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Abstract: To study the dynamical mechanism by which Arctic amplification affects extreme weather
events in mid-latitude, we investigated the local and remote circulation response to pan-Arctic and
regional Arctic thermal forcing. A comprehensive atmospheric GCM (General Circulation Model)
coupled to a slab mixed-layer ocean model is used for the experiment. With the increasing thermal
forcing in the pan-Arctic configuration, the mid-latitude jet tends to shift equatorward, mainly due to
the southward shift of the convergence zone of eddy-heat flux and eddy-momentum flux. From the
regional Arctic forced experiments, zonal mean response is similar to the response from the pan-Arctic
configuration. The non-zonal response is characterized by the 300 hPa circumpolar zonal wind of
wavenumber-1 structure, which establishes an enhanced wavier mid-latitude jet. In the polar region
at 300 hPa, regional thermal forcing drives a distinct east–west dipole circulation pattern, in which
anticyclonic circulation is located to the west of the thermal forcing, and cyclonic circulation is located
to the east. The lower-level circulation shows the opposite pattern to the upper-level circulation in
the polar region. While the strength of circulation increases with gradual thermal forcing, the overall
dipole pattern is unchanged. In regional warming simulation, compared to the pan-Arctic warming,
increasing residual heat flux in a dipole pattern causes enhanced heat advection to mid-latitude.

Keywords: Arctic amplification; atmospheric circulation; jet; climate change; idealized model

1. Introduction

Under the warming climate, extreme weather events in mid-latitude such as cold
surges and heat waves have increased in frequency and intensity in the Northern Hemi-
sphere [1,2]. In the Arctic region, the ocean, cryosphere, and atmosphere interact with
various and complex physical processes. Strong feedback processes among these climate
components in the Arctic accelerate the warming over the Arctic region more than four
times as fast as the global average [3]. In addition, dynamical pathways and propagation
involving the polar vortex, jet stream, and Arctic oscillation tend to link the Arctic and
mid-latitude climate [4–7]. However, uncertainty in the model and insufficient observations
make it difficult to understand the cause of the Arctic–Mid-latitude teleconnection [8,9].
Arctic amplification essentially shows regional structure. Surface temperature increase is
more pronounced over marginal ice zones such as the Barents/Kara Seas and Chukchi Seas,
where the rapid decrease of ice is observed [10,11]. Previous studies have conducted GCM
(General Circulation Model) simulation, prescribing the reduced sea ice in the Arctic and
examining the atmospheric teleconnection related to the Arctic sea ice loss [5,10,12]. Despite
several modeling studies, the effects of Arctic sea ice loss, such as localized feedback or
teleconnection, are unclear. Complex physical processes involving cloud, sea ice, and
cryosphere–atmosphere interaction induce considerable uncertainty in the parameteriza-
tion of GCM. To focus on the fundamental issue related to the characteristic differences in
the pan-Arctic versus regional Arctic warming, we examined the atmospheric response to
both pan-Arctic and regional surface heating with an idealized modeling experiment.
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According to the previous studies, Arctic surface warming or a decrease in the
meridional temperature gradient results in the weakening of upper zonal wind in mid-
latitude [13,14]. In addition, a decrease of the meridional temperature gradient causes
the weakening of Hadley circulation and shifts the ITCZ (intertropical convergence zone),
resulting in a significant change in the meridional energy transport [15]. The decline in the
meridional temperature gradient, accompanied by a stationary wave, shifts the baroclinic
zone towards the equator [16]. Additionally, stratospheric warming changes the location of
the jet stream and intensifies its strength [17]. The additional thermal forcing in the mid-
latitudes results in a zonal temperature contrast due to the stationary Rossby wave [18].

We investigate the idealized atmospheric response in the Arctic region and Arctic–Mid-
latitude teleconnection produced by Arctic thermal forcing. For this purpose, we conduct
the idealized GCM with zonally symmetric and asymmetric thermal forcing. Each thermal
forcing represents the strength and shape of the Arctic amplification. To investigate the
responses to the given forcing, we analyze variables characterizing circulation, radiation,
and fluxes in both zonal mean and zonally asymmetric parts. We also analyze the surface
energy balance changes and stationary wave response by thermal forcing.

In Section 2, we briefly describe the idealized GCM, including previous studies that
used the model. Section 2 also explains the experimental design of the idealized model.
Section 3 describes the main results from the numerical model experiment. In Section 4, we
summarize the results.

2. Materials and Methods
2.1. Model Description

To analyze the response to Arctic warming, the model employed in this study is the
simplified moist GCM of Frierson et al. [19] provided by the Geophysical Fluid Dynamics
Laboratory (GFDL). The model uses primitive equations with a simplified hydrological
cycle. The long-wave physics are gray radiative transfer, in which radiative fluxes are only
a function of temperature. There are no water vapor and cloud feedback effects. The long-
wave optical depth approximates the effects of water vapor. In convection parameterization,
large-scale condensation and a simplified Betts-Miller connection scheme were used. The
lower boundary is an aquaplanet slab mixed layer ocean. Surface diffusion coefficients
within the boundary layer are calculated in accordance with the simplified Monin-Obukhov
theory. For details, see Frierson et al. [19].

The model, with a hydrocycle and convection scheme, simulates a more realistic
equatorial climate than the dry idealized atmospheric model, while maintaining the charac-
teristics of the simplified model [19,20]. Furthermore, this model can control static stability,
energy transport, and planetary boundary height sensitivity by varying relative humidity
conditions. This model has been mainly used for basic research on climate change in
equatorial regions, such as strength and width of Hadley circulation and ITCZ [15,21,22],
and for research on zonal wind and jet stream changes in mid-latitude areas [14,23]. The
model has also been used to study the changes in the upper zonal mean and stationary
waves by prescribing zonally asymmetric thermal forcing [16,18].

2.2. Experiment Set-Up

In this study, we impose thermal forcing (Q-flux) on the model to simulate Arctic
warming. To represent pan-Arctic warming, thermal forcing in high-latitude (70◦ N–90◦ N,
0◦ E–360◦ E) is prescribed, with the experiments referred to as ‘CASE 1 (C1)’. We vary
Q-flux in C1 from 15 W m−2 to 85 W m−2 in increments of 10 W m−2, referred to as
‘C1-HF1′ to ‘C1-HF8′ (Table S1). To mimic the thermal forcing driven by sea ice loss over
the Barents/Kara Seas or Chukchi Sea, we impose local thermal forcing (70◦ N–90◦ N,
0◦ E–360◦ E) in the idealized GCM and refer to the experiments as ‘CASE2 (C2)’. We vary
Q-flux in C2 from 90 W m−2 to 510 W m−2 in increments of 60 W m−2 and refer to the
experiments as ‘C2-HF1′ to C2-HF8′ (Table S1).
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Because the area of forcing region in the C2 experiments is six times smaller than in
the C1 experiments, we apply the same amount of total energy for fair comparison by
applying six times stronger Q-flux in the C2 experiments than in the C1 experiments. For
the comparison, a no-forcing experiment is also prepared and referred to as the control
experiment (CTRL). All experiments are integrated with T42 (approximately 2.5◦ × 2.5◦)
horizontal resolution and 25 layers of the vertical sigma levels. The model is integrated for
14,400 days for every experiment, and the last 7200 days are averaged.

In this study, estimation of the exact location of the mid-latitude jet is in accordance
with Adam et al. [24] (Equation (1)). In Equation (1), F(φ) is a zonally averaged field,
and φmax is the latitude where the variable F has the maximum value. φ1 and φ2 are
meridional boundaries, and n is a smoothing parameter. The position of the mid-latitude jet
is defined as the latitude of the maximum 850 hPa zonally averaged wind field. In control
the experiment, the position of mid-latitude jet is located at about 40◦ N.

φmax =
∫ φ2

φ1

F(φ)nφdφ/
∫ φ2

φ1

F(φ)ndφ, (1)

3. Results
3.1. Thermal and Dynamical Response from Pan-Arctic Forcing

First, we investigate the atmospheric impacts of the incremental intensification of the
surface thermal forcing (Q-flux) in polar regions (70◦ N–90◦ N). As expected, the response
to polar surface forcing shows the most noticeable warming in the polar lower atmosphere.
Surface temperature in the polar region increases about 1–3 K in C1-HF1 (not shown), 7–9 K
in C1-HF4, and approximately 13–15 K in C1-HF8 (Figure 1a,b). A linear relationship exists
between the thermal forcing and surface temperature, indicating that the thermal forcing
influences the change of the mid-latitude jet through thermal wind balance. Based on the
mid-latitude jet in CTRL, the zonal wind decreases in a poleward direction and increases in
an equatorward direction (Figure 1c,d).
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Figure 1. Time-mean zonally averaged (a,b) temperature (contours) and deviation (shaded) from
control experiment, contour intervals are 10 K, and (c,d) zonal wind (contours) and deviation (shaded)
from control experiment, contour intervals are 5 m/s.

The experiments do not consider complex parameterization processes such as cloud
and sea ice physics. However, the idealized GCM uses incoming shortwave radiation and a
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simplified longwave radiation scheme. Moreover, the lower-boundary condition simulates
the energy balance equation. The processes represent the response from additional thermal
flux at the surface (Figure 2).
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Figure 2. Time-mean zonally averaged deviation from CTRL (a) surface temperature, (b) sensible
heat flux, (c) latent heat flux, (d) net downward longwave radiation, (e) outgoing longwave radiation,
(f) precipitation, (g) surface energy balance, (h) difference between surface thermal forcing and
outgoing longwave radiation.

As thermal forcing leads to increased surface temperature in the polar region (70◦ N)
(Figure 2a), the amount of sensible heat, latent heat, and net long-wave radiation increases,
emitted from the surface (Figure 2b–d). In surface energy balance, the sum of the sensible
heat flux, latent heat flux, and net long-wave radiation equals the total prescribed thermal
forcing. There is no additional heat flux generated through the feedback process (Figure 2g).
Additionally, an increase in latent heat leads to an increase in precipitation (Figure 2f). Out-
going long-wave radiation (OLR) increases as the surface temperature increases (Figure 2e),
but the increment is not sufficient for the prescribed thermal forcing. Therefore, the residual
heat migrates towards the mid-latitude region (Figure 2h). In the mid-latitude region, the
surface temperature increases, but the sensible heat flux tends to decrease, in contrast to
the polar region. The warming of the mid-latitude region is caused by warm advection
from the polar region. To maintain the surface energy balance in the mid-latitude, the ORL
and latent heat flux increase. This leads to an increase in precipitation in the 25◦ N to 50◦ N
region, as the latent heat flux increases (Figure 2).

As the meridional temperature gradient in the northern hemisphere decreases, the
Hadley circulation weakens. This is characterized by increasing lower-level meridional
winds and decreasing upper-level meridional winds in the tropics (0◦ N–40◦ N) (Figure 3a,b).
The results appear to be similar to those suggested by Kang et al. [15], where the meridional
temperature gradient is compensated by a shift in the Hadley circulation. The increase in
temperature in the polar region results in a decrease in the eddy heat flux around 850 hPa
in the 70◦ N region and the eddy momentum flux around 400 hPa in the 50◦ N region. As
a result of the shift in the divergence of the Eliassen-Palm flux towards the equator, the
mid-latitude jet also shifts towards the equator (Figure 3c,d). In addition, eddy momentum
flux and eddy heat flux changes weaken the Ferrel cell circulation. The weakening of the
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Ferrel cell circulation leads to decreased lower-level meridional winds and increased upper-
level meridional winds in the mid-latitude (50◦ N–70◦ N). As the eddy heat flux decreases
through a change of meridional wind around 70◦ N, the poleward eddy moisture flux
decreases (not shown) The change of meridional wind, in the high-latitude and low-latitude
drives the convergence of moisture and rainfall in mid-latitude (Figure 2f).
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Figure 3. Time-mean zonally averaged (a,b) meridional wind deviation (shaded) from control
experiment, (c,d) transient eddy momentum flux deviation (contours) and transient eddy heat flux
deviation (shaded) from control experiment; contour intervals are 2 m2/s2.

In our study, we examine the changes in the general circulation, eddy fluxes, and
mid-latitude jet. The pan-Arctic thermal forcing in the polar regions drives a reduction in
the meridional temperature gradient and the transport of residual energy. This results in
the decrease of eddy heat flux and thermal wind balance, leading to a weakening of the mid-
latitude jet and Ferrel cell. The decline of the Hadley circulation leads to a decrease in eddy
momentum flux and the strength of the mid-latitude jet. However, as shown in Figure 1d,
the mid-latitude jet shifts towards the equator and compounds with the subtropical jet.
The interaction between the mid-latitude and high-latitude regions primarily drives the
changes in the mid-latitude jet.

3.2. Thermal and Dynamical Response from Regional Arctic Forcing

To represent the impact of sea ice loss on stationary wave patterns, we impose the
regional thermal forcing in the polar region. Centered on CTRL’s mid-latitude jet (purple
line in Figure 4), the mid-latitude jet shifts toward the equator in the longitude area
where regional forcing is imposed (0◦ E–60◦ E), and the mid-latitude jet shifts northward,
eastward of regional forcing (80◦ E–140◦ E) (Figure 4a,b). The deviation of the zonal
wind strengthens in proportion to the magnitude of the additional thermal forcing, and
there is no significant difference in the pattern. The wavier mid-latitude jet at 300 hPa
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propagates at the lower level, resulting in a similar pattern of the zonal wind at 850 hPa
(30◦ N–60◦ N). The additional forcing, located at the surface, influences the mid-latitude
surface condition. However, in mid-latitude, the deviation of zonal wind at 850 hPa is
weaker than at 300 hPa (Figure 4).
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Figure 4. Time-mean zonal deviation: (a,b) 300 hPa zonal wind (shaded, unit: m/s), (c,d) 850 hPa
zonal wind (shaded, unit: m/s). The purple solid line is CTRL’s eddy-driven jet position, and the red
triangle represents the area of prescribing Q-flux.

In the 300 hPa, a cyclonic circulation locates where the mid-latitude jet shifts south-
ward, and an anticyclonic circulation locates where the mid-latitude jet shifts northward
(Figures 4 and 5). In the polar region at 300 hPa, an anticyclonic circulation locates west-
ward of the Q-flux, while a cyclonic circulation is located eastward. On the eastside of the
thermal forced region, The east-west dipole circulation pattern strengths northerly wind.
The lower-level circulation in the polar region shows the opposite pattern to the upper-level
circulation. The zonal wind and stream function deviation increase in proportion to the
strength of the thermal forcing, and the location is not significantly different. However, the
meridional wind deviation is not proportional to the forcing, and the pattern is different by
strength of forcing (not shown).
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Figure 5. Time-mean zonal deviation: (a,b) 300 hPa temperature (shaded, unit: K) and stream
function (contours, 4 × 105 m2/s); (c,d) 850 hPa temperature (shaded, unit: K) and stream function
(contours, 4 × 105 m2/s). Purple contours are negative, and green contours are positive. The red
triangle represents the area of prescribing Q-flux.

The temperature change in the polar region drives lower-level cyclonic circulation and
upper-level anticyclonic circulation with upstream motion (Figure 5). Upstream motion
induces diabatic cooling, driving negative temperature deviation. The warm deviation in
the lower-level mid-latitude is driven by the warm advection from the polar region and the
westerly wind. The warm deviation in the upper level is generated by the meridional wind
that is exhibited between the trough and ridge (Figure 5).

As a result, the enhancement of the wavenumber-1 stationary wave structure in mid-
latitude strengthens the baroclinicity. In the polar region, the upstream motion leads to the
circulation change from the surface. However, in mid-latitude, the upper level circulation
change is propagated to the lower level.

4. Discussion

This study investigates the unique atmospheric responses to both zonally symmetric
and asymmetric Arctic surface heating using an idealized GCM. Our results show that the
zonally symmetric heating in the Arctic yields similar outcomes to previous studies [15].
However, the results represent relatively fewer significant changes in the Hadley circulation
and a more confined response at mid-latitude and the polar region. Meanwhile, the zonally
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asymmetric heating experiment, representing the recent abrupt decrease of sea ice over
specific marginal ice zones, leads to the formation of an east-west dipole circulation pattern
in the polar region and a wavier stationary wave in mid-latitude.

Our findings are consistent with previous studies using GCMs and reanalysis data
to investigate the impact of snow decline or sea ice loss [5,10,25]. However, the effect of
localized warming is not confined the response of sea ice loss and snow. The anomalous
warming in high-latitude, such as wildfire, negative northern annular mode, inflow of
storm, leads to the wavenumber-1 component of stationary wave and jet stream. In turn,
the meandering mid-latitude jet can drive extreme event in mid-latitude such as cold surge,
blocking, drought or heavy rain fall.

We used the simplest GCM, does not account for complex parameterization, such as
land, sea ice, cloud, and longwave radiation flux processes. The complex processes can
amplify or decline the diabatic thermal forcing and instability, and to fully comprehend
the effect of stratospheric circulation, we must also consider the dynamics of ozone. Fur-
ther studies using both simple and realistic models are needed to analyze the feedback
mechanisms and to improve our understanding of the Arctic-midlatitude linkage.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos14030510/s1, Table S1: Strength of Q-flux.
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