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Abstract This study quantifies future changes in the polar cold air mass (PCAM) below a threshold
potential temperature of 280 K and its horizontal fluxes, which are an indicator for the intensity of cold
air outbreaks, by analyzing the outputs from five climate models from the Fifth Coupled Model
Intercomparison Project. Under the business‐as‐usual scenario, the multimodel means of the wintertime
total hemispheric PCAM decrease by 37% in the Northern Hemisphere and by 34% in the Southern
Hemisphere by the end of the 21st century. The midlatitude equatorward PCAM fluxes are projected to
decrease significantly by around 2050. This is primarily due to the reduction of the PCAM and to a lesser
extent due to the weakening of the extratropical meridional circulation. Finally, intermodel differences in
the total hemispheric PCAM reduction are shown to be linearly related to the climate sensitivity to the global
mean surface air temperature.

Plain Language Summary In winter, the polar regions are reservoirs of extremely cold air
masses. Sometimes, the polar cold air outflows to the midlatitudes and results in very cold weather. This
study quantitatively evaluated the future changes in the polar cold air mass and its outflow to the
midlatitudes in the winter hemispheres. We found that both the polar cold air mass and its outflow are
projected to decrease significantly by the end of the 21st century in the Northern and Southern Hemispheres
due to the increase in the global mean surface temperature. These findings provide a possible scenario of
future polar climate change.

1. Introduction

The polar regions have experienced drastic climate change in recent decades. In the Arctic, the surface air
temperature has been increasing almost twice as fast as the global mean, and this is known as Arctic ampli-
fication (Bekryaev et al., 2010; Screen & Simmonds, 2010; Serreze et al., 2009). Analyses of atmospheric rea-
nalysis data sets and observational data showed that the volume of cold air has decreased significantly in the
high latitudes of the Northern Hemisphere (NH) winter since the 1960s (Hankes & Walsh, 2011; Martin,
2015). In the Southern Hemisphere (SH) winter, strong warming has been observed in the western part of
Antarctica, especially over the Antarctic Peninsula (Steig et al., 2009). Climate model experiments have pro-
jected future warming in the Arctic regions (Holland & Bitz, 2003; Kay et al., 2012), but there are large dis-
crepancies in the magnitude of increase (IPCC, 2013). In addition, the mechanisms for future changes in the
Antarctic temperature are not fully understood yet.

Cold air outbreaks (CAOs) are intermittent outflows of cold air from polar regions to the midlatitudes.
They are characterized by a sudden temperature drop, a strong northerly wind, and abrupt pressure
increase (e.g., Zhang et al., 1997). CAOs are one of the most vigorous weather phenomena in the winter
extratropics and cause tremendous damage to society through low temperatures and heavy snowfall.
However, they are projected to be less severe in future climates (Ayarzagüena & Screen, 2016; Gao
et al., 2015; Kodra et al., 2011; Landgren et al., 2019; Park et al., 2011; Peings et al., 2012; Vavrus
et al., 2006). Their intensity and/or frequency are projected to decrease significantly. However, most pre-
vious studies cited above have used only surface air temperature to detect CAO events and have not expli-
citly evaluated the transport of cold air.

Isentropic definitions of the amount of cold air and its horizontal fluxes facilitate a quantitative understand-
ing of polar warming and CAO activity (Iwasaki et al., 2014; Kanno et al., 2016; Kanno et al., 2019; Sasai
et al., 2019; Shoji et al., 2014). Kanno et al. (2016) studied long‐term trends in the polar cold air mass
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(PCAM) below a threshold potential temperature of 280 K and its horizontal fluxes by using several atmo-
spheric reanalysis data sets. They showed that the total hemispheric PCAM has been reducing at a rate of
about 1.0% per decade in the NH winter over the period from 1980 to 2012, whereas Abdillah et al. (2018)
showed that its internal variability is dominated by the El Niño and Southern Oscillation. No significant
long‐term trends in the equatorward PCAM fluxes across 45°N, in contrast to the total PCAM, were found
due to their large internal variability. In the SH winter, linear trends cannot be observed due to large discre-
pancies in linear trends between reanalysis data sets. This study quantifies future changes in the winter sea-
son using data from multiple climate models forced by two future projection scenarios from the Coupled
Model Intercomparison Project Phase 5 (CMIP5) archives.

2. Data and Method
2.1. Data

This study has used the output from five climate models CanESM2, GFDL‐CM3, HadGEM2‐ES, MIROC5,
and MRI‐CGCM3 from the CMIP5 archives (Taylor et al., 2012) because they have the highest spatial and
vertical resolutions among the 14 CMIP5 models that provide six‐hourly model level data. We use three
long‐term experiments: the historical and Representative Concentration Pathway (RCP) 4.5 and 8.5 scenar-
ios. The RCP4.5 scenario represents a midrange mitigation emission scenario, whereas the RCP8.5 scenario
represents a high emission scenario and is called the business‐as‐usual scenario. We analyzed the projected
changes in the RCP4.5 and 8.5 experiments in the mid‐ and late 21st century (2046–2065 and 2081–2100,
respectively) relative to the historical scenario under the present climate (1981–2000). Because the RCP4.5
and 8.5 experiments in HadGEM2‐ES end on the last day of December 2099, the period of the late 21st cen-
tury in this model is limited to 19 years: from 2081 to 2099. The analyses here focus only on the winter sea-
sons: December–February for the NH and June–August for the SH.

2.2. Definition of PCAM Amount, PCAM Fluxes, and Negative Heat Content

The definition of PCAM amount follows Iwasaki et al. (2014). The PCAM amount, PCAM flux, and negative
heat content (NHC) are defined as follows:

PCAM amount≡ps−p θTð Þ; (1)

PCAM flux≡∫
ps
p θTð Þv dp; (2)

NHC≡∫
ps
p θTð Þ θT−θð Þ dp; (3)

where ps is surface pressure, p is pressure, θT is the threshold potential temperature, and v is the horizontal
wind vector. The threshold potential temperature is set to 280 K. The total hemispheric PCAM amount
(NHC) is computed as the spatial integration of the PCAM amount (NHC) in the winter hemisphere divided
by the gravitational acceleration (Kanno, Shoji, et al., 2015). The zonal integration of the equatorward
PCAM fluxes at 45°N and 50°S indicates the CAO activity for the NH and SH winters, respectively, and at
45°N within 90°E–135°E and at 60°N within 80°W–130°W measures the CAO activity over East Asia and
North America, respectively (Kanno et al., 2017; Shoji et al., 2014). PCAM amount, PCAM flux, and NHC
are computed from the six‐hourly model level data after interpolation onto 2.5° × 2.5°grid, and they are then
averaged over the present or future periods. We confirmed that the five selected climate models reproduce
the climatological means of the total hemispheric PCAM amount in the winter hemispheres well
(Supporting Information Figure S1).

For the future changes in the PCAM fluxes, adjustments of the threshold potential temperature should be
considered. In this study, in addition to the future changes in the PCAM flux below 280 K, we also evaluate
the future changes in the intensity of the extratropical direct (ETD) circulation, which is equivalent to the
PCAM flux with an adjusted threshold potential temperature. The intensity of the ETD circulation is esti-
mated by the isentropic mass‐stream function χ, calculated as follows:
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χ ϕ; θð Þ ¼ −
2πacosϕ

g
∫
2π
0 ∫

∞
θ v σd θd λ; (4)

where λ is longitude, ϕ is latitude, g is gravitational acceleration, a is the radius of the Earth, v is the
meridional wind, and σ≡− 1

g
∂p
∂θ is the density in isentropic coordinates. The intensity of the ETD circulation

is estimated from the maximum (minimum) value of the mass‐stream function in the extratropics (poleward
of 30°N/S) in the NH (SH) winter. It is evaluated for each year and then averaged over the present or future
periods, so interannual changes in the maximum (minimum) values and positions of the ETD circulation
can be considered.

2.3. Statistical Significance

The statistical significance is tested by a two‐tailed Student's t test at the 95% confidence level. If the projected
change in the multimodel mean is larger than the internal variability, defined as two standard deviations of
the interannual variability in the present climate averaged over the five climate models, and 80% of the
climate models have the same sign as the changes in the multimodel mean, the result is consider to be a
“large change with high model agreement.”

3. Results

Figure 1 shows the projected changes in the total hemispheric PCAM amount and NHC under the RCP4.5
and 8.5 scenarios in the mid‐ and late 21st century relative to the present climate. The climatological mean
distributions of the PCAM amount and NHC are shown in Figure S2. All five climate models project that the
total hemispheric PCAM amount and NHC decrease in both the NH and SH winters in the future. All
changes satisfy the “large change with high model agreement” criteria, indicating the robustness of the

Figure 1. Future changes in the total hemispheric polar cold air mass (PCAM) amount (upper panels) and negative heat
content (NHC) (lower panels). Future changes are relative to the present climate (1981–2000). Filled triangles indicate that
changes are statistically significant at the 95% confidence level for each climate model and that changes satisfy the
“large change with high model agreement” criteria for the multimodel mean. Purple and pink vertical bars represent the
widths of the distributions (one standard deviation of the intermodel variability). Black bold broken horizontal lines
denote the internal variability (two standard deviations of the interannual variability).
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changes. The multimodel mean of the total hemispheric PCAM amount is projected to decrease by
approximately 21% in the NH winter and by approximately 19% in the SH winter under the RCP4.5
scenario in the late 21st century and by approximately 37% in the NH winter and by approximately 34%
in the SH winter under the RCP8.5 scenario (Figures 1a and 1b). The multimodel ensemble spread of
changes in the PCAM amount under the RCP8.5 scenario is approximately 5% in the mid‐21st century
and approximately 7% in the late 21st century. The projected multimodel mean reduction in NHC is more
than 50% in the NH winter and approximately 40% in the SH winter under the RCP8.5 scenario in the
late 21st century (Figures 1c and 1d). Although past decreasing trends were not specified in the SH winter
(Kanno et al., 2016), both the PCAM amount and NHC are projected to decrease significantly in the
future climate.

Figure 2 shows the spatial patterns of the multimodel mean future changes in the PCAM amount and NHC
under the RCP8.5 scenario in the late 21st century, relative to the present climate. In most of the extratro-
pical regions, the decrease in the multimodel mean PCAM amount satisfies the “large change with high
model agreement” criteria, indicated by stippling. The PCAM amount decreases greatly in the region from
the northern Pacific Ocean to the Arctic Ocean (Figure 2a). In the SH winter, reductions in the PCAM
amount are smaller than those in the NH winter. Although all five climate models project a decrease in
the PCAM amount in both winters, the changes differ in their magnitudes (Figures S3 and S4). Note that
the reductions in the PCAM and NHC are qualitatively the same if the threshold potential temperature is
changed by ±5 K.

Figure 2. Future changes in (upper panels) the multimodel mean polar cold air mass (PCAM) amount and (bottom
panels) negative heat content (NHC) under the RCP8.5 scenario in the late 21st century relative to the present
climate. Stippling indicates regions that satisfy the “large change with high model agreement” criteria, whereas hatching
indicates regions where the intermodel standard deviation is smaller than the interannual variability.
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As with the PCAM amount, the NHC is projected to decrease in both the NH and SHwinters (Figures 2c and
2d). In most of the extratropics, the projected reductions in the NHC satisfy the “large change with high
model agreement” criteria. In the NH winter, the multimodel mean as well as each of the individual climate
models project the largest reduction in the NHC over the Arctic region (Figures 2c and S5). Themagnitude of
the reduction is approximately 5,000 K hPa, which corresponds to approximately 80% of the climatological
mean NHC (Figure S2c). This is consistent with strong warming in the lower troposphere over the Arctic, as
indicated by previous studies (Graversen et al., 2008; Screen & Simmonds, 2010;Wang et al., 2017). The NHC
reductions in the SH winter are projected to be relatively small around Antarctica than those around the
Arctic in the NH winter.

Figure 3. Future changes in the zonally integrated polar cold air mass (PCAM) flux across (a) 45°N, (b) 50°S, (c) 45°N
within 90°E–135°E, and (d) 60°N within 80°W–130°W. Changes are relative to the present climate. Filled triangles indi-
cate that changes are statistically significant at the 95% confidence level for each climate model and that changes satisfy
the “large change with high agreement” criteria for the multimodel mean. Purple and pink vertical bars represent the
widths of the distributions (one standard deviation of the intermodel variability). Black bold broken horizontal lines
denote the internal variability (two standard deviations of interannual variability). The internal variability in (d) is 75.4%.
Bottom panels show the future changes in the equatorward component of the PCAM fluxes. The bottom left and right
panels are the Northern and Southern Hemisphere winters, respectively. The figures show the future changes under the
RCP8.5 scenario in the late 21st century relative to the present climate. Stippling indicates regions that satisfy the
“large change with high model agreement” criteria, whereas hatching indicates regions where the intermodel standard
deviation is smaller than the interannual variability.
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Figures 3a and 3b show the future changes in the equatorward PCAM fluxes across 45°N and 50°S, where the
equatorward component of the zonal‐mean PCAM fluxes takes its maximum values. In the mid‐21st cen-
tury, the multimodel mean equatorward PCAM fluxes at 45°N decreases by about 10–15% under both of
the considered RCP scenarios relative to the present climate. This reduction is comparable with the internal
variability of the PCAM fluxes (Figure 3a). This result suggests that CAOs will significantly weaken in the
mid‐21st century, which is consistent with other modeling studies (Ayarzagüena & Screen, 2016; Chen
et al., 2016; Screen, 2017; Sun et al., 2015; Sun et al., 2016). In the late 21st century, the multimodel mean
PCAM fluxes decrease by approximately 32% under the RCP8.5 scenario, which exceeds the magnitude of
their internal variability. In the SHwinter, the reduction in themultimodel mean equatorward PCAM fluxes
at 50°S is as large as their internal variability for both RCP scenarios in the mid‐21st century. In other words,
these reductions become significant around the mid‐21st century. In the late 21st century, the multimodel
mean PCAM fluxes decrease by approximately 30% compared to the climatological mean values under the
RCP8.5 scenario.

Figures 3e and 3f show the geographical distributions of future changes in the equatorward component of
the PCAM fluxes in the NH and SH winters, respectively. Note that the equatorward PCAM fluxes indicate
the regional CAO activity. All five climate models project large reductions in the equatorward PCAM fluxes
from East Asia to the Pacific storm track, an exit region of a major PCAM stream (Figures 3e, S6, and S7),
although cold winters have prevailed in recent decades over Siberia (Wang et al., 2017; Cohen, 2018;
Ogawa et al., 2018). The reductions are greater than the internal variability there. The multimodel mean
showsmoderate reductions from central North America to the Atlantic storm track, an exit region of another
major PCAM stream (Figure S1), although their statistical significance varies between the climate models
(Figures 3e and S7). A comparison of the PCAM flux over East Asia and North America (Figures 3c and
3d) shows that the magnitudes of the weakening are similar between the two regions: approximately 30%
for the RCP8.5 scenario at the end of 21st century. However, the large internal variability over North
America of 75.4% of the climatology makes it difficult to determine the statistical significance. In addition,
weak reductions are found over southeastern Europe. The above three regions are typical regions where
intermittent equatorward PCAM fluxes cause severe CAOs (Kanno, Abdillah, et al., 2015). Except for these
regions, changes in the equatorward PCAM fluxes are small (denoted by hatching). In the SH winter, the
climate models project a decrease in the equatorward PCAM fluxes in the midlatitudes, particularly over

Figure 4. Future changes in the intensity of the extratropical direct (ETD) circulation in the (left) Northern Hemisphere
and (right) Southern Hemisphere winters. The ordinate denotes changes relative to their climatological means. Upper
(lower) triangles are for RCP4.5 (8.5) scenarios. Filled triangles indicate the changes are significant at the 95% confidence
level for each climate model and indicate the “large change with high model agreement” criteria are satisfied for the
multimodel mean. Purple and pink vertical bars represent the distribution widths (one standard deviation of the inter-
model variability). Black bold broken horizontal lines denote the internal variability (two standard deviations of the
interannual variability).
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the southern Atlantic and southern Indian Oceans (Figure 3f). The circumpolar PCAM fluxes are projected
to decrease substantially (Figure S6).

Figure 4 shows the future changes in the intensity of the ETD circulation, which indicates the meridional
PCAM fluxes with an adjusted threshold potential temperature. Although all future predictions show a
weakening of the ETD circulation, their magnitudes are much smaller than the decrease of the PCAM flux
below 280 K (Figures 3a and 3b). Under the RCP8.5 scenario in the late 21st century, the multimodel mean
decreases by approximately 7% in the NH winter and 9% in the SH winter, which is qualitatively consistent
with previous studies (Laliberté & Pauluis, 2010; Wu & Pauluis, 2013). Except for the weakening during the
SH winter under the RCP8.5 scenario in the late 21st century, the magnitude of the decrease is smaller than
its internal variability. The magnitude of the “upward shift” of the ETD circulation is summarized in
Figure S8.

The weakening of the ETD circulation is consistent with the weakening of the wave forcing in the winter
hemisphere, indicated by the Eliassen‐Palm flux (Figure S9). This dynamical consideration leads to the
important conclusion that the weakening of the PCAM fluxes below 280 K can be attributed to two polar
warming effects: a large direct effect that reduces the PCAM amount in the high latitudes and a small indir-
ect effect that weakens the ETD circulation. Since the PCAM flux below 280 K decreases by 35% under the
RCP8.5 scenario and the ETD circulation by 7%, the contributions of the thermal and dynamical effects are
about 80% and 20%, respectively.

Figure 5 shows scatter plots of the global mean surface air temperature increases against the total hemi-
spheric PCAM amount and NHC reductions. The scatter plots clearly show robust linear relationships
between the global mean surface air temperature increases and the total hemispheric PCAM amount or

Figure 5. Scatter plots of the global mean surface temperature change against the total hemispheric polar cold air mass
(PCAM) amount (upper panels) and negative heat content (NHC) (lower panels). Colors and markers denote the cli-
mate models and Representative Concentration Pathway (RCP) scenarios or periods, respectively. Cross marks denote the
anomaly between the reference period 1993–2012 and 1959–1978 in the JRA‐55 reanalysis data set and are drawn only for
the Northern Hemisphere winter. Bold black lines denote the regression slopes. The coefficients of determination and
slope coefficient are indicated in each panel.
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NHC reductions across the future projection scenarios and climate models, with high determination coeffi-
cients. The slopes of the regression lines for the PCAM amounts are −1.16 °C per 10% in the NH winter and
−1.31 °C per 10% in the SH winter (Figures 5a and 5b). In the NH winter, the linear relationships found in
the future changes in the PCAM amount and NHC correspond well with the past changes in the JRA‐55 rea-
nalysis for the period 1993–2012 relative to 1959–1978 (Figures 5a and 5c). Miller et al. (2010) found a linear
relationship between polar warming and global warming in four different time periods (Last Glacial
Maximum, Holocene Thermal Maximum, Last Interglaciation, and Middle Pliocene). The robustness of
the linear intermodel relationships suggests that the climate sensitivity has a one‐to‐one correspondence
with the reduction in the total hemispheric PCAM amount. Qualitatively similar results are obtained by
using the tropospheric mean temperature instead of the global surface air temperature. The global mean sur-
face air temperature increase does not have a strong relationship with the decrease in the PCAM fluxes,
probably due to considerable model dependence (Figure S10).

4. Concluding Remarks

We have quantified changes in the PCAM amount and NHC below a potential temperature of 280 K in cli-
mate model output. In the NH winter, the multimodel mean shows a robust reduction in the total hemi-
spheric PCAM amount and NHC of more than 35% and 55% of their climatological means, respectively,
under the RCP8.5 scenario in the late 21st century. In the SH winter, the projected reductions are up to
34% in the PCAM amount and 40% in the NHC, although the long‐term trends until now were unclear
due to large discrepancies among reanalysis data sets (Kanno et al., 2016). Both in the NH and SH winters,
increases in the global mean surface air temperature are found to have a robust linear relationship with
reductions in the total hemispheric PCAM amount.

The equatorward PCAM fluxes across 45°N and 50°S are projected to weaken in the future climate
(Figures 3a and 3b). In the future projections, the magnitude of their reductions becomes comparable to
their internal variability in themid‐21st century. It should be noted that in the present climate, the long‐term
trends are not statistically significant in the NH winter due to its large internal variability (Kanno et al.,
2016). Geographically, the extent of the equatorward PCAM fluxes are projected to decrease greatly from
East Asia to the Pacific storm track, moderately from the central North America to the Atlantic storm track,
and weakly over eastern Europe.

The future changes in the intensity of the ETD circulation, which indicates the PCAM flux with an adjusted
threshold potential temperature, leads us to two conclusions. One is that the PCAM fluxes are projected to
weaken slightly even if the threshold potential temperature is adjusted. The other is that the weakening of
the PCAM fluxes below 280 K is explained by the direct and indirect effects of polar warming. In addition,
the magnitude of the upward shift of the ETD circulation gives an indication of the adjustment of the thresh-
old potential temperature in future studies.
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