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Abstract

The impacts of Arctic stratospheric polar vortex (SPV) on wintertime precipitation over the Northern Hemisphere are ana-
lyzed based on various datasets. Two groups of ensemble climate model experiments with the SPV nudged towards strong and
weak states are performed to clarify stratospheric impacts on changes in precipitation. During weak SPV events, precipitation
rates over the western and southeastern parts of North Pacific Ocean, the southern part of North Atlantic Ocean, and Southern
Europe are larger, whereas the total precipitation rates over the central North Pacific, the northern part of North Atlantic and
Northern Europe are smaller than those during strong SPV events. The SPV-induced changes in precipitation over the North
Atlantic are stronger than those over the North Pacific. The convective (large-scale) precipitation changes play a major role
in the total precipitation changes over the southern (northern) parts of middle latitudes associated with SPV changes. The
tropospheric zonal wind deceleration around 60°N associated with weak SPV events is responsible for lower-tropospheric
anomalous cyclonic flows over the two oceans at middle latitudes. The anomalous cyclonic flows lead to more large-scale
precipitation in the southeastern parts of the oceans and less large-scale precipitation over Northern Europe and the central
North Pacific during weak SPV events. The stratosphere—troposphere coupling over the North Atlantic is stronger than that
over the North Pacific, leading to stronger large-scale precipitation responses over the former region. In addition, convective
precipitation rates between 30 and 45°N are basically larger during weak SPV events than during strong SPV events. This
is because more baroclinic waves associated with a southward shift of storm tracks during weak SPV events cause more
heat exchanges between the lower latitudes and higher latitudes. Consequently, the upper tropospheric temperature and
static ability between 30 and 45°N are reduced, leading to larger convective available potential energy and more convective
precipitation during weak SPV events.

1 Introduction

The polar vortex, which is characterized by strong circumpo-
lar westerly winds, is one of the most important components
of atmospheric circulations in winter. There are two quite
different polar vortices in the Arctic regions, i.e., the tropo-
spheric vortex and the stratospheric vortex, which are not
directly connected with each other (Waugh 2017). Baldwin
and Dunkerton (2001) pointed out that the Northern Annular

P4 Jiankai Zhang
jkzhang@lzu.edu.cn

College of Atmospheric Sciences, Lanzhou University,
Lanzhou 730000, China

Southern Marine Science and Engineering Guangdong
Laboratory (Zhuhai), Zhuhai 519080, China

School of Atmospheric Sciences, Chengdu University
of Information Technology, Chengdu 610225, China

Mode (NAM) pattern propagates downward from the strato-
sphere to the troposphere during anomalous polar vortex
events, which not only links the stratospheric vortex with
the tropospheric vortex, but also suggests that the strato-
spheric signal may precede the occurrence of tropospheric
weather anomalies. Douville (2009) conducted a numerical
experiment, in which the polar vortex above the tropopause
is nudged towards the vortex state in the real atmosphere,
and found that the simulations of Arctic Oscillation and sur-
face climate are significantly improved. This confirms that
the SPV changes can influence tropospheric processes and
surface climate instead of simply covarying with the tropo-
sphere. Furthermore, there are sound evidences that the sud-
den stratospheric warming corresponding to an extremely
weak SPV is often followed by extremely cold weather and
heavy snowstorms in the middle latitudes (e.g. Mitchell et al
2013; Vial et al 2013; Overland et al. 2016; Domeisen et al.
2020; Charlton-Perez et al 2021).
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Several mechanisms have been proposed to explain the
impacts of SPV on the tropospheric processes, includ-
ing the downward control principle (Haynes et al. 1991;
Song and Robinson 2004), adjustments of the tropospheric
flow to stratospheric potential vorticity anomalies (Hart-
ley et al. 1998; Ambaum and Hoskins 2002), downward
planetary-wave reflection (Perlwitz and Harnik 2003;
Kretschmer et al 2018; Song and Wu 2019) and the mod-
ulation of tropospheric waves by the stratospheric flow
(Kunz et al 2009; Hu et al 2018; Zhang et al 2020). As the
stratospheric winds decelerate, the tropospheric jet stream
shifts equatorward due to the wave-mean flow interac-
tions, and the opposite is true for a strengthened SPV
(Kidston et al 2015; Lim et al 2016). The position of the
tropospheric jet stream is closely related to tropospheric
meteorological parameters (e.g. temperature, precipitation
and winds, etc.). For instance, when the tropospheric jet
shifts equatorward in response to the weakened SPV, cold
weather prevails in Northern Europe, eastern United States
and Northern Asia (e.g. Kolstad et al. 2010; Tomassini
et al. 2012; Sigmond et al. 2013; Li et al. 2017). Tomassini
et al. (2012) estimated that approximately 40% of winter-
time cold outbreaks over Northern Europe is preceded by
weak SPV. On the other hand, the strengthening of SPV
can lead to poleward shift of the tropospheric jet, which
is related to winter storms and extreme rainfalls in the
United Kingdom (Huntingford et al. 2014; Knight et al.
2017). Anomalously strong SPV in winter means a delay
in breakup of polar vortex in the subsequent early spring.
Wei et al. (2007) revealed that the timing of SPV col-
lapse significantly affects the positions of the Azores High
and the Icelandic Low in February, which in turn affects
weather and climate in the Atlantic and European regions.

In addition to the impacts of changes in the SPV strength,
the SPV position changes may also exert a significant influ-
ence on the tropospheric weather and climate. Mitchell et al.
(2013) found that the SPV displacement events can cause a
1.5 K cooling in the northeastern part of North American
continent. They are also responsible for the increase in the
frequency of blocking in Canada, which is not observed dur-
ing SPV splitting events. Zhang et al. (2016) pointed out that
the shift of the SPV towards the Eurasian continent in Febru-
ary over the past four decades could reduce the tropospheric
temperature over Eurasia and the northeastern part of North
America in late winter and early spring. Furthermore, the
heavy snowstorm that struck South China in the winter of
2008 is caused by the development of the Ural blocking
and the persistent southward outbreak of cold air from the
polar region, which is possibly related to the SPV displace-
ment towards East Asia 2-3 weeks prior to the snowstorm
occurrence (Liu et al. 2008; Chen et al. 2011). Although
the abovementioned studies have suggested a link between
the SPV displacement and tropospheric weather and climate
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changes in Eurasia and especially in East Asia, the impacts
on the troposphere caused by changes in the SPV position
are generally weaker than those caused by changes in the
SPV strength (Mitchell et al. 2013).

The aforementioned studies mainly focused on the Arctic
SPV impacts on tropospheric and surface winds and tem-
perature. In fact, the SPV changes may also influence trop-
ospheric precipitation. Previous studies have reported that
the strengthening of Antarctic SPV caused by the Antarctic
ozone hole can lead to more precipitation at high latitudes
and subtropical regions in the Southern Hemisphere, and
less precipitation at middle latitudes during austral sum-
mer (Son et al. 2009; Kang et al. 2011; Purich et al. 2012;
Bai et al 2016). Some studies pointed out that Arctic SPV
changes could also affect the precipitation in the tropics and
subtropics (e.g. Xie et al. 2016; Hu et al. 2019), and that in
the northern middle latitudes (Ma et al. 2019; Zhang et al.
2019). Ma et al. (2019) found that Arctic stratospheric ozone
increase in March corresponding to a weakened SPV can
reduce precipitation over the northwestern United States in
April. Zhang et al. (2019) found more precipitation in the
northwestern North Pacific in late winter and spring during
weak SPV events than during strong SPV events. However,
the underlying mechanisms responsible for the SPV impacts
on precipitation over the Northern Hemisphere remain
unclear. This study addresses this issue based on obser-
vations and two numerical experiments with SPV nudged
towards abnormally strong and weak states respectively. This
paper is organized as follows. The data, methods and model
are described in Sect. 2. In Sect. 3, the responses of precipi-
tation over the Northern Hemisphere to the SPV changes
are presented. In Sects. 4 and 5, the underlying mechanisms
responsible for large-scale and convective precipitation
anomalies associated with SPV events are analyzed. The
results and discussion are presented in Sect. 6.

2 Data, methods and numerical
experiments

2.1 Data

The Global Precipitation Climatology Project (GPCP)
monthly precipitation data is used in this study. The GPCP
product offers a consistent analysis of global precipitation
that combines various satellite data sets over land and ocean
with a gauge analysis over land. Data from rain gauge sta-
tions, satellites, and sounding observations have been
merged to estimate monthly rainfall on a 2.5-degree global
grid. More details about the GPCP data can be found in
Adler et al. (2003). In addition, the meteorological fields
(e.g. temperature, horizontal winds, geopotential height,
etc.) are extracted from the ERA-Interim reanalysis data
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(Dee et al. 2011). The data used here covers the period from
1980 to 2017. We use daily data to calculate moisture flux
convergence, eddy momentum flux, eddy heat flux and eddy
kinetic energy. Otherwise, we use monthly data to make
composite analysis for zonal wind, geopotenial height, con-
vective and large-scale precipitation associated with SPV
changes.

2.2 Methods

The present study mainly attempts to explore the impacts of
changes in SPV strength on precipitation. Composite analy-
sis of weak and strong SPV events based on ERA-Interim
reanalysis dataset is conducted. First, the SPV strength
index is defined as the December—January—February mean
zonal wind, which is area-weighted averaged over 60-90°N
and is pressure-weighted averaged in the layer between 50
and 10 hPa. The SPV strength index is then detrended and
normalized with respect to the period from 1980 to 2017.
Finally, the weak and strong SPV events are identified based
on the normalized SPV strength index that is smaller and
greater than —1 and + 1 standard deviation, respectively.

Bootstrap resampling test is used to calculate the statisti-
cal probability that two sample populations have meaning-
fully distinct averages. Assume we have two samples, X and
Y (sample sizes: N, and N,). Data batches with sample sizes
n; and n, (n; <N;, n, <N,) are repeatedly and randomly
sampled from the original samples by 1000 times. The sta-
tistics including mean and variance of these resamples are
then calculated to estimate the true probability distributions.
Finally, the upper and lower thresholds of the 90% confi-
dence level are calculated as the 5th and 95th of 1000-time
bootstrap resampling. The difference is considered statisti-
cally significant when zero is excluded in this confidence
level (Gilleland 2020).

In this study, the vertically integrated moisture flux con-
vergence (VIMFC, Darand and Pazhoh 2019) from 1000 to
300 hPa is represented as follows:

300hPa

d d

==L [ 2,
1

)dp,
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where q is the specific humidity, u and v are the zonal and
meridional wind, respectively, p is the pressure and g is the
gravity acceleration.

Convergence of eddy flux of zonal momentum (EMC)
is used to diagnose wave feedback process. The EMC is
calculated as follows:

ou'v ou'w

EMC = -
dy 0z

s

where prime presents the zonal anomaly from the zonal aver-
age. u, v and w denote zonal, meridional and vertical wind
velocity, respectively.

Convective available potential energy (CAPE, Doswell
and Rasmussen 1994) is used to diagnose impacts of changes
in the SPV strength on convective activities. CAPE exists
within the conditionally unstable layer of the troposphere,
i.e. the free convective layer, where an ascending air parcel
is warmer than the ambient air. Any value greater than zero
indicates convective instability. In this study, CAPE in the
Interim data is directly obtained from https://apps.ecmwf.
int/datasets/data/interim-full-daily/levtype=sfc, while the
CAPE in the model simulation is calculated by integrating
vertically the local buoyancy of a parcel from the level of
free convection (LFC) to the equilibrium level (EL):

et Tv air Tv env
CAPE = / (i Tvemy
Zirc T,

v,env

where Z; .. is the height of the level of free convection and
Zg; is the height of the equilibrium level (neutral buoyancy),
T, .- is the virtual temperature of the air parcel, T, ,,, is the
virtual temperature of the environment.

The transient eddy kinetic energy (EKE) is calculated to
represent the synoptic-scale transient eddy activity (Black-

mon 1976; Hoskins and Hodges 2002):
—
EKE=u +V ,

where the prime represents 2—8 days band-pass filtering, and
the overbar means temporal average in winter.

2.3 Numerical model and experiment designs

The specific chemistry version of the Whole Atmosphere
Community Climate Model version 4.0 (WACCM-SC) is
used in the present study. This model is a component of
the Community Earth System Model (CESM) version 1.2.0,
developed and maintained by the National Center for Atmos-
pheric Research (NCAR). The horizontal resolution of the
model is 1.9°x2.5° and there are 66 vertical levels extend-
ing from 1000 hPa to around 0.0006 Pa. More details of the
model can be found in Smith et al (2014). The weak and
strong SPV ensemble runs are conducted as follows.

First, the control run is performed for 70 years. All the
forcings (e.g. aerosol, sea surface temperature, sea ice, strat-
ospheric ozone and etc.) in the control run are all fixed at
the climatological state of 1980-2005. The outputs of the
control run at each October 1st of the 21 to 70 model years
are used as initial files for two ensemble runs, i.e. weak SPV
(R1) and strong SPV (R2). Each ensemble run consists of 50
members and each member integrates from October 1st to
the subsequent February 28th. For the two ensemble runs,

@ Springer


https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc

3158

J.Zhang et al.

the Arctic SPV (north of 60°N and above 200 hPa) from
December 1st to the subsequent February 28th is nudged
towards weak and strong states respectively and the nudg-
ing efficient is 1. The nudging coefficient between 300 and
200 hPa and 55-60°N increases linearly from O to 1 for the
purpose to minimize the artificial effect of abrupt change in
the coefficient. The method to identify the weak and strong
SPV events is described in Sect. 2.2. Composite horizontal
wind and temperature fields for the weak and strong SPV
events are based on data extracted from the MERRA-2 3-h
reanalysis dataset (Gelaro et al. 2017), which are used as the
reference meteorological fields for the R1 and R2 ensemble
runs, respectively.

Previous studies have indicated that the stratosphere-
troposphere coupling is strongest in winter (Kushner and
Polvani 2004; Cohen et al. 2007; Davini et al. 2014). There-
fore, the present study mainly focuses on the impacts of
wintertime changes in the SPV strength on precipitation
from December to the subsequent February. Figure la
and ¢ shows the composite differences in zonal wind and
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Height (km)

100

Pressure (hPa)
w
S

500
1000

-40 -30 -20 -10 0 10 20 30 40

Interim geopotential height

Height (km)

100
200

500
1000

Pressure (hPa)
w
S

-1200 -600 O

600 1200

Fig. 1 Time-height cross sections of differences in (a) zonal wind
(unit: m/s) and (c) geopotential height (unit: gpm) derived from
Interim reanalysis data between weak and strong SPV events. (b)
and (d) are the same as (a) and (c), respectively, but for the differ-
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geopotential height derived from reanalysis data between
weak and strong SPV events. The differences in zonal wind
and geopotential height between CESM runs R1 and R2 are
also shown in Fig. 1b and d for comparison. Note that the
stratospheric zonal wind during weak SPV events (R1) is
smaller than that during strong SPV events (R2) in most time
of winter. Correspondingly, the stratospheric geopotential
height during weak SPV events (R1) is larger than that dur-
ing strong SPV events (R2) during winter. The reversal of
upper stratospheric anomalies in February may be the result
of stratospheric vacillation (Holton and Mass 1976). Note
that the simulated differences in zonal wind and geopoten-
tial height during winter (December—February), when the
nudge technology is applied, are nearly the same as those
in the composite results, suggesting that it is appropriate to
compare the impacts of SPV changes on tropospheric cli-
mate using CESM simulation with those using Interim com-
posite analysis. In addition, the differences in zonal wind
and geopotential height both propagate downward from the
upper stratosphere to the lower stratosphere and even to the
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ences between CESM runs R1 and R2. The differences over the dot-
ted regions are statistically significant at the 90% confidence level
according to the bootstrap test
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troposphere, which is more significant in CESM simulation
than composite results from reanalysis data, implying that
the impacts of SPV on the troposphere could be better sepa-
rated from internal variability using large-ensemble runs
(Graf et al. 2014).

3 Responses of precipitation
to stratospheric polar vortex changes

Figure 2a and 2b present climatological precipitation rate
in winter over the Northern Hemisphere derived from
GPCP observations and CESM simulations. Note that the
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Fig.2 (a) Climatological mean and (c) interannual standard devia-
tion of total precipitation rate (unit: mm/day) for the period 1980—
2017 based on the GPCP data. (e) Differences in total precipitation
rate (unit: mm/day) between weak and strong SPV events based on
the GPCP data. (b) Climatological mean and (d) interannual standard
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precipitation rates over the Pacific and the Atlantic Oceans
are generally larger than those over the continents. In addi-
tion, the precipitation rate in the Rockies is also larger
than that in most regions of the Northern Hemisphere. The
CESM model basically captures the spatial pattern of win-
tertime precipitation rate displayed in the GPCP observa-
tions (Fig. 2b), although the simulated precipitation rate over
the Pacific is slightly larger than the observed. The interan-
nual variation of precipitation rate derived from observations
is presented in Fig. 2c, which shows larger values over the
southern Pacific Ocean, the Rockies and the southern North
Atlantic compared to those in other regions of the northern
middle latitudes. The spatial distribution and interannual
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deviation of total precipitation rate (unit: mm/day) based on CESM
run R1. (f) Differences in total precipitation rate (unit: mm/day)
between R1 and R2. Dotted regions in (e) and (f) are for differences
statistically significant at the 90% confidence level according to the
bootstrap test
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variability of precipitation rate are similar between simula-
tions and observations, suggesting that the CESM model can
well capture the spatial and temporal features of precipita-
tion over the Northern Hemisphere.

Figure 2e displays the differences in precipitation rate
between weak and strong SPV events derived from GPCP
data. Precipitation rates over the regions with large interan-
nual variation (e.g. the southeastern North Pacific, the south-
ern parts of the North Atlantic Ocean and Southern Europe)
demonstrate noticeable changes associated with anomalous
SPV, with more precipitation over these regions during weak
SPV events than during strong SPV events. In addition, the
regions with small interannual variability (e.g. the northern
parts of the North Atlantic Ocean and Northern Europe)
also experience significant precipitation changes. Further-
more, the magnitude of the anomalies in precipitation rate
related to SPV changes over the North Atlantic Ocean is
larger than that over the North Pacific Ocean. Consistent
with the results from GPCP data, in CESM simulation, there
are more precipitation rates over the western Pacific, south-
eastern Pacific, southern parts of North Atlantic Ocean and
Southern Europe during weak SPV events than those dur-
ing strong SPV events, while the precipitation rates over
the central parts of North Pacific, northern parts of North
Atlantic and Northern Europe are reduced during weak
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Fig.3 Climatological mean of (a) large-scale and (b) convective pre-
cipitation rate (unit: mm/day) for CESM R1 experiment. Differences
in (c) large-scale and (d) convective precipitation rate (unit: mm/day)
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WPV events (Fig. 2f). However, the magnitude of increased
precipitation rate over the Western Pacific derived from
CESM simulation is relatively larger than that derived from
GPCP data. In addition, there are less precipitation over the
northeastern Pacific during weak SPV events derived from
CESM simulation, in contrast to more precipitation over this
region derived from GPCP data. It should be pointed out that
most of the precipitation anomalies over the North Pacific
associated with SPV changes derived from GPCP data are
not significant at 95% confidence level, while those are still
significant in CESM simulation (not shown), suggesting
that the discrepancy in precipitation changes over the North
Pacific between GPCP data and CESM simulation may be
related to the impacts of internal variability on observation.

The calculation of precipitation rate in the CESM can
be divided into two parts, i.e. large-scale (stable) and con-
vective precipitation. The convective precipitation scheme
is based on Zhang and McFarlane (1995), while the large-
scale precipitation is calculated using prognostic condensate
and precipitation parameterization from Zhang et al (2003).
In winter, the spatial pattern of climatological mean large-
scale precipitation rate is similar to that of total precipitation
rate (comparing Fig. 2b and Fig. 3a), although the simu-
lated magnitude of large-scale precipitation is smaller. By
contrast, convective precipitation largely occurs over the
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between R1 and R2. The differences over the dotted regions in (¢) and
(d) are statistically significant at the 90% confidence level according
to the bootstrap test
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southern North Pacific and North Atlantic (Fig. 3b) due to
more heating over the low-latitude oceans. In the northern
parts of North Pacific, the changes in large-scale precipi-
tation rate make dominant contribution to the difference
in total precipitation rate between weak and strong SPV
events (comparing Fig. 2f and Fig. 3c), while the convec-
tive precipitation rate between 30 and 40°N is larger during
weak SPV events (Fig. 3d). In the North Atlantic Ocean,
both the changes in large-scale and convective precipita-
tion rates have important contributions to the difference
in total precipitation rate between weak and strong SPV
events (Fig. 3c and d). Table 1 shows the relative contribu-
tion of large-scale and convective precipitation to the total
precipitation changes over typical regions associated with
anomalous SPV events. Overall, the convective precipitation
changes contribute more to the total precipitation changes
over the southern parts of middle latitudes than large-scale
precipitation changes, with the largest contribution over the
southwestern North Pacific (77.9%). By contrast, the large-
scale precipitation changes play a larger contribution to total
precipitation changes over the northern parts of middle lati-
tudes, with the largest contribution in northwestern North
Pacific (91.7%). This is understandable since there is more
heating in the lower latitudes, favoring the formation of con-
vective precipitation, which accounts for more precipitation
changes in the lower latitudes.

4 Mechanisms responsible for large-scale
precipitation responses

Generally speaking, large-scale precipitation is closely
related to large-scale atmospheric circulation that controls
the water vapor transport. Figure 4 shows the differences
in geopotential height (color shaded) and zonal wind (con-
tours) at various pressure levels between weak and strong
SPV events. In the lower stratosphere (50 hPa), the polar jet

decelerates and the geopotential height in the polar region
increases during weak SPV events. Meanwhile, zonal winds
accelerate at middle latitudes, resembling a NAM-like pat-
tern (Baldwin and Dunkerton 2001). It is also worth noting
that the CESM simulated differences in geopotential height
and zonal winds (Fig. 4b) are approximately the same as
those in the reanalysis data (Fig. 4a), suggesting that the
nudged-stratosphere experiments used in this study yield
creditable results. In the upper troposphere (300 hPa), the
differences in geopotential height and zonal winds are more
asymmetric than those at 50 hPa (Fig. 4c, d). In terms of
geostrophic equilibrium, negative geopotential height dif-
ferences between weak and strong SPV events occur to the
south of the weakened polar jet. The responses of large-
scale circulation to SPV changes are stronger over the North
Atlantic than over the North Pacific, which is consistent
with larger precipitation responses over the former region.
In addition, the simulated responses at 300 hPa are weaker
than those in the reanalysis data, particularly over the North
Pacific Ocean (Fig. 4d), which may be related to reduced
internal variability in the large-ensemble runs. The differ-
ences in the lower troposphere (850 hPa) over the North
Atlantic Ocean are similar to those at 300 hPa, constituting
a barotropic structure. However, the changes in the lower-
level circulation over the North Pacific induced by the SPV
changes are less significant than those over the North Atlan-
tic Ocean (Fig. 4e and f).

The SPV also has significant impacts on atmospheric cir-
culations in the lower troposphere and even on the surface.
As shown in the reanalysis data, compared with the circu-
lations during the strong SPV events, anomalous cyclonic
flows occur between 700 and 1000 hPa during weak SPV
events, which are accompanied by negative SLP anomalies
over the North Pacific and North Atlantic Oceans (Fig. 5a).
The simulated lower-tropospheric circulation changes are
weaker than those in the reanalysis data (comparing Fig. 5a
and Fig. 5b), particularly over the North Pacific Ocean,

Table 1 Relative contributions of large-scale and convective precipitation changes to the total precipitation changes over typical regions

Regions

Perc
prec

entage contribution of large-scale
ipitation (%)

Percentage contribution of
convective precipitation (%)

Northern North Atlantic

(50-60°N, 45°W-0°)

Southern North Atlantic

(35-45°N, 45°W-0°)

Northern Europe

(50-60°N, 0—45°E)

Southern Europe

(35-42°N, 0-45°E)

Southwestern North Pacific (30—45°N, 135°E-180°)
Southeastern North Pacific (30—45°N, 150-120°W)
Northwestern North Pacific (45-55°N, 135-165°E)

66.0

46.7

85.1

42.7

22.1
38.2
91.7

34.0

53.3

14.9

57.3

77.9
61.8
8.3
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(a) Observation (b) CESM
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Fig.4 Differences in geopotential height (color shaded, unit: gpm)
and zonal wind (contours, unit: m/s, solid and dashed lines repre-
sent positive and negative values, respectively) at (a) 50 hPa (contour
interval: 2 m/s), (¢) 300 hPa (contour interval: 1 m/s) and (e) 850 hPa
(contour interval: 0.5 m/s) between weak and strong SPV events
based on the ERA-Interim reanalysis data. (b), (d), and (f) are the
same as (a), (¢) and (e), respectively, but for the differences between
CESM R1 and R2. The differences over the dotted regions are statisti-
cally significant at the 90% confidence level according to the boot-
strap test

suggesting that the composite anomalies associated with
SPV changes include various internal variabilities. Figure 5¢
and 5d show the differences in moisture flux and its verti-
cally integrated convergence between weak and strong SPV
events derived from reanalysis data and CESM simulation.
In the reanalysis data, enhanced cyclonic flows are found
over the North Pacific (North Atlantic) Ocean, which are
accompanied with anomalous southerlies over the eastern
Pacific (eastern Atlantic) and northerlies over the central
and western Pacific (western Atlantic). This pattern of cir-
culation anomalies leads to large water vapor convergence
in the southeastern Pacific and southeastern Atlantic, and

@ Springer

precipitation rate is subsequently high over these regions.
In contrast, water vapor flux divergence develops over the
Northern Europe, leading to less large-scale precipitation
there (Fig. 3c, d). In addition, the water vapor flux diver-
gence (convergence) reduces the magnitude of increased
(decreased) large-scale precipitation over the southwestern
(northwestern) Atlantic during weak SPV events. The anom-
alous cyclonic flow over the North Pacific is mainly located
in the eastern edge, and precipitation decrease largely occurs
in the central Pacific based on reanalysis data. However, the
precipitation decrease is not noticeable in the simulation.
The large precipitation rate over the western Pacific dur-
ing weak SPV events may be related to anomalous cyclonic
flows over the East Asia (Fig. 5a and b). Overall, the mag-
nitude of lower-tropospheric circulation responses over the
North Pacific to SPV changes is smaller than that over the
North Atlantic, which explains why the magnitude of large-
scale precipitation responses over the North Pacific to SPV
changes is also smaller (Fig. 2).

The circulation changes over the North Atlantic in
response to SPV changes are stronger than those over the
North Pacific, which may be attributed to the stronger
stratosphere-troposphere coupling over the former region.
Figure 6 shows the differences in sub-polar zonal wind over
the two oceans between weak and strong SPV events. Given
that the latitude (50°N) of the cyclonic flow center over the
North Pacific is farther northward than that (40°N) over the
North Atlantic by about 10° (Fig. 5), more northward pres-
sure-latitude cross section of wave-mean flow interaction
over the North Pacific is shown. In the lower stratosphere
(50-150 hPa), zonal winds are weaker to the north of 50°N
during weak SPV events than during strong SPV events in
both North Pacific and North Atlantic, which indicates that
the impacts of SPV changes in the lower stratosphere are
zonally symmetric, consistent with results shown in Fig. 4a
and 4b. In the troposphere, the area with statistically sig-
nificant negative zonal wind differences over the North
Pacific is smaller than that over the North Atlantic (Fig. 6a,
¢). In terms of geostrophic balance, cyclonic flows occur in
the south of the negative zonal wind differences over both
the North Atlantic and the North Pacific, and the former
cyclonic flows are stronger (Fig. 5).

Previous studies pointed out that the stratospheric processes
affect the tropospheric circulation mainly through wave-mean
flow interactions (e.g. Perlwitz and Harnik 2004; Lubis et al
2018; Boljka and Birner 2020; Hu et al 2021). Figure 7 dis-
plays the meridional cross sections of the EMC, which is a
measure of wave feedback process. Note that, in the North
Pacific, large wave flux convergence occurs to the north of
60°N, which appears to be anti-phase with zonal wind anoma-
lies over this region (Fig. 6a, b). In the North Atlantic, the
tropospheric wave flux convergence occurs more southward
than that over the North Pacific (Fig. 7c, d), which is in accord
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Fig.5 (a) Differences in sea level pressure (color shaded, unit: hPa)
and 700-1000 hPa horizontal winds (vectors, unit: m/s) between
weak and strong SPV events based on the ERA-Interim reanalysis
data. (c) Differences in moisture flux convergence vertically inte-
grated from 300 to 1000 hPa [color shaded, unit: g/(m2 s)] and 700-
1000 hPa moisture flux [vectors, unit: m g/(s kg)] between weak and

with a more southward location of negative zonal wind differ-
ences in the troposphere over the North Atlantic (comparing
Fig. 6b and Fig. 6d). By contrast, the positive zonal wind dif-
ferences between WPV and SPV events in the high-latitude
troposphere (Fig. 6¢, d) over the North Atlantic are related to
the enhanced wave flux divergence over this region (Fig. 7c,
d). This can be explained by the notion that the convergence
(divergence) of eddy momentum flux balances the decelera-
tion (acceleration) of the Coriolis torques forced by anoma-
lous mean meridional circulation (Limpasuvan and Hartmann
2000). It is worth noting that the wave flux feedback processes
over the North Atlantic are not only more significant but also
more barotropic than those over the North Pacific, which is
consistent with the conclusion that the Atlantic jet is primar-
ily eddy driven (e.g. Breiteig 2008; Garfinkel and Hartmann
2011; Li and Wettstein 2012). The more barotropic eddy

30°N

OO
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1

CESM

60°N

50°N

40°N 1 .
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[ ]
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strong SPV events based on the ERA-Interim reanalysis data. (b) and
(d) are the same as (a) and (c), respectively, but for the differences
between CESM R1 and R2. The differences over the dotted regions
are statistically significant at the 90% confidence level according to
the bootstrap test

forcing leads to stronger stratosphere-troposphere coupling
over the North Atlantic mentioned above.

5 Mechanisms responsible for convective
precipitation responses

According to the above analysis, large-scale precipita-
tion is under strong influences of large-scale horizontal
transport of moisture flux. On the other hand, convec-
tive precipitation is produced by small-scale convective
activities, which can be measured by CAPE. Figure 8
shows the climatological distribution of maximum CAPE
and its differences between weak and strong SPV events.
Note that the climatological mean CAPE at subtropics is
larger than that at higher latitudes (Fig. 8a, b), which is
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Fig.6 Pressure-latitude cross sections of differences in zonal wind
(color shaded, unit: m/s) between weak and strong SPV events (a)
along 180° between 50-80°N and (c) along 30°W between 40-70°N
derived from Interim reanalysis data. (b) and (d) are the same as (a)

understandable due to more radiative heating in the lower
latitudes. Furthermore, the CAPEs to the south of 45°N
are basically larger during weak SPV events than dur-
ing strong SPV events (Fig. 8c, d). Particularly, note that
larger CAPEs in the southern parts of North Pacific and
North Atlantic Oceans as well as the Mediterranean are
collocated with larger convective precipitation rates over
these regions during weak SPV events than during strong
SPV events (Fig. 3d), which supports the notion that the
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and (c), respectively, but for the differences in zonal wind between
CESM R1 and R2. The differences over the dotted regions are statisti-
cally significant at the 90% confidence level according to the boot-
strap test

SPV changes can affect convective precipitation through
modulating CAPE.

The enhanced CAPE to the south of 45°N associated
with weak SPV events is attributed to more unstable airmass
over this latitudinal zone. Figure 9 shows the climatologi-
cal mean and differences in EKE between weak and strong
SPV events. Storm tracks are generally identified with the
maxima of the EKE (Mbengue and Schneider 2017). Fig-
ure 9a and b show clearly that the storm tracks at middle lati-
tudes tilt southwestward. The center of the storm track over
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Fig.7 Pressure-latitude cross sections of differences in EMC [color
shaded, unit: m/(s day)] between weak and strong SPV events and cli-
matological mean of zonal winds (contours, unit: m/s, contour inter-
val: 2 m/s, solid and dashed lines represent positive and negative val-
ues, respectively) for the period 1980-2017 (a) along 180° between
50 and 80°N and (c) along 30°W between 40 and 70°N derived

the North Pacific is located around 40°N, while the center
over the North Atlantic is at 50°N. As the SPV weakens, the
storm tracks over the North Pacific and North Atlantic both
shift equatorward, with larger (smaller) EKE in the southern
(northern) parts of North Pacific and North Atlantic Oceans
during weak SPV events than during strong SPV events.
Mbengue and Schneider (2017) proposed that the equator-
ward shifts of storm tracks or maxima of EKE are corre-
sponding to less convective static stability and thus more

(b)
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from Interim reanalysis data. (b) and (d) are the same as (a) and (c),
respectively, but for the differences in EMC between CESM R1 and
R2 and climatological mean of zonal wind from R1. The differences
over the dotted regions are statistically significant at the 90% confi-
dence level according to the bootstrap test

convections in the lower latitudes. Larger EKE corresponds
to a more unstable atmosphere and more baroclinic waves.
Figure 10a and b shows that there are larger northward eddy
heat fluxes in the poleward flank of the subtropical jet dur-
ing weak SPV events than during strong SPV events, which
is true in both reanalysis data and CESM simulation. This
suggests that more heat is transported from the lower lati-
tudes to the higher latitudes during weak SPV events and
this feature is more evident in the upper troposphere between
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Fig.8 (a) Climatological mean of CAPE (unit: J/kg) for the period
1980-2017 and (c) differences in CAPE (unit: J/kg) between weak
and strong SPV events based on the ERA-Interim reanalysis data. (b)
Climatological mean of CAPE (unit: J/kg) from R1 and (d) differ-

30 and 60°N. Correspondingly, temperature decrease in the
upper troposphere between 30 and 45°N is more significant
than that in the lower troposphere (Fig. 10c and d). As a
result, the tropospheric static ability to the south of 45°N
is smaller during weak SPV events than during strong SPV
events (Fig. 11), leading to a more unstable atmosphere and
larger CAPE in the subtropical zones (Fig. 8c and d).

6 Conclusions and discussion

Based on the GPCP precipitation observations and ERA-
Interim reanalysis data, the impacts of changes in the SPV
strength on wintertime precipitation over the Northern
Hemisphere are analyzed. The CESM climate model is
also used to verify the statistical results. The CESM model
can basically capture the main features of precipitation
shown in the GPCP observations (Fig. 2). Overall, the
anomalies of wintertime precipitation over the oceans are
larger than those over the continents. The precipitation
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ences in CAPE (unit: J/kg) between R1 and R2. The differences over
the dotted regions in (¢) and (d) are statistically significant at the 90%
confidence level according to the bootstrap test

rates over the southeastern North Pacific and southern
part of North Atlantic, and Southern Europe are larger
during weak SPV events than during strong SPV events,
whereas the total precipitation rates over the central North
Pacific, the northern part of North Atlantic and Northern
Europe become smaller during weak SPV events. An inter-
esting feature is that the response of precipitation over the
North Atlantic is stronger than that over the North Pacific.
The spatial pattern of total precipitation changes over the
North Pacific associated with SPV changes resembles
that of large-scale precipitation changes, while significant
convective precipitation changes mainly occur in southern
part of North Pacific. By contrast, both the changes in
large-scale and convective precipitation rates have impor-
tant contributions to the total precipitation rate change
over the North Atlantic (Fig. 3). Overall, the convective
(large-scale) precipitation changes play a major role in the
total precipitation changes over the southern (northern)
parts of middle latitudes (Table 1).
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Fig.9 (a) Climatological mean of 300 hPa EKE (unit: m?%/s?) for the
period 1980-2017 and (c) differences (unit: m?*/s?) in 300 hPa EKE
between weak and strong SPV events based on the ERA-Interim rea-
nalysis data. (b) Climatological mean of 300 hPa EKE from R1 and

Further analysis reveals the mechanisms responsible for
precipitation changes induced by SPV changes over the
North Pacific and North Atlantic. The changes in large-scale
precipitation are closely related to large-scale circulation
changes caused by stratosphere-troposphere coupling dur-
ing anomalous SPV events. As the SPV weakens, the tropo-
spheric zonal winds around 60°N decelerate. According to
geostrophic equilibrium, negative geopotential height differ-
ences are located to the south of the weakened polar jet. As
a result, there are anomalous cyclonic flows over the North
Pacific and the North Atlantic during weak SPV events.
The anomalous southerlies in the east of the cyclonic flows
lead to larger convergence of water vapor flux and more
large-scale precipitation in the southeastern North Pacific
and Atlantic Oceans during weak SPV events. In contrast,
the anomalous northerlies in the west of the cyclonic flows
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(d) differences in 300 hPa EKE (unit: m%s?) between R1 and R2. The
differences over the dotted regions in (c¢) and (d) are statistically sig-
nificant at the 90% confidence level according to the bootstrap test

cause less precipitation over the central North Pacific and
the western Atlantic Ocean.

The precipitation changes associated with SPV changes
are larger over the North Atlantic than over the North Pacific,
which is attributed to the stronger stratosphere-troposphere
coupling over the former region. This is because there are
stronger and barotropic wave-mean flow interactions over
the North Atlantic Ocean (Figs. 6 and 7), which is consist-
ent with previous studies (e.g. Breiteig 2008; Newman and
Sardeshmukh 2008; Garfinkel et al. 2013). The wave feed-
back process over the North Atlantic is stronger than that
over the North Pacific due to differences in the configuration
of tropospheric jet core between the two oceans (Garfin-
kel et al. 2013). In the North Atlantic, there is a branch of
jet stream in the tropospheric between 40 and 50°N where
Rossby wave breaking is noticeable (Fig. 7c, d), while there
is no such a branch of tropospheric jet stream, and wave
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Fig. 10 Pressure-latitude cross sections of differences in zonal mean
(a) eddy heat flux (unit: m K/s) and (c) temperature (unit: K) between
weak and strong SPV events (color shaded) and climatological mean
of zonal mean zonal winds (contours, unit: m/s, contour interval:
5 m/s, solid and dashed lines represent positive and negative values,
respectively) for the period 1980-2017 based on the ERA-Interim

flux convergence is weak in the troposphere at high latitudes
over the North Pacific (Fig. 7a, b). Furthermore, the differ-
ent stratosphere-troposphere coupling may be also related
to ocean—atmosphere interaction mechanisms over the two
oceans (e.g. Fang and Yang 2016; Guo and Tan 2018; Chen
et al. 2020; Hu et al. 2021), which needs more research in
the future.

There is more convective precipitation over the south-
ern parts of the North Pacific and Atlantic Oceans during
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reanalysis data. (b) and (d) are the same as (a) and (c), respectively,
but for the differences between CESM R1 and R2 and climatologi-
cal mean from R1. The differences over the dotted regions are statisti-
cally significant at the 90% confidence level according to the boot-
strap test

weak SPV events (Fig. 3d), which are caused by enhanced
CAPE in the southern parts of the oceans. The more unsta-
ble atmosphere above these regions is related to larger
heat transport by baroclinic waves from lower latitudes to
higher latitudes (Fig. 10), which leads to reduced tempera-
ture and static ability in the subtropical middle and upper
troposphere. In fact, all these features are consistent with
the equatorward shifts of the subtropical jet stream and the
baroclinic zone (Fig. 6 and Fig. 9).
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