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A quasi-geostrophic three-level T63model of the wintertime atmospheric circulation of theNorthernHemisphere has been applied
to investigate the impact of Arctic amplification (increase in surface air temperatures and loss of Arctic sea ice during the last
15 years) on the mid-latitude large-scale atmospheric circulation. The model demonstrates a mid-latitude response to an Arctic
diabatic heating anomaly. A clear shift towards a negative phase of the Arctic Oscillation (AO−) during low sea-ice-cover conditions
occurs, connected with weakening ofmid-latitude westerlies over the Atlantic and colder winters overNorthern Eurasia. Compared
to reanalysis data, there is no clear model response with respect to the Pacific Ocean and North America.

1. Introduction

In the Northern Hemisphere (NH), recent climate change
is most pronounced in the Arctic. Here, an unprecedented
decrease in the sea-ice-cover (e.g., [1]) and a pronounced air
temperature rise are observed during the last 15 years (e.g.,
[2]), which constitutes the essence of Arctic amplification
(AA) (e.g., [3, 4]). Although the causes of AA are not well
understood, especially with regard to the relative role of
oceanic circulation, it remains a withstanding problem to
explain a link between AA and anomalous mid-latitude
wintertime circulation patterns. These linkages manifest
themselves as a sequence of unusually cold winters observed
during the last years over Northern Eurasia and North
America [5, 6]. There is a growing body of works relat-
ing anomalously low summer-autumn sea-ice-cover in the
Arctic to severe winters over Northern Eurasia and North
America based on both reanalysis data and model results
analysis (e.g., [7, 8]; review articles by Cohen et al. [9–11]).
Most evidence has been found for dynamical pathways in
the troposphere and in the stratosphere, resulting in more

frequent occurrence of the negative phase of the Arctic
Oscillation (AO) or North Atlantic Oscillation (NAO) in late
winter (e.g., [5, 12, 13]). Due to additional heat uptake by
the larger sea-ice-free areas in summer and early autumn,
the refreezing in autumn is delayed. This leads to additional
ocean heat release, especially to the Arctic atmospheric
boundary layer in autumn. Therefore, the vertical stability
decreases, which may lead to amplified baroclinic systems
over the Arctic [12].The anomalous transient eddy forcing by
the amplified baroclinic systems may force planetary waves
[12] andmay affect the onset andmaintenance of the Siberian
High. Additionally, the Siberian High may be strengthened
in autumn by increased Siberian snow cover due to oceanic
moisture release to the Arctic atmosphere [14, 15].

In late autumn, the increased Siberian snow cover and
the persistent sea-ice anomalies in particular over the Bar-
ents/Kara Seas provide diabatic heating sources resulting in
direct forcing of and constructive interference with existing
tropospheric planetary Rossby waves in this month [7, 14].
On the background of a reduced meridional temperature
gradient, these conditions favour amore frequent occurrence
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of meridional flow regimes like negative phase of AO in
early and mid-winter which may persist into late winter. The
stronger tropospheric planetary waves induce stronger ver-
tical propagation of wave energy and initiate a stratospheric
pathway [14]. Enhanced upward propagating planetary waves
may lead to wave breaking in the polar stratosphere, which
in turn may weaken the polar vortex (e.g., [16, 17]). The
downward propagation of these stratospheric circulation
anomalies may start in mid-winter and can contribute to the
persistent negative NAO/AO anomalies in mid-winter to late
winter [13, 16, 18].

However, the effect of AA on mid-latitude circulation
systems in reanalysis and comprehensive GCMs is entan-
gled by the influence of additional factors such as ocean-
atmosphere interactions and tropical atmospheric forcing
and the internal variability of the atmosphere and the coupled
system itself. These issues complicate investigation of the
dynamical mechanism of Arctic-mid-latitude linkage and
suggest an approach using a hierarchy of models ranging
from highly simplified to comprehensive GCMs together
with observations. In such a hierarchical approach, some of
these additional influencing factors and mechanisms can be
bypassed. Hassanzadeh et al. [19] have recently emphasized
this point and applied an idealized dryGCMwith the physical
parameterizations and forcings based on Held and Suarez
[20] to study the impact of AA on mid-latitude blocking
and waviness. Following a similar approach, we use here
an idealized nonlinear quasi-geostrophic (QG) hemispheric
model of atmospheric circulation with spectral resolution
T63 and three vertical levels (QGT63L3).Thismodel has been
proven to be efficient in reproducing atmospheric circulation
regimes in theNH[21].This is applicable to studyArctic-mid-
latitude linkages, since theymanifest as large-scale circulation
changes as discussed before. Therefore, a coarse vertical
resolution with three levels may be conjectured as adequate
for capturing the main features of these linkages. The issue
of the model’s spatial resolution was addressed in Labsch
et al. [21]. In particular, it was emphasized by Labsch et
al. [21] that we approach the limit of applicability of the
quasi-geostrophic approximation by increasing the spectral
resolution in the model to T63, because the Rossby number
on the smallest resolved scale becomes comparable to unity.
From this perspective, keeping a relatively coarse vertical
resolution is beneficial, because it permits the decoupling of
horizontal motion on the smallest resolved scales between
different vertical levels, when the thermal wind equation,
which is responsible for this coupling, ceases to be valid. In
effect, the smaller-scale motions obey barotropic dynamics at
each model level and, as such, we have a seamless transition
of quasi-geostrophic dynamics operating at larger baroclinic
scales, which are satisfactorily described in our three-level
model, to barotropic dynamics acting on the smaller scales.

The objective of our study is to investigate the impact of
AA on themid-latitude circulationwith a simple but dynami-
cally consistent atmosphericGCM.We intend to demonstrate
the QGT63L3 capability of reproducing changes in mid-
latitude circulation features that accompanyAA.This demon-
stration will serve an additional proof for the reproducibility
of these changes in a hierarchy of GCMs and will reveal an

essentially quasi-geostrophic dynamics underlying AA-mid-
latitude circulation linkage. As a result, our study will provide
insights into the role of quasi-geostrophic dynamics for AA-
mid-latitude circulation linkages, which otherwise remains
obscure when using comprehensive GCMs.

2. Model Description

The three-level model [21–23] simulates the QG evolution of
NH atmospheric flow stream functions at the three vertical
levels, 167 hPa, 500 hPa, and 833 hPa, under perpetual winter
(December-January-February, DJF) conditions. The lower
two levels represent the lower and middle troposphere,
while the upper level mimics the upper troposphere and the
lower stratosphere. It is a hemispheric model with a T63
horizontal spectral resolution (∼1.875∘ × 1.875∘). Northern
Hemisphere’s topography adapted to T63 resolution (Figure 1
in [21]) acts as orographic forcing. Diabatic heating is
established by a thermal relaxation, with a timescale of 22.7
days, towards predefined radiative equilibrium temperature
fields at the model pressure levels of 333 and 667 hPa. An
additional surface friction mechanism damps the 833 hPa
stream function towards a predefined zonally symmetric
surface forcing function [24] with a timescale of 1.08 days. A
horizontal scale-selective ∇6 hyperdiffusion is used with the
shortest e-folding time of 48.5 h (≈2 days) for the maximal
total wavenumber 𝑁 = 63. The vertical temperature lapse
rate has been fixed to 3.0 K/km at 333 hPa and 6.5 K/km at
667 hPa.

Both nonzonal and zonal components of the radiative
equilibrium temperature fields (the latter together with the
surface forcing) have been tuned to generate realistic patterns
of nonzonal extratropical diabatic heating and zonal wind
fields for mean climatological winter conditions. After tun-
ing, the diabatic heating field is kept constant over time.

The target nonzonal parts of wintertime (DJF) diabatic
heating rates over the NH are derived from ERA-Interim
reanalysis for high (1979–2000) and low (2001–2014) Arctic
sea-ice conditions at 300 hPa and 700 hPa which are the clos-
est to the model pressure levels pf 333 hPa and 667 hPa and
are shown in Figure 1. The atmospheric ERA-Interim reanal-
ysis data have been provided by the European Centre for
Medium-Range Weather Forecasts ([25]; http://apps.ecmwf
.int/datasets/). The nonzonal parts of diabatic heating rates
have been attenuated near the equator (Figure 1). Diabatic
heating is determined by calculating the thermodynamic
equation in each layer, which involves temperature tendency
and three-dimensional temperature advection. Figure 1 also
displays the difference between these two diabatic heating
patterns, indicating regionally varying cooling and warm-
ing structures. After tuning, the diabatic heating fields are
still very similar to the target fields derived from ERA-
Interim reanalysis (not shown). The target zonally averaged
zonal wind climatology for the above-indicated time periods
derived from ERA-Interim is presented in Figure 2. Other
details of the tuning procedure for QGT63L3 are given by
Labsch et al. [21].

http://apps.ecmwf.int/datasets/
http://apps.ecmwf.int/datasets/
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Figure 1: Wintertime (DJF) extratropical nonzonal diabatic heating (W/m2) at ((a), (b), and (c)) 300 and ((d), (e), and (f)) 700 hPa derived
fromERA-Interim reanalysis. At each row, the figures correspond to the low ((a) and (d)) andhigh ((b) and (e))Arctic sea-ice-cover conditions
and ((c) and (f)) to their difference (low minus high).

It has to be emphasized that the used target diabatic
heating fields accumulate all forcings, which act in the atmo-
sphere, not only due to the Arctic sea-ice loss. By attenuating
the diabatic heating field near the equator, we smooth out the
direct influence of the tropical forcing, although its remote
influence remains in the model.

Using the forcings described above, two 20,000-day
model integrations were performed for the high and low
Arctic sea-ice conditions, respectively. The last 18,000 days
(∼50 years) of integration were used to evaluate the model
climatology and to perform analysis to investigate the impact
of AA.

3. Methods

In order to evaluate the model climatology, we compare the
model results with the atmospheric ERA-Interim reanalysis
data [25]. ERA-Interim data have been calculated with
spectral resolution of T255 on 60 vertical levels, with the

model top at 0.1 hPa. Here, we used the geopotential height
fields interpolated to 37 pressure levels up to 1 hPa on a 2∘×2∘
latitude/longitude grid from 1979 to 2014. The geopotential
height fields which correspond to the three layers of the QG
model have been calculated bymass-weighted averaging over
three atmospheric layers, where each layer covers approxi-
mately one-third of the total atmospheric mass.

To characterize the changes in planetary waves, we have
calculated the zonal wavenumber-1 component of the mean
NH geopotential height fields at each level. To obtain the
wavenumber-1 component, we have performed spherical har-
monic analysis to the full geopotential height fields and spher-
ical harmonic synthesis with truncation at total wavenum-
bers-1 at each level afterwards. These calculations have been
carried out by using subroutines from the software package
SPHEREPACK 3.2 [26].

For the determination of themost dominant atmospheric
variability pattern, namely, the AO, an Empirical Orthogonal
Function (EOF) analysis has been applied (e.g., [27]; see also
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Figure 2: (a) The target (observed) time-mean zonal wind profiles (m/s) for the three model levels. The dark and light lines correspond to
low and high Arctic sea-ice-cover conditions, respectively; the green, red, and black/grey color of lines refers to the upper, middle, and lower
levels, correspondingly. (b)The target (observed, solid lines) and simulated (dashed lines) time-mean zonal wind profiles (m/s) for the three
model levels for low Arctic sea-ice-cover conditions. (c) The same as in (b) but for high Arctic sea-ice-cover conditions.

[28]). The corresponding time series (or principal compo-
nents, PCs) have been obtained by projecting the geopotential
height fields onto the EOF patterns and describe the temporal
behavior of the atmospheric variability patterns. Equal-area
weighting is ensured bymultiplying the fields with the square
root of the cosine of latitude before calculating the EOFs. EOF
patterns and PC time series are renormalized such that the
corresponding PC time series are standardized (cf. [29]).

Here, the first EOF has been calculated for each atmo-
spheric layer by combining both single 50-year simulations
for low and high sea-ice conditions.The corresponding three
PC time series have been analyzed with the aim to detect
shifts in the frequency of occurrence of positive or negative
phases of the most dominant variability pattern. This was
done by searching for changes in the mean PC values as well
as in the histogram of the corresponding PC time series.

4. Model Results

To evaluate the model climatology, Figures 2(b) and 2(c)
display the time-mean zonal wind profiles of the model sim-
ulations for the low and high sea-ice conditions, respectively,
together with zonal winds taken from the ERA-Interim data
for the winter (DJF) months. The agreement between the
modeled and observed profiles at the lower and middle level
is very good for both high and low sea-ice conditions (root
mean square errors less than 0.08m/s at lower level and less
than 0.28m/s atmiddle level). At the upper level, themodeled
wind profiles show larger deviation near the equator and
at high latitudes in particular for the high ice simulations.
Anyway, the wind profiles are reproduced satisfactorily with
root mean square errors less than 0.97m/s.

The evaluation of geopotential height fields is presented in
Figure 3. Figures 3(a), 3(b), and 3(c) show the mean geopo-
tential height at 833 hPa surface, the lower model level for

the indicated model runs, and also the difference (low minus
high sea- ice- cover) between the geopotential height fields.
Figures 3(d), 3(e), and 3(f) display the corresponding mass-
weighted geopotential height fields taken from ERA-Interim
reanalysis and averaged over the lowest vertical layer that
covers approximately one-third of the total atmospheric
mass.

Figure 4 shows the same patterns as in Figure 3 but at
the 167 hPa level together with mass-averaged reanalysis data
corresponding to the upper vertical layer of the atmosphere.
Thepatterns ofmean geopotential height of themiddlemodel
level at 500 hPa and the corresponding geopotential height
fields taken from ERA-Interim reanalysis resemble those in
Figure 3 and are not shown here.

As visible in Figure 3, themodel quite satisfactorily repro-
duces the mean climatology in the troposphere, including
the wave-2 circumpolar positive anomaly structure at the
lower level, orientated from Greenland to Siberia. It is also
performing well as far as it regards a westward shift of atmo-
spheric circulation patterns for low sea-ice-cover conditions
reported by Handorf et al. [30], as seen in the structure
of the difference of wave-1 component of the geopotential
height at 833 hPa (Figure 5). Figure 3 qualitatively shows
that the model correctly reproduces a tendency towards the
negative phase of theArcticOscillation (AO−) during low-ice
conditions.This implies weakening of mid-latitude westerlies
over Atlantic, an enhancement of SiberianHigh (cf. [31]), and
presumably more cold winters over the Northern Eurasia. A
closer inspection of Figure 4 confirms this tendency, since
the positive geopotential height anomaly (lowminus high sea-
ice- cover) around the pole at the 167 hPa level in Figure 4
describes the weakening of the stratospheric polar vortex
and corresponds to a negative Arctic Oscillation-like pattern
in the troposphere (cf. [32]). The results concerning Pacific
Ocean and North America do not show a clear signal.
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Figure 3: Mean geopotential height (gpm) of the 833 hPa model level ((a), (b), and (c)) and from the layer-averaged ERA-Interim reanalysis
data ((d), (e), and (f)). At each row, the figures correspond to the low ((a) and (d)) and high ((b) and (e)) Arctic sea-ice-cover conditions and
((c) and (f)) to their difference (low minus high).

Figure 6 displays the first EOF at the three model levels,
which was computed by combining both single 50-year simu-
lations for low and high sea-ice conditions. A clear barotropic
structure resembling the AO is visible. The corresponding
three PC time series shown in Figure 7 indicate a clear shift
from more frequent occurrences of the positive AO phase
in the first time slice to the more frequent occurrence of a
negative AO phase in the second time slice. This result is
underpinned by the histogram of the corresponding PC time
series at the model levels in Figure 8.

5. Concluding Remarks

By using a nonlinear quasi-geostrophic spectral model of
wintertime atmospheric circulation over theNorthernHemi-
sphere, it is shown that Arctic amplification is connected with
distinct and clearly interpretable mid-latitude circulation

changes over theAtlanticOcean andNorthern Eurasia. In full
accord with ERA-Interim reanalysis data, a tendency towards
a negative phase of Arctic Oscillation (AO−) during low
sea-ice-cover conditions has been revealed, with weakening
of mid-latitude westerlies over Atlantic and, consequently,
colder winters over Europe and Northern Eurasia. At the
upper level, whichmimics the lower stratosphere, the model-
ing results show the polar vortexweakening that accompanies
AA, which is consistent with negative phases of Arctic
Oscillation and North Atlantic Oscillation (Figure 4).

Our modeling results significantly disagree with reanal-
ysis data over the Pacific Ocean and west coast of Northern
America, because a negative geopotential height response to
AA is modeled in the troposphere contrary to the positive
geopotential height response in reanalysis (Figure 3). On the
other hand, our results for the Pacific are in general agreement
(although details of the negative anomaly spatial distribution
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Figure 4: The same as in Figure 3 but for the 167 hPa model level.
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Figure 5: Zonal wavenumber-1 component of mean geopotential height (gpm) of the 833 hPa model level for the low (a) and high (b) Arctic
sea-ice-cover conditions and (c) their difference (low minus high).
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Figure 6: First EOF of geopotential height (gpm) at the three model levels: upper level (a), middle level (b), and lower level (c).
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Figure 7: PC time series corresponding to the first EOFs of geopotential height at the three model levels: upper level (a), middle level (b), and
lower level (c).The numbers display themean of the corresponding PC series for the 50-year-long time series. Red and blue colors correspond
to the model runs with high and low Arctic sea-ice-cover conditions, respectively.

and its intensity are quite different) with Figure 13 in a model
study by Sun et al. [33] applying theWholeAtmosphereCom-
munity ClimateModel with awell-resolved stratosphere.This
figure shows the average over February-March-April of the
response of geopotential height (at 1000 and 500 hPa levels)
to the Arctic sea-ice concentration loss, which is consistently
negative over Pacific. The mechanisms of linkage between
AA and North American wintertime weather anomalies are
currently less understood compared to those betweenAAand
anomalies over the North Eurasia, as stated by Overland [31]
based on brief literature review on that topic.

Recently, a question has arisen in the literature of the
stratospheric versus tropospheric mechanism of linkage
between AA and mid-latitude circulation systems (see, [18]).
Because of a very coarse vertical resolution (see more in [21])
and enforcedly poor representation of the vertical propaga-
tion of planetary-scale waves, it is virtually the tropospheric

mechanism of linkage, which acts in the model, and our
results show that this mechanism alone is capable of explain-
ing essential features of this linkage. On the other hand, it
cannot be excluded that obtained deficiencies (compared to
reanalysis) of our modeling results over Pacific and North
America are just related to the lack of an efficient and correct
stratospheric mechanism of linkage (cf. [33]) and tropical sea
surface temperature anomalies in the Pacific.

It is widely accepted that the quasi-geostrophic theory
serves as an indispensable tool to understand the physics and
dynamics of extratropical atmospheric circulation systems
(e.g., [34]). A rather interesting result of this work is that,
after proper tuning to compensate for nonadequately resolved
processes in the tropical atmosphere and without imple-
mentation of explicit ocean-atmosphere interactions and
atmospheric moisture processes, our simple dry nonlinear
model with its quasi-geostrophic dynamical core is capable
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Figure 8: Histograms of corresponding PC time series of geopotential height at the three model levels: upper level (a), middle level (b), and
lower level (c). HICE (in red) and LICE (in blue) correspond to themodel runs with high and lowArctic sea-ice-cover conditions, respectively.
Overlap in the frequency of occurrence between HICE and LICE is marked in purple.

of realistically reproducing the important features of mid-
latitude atmospheric changes accompanying AA.

Historically, at the very beginning of the era of numerical
weather forecasting and atmospheric general circulation
modeling, quasi-geostrophic models have played an impor-
tant role in establishing and putting on firm ground these
extremely important directions of atmospheric research. Our
results support an idea that the quasi-geostrophic mod-
els should not be in complete oblivion nowadays, since
they—when properly handled and considered as competent
members of a hierarchy of atmospheric models of vary-
ing complexity—can help to elucidate principal dynamical
mechanisms underlying observed and prospective changes in
atmospheric circulation features. In synthesis, our idealized
quasi-geostrophic model provides a simplified framework
for investigating the dynamical mechanism of Arctic-mid-
latitude linkage and complements the ongoing efforts with
observations and a hierarchy of GCMs.
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The output data from the simulations with the quasi-
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ing author (doerthe.handorf@awi.de).
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