effect of global land surface response 
to the  CO2 forcing, but the result (AS-LCL2) changes 
little even if the  CO2 forcing is applied only to the NH 
mid-high latitudes (not shown). Much of the full response 
seen in the global slab ocean model experiment (Fig. 3a) 
is captured by the experiment forced by the remote sur-
face warming (Fig.  3c). The addition of warming in the 
two experiments isolating the remote and local effect 
(Fig. 3b, c) reproduces the full response reasonably well 
although small differences are discernible (Fig.  3a, d). 
This linearity suggests that the comparison of the two 
sensitivity experiments (AS-LCL and AS-RMT) is mean-
ingful in the context of sensitivity measurement of local 
and remote influence.

Figure 4a shows the seasonality of surface air tempera-
ture change from the control simulation averaged over the 

Table 1  A list of acronyms 
for partial temperature change 
terms diagnosed with the 
CFRAM technique (modified 
from Table 2 of Yoshimori et al. 
2014a)

“A” and “S” in the second left column denote non-zero component in the vector � and � in Eq.  (4) at 
atmospheric and surface levels, respectively

Category Vector Abbreviation Description

Radiative A + S EXT External forcing
A + S WVP Water vapor
A + S ALB Surface albedo
A + S CLD Clouds
A + S ERR Residual in SW diagnostics

Non-radiative A LSC Large-scale condensation
A CUM Cumulus convection
A VDF Boundary layer process
A DYN Advection
A DAD Dry adjustments
A RESA Atmospheric heat storage
S EVP Surface evaporation
S SH Surface sensible heat flux
S RESS Net surface energy flux (ocean heat 

storage + ocean dynamics + sea ice 
change)

A + S RES DAD + RESA + RESS



3463The role of atmospheric heat transport and regional feedbacks in the Arctic warming at…

1 3

Arctic region (north of 70°N). All experiments exhibit 
least warming in summer (June–July–August). The maxi-
mum warming occurs in November except for the experi-
ment with sea surface conditions fixed at the NH mid-high 
latitudes (A-RMT). In A-RMT, the warming occurs unsur-
prisingly by a similar magnitude throughout the year. The 
sea ice distribution exhibits common seasonal features of 
both minimum extent and maximum reduction in Sep-
tember as long as the sea ice is allowed to respond to the 
forcing (Fig.  4b). Figure  4c shows the seasonal evolution 
of ocean mixed-layer temperature (or SST) change from 
the control simulation averaged over the Arctic region. It 
exhibits the maximum warming in September when sea 
ice reduction is also maximum. The magnitude of the SST 
change is small as the heat capacity of the ocean is large 
and the SST is fixed at the melting point when the ocean 
is covered by ice (cf. Fig.  5). The important point is that 
the maximum of ocean heat content anomaly occurs ear-
lier than the maximum of surface air temperature anomaly. 
Surface temperature anomaly is large during late autumn to 
early winter because the warm sea surface is more exposed 
to the atmosphere where the ice is removed and because 
the anomalous oceanic heat stored in summer is released 
vigorously to the much colder atmosphere. The released 
heat warms the near-surface atmosphere (and ice-covered 

surface) efficiently in winter when near-surface atmos-
pheric stratification is large.

Figure  5 shows the sea ice distribution in September 
when the monthly reduction is the largest. Consistent with 
Fig.  3, the reduction of sea ice concentration is larger in 
the experiment with remote forcing (Fig. 5d) than that with 
 CO2 forcing (Fig. 5c). Here the nonlinearity is obvious, that 
is the addition of sea ice changes in AS-LCL and AS-RMT 
(Fig. 5c–a, d–a) does not reproduce the full response of AS-
2xCO2 (Fig. 5b–a) because the sea ice melting starts from 
the southern edges in each isolated-forcing experiment. 
Nevertheless, it is still useful to compare the response to 
perturbations from the same reference climate (i.e., control 
simulation).

As the ocean dynamics is suppressed in the slab ocean 
model, any remote influence must come via atmospheric 
dynamics. Figure 6a–c show the changes in the northward 
atmospheric transport of moist static energy (MSE), latent 
heat (LH), and dry static energy (DSE) from the control 
simulation, respectively. In A-RMT, in which sea surface 
warming is essentially suppressed in the regions north 
of 40°N and sea surface warming is prescribed in other 
latitudes, the poleward MSE transport increases by 18% 
near 40°N. Once the SST and ice are allowed to respond 
in the regions north of 40°N (AS-RMT), the poleward 

Fig. 3  Zonal and annual mean 
air temperature changes in the 
atmosphere from the control 
experiments (°C): a AS-2xCO2; 
b AS-LCL; c AS-RMT; and d 
the sum of the changes in AS-
LCL and AS-RMT
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MSE transport decreases significantly near 40°N rela-
tive to A-RMT. This occurs mainly through a reduction 
in the DSE component, and to a lesser extent in the LH 

component. Consistently, the warming in the regions north 
of 40°N leads to a reduction of northward DSE and MSE 
transport in AS-LCL relative to AS-CTRL. As a result of 
counteracting contributions of increased LH and decreased 
DSE transport, the poleward MSE transport increases in the 
regions north of 40°N for the AS-2xCO2. In summary, the 
net effect of the remote surface warming on the poleward 
atmospheric heat transport is an increase of the LH compo-
nent while the net effect of local response to  CO2 forcing is 
a decrease of poleward DSE. These results may not be sur-
prising as the low-latitude warming increases atmospheric 
moisture content to be transported and the high-latitude 
warming reduces atmospheric meridional temperature gra-
dient. The concurrent reduction in the meridional surface 
temperature gradient and increase in the DSE transport in 
the dry model of Lu and Cai (2010), however, suggests that 
the meridional near-surface temperature gradient may not 
be responsible for the DSE transport change. The concur-
rent increase in the meridional upper-tropospheric tem-
perature gradient and decrease in the DSE transport in 
AS-2xCO2, on the other hand, suggests that the meridional 
upper tropospheric temperature gradient is not a determi-
nant factor either. While it is still possible that the DSE 
transport change process is different between dry and moist 
models, it remains to be investigated what determines the 
partition of DSE and LH components in the total atmos-
pheric heat transport change.

Atmospheric latent heat transport to the Arctic region 
through the 70°N circle is shown in Fig.  7. Throughout 
the year, poleward LH transport increases in all experi-
ments although there are months that exhibit neutral 
changes in AS-LCL. A comparison of total LH transport 
change (Fig. 7a) and that due to transient eddy component 
(Fig. 7b) indicates that much of the change is accomplished 
by sub-monthly transient eddies. We note that the increase 
in AS-LCL is fairly small compared to other experiments 
even though the surface warms between 40°N and 70°N. 
This result indicates that low-latitude warming is a key to 
increase the atmospheric latent and hence total heat trans-
port to the Arctic region.

Figure  8 shows the partial surface temperature change 
with respect to the control simulation averaged over the 
Arctic region for individual months diagnosed using the 
CFRAM technique. To ease readability, only albedo feed-
back (ALB) and surface heat uptake (RESS) terms are 
explicitly displayed here with the rest terms shown col-
lectively, the ‘Others’ term. The simulated change (SIM) 
is well reproduced by the sum of all terms diagnosed by 
the CFRAM technique (SUM). In AS-2xCO2, AS-LCL, 
and AS-RMT, the albedo feedback which tends to warm 
the surface in summer is nearly cancelled by the surface 
heat uptake that represents the energy consumed for ocean 
warming and sea ice melting. At the zeroth order, the 

Fig. 4  Annual cycle: a change in surface air temperature (°C) in 
the Arctic region (≥70°N) from the control experiments; b sea ice 
area (×106  km2) in the Northern Hemisphere; and c change in ocean 
mixed-layer temperature (°C) in the Arctic region (≥70°N) from the 
control experiment
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seasonal evolution of the Arctic surface warming is char-
acterized by the absorption of heat anomaly in summer and 
its release in winter, consistent with previous studies (Lu 
and Cai 2009b; Yoshimori et  al. 2014a). There are other 
terms that significantly contribute to winter warming in 
the AS-RMT, however. In A-RMT, the term ’Others’ has a 
dominant potential for the surface warming, which is sup-
pressed by the surface heat uptake due to the prescribed 
sea surface conditions with infinite heat capacity. We note 
that the increase of surface albedo is seen in spring through 
an increase of snow amount on sea ice, probably due to an 
increased precipitation.

In order to investigate how the other feedbacks may be 
important, ’Others’ term in Fig.  8 is presented individu-
ally in Fig.  9 for A-RMT and AS-RMT. A-RMT reveals 
how the atmospheric dynamics induced by the remote sur-
face warming tends to warm the Arctic surface while the 

difference of the two experiments reveals how the NH mid-
high latitude surface response feeds back to the Arctic sur-
face warming. Figure 9a shows that the increased poleward 
transport of DSE (DYN) and LH (LSC) warms the Arctic 
atmosphere which in turn tends to warm the surface (LSC 
includes the local evaporation as a moisture source, but 
the evaporation is decreased in A-RMT). In addition, the 
increased water vapor transport tends to warm the Arctic 
surface through greenhouse effect of water vapor (WVP) 
and clouds (CLDL). As the evaporation and consequent 
potential cooling (EVP) is reduced with the increased near-
surface air temperature (whereas surface temperature is 
essentially fixed) (Fig. 9a; cf. Equation  (9) of Laine et al. 
2014), the moisture source of increased water vapor and 
clouds most likely originates from remote regions and is 
transported horizontally via the atmosphere (cf. Fig.  7b). 
The fractional contribution of water vapor, clouds, and 

Fig. 5  Sea ice concentrations 
in September (%): a AS-CTRL; 
b AS-2xCO2; c AS-LCL; and d 
AS-RMT. Contours indicate 15, 
30, 60, and 90% concentrations
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large-scale condensation to the total Arctic surface temper-
ature change amounts to about 58% while dynamical heat-
ing and evaporative cooling contribute 18 and 17%, respec-
tively, on the October–November–December average. As 
the increase in the northward atmospheric DSE and LH 
transport at 70°N are about equal, the LH transport appears 

to be much more effective in warming the Arctic surface 
through the greenhouse effect of water vapor and clouds as 
also found by Graversen and Burtu (2016).

Once the sea surface is allowed to respond, an enhanced 
greenhouse effect of clouds is further strengthened and con-
tributes positively to the Arctic surface warming (CLDL 
in Fig.  9c). At the same time, evaporative and advective 
coolings are induced and they contribute negatively to the 
Arctic surface warming (DYN and EVAP in Fig. 9c). Also, 
the sun-shade effect by clouds becomes substantial in sum-
mer (CLDS in Fig.  9b, c). It is verified that the increase 
of low-level clouds can indeed be induced by remote sur-
face warming without significant Arctic surface warming in 
autumn (Fig. 10d). In Fig. 10a–c, the increase of low-level 
clouds is more concentrated in the regions of reduced sea 
ice cover (Fig. 5). It is shown that lower tropospheric sta-
bility increases due to the effect of remote surface warming 
while the mid-high latitude response tends to reduce the 

Fig. 6  Annual mean northward energy transport changes in the 
atmosphere (PW): a moist static energy; b latent heat; and c dry static 
energy

Fig. 7  Annual cycle of the northward latent heat transport at 70°N 
in the atmosphere (PW): a total changes; and b changes due to sub-
monthly transient eddy
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stability (Fig. 11a). The vertical structure of Fig. 11b also 
suggests that the water vapor anomaly is mostly supplied 
via the atmospheric transport under remote forcing, rather 
than from the local surface, in A-RMT. We note that the 
difference in vertical profiles in response to remote and sur-
face forcing are qualitatively similar to Fig. 11 of Alexeev 
et al. (2005).

Given the approximate symmetry in the increased atmos-
pheric heat transport to the NH and SH high latitudes in 
AS-2xCO2 (Fig. 6a, b) and the importance of remote forcing 
in the Arctic warming, one may wonder why the Southern 
Ocean does not warm as much as the Arctic Ocean (Fig. 3a). 

In transient climate simulations using coupled atmos-
phere–ocean GCMs, larger ocean heat uptake and effective 
heat capacity in the Southern Ocean (Yoshimori et al. 2016) 
and changes in ocean circulation (Armour et al. 2016; Mar-
shall et  al. 2014) are often cited as reasons for the asym-
metric polar warming. For the current equilibrium response 
without ocean dynamics, an alternative explanation is 
required. In order to seek the answer to this fundamen-
tal question, we conduct two additional experiments (AS-
CTRL2 and AS-RMT2). In these experiments, the effect of 
remote warming in lower latitudes on both polar regions are 
compared. The black solid line in Fig. 12 represents simu-
lated surface temperature changes and the asymmetric polar 
warming between AS-RMT2 and AS-CTRL2. Other lines 
in Fig.  12 represent partial surface temperature changes 
for selected terms diagnosed using the CFRAM technique. 
While the albedo, large-scale condensation, and LW cloud 
terms contribute to the warming roughly at the same mag-
nitude between the Arctic and the Southern Ocean, the SW 
cloud term exhibits a striking difference between the two 
regions. The large cooling effect by clouds in the Southern 
Ocean is explained by an increase in the cloud amount asso-
ciated with the solid to liquid phase change of cloud con-
densate and consequent increase in cloud life time under 
warming, as elaborated by Ogura et al. (2008a, b), and dis-
cussed by Yoshimori et al. (2009).

In the NH, the large negative SW cloud feedback occurs 
in July and August to the north of 70°N. In the lower tropo-
sphere, this latitudinal zone approximately coincides with 
the climatological mixed-phase cloud region of the model 
(−15 to 0 °C). In the same season, the SW cloud feedback 
is positive to the south of 70°N where the land response 
dominates and the cloud decreases over the Norwegian Sea. 
In the SH, the climatological mixed-phase cloud region is 
located near 60°S in the lower troposphere throughout the 
year.

The weaker negative SW cloud feedback over the Arc-
tic Ocean compared to the Southern Ocean is understood 
by the difference in the climatological distribution of cloud 
condensate. The amount of cloud condensate peaks at 
about 40°‒60° latitudinal band in the lower troposphere of 
both hemispheres. The feedback associated with the cloud 
phase change works strongly where the cloud condensate 
is abundant. Consequently, the stronger negative SW cloud 
feedback emerges in the Southern Ocean.

We found that the contrast in the SW cloud feedback 
between the two polar regions in AS-2xCO2 is grossly cap-
tured by the AS-RMT2 with only remote surface warming. 
Provided that there is a large model spread in the Southern 
Ocean cloud response to the global warming as explored 
by Tsushima et  al. (2006), the exact level of asymmetry 
between the Arctic and Southern Ocean warmings in the 
equilibrium response is likely uncertain.

Fig. 8  Monthly partial surface temperature changes with respect to 
the control experiments diagnosed using the CFRAM technique (°C): 
a AS-2xCO2; b AS-LCL; c AS-RMT; and d A-RMT. ALB albedo 
feedback, RESS snow-ice melting and ocean heat uptake, OTHERS 
other terms, SUM sum of all terms of the partial temperature change 
(SUM = ALB + RESS + OTHERS), and SIM simulated skin temper-
ature change. The partial temperature change in the vertical axis is 
averaged to the north of 70°N
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5  Discussions

The role atmospheric heat transport in the Arctic warming 
is discussed in many previous studies and important feed-
backs identified in the current study are not new: the impor-
tance of LW water vapor and cloud feedbacks induced by 
poleward water vapor transport was reported by Graversen 
and Wang (2009); cloud feedbacks induced by sea ice 
reduction is emphasized by Vavrus (2004) and Yoshimori 
et al. (2014a); and partial cancellation of ice albedo effect 
by increased clouds in summer are found robust among 
multiple models by Crook et  al. (2011) and Lu and Cai 
(2009b). What is new here is the approach combining the 
feedback suppression method (Bony et al. 2006; Stein and 
Alpert 1993) by prescribing the sea surface conditions not 
globally but regionally, and full energy budget analysis 

using the CFRAM (Yoshimori et al. 2014a). By so doing, 
we are able to quantify relative contributions of individual 
feedbacks and their interactions with the atmospheric heat 
transport in a systematic way. While this approach provides 
some insight into the interaction between feedbacks, the 
current study is still limited to gain insight into the cause-
and-effect due to the analysis of equilibrium states. For a 
better understanding of causal mechanisms, transient states 
simulated with a full ocean model must be analyzed in 
much the same way. The lack of ocean dynamical feedback 
in the current study warrants further investigation.

Our results are consistent with Chung and Räisänen 
(2011) in that the influence of remote surface warming is 
predominant in the Arctic warming, and with Screen et al. 
(2012) in that enhanced surface warming in the Arctic is 
attributed to the change in the local sea surface conditions. 

Fig. 9  Monthly partial surface 
temperature changes of selected 
terms (‘Others’ in Fig. 8) 
with respect to the control 
experiment diagnosed using 
the CFRAM technique (°C): a 
A-RMT; b AS-RMT; and c the 
difference between AS-RMT 
and A-RMT. WVP water vapor, 
CLDS shortwave cloud, CLDL 
longwave cloud, LSC large-
scale condensation, DYN advec-
tion, and EVAP evaporative 
cooling. The partial temperature 
change in the vertical axis is 
averaged to the north of 70°N
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Our results are also consistent with Alexeev et al. (2005) in 
that the increase in the atmospheric heat transport induced 
by the tropical warming, rather than responding to the 
meridional temperature gradient, is important in the Arc-
tic warming as well as consequent Arctic surface warm-
ing via enhanced downward LW radiation. Furthermore, 
our results support the explanation provided by Graversen 
and Burtu (2016) based on the regression analysis for the 
negative, rather than positive, correlation found by Hwang 
et  al. (2011) between the Arctic amplification and atmos-
pheric poleward heat transport across models. That is, the 
atmospheric heat transport represented as the sum of DSE 
and LH components does not provide a good measure for 
contribution of atmospheric dynamics to the Arctic warm-
ing. The total heat transport may be dominated by the DSE 
component, but the warming effect may be brought more 
effectively by the LH component through the consequent 
greenhouse effect. It is of great concern that, to the authors’ 
best knowledge, no observational support from the ongoing 

Arctic warming has been provided regarding the simulated 
trends in global atmospheric poleward DSE and LH trans-
port changes. Thus, it is unclear whether or not the con-
sistent projections among CMIP models, i.e., DSE decrease 
and LH increase in the future Arctic import, is even reliable 
at this stage.

We should note that our experimental design of region-
ally partitioning the forcing may have introduced an arti-
ficial meridional temperature gradient in each sensitivity 
experiment (AS-LCL and AS-RMT) which does not exist 
in the realistic simulation (AS-2xCO2). Thus, the role of 
DSE response may have been overemphasized in the cur-
rent study. Nevertheless, the LH transport appears to be 
controlled by the low-latitude warming, rather than the 
meridional temperature gradient. Having said that, we 
believe that the hybrid use of sensitivity experiments and 
full feedback diagnosis is a promising approach for the 
understanding of the complex climate system.

Fig. 10  Changes in low-level 
cloud cover from the control 
experiments in September–
October–November (%): a AS-
2xCO2; b AS-LCL; c AS-RMT; 
and d A-RMT
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6  Conclusions

In previous studies, various processes have been proposed, 
including the ice albedo feedback, for the Arctic warm-
ing amplification and their relative contributions have 
been investigated to some extent using the climate feed-
back analysis technique (Yoshimori et al. 2014a, b). There 
remain some limitations, however, in such an approach for 
the understanding of the interaction of feedbacks and the 

mechanism of Arctic warming. In order to elucidate how 
the extra-Arctic warming remotely influences the Arctic 
warming, we conducted sensitivity experiments which iso-
late the remote and local effect by using an atmospheric 
GCM with thermally interactive and non-interactive ocean 
mixed layer depending on the region. The effect of ocean 
circulation change is not considered here. The result-
ing Arctic warming is generally larger when the model is 
forced by the remote surface warming, rather than respond-
ing to the local  CO2 radiative forcing. This indicates that 
much of the Arctic warming under elevated  CO2 levels 
is induced by the low latitude warming via the increased 
atmospheric heat transport. The combination of the sensi-
tivity experiments and climate feedback analysis reveals the 
role of atmospheric heat transport and regional feedbacks 
in the Arctic warming.

A summary of the effect of remote surface warming on 
the Arctic surface warming based on the A-RMT experi-
ment is provided schematically in Fig.  13. The warming 
outside of the NH mid-high latitudes tends to increase the 
Arctic import of DSE and LH. The DSE import to the Arc-
tic directly warms the atmosphere and the LH import to the 
Arctic warms the atmosphere through condensation. The 
resultant Arctic atmospheric warming with fixed sea sur-
face conditions tends to reduce the surface evaporation. 
Additionally, the LH or water vapor transport increases 
the greenhouse effect of water vapor and clouds. For this 
reason, total heat (MSE) transport of the atmosphere may 
not be a good proxy to measure the contribution of atmos-
pheric dynamics to the Arctic warming.

Fig. 11  Changes in atmospheric vertical profile from the control simulation in September–October–November averaged over the Arctic region 
(≥70°N): a air temperature (°C); and b specific humidity (g kg− 1)

Fig. 12  Zonal and annual mean surface temperature changes with 
respect to the control experiments. The black solid line represents the 
simulated surface temperature change in AS-RMT2 and other lines 
represent the partial surface temperature change in AS-RMT2 or AS-
2xCO2 diagnosed using the CFRAM technique (°C). SW and LW 
denote shortwave and longwave components, respectively
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A summary for the regional feedbacks induced by the 
Arctic surface warming based on the AS-RMT and AS-
LCL is provided schematically in Fig.  14. Surface warm-
ing induces the positive albedo feedback, but it is partially 
counteracted by the sun-shade effect of clouds in summer. 
In winter, surface warming induces the negative feedback 
of increased evaporative cooling, but it is counteracted by 
the increased greenhouse effect of water vapor and clouds 
and increased large-scale condensation. Advective warm-
ing responds to the surface warming negatively through 
the reduced DSE transport under the weakened meridional 
temperature gradient.

While the poleward atmospheric heat transport was rela-
tively symmetric between the NH and SH high latitudes, 
the asymmetric polar warming occurs even in the equilib-
rium response to the  CO2 increase without ocean dynamics. 
The SW cloud feedback associated with solid to liquid state 
conversion of cloud condensate was attributed to be the 
main cause for this asymmetry. It is thus suggested that the 
model representation of clouds and cloud response to the 
global warming over the Southern Ocean play important 
roles in determining the meridional structure of the atmos-
pheric warming at the global scale.
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