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Abstract
We revisit the various stratosphere–troposphere coupling relation from the perspective of the meridional mass circulation. 
We constructed 10-hPa northern annular mode (NAM) phase composites to show the typical spatiotemporal evolution of 
circulation anomalies during the NAM’s life cycle. Our results indicate that there is large case-to-case difference in the tem-
poral evolution and vertical profile of polar temperature anomalies during NAM events, which shows no strong dependence 
on the intensity and duration of NAM events, but agrees well with the variations of the three branches of mass circulation 
at 60°N: the stratospheric poleward warm air branch (ST), the poleward warm air branch in the upper troposphere (WB), 
and the equatorward cold air branch in the lower troposphere (CB). Such correspondence is due to the dynamic heating and 
cooling anomalies associated with the redistribution of air masses by the anomalous meridional mass circulation in differ-
ent isentropic layers. The various relationship among the three mass circulation branches is attributed to anomalous wave 
activities. The amplitude and westward tilt of waves are always stronger (weaker) throughout the stratosphere before (after) 
the peak time of negative NAM events, leading to a stronger (weaker) ST before (after) the peak time. Variations in WB and 
CB are mostly dependent on wave variabilities in the mid- to lower troposphere, leading to variations in the timing of in- or 
out-of-phase coupling of the ST with the WB and CB, and thus various thermostructure during NAM events. At a later stage 
of the negative NAM events when the polar temperature becomes colder and the polar jet recovers, the weakened baroclinic 
instability in the lower stratosphere provides favorable conditions for the strengthening of the WB and CB if wave activities 
strengthen in the troposphere during that period.

1 Introduction

The pioneering work of Thompson and Wallace (1998) and 
Baldwin and Dunkerton (1999) on the quasi-annular mode 
of atmospheric variability in the northern hemisphere win-
ter—the northern annular mode (NAM)—has had a huge 
impact on our understanding of stratosphere–troposphere 
coupling (S–T coupling). The negative (positive) phase of 
the stratospheric NAM corresponds to a weaker (stronger) 
and warmer (colder) stratospheric polar vortex with larger 
(smaller) amplitudes of wave flow surrounding the polar 
region (Kuroda 2002; Zhou et al. 2002; Limpasuvan et al. 
2004). At the Earth’s surface, the NAM is linked to the 
Arctic Oscillation/North Atlantic Oscillation (AO/NAO) 
and is characterized by the downward propagation of 
extra-tropical anomalies (Kodera and Kuroda 1990, 2000a; 
Baldwin and Dunkerton 1999, 2001; Coughlin and Tung 
2005). In this way, the NAM links the wintertime polar 
vortex oscillation in the stratosphere and connects to the 
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AO/NAO and, as a consequence, affects the weather in the 
troposphere (Rind et al. 2005; Scaife et al. 2005; Thomp-
son et al. 2005; Kolstad and Charlton-Perez 2011; Hardi-
man et al. 2012). This downward influence potentially 
leads to improved weather predictions after significant 
perturbations of the stratospheric polar vortex (Baldwin 
et al. 2003; Hardiman et al. 2011; Sigmond et al. 2013).

The most common explanation for this downward 
propagation of stratospheric perturbations is the interac-
tion between changes in the conditions for planetary wave 
propagation as a result of changes in the zonal mean flow 
(Shindell et al. 1999; Plumb and Semeniuk 2002; Holton 
2004; Limpasuvan et al. 2004, 2005). Planetary Rossby 
waves generated in the troposphere propagate upward and, 
when they grow large enough to break up and be absorbed, 
they can change the stratospheric flow. The region where 
there is the strongest interaction between the waves and the 
mean flow shifts slightly due to these changes in the basic 
state, resulting in a downward and poleward progression of 
the mean flow perturbations. A different mechanism—the 
downward reflection of wave energy by the stratosphere 
back into the troposphere—has been suggested as a mech-
anism by which the stratosphere can affect the troposphere 
(Hines 1974; Geller and Alpert 1980; Schmitz and Grieger 
1980). An observational study using new dynamic and sta-
tistical diagnostics found evidence for such a reflection in 
the upper stratosphere of the northern hemisphere, which 
exerts an impact on the structure of tropospheric waves 
of zonal wavenumber 1 (Perlwitz and Harnik 2004). The 
main basic state configuration under which the reflec-
tion of wavenumber 1 occurs is when the stratospheric jet 
peaks in the mid-stratosphere (Harnik and Lindzen 2001; 
Perlwitz and Harnik 2004).

A large case-to-case variability in the strength of the 
downward propagation of the anomaly signals is found 
after weak or strong stratospheric polar vortex events. 
Baldwin and Dunkerton (1999) noticed that not all NAM 
anomalies in the upper stratosphere propagate downward, 
even in low-pass filtered data. Some extreme stratospheric 
events induce anomalies in the AO/NAO and some do not 
(Kodera and Kuroda 2000a; Nakagawa and Yamazaki 
2006; Gerber et al. 2009). Runde et al. (2016) showed 
that no significant tropospheric response can be detected in 
about 80% of all anomalous strong and weak stratospheric 
polar vortex events. Cai and Ren (2006, 2007), Ren and 
Cai (2007) reported that the beginning of the equatorward 
propagation of the tropospheric temperature anomalies 
in high latitudes coincides with the arrival of poleward- 
and downward-propagating temperature anomalies of 
the opposite sign in the stratosphere. In other words, the 
downward propagation of isentropic temperature anoma-
lies into the troposphere is discontinuous at high latitudes.

Whether the stratospheric signals can propagate or have 
a significant impact on the troposphere and surface has been 
found to be related to the properties of the stratospheric 
perturbation (e.g., the timing of the winter season, and the 
persistence, intensity, and wave scale of the perturbation). 
Kodera and Kuroda (2000a) showed that downward propa-
gation from the stratosphere toward the troposphere tends 
to occur in late winter/spring, but not during fall/early win-
ter. Baldwin and Dunkerton (1999) showed that only those 
perturbations with a large amplitude and persistence have a 
clear signature throughout the troposphere. Numerical model 
simulations (e.g., Yoden et al. 1999; Perlwitz and Graf 2001) 
also found that the strength of the polar vortex is a key factor 
in the downward effects of the stratosphere on tropospheric 
circulation, particularly for zonal wavenumber 1. Runde 
et al. (2016) confirmed that the stratospheric perturbation 
of both weak and strong events with a significant tropo-
spheric response persists significantly longer throughout the 
stratosphere than events without a tropospheric response, 
but argued that the strength of the stratospheric perturba-
tion determines the strength of the tropospheric response to 
only a small degree. Hitchcock et al. (2013) found that the 
tropospheric impact of a weak vortex event followed by the 
temperature anomalies characteristic of the polar night jet 
oscillation events is stronger and more coherent than that of 
non-polar night jet oscillation events. Recent studies have 
emphasized the role of tropospheric eddy feedback on the 
downward propagation of stratospheric anomalies on both 
synoptic (Domeisen et al. 2013) and planetary scales (Hitch-
cock and Simpson 2014). Zhou et al. (2002), Song and Rob-
inson (2006), and Nakagawa and Yamazaki (2006) reported 
that tropospheric wave forcing is essential to produce the 
tropospheric anomalies. If the initial wave forcing from the 
troposphere is strong and persistent enough to reverse the 
polar westerlies, then the warm anomalies can descend along 
with the critical line. However, if the change in the mean 
state is not large enough to affect wave propagation, we do 
not see downward propagation. Therefore, there is still an 
open question as to the extent to which the large case-to-case 
variability in the tropospheric response is determined by the 
properties of the stratospheric perturbation, or whether this 
is due to the internal variability of the troposphere (which 
might randomly mask the response) and the state of the 
troposphere before or during the stratospheric influences.

There are various criteria to determine whether a strato-
spheric NAM event can be transmitted to the troposphere 
or surface. Most studies have selected extreme strong and 
weak NAM events, among which the extreme weak events 
always correspond to sudden warming of the stratosphere 
(SSW). Kodera and Kuroda (2000b) categorized the vertical 
structures of the AO into two types depending on whether it 
is accompanied by the downward propagation of zonal mean 
temperature anomalies from the stratosphere. Hitchcock 
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et al. (2013) classified SSW events based on whether a 
polar jet oscillation is followed, namely an extended recov-
ery phase characterized by a persistent lower stratospheric 
warm anomaly and a cold anomaly that forms in the mid- to 
upper stratosphere and then descends. Zhou et al. (2002) 
defined a propagating (non-propagating) warming event as 
one in which a temperature anomaly greater than two stand-
ard deviations at 10 hPa is followed by a temperature anom-
aly greater than 1.5 standard deviations (smaller than one 
standard deviation) at 200 hPa. Runde et al. (2016) classi-
fied stratospheric sudden warming events based on the time 
series of the detrended 90-day low-pass filtered polar geo-
potential height anomaly at each level from 30 to 700 hPa: 
if a threshold exceedance above 1.5 standard deviations fol-
lowing the stratospheric central day was found at all these 
levels, the event was classified as a stratospheric extreme 
event with a significant tropospheric response; otherwise, 
the event was classified as a non-significant tropospheric 
response event. These various definitions attempted to sepa-
rate propagating and non-propagating events, but they are 
still arbitrary—for example, they do not define the exact 
time period after the stratospheric central day on which the 
tropospheric anomalies are chosen to determine the type, nor 
the optimum tropospheric reference level.

This study aims to objectively present the diversity of 
S–T variation during stratospheric NAM events from the 
perspective of mass circulation. As shown by Johnson and 
coworkers (Gallimore and Johnson 1981; Townsend and 
Johnson 1985; Johnson 1989), the global meridional cir-
culation is essentially a Hadley-type mass circulation from 
the equator to the poles forced by both diabatic heating/
cooling and eddy-induced forcing. The global meridional 
circulation is composed of poleward mass transport in the 
upper isentropic layers (the warm air branch) and an equa-
torward mass transport in the lower isentropic layers (the 
cold air branch). In the framework of mass circulation, Yu 
et al. (2014) conducted a mass budget analysis over the polar 
region and found that when winter-mean Arctic surface pres-
sure anomalies are positive, both the cold and warm mass 
circulation branches tend to strengthen, and the variation of 
the stratospheric portion of the warm air branch leads that 
of the mass circulation branches in the troposphere, giv-
ing rise to more mass anomalies transported in, which can 
explain the mass source of the winter-mean Arctic surface 
pressure anomalies. Yu et al. (2018a, c) reported the domi-
nant role of the adiabatic mass transport across the polar 
circle in changing to the polar mass/pressure/height in the 
polar stratosphere, which is closely related with stratospheric 
NAM variability and SSW events. Yu et al. (2015a, b, c), 
Iwasaki and Mochizuki (2012), Iwasaki et al. (2014) and 
Shoji et al. (2014) showed that the timing of cold air out-
breaks in mid-latitudes are associated with the strengthening 
of the equatorward transport of a cold air mass in the lower 

troposphere via the redistribution of the polar cold air mass. 
The changes in the amount of the air mass below 270 K in 
mid-latitudes lead to changes in the surface air temperature. 
They further found that the equatorward cold air branch 
near the surface is almost synchronized with the poleward 
transport of warm air in the upper atmosphere (including 
the stratosphere) into the polar region. The meridional mass 
transport in the stratospheric layers (a portion of the warm 
branch) and the cold branch also have a significant posi-
tive correlation, though their relation is slightly weaker and 
shows some time lag as a result of the wave-filtering effect 
of the stratosphere (Cai et al. 2016). Thus investigating the 
S–T relationships in the perspective of the variabilities of the 
warm and cold branches of the meridional mass circulation 
might provide richer information and a better understanding 
of the uncertainties in the downward propagation of strato-
spheric anomalies and the associated impacts on weather.

This paper is organized as follows. Section 2 describes 
the dataset used and the methodology for calculating the 
mass circulation variables, the pressure torque and drag, the 
wave indices, the selection method for NAM events, and the 
composite method based on the phase of the life cycle of 
the NAM events (the NAM phase composites). In Sect. 3, 
we first examine the case-to-case variability of anomalies in 
the polar mean temperature and the vertical structure of the 
meridional mass circulation at the polar circle in each NAM 
event and then identify the leading types of S–T variation 
based on the variations in the stratospheric warm branch 
and the tropospheric branches of the meridional circula-
tion. Section 3 also discusses the temporal evolution of the 
temperature, mass, and adiabatic/diabatic mass circulation 
anomalies in NAM events belonging to different types of 
S–T variation. We show that the typical propagating features 
of polar temperature anomalies around NAM events (includ-
ing not only whether, but also when, the anomaly signals 
propagate to the troposphere) are due to the redistribution 
of cold and warm air mass by the various coupling combi-
nations of the meridional mass circulation branches in the 
stratosphere and troposphere. The amplitude of westward 
titling of waves responsible for the variation in the mass 
circulation and thus S–T variation are investigated in Sect. 4 
and our conclusions are presented in Sect. 5.

2  Data and methods

2.1  Data

The data used in this study include the daily surface air tem-
perature (SAT), the surface pressure (Ps), the surface meridi-
onal wind (vs), and the three-dimensional air temperature 
(T), meridional wind (v), and zonal wind (u) fields derived 
from the six-hourly ERA-Interim dataset from January 1979 
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to December 2011 (ECMWF 2012; Simmons et al. 2006; 
Dee et al. 2011). The data fields are on 1.5° × 1.5° grids 
and there are 37 pressure levels from 1000 to 1 hPa. The 
three-dimensional and surface potential temperature (θ and 
θs) fields are derived from daily fields of the SAT, T, and Ps.

2.2  Variables associated with mass circulation

We strictly followed Yu et al. (2014) (also see Pauluis et al. 
2008; Cai and Shin 2014; Yu et al. 2015b) to calculate the 
variables associated with meridional mass circulation, 
including the zonally integrated air mass (M) and its ten-
dency (dM/dt), and the adiabatic/meridional mass fluxes 
(Fad) in isentropic layers and the diabatic/vertical mass 
fluxes (Fd) across isentropic levels from the daily fields. All 
these variables are functions of latitude, potential tempera-
ture, and time. We preselected 15 potential temperature sur-
faces Θ

n
 (n = 1–15): 260, 270, 280, 290, 300, 315, 330, 350, 

370, 400, 450, 550, 650, 850, and 1200 K. All mass circula-
tion variables except Fd are defined in the 14 layers between 
the Θ

n
 and Θ

n+1 surfaces, plus two additional layers: (1) the 
surface layer, which accounts for all the mass between the 
ground and the minimum of Θ

n
 that satisfies Θ

n
> Θ

s
 ; and 

(2) the top layer, which accounts for all the air mass above 
1200 K. We use the bottom surface of each layer ( Θ

n
 for the 

layer between Θ
n
 and Θ

n+1 and Θ
s
 for the surface layer) to 

reference the variables defined in these isentropic layers. 
By contrast, the diabatic mass flux across isentropic levels 
(Fd) is defined at all Θ

n
 that satisfy Θ

n
> Θ

s
 , where Θ

s
 is the 

surface potential temperature varying with location and time 
(note that the mass flux across Θ

s
 is always zero because 

we only considered the dry air mass in this study). We then 
applied the method of Lagrangian multipliers according to 
Shin (2012) to obtain a self-consistent mass budget on a 
daily basis that roughly met the following constraints: (1) 
the mass tendency in the isentropic tube along latitude was 
equal to the adiabatic and diabatic mass flux convergence; 
(2) there was no net mass loss or gain due to adiabatic mass 
transport in a global isentropic layer; and (3) there was no 
diabatic mass flux into an atmospheric column from the sur-
face and from the top of the atmosphere (see details in Yu 
et al. 2014).

Positive (negative) values of Fd correspond to upward 
mass fluxes across the isentropic surface due to diabatic 
heating (cooling). Positive values of Fd are mainly observed 
in tropical regions and in the surface layer in the extra-trop-
ics, whereas negative values are found above the surface 
layer in the extra-tropics (see Cai and Shin 2014, Fig. 1b). 
Positive (negative) values of Fad correspond to poleward 
(equatorward) mass transport across latitude within the two 
adjacent isentropic surfaces. Negative values of Fad mainly 
appear in the lower troposphere within the equatorward 
cold air branch of the meridional mass circulation, whereas 

positive values mainly appear in the upper layers within the 
poleward warm air branch (see Cai and Shin 2014, Fig. 1a).

We next define the intensity of the stratospheric portion 
of the warm air branch (ST) at the polar circle (60°N) as 
the sum of Fad above 400 K. We define the intensity of the 
poleward warm air branch in the upper troposphere (WB) 
at 60°N as the sum of Fad from the separating level Θ

n

∗ to 
370 K. We define the intensity of the equatorward cold air 
branch in the lower troposphere (CB) at 60°N as the negative 
sum of Fad below the separating level Θ

n

∗ for that latitude. 
The level that separates the warm and cold branches at 60°N 
and at each day t is identified by searching for the isentropic 
level Θ

n

∗ , such that the vertical sum of Fad from the base to 
all Θ

n
 , Θ

n

∗ reaches its maximum negative value. The value 
of Θ

n

∗ varies from day to day, but mainly lies between 270 
and 290 K around 60°N.

In this study, we also calculated the accumulated mass 
(Maccum), which is defined as the sum of the isentropic layer 
mass above each isentropic surface. By definition, the Maccum 
at isentropic level 260 K is equal to the total air mass in 
the column, proportional to the surface pressure, while at 
other isentropic levels above 260 K, Maccum is proportional 
to the pressure there. In addition, we linearly interpolate 
the temperature fields in the pressure levels into isentropic 
levels—that is, 260, 270, 280, 290, 300, 315, 330, 350, 370, 
400, 450, 550, 650, 850, and 1200 K—for easy compari-
son with the variability of the mass circulation. Note that 
the temperature in isentropic levels is directly related to the 
pressure or the total air mass above a given level according 
to the definition of potential temperature. Thus the coupling 
or decoupling relationship between different branches of 
meridional mass circulation is expected to physically explain 
the vertical–latitudinal variations in temperature and pres-
sure/geopotential height by redistributing the layer mass.

2.3  Variables describing the wave properties

We derive two indices of wave properties related to the 
strength of the poleward mass transport into the polar strato-
sphere: the wave amplitude and the vertical westward tilt-
ing of waves along 60°N. Following Zhang et al. (2013), 
the wave amplitude index at pressure level p and time t is 
defined as the root mean square of the zonal deviations of 
geopotential height. Larger values of the wave amplitude 
index represent a higher zonal asymmetry of the geopoten-
tial height field or a larger wave amplitude, and vice versa. 
In addition, the westward tilting index is derived based 
on the effective phase difference between the temperature 
field and the geopotential field following Yu et al. (2018a) 
and Cai et al. (2014). Positive values of the westward tilt-
ing index indicate vertically westward-tilted waves—that 
is, the temperature troughs (ridges) are on the west side of 
the geopotential height troughs (ridges) and negative values 
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Fig. 1  Normalized first PC of the geopotential height at 10 hPa (black solid lines) and the NAM index at 10 hPa (black dashed lines). Values 
> 0.7 and below − 0.7 are highlighted in red and blue
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correspond to eastward-tilted waves. According to the well-
established baroclinic instability theory (e.g., Charney 1947; 
Eady 1949; Charney and Drazin 1961), only waves with a 
westward phase tilt with height are baroclinically unsta-
ble and able to grow in terms of amplitude, whereas other 
waves have to quickly decrease due to baroclinic stability. 
The westward phase tilt of a wave corresponds more to the 
growth rate of the wave amplitude than the wave amplitude 
itself. The dominant timescale of the westward tilting is 
about 2–3 weeks, much shorter that the timescale of wave 
amplitude in the stratosphere (Yu et al. 2018a).

The climatological mean vertical profile of wave ampli-
tude during the 32 winters from November 1979 to March 
2011 (Fig. S1a) is characterized by a remarkable increase 
with height. The westward tilting is positive at all pressure 
levels with a minimum of 6° around the mid-troposphere 
(Fig. S1b). The probability of the occurrence of positive val-
ues of the westward tilting index (Fig. S1c) is consistently up 
to 100% in the lower troposphere below 500 hPa, 95% in the 
stratosphere, and 87% in the mid-troposphere. These results 
clearly show that atmospheric motion in the extra-tropics is 
dominated by baroclinic waves with a westward-tilted struc-
ture throughout the atmospheric column. The weakest baro-
clinicity in the mid- and upper troposphere might be related 
to the higher occurrence of wave breaking on a synoptic 
scale (e.g., Prezerakos 1985; Michel and Rivière 2011).

2.4  NAM‑phase‑based composites

An empirical orthogonal function (EOF) was applied to the 
31-day running daily 10 hPa height anomalies poleward 
of 20°N from September to May 1979–2011. We used the 
principal component (PC) of the leading EOF pattern as 
the index to measure the oscillation of the NAM. Figure 1 
clearly shows that the index used in this study is highly con-
sistent with the daily NAM index at 10 hPa downloaded 
from http://www.nwra.com/resum es/baldw in/nam.php and 
therefore captures the features of the temporal variations in 
the NAM. Hereafter, we refer to the PC1 index as the NAM 
index.

We followed Cai and Ren (2007) and Ren and Cai 
(2007) and defined positive (negative) NAM events when 
the daily value of the NAM index was > 0.7 (< 0.7) stand-
ard deviations of the winter season NAM index. Such a 
condition for detecting NAM events is loose compared 
with that in most previous studies, allowing a larger sam-
ple size and wider range of the key features that may affect 
the downward propagation. There were 38 positive NAM 
events  (NAM+) and 40 negative NAM events  (NAM−) dur-
ing the 32-year period from 1979 to 2011 (the colored sec-
tions of the curves shown in Fig. 1). Figure 1 also shows 
that very few examples have a positive event closely fol-
lowed by a negative event and therefore we did not stitch 

the positive half-cycle of NAM events to the negative half-
cycle of NAM events, as in Cai and Ren (2007). Instead, 
to see the features in the full cycle of a NAM event, we 
brought forward the starting time of a positive (negative) 
event to the closest day when the NAM index reached a 
minimum (maximum) value before the peak time of the 
 NAM+  (NAM−) event. Similarly, we pushed the end-
time to the day when the NAM index reached a minimum 
(maximum) value after the peak time of the NAM event. 
Then each of the NAM events was normalized by its own 
peak amplitude. In a few cases, the absolute values of the 
NAM index in the beginning and at the end of the selected 
cycle could possibly exceed the peak intensity of the NAM 
event. In these cases, we excluded those periods from the 
life cycle of a positive or negative NAM event.

Note that even though the NAM variability is domi-
nated by a timescale of 3–4 months, the duration of a 
NAM event shows a large case-to-case variability. To 
fairly obtain the common spatiotemporal features of 
NAM events with different durations, we used a compos-
ite method based on the phase of the life cycle of a NAM 
event (the NAM phase composite) for easy reference. A 
similar method has been used by Cai and Ren (2007) and 
is referred to as a relative intensity based composite. First, 
we assume that the oscillation of the NAM resembles a 
cycle. For the lifecycle of  NAM+ events, centered at the 
positive peak of the NAM index, the relative amplitude of 
the normalized NAM index varies from − 1 to 1 and then 
back to − 1, similar to the cycle of the cosine function. We 
determine the phase (denoted as � ) at which cosine � was 
equal to the value of the normalized NAM index, where 
� ranges from 0 to 360°. The phase evolution of  NAM+ 
events is binned into 36 intervals and each bin covers a 
range of 10°. In the same fashion, for  NAM− events, the 
relative amplitude of the normalized NAM index varies 
from 1 to − 1 and then back to 1, similar to the cycle of the 
cosine function. The phase ( � ) can also be determined by 
cosine �equal to the value of the normalized NAM index. 
All the daily fields during the life cycles of each of the 
38  NAM+ and 40  NAM− events selected in this study can 
therefore be composited based on the phase bin they fall 
into. The NAM phase composites of the NAM index itself 
for  NAM+ and  NAM− events (Fig. 2) confirm that such 
NAM phase composite analysis can faithfully capture the 
life cycle of NAM and help us to compare or obtain com-
mon features at specific stages of the NAM cycles despite 
their differences in duration.

http://www.nwra.com/resumes/baldwin/nam.php
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3  S–T coupling variation 
during stratospheric NAM events 
from a mass circulation perspective

3.1  Case‑to‑case differences

We begin by inspecting the NAM phase composite anoma-
lies of temperature (contours) in high latitudes (60–90°N) 
and adiabatic mass flux (shading) at 60°N during each of the 
38  NAM+ (Fig. 3) and 40  NAM− events (Fig. 4). Negative 
temperature anomalies in the upper layers are found dur-
ing almost all the  NAM+ events in the phase period from 
Φ = 90

◦ to Φ = 270
◦ , with a maximum negative tempera-

ture anomaly at about Φ = 180
◦ at the isentropic level of 

550 K, consistent with the maximum positive values of the 
NAM index derived from the geopotential height at 10 hPa. 
The opposite features are found in the  NAM− events. There 
are, however, large case-to-case differences in the vertical 
structure of the polar temperature anomalies, which indicate 
propagating features. In some cases, temperature anoma-
lies of the same sign appear to propagate downward to the 
lower troposphere and surface (e.g.,  NAM+ #4,  NAM+ #5, 
 NAM+ #9,  NAM− #5, and  NAM− #29), whereas in other 
cases the temperature anomalies show a structure that is ver-
tically out of phase (e.g.,  NAM+ #1,  NAM+ #2,  NAM+ #12, 
 NAM− #1,  NAM− #8, and  NAM− #14), as reported in Cai 

and Ren (2006, 2007). The vertical structure of some of the 
temperature anomalies shows tripolar features (e.g.,  NAM+ 
#7,  NAM+ #26,  NAM− #2, and  NAM− #7). The existence 
of tripolar features suggests that even when the tempera-
ture anomalies between the stratosphere and near surface 
are in phase, there may still be temperature anomaly signals 
of the opposite sign around the mid-troposphere. This pro-
vides supporting evidence for the minimum correlation of 
the NAM index around the mid-troposphere with the strato-
spheric NAM index reported by Cai and Ren (2007).

Previous studies have suggested that the downward propa-
gation of stratospheric circulation signals may be related to 
the intensity and duration of NAM events. Table 1 lists the 
intensity and duration of the selected NAM to determine 
whether there is a robust dependence of the vertical struc-
ture of the temperature anomalies on these two parameters. 
Here, for a  NAM−  (NAM+) event, the intensity is defined 
as the negative (positive) peak value during the event, 
whereas the duration is defined as the time period when the 
NAM index is above (below) 0.7 (− 0.7) standard devia-
tion. Unexpectedly, we did not find a strong correspond-
ence between the intensity and duration of the NAM events 
and the downward propagation of the temperature anoma-
lies in the polar regions into the lower troposphere or even 
the Earth’s surface. For instance, during events of relatively 
large intensity and long duration (e.g.,  NAM+ #1, 2, 12, 
and 27 and  NAM− #8 and 23), the temperature anomalies 
did not propagate down to the surface. By contrast, during 
relatively weak and short-lived events (e.g.,  NAM+ #4, 8, 
and 9 and  NAM− #5), the temperature anomalies propagate 
downward and, even during very weak events (e.g.,  NAM+ 
#7,  NAM− #24 and 32), the temperature anomalies show an 
in-phase relationship between the stratosphere and the near 
surface despite an interruption in the mid-troposphere. In 
addition to the variety in the vertical structure of tempera-
ture anomalies associated with NAM events, the timing (or 
the phase of the NAM life cycle) of the occurrence of the 
in-phase, out-of-phase, or tripolar vertical structure of tem-
perature anomalies also varies from case to case.

It is noteworthy that all these various temporal and verti-
cal patterns of temperature anomalies are found in accord-
ance with the diverse relationship between the stratospheric 
sub-branch of the warm air branch, the tropospheric sub-
branch of the warm air branch, and the cold air branch of 
the meridional mass circulation at 60°N during the period 
slightly in advance (see shading in Figs. 3, 4). The stronger 
(weaker) stratospheric branch (indicated by positive (nega-
tive) anomalies of Fad in isentropic layers above 350 K), the 
tropospheric warm branch (indicated by positive (negative) 
anomalies of Fad in isentropic layers around 290–350 K), 
and the tropospheric cold branch (indicated by nega-
tive (positive) anomalies of Fad in isentropic layers below 
about 290 K) are always followed by positive (negative) 

(a)

(b)

Fig. 2  Composite NAM cycle: a 38 positive events and b 40 negative 
events. The red and blue curves show the mean results. The ordinate 
represents the NAM phase composite NAM index and the abscissa is 
the timeline in unit of phase for the composite NAM event
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Table 1  Peak time, peak value, and duration (units: days) of positive and negative NAM events included in this study

Case no. NAM+ event

Peak time Peak value Duration of 
NAM > 0.7

Case no. Peak time Peak value Duration of 
NAM > 0.7

1 1980/01/30 2.10 53 21 1995/03/06 1.71 29
2 1981/01/04 2.45 61 22 1996/02/08 1.01 88
3 1981/04/16 0.73 13 23 1997/03/12 3.25 101
4 1982/03/13 1.04 23 24 1999/02/05 1.17 15
5 1983/01/05 1.25 76 25 2000/01/16 2.18 85
6 1984/02/02 2.32 53 26 2001/04/14 1.19 39
7 1985/03/02 0.74 5 27 2002/04/25 0.76 9
8 1985/12/14 0.87 19 28 2004/04/03 1.67 50
9 1986/02/18 1.29 29 29 2005/02/02 2.39 81
10 1986/12/06 0.82 13 30 2006/04/12 1.39 65
11 1987/04/08 0.85 29 31 2006/12/04 0.81 10
12 1988/02/09 3.20 50 32 2007/02/04 0.74 5
13 1989/01/25 2.52 56 33 2007/04/01 1.22 26
14 1990/01/11 1.54 42 34 2007/12/28 1.19 35
15 1990/03/25 1.57 61 35 2009/01/04 1.19 14
16 1990/11/26 1.05 41 36 2009/04/14 1.60 52
17 1991/12/10 0.92 34 37 2010/01/06 0.84 8
18 1993/01/27 2.00 61 38 2011/03/05 3.07 66
19 1994/02/22 1.75 46
20 1994/12/16 1.24 33

Case no. NAM− event

Peak time Peak value Duration of 
NAM < − 0.7

Case no. Peak time Peak value Duration of 
NAM < − 0.7

1 1979/11/21 − 0.97 24 21 1995/02/02 − 1.86 26
2 1980/03/15 − 1.83 46 22 1996/04/12 − 0.86 26
3 1981/02/19 − 1.17 28 23 1996/12/04 − 1.77 45
4 1981/11/28 − 0.83 15 24 1997/05/16 − 0.81 11
5 1982/02/02 − 0.71 4 25 1998/01/03 − 2.38 45
6 1982/04/20 − 1.26 39 26 1998/12/27 − 2.92 44
7 1983/03/12 − 1.29 40 27 1999/03/10 − 2.19 34
8 1984/03/09 − 2.55 42 28 2000/12/16 − 1.78 30
9 1985/01/13 − 3.44 54 29 2001/02/17 − 2.48 41
10 1985/04/01 − 1.08 23 30 2002/01/07 − 3.02 82
11 1986/03/31 − 1.75 36 31 2003/01/15 − 1.64 41
12 1987/02/03 − 3.53 56 32 2003/05/01 − 0.85 12
13 1987/11/14 − 3.27 55 33 2004/01/06 − 3.61 64
14 1988/03/25 − 1.35 30 34 2005/03/26 − 1.48 36
15 1989/03/06 − 2.61 42 35 2006/01/24 − 3.34 59
16 1991/02/05 − 1.52 32 36 2008/03/05 − 1.61 42
17 1992/01/26 − 1.51 33 37 2009/02/06 − 3.95 45
18 1992/04/04 − 1.15 25 38 2009/11/22 − 1.28 39
19 1994/01/02 − 1.60 34 39 2010/02/10 − 2.65 47
20 1994/04/18 − 1.29 30 40 2011/04/22 − 1.60 34
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temperature anomalies (shading) in the stratospheric lay-
ers, in the upper troposphere, and in the lower troposphere, 
respectively. We suggest that the large case-to-case variabil-
ity of the vertical structure of the temperature anomalies 
during NAM events might be determined by the diverse 
relationship between the three sub-branches of the meridi-
onal mass circulation via the adiabatic transport of warm 
and cold air masses into and out of the polar region. This 
sharpens our insights into the intensity of the meridional 
mass circulation at 60°N when considering the downward 
propagation problem.

3.2  Several leading types of stratosphere–
troposphere coupling during stratospheric NAM 
events

3.2.1  Coupling between the stratospheric warm branch 
and the tropospheric warm and cold branches 
of the meridional mass circulation

With the case-to-case observational results as a guide, we 
attempt to classify NAM events based on the relationships 
among ST, WB, and CB of the meridional mass circulation. 
To extract the dominant temporal evolution of the meridional 

mass circulation, we use EOF analysis and multi-variable 
EOF (MV-EOF) analysis (Wang 1992) on the NAM phase 
composite mean of the 15-day running mean intensity of the 
three branches during NAM events. Because the intensities 
of the WB and CB show a nearly perfect positive correlation 
and tend to be dominated by a much shorter timescale than 
the ST, we conduct a multi-variable EOF analysis on the WB 
and CB intensity anomalies, but a separate EOF analysis on 
the ST intensity anomalies during NAM events.

Figure 5 shows the EOF analysis results for the ST inten-
sity anomalies. The first EOF pattern of the ST intensity 
(ST_EOF 1) accounts for > 55% of the total variance, which 
represents a temporal evolution from positive values before 
phase 210° to negative values afterwards, with a maximum 
value around phase 120°. The principal components of the 
ST_EOF 1 (ST_PC 1) are all negative for the 38  NAM+ 
events (Fig. 5d) and positive for almost all the  NAM− events, 
except #7 and #17 (Fig. 5e). The pronounced polarity prefer-
ence of the temporal evolution pattern indicated by ST_EOF 
1 shows that it is the sum of the accumulative effects of 
stronger (weaker) meridional mass transport into the polar 
stratosphere over a relatively long period. This mass trans-
port tends to determine the increase (decrease) in air mass 
in the polar stratosphere and leads to more (less) warm air 

(a) (b) (c)

(d)

(e)

Fig. 5  a–c First three EOF patterns of the NAM phase composite means of the 15-day running mean anomalies of the ST intensity (normalized) 
during all NAM events and the three PCs for d  NAM+ events and e  NAM− events
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mass in the polar stratosphere, and thus higher (lower) pres-
sures and temperatures, during negative (positive) NAM 
events. This agrees well with the 90° lead–lag relationship 
between the adiabatic mass transport and the variability in 
NAM shown by Yu et al. (2018a). The ST_EOF 2 accounts 
for 18.3% of the total variance, much smaller than that of 
ST_EOF 1, and according to the temporal evolution rep-
resented by ST_EOF 2, the role of this mode could be to 
slightly modify the ST intensity at the beginning and end 
of the NAM event. The ST_EOF 3 explains even smaller 
variance, and the variations in ST_EOF 3 is expected to 
slightly modify the ST intensity and the peak time of the ST 
intensity anomaly with respect to the NAM peak. The first 
four MV-EOF modes of co-variations of the intensities of 
the tropospheric warm and cold branches (WB&CB), how-
ever, show a more evenly distributed explained variance. 
The leading MV-EOF pattern (WBCB_EOF 1) represents 
the temporal evolution of the WB and CB intensities of 
the same sign during the entire lifecycle, with larger val-
ues from phase 120° to phase 240° and a maximum value 
around phase 180°. The WBCB_EOF 2 shows peak values 
of one sign around phase 210° (immediately after the peak 
time of the NAM event) and values of the opposite sign in 
the earlier and later periods of the NAM cycle. The temporal 
evolution represented by the WBCB_EOF 3 is featured by a 
sign reversal of the WB&CB intensity anomaly around the 
peak time of NAM events. WBCB_EOF 4 represents a more 
rapid temporal evolution of WB&CB intensity anomalies 
that are negative before phase 90°, but positive from phase 
90° to phase 180° and then back to negative from phase 
180° to phase 270°. The ST_PC 1 shows uniformly nega-
tive values in  NAM+, but positive values in  NAM− events, 
whereas the PCs of WBCB_EOF 1–4 show little preference 
for or against the NAM polarity (Fig. 6e, f). This confirms 
the large variations in the relationship between the variations 
of the stratospheric branch of the meridional mass circula-
tion and the tropospheric branches, which probably accounts 
for the diverse relationships of the temperature anomalies 
between the stratosphere and troposphere during NAM 
events, as partially seen from case to case in Figs. 3 and 4.

Table 2 shows the classification of positive and negative 
NAM events based on the dominant temporal evolution of 
the ST and the tropospheric WB&CB. We first divide all 
the selected NAM events into two groups based on whether 
the temporal evolution pattern represented by the ST_EOF 
1 is dominant. For  NAM+ events, if the ST_EOF 1 is nega-
tive and its absolute value exceeds one-quarter of the square 
root of the total variance of the ST intensity, then we con-
sider it as ST_EOF  1− dominant; otherwise, ST_EOF  1− not 
dominant. Similarly, for the  NAM− events, if the ST_EOF 
1 is positive and its absolute value exceeds one-quarter of 
the square root of the total variance of the ST intensity, we 
consider it as ST_EOF  1+ dominant; otherwise, ST_EOF 

 1+ not dominant. This study focuses on the NAM events 
where ST_EOF 1 is dominant by excluding  NAM+ events 
belonging to the type ST_EOF  1− not dominant (four events 
in total) and the  NAM− events belonging to type ST_EOF  1+ 
not dominant (seven events in total). We group the remaining 
34  NAM+ events and 33  NAM− events into eight categories 
according to the dominant pattern of the WB&CB intensity. 
For example, we define the events with the PC of WBCB_
EOF 1 exceeding (below) + 0.7 (− 0.7) standard deviation 
as type WBCB_EOF  1+ (WBCB_EOF  1−) events. A similar 
definition is applied to other types of event.

The composite anomaly fields for  NAM− events domi-
nated by ST_EOF  1+ belonging to type WBCB_EOF n+ 
and  NAM+ events dominated by ST_EOF  1− belonging to 
type WBCB_EOF n− are almost opposite (where n = 1–4). 
The composites for  NAM− events dominated by ST_EOF 
 1+ belonging to WBCB_EOF n− and  NAM+ events domi-
nated by ST_EOF  1− belonging to WBCB_EOF n+ are 
also almost opposite. Thus in later sections we only pre-
sent the difference in the NAM phase composite anomaly 
fields:  NAM− events dominated by ST_PC  1+ belonging to 
WBCB_EOF n+ minus  NAM+ events dominated by ST_
EOF  1− belonging to WBCB_EOF n−; and  NAM− events 
dominated by ST_EOF  1+ belonging to WBCB_EOF 
n− minus  NAM+ events dominated by ST_EOF  1− belonging 
to WBCB_EOF n+. The difference in the composite fields 
represents a highlighted anomaly pattern in  NAM− events 
and the opposite pattern can be expected for  NAM+ events. 
We can consider only eight types of S–T variation in 
view of the difference between  NAM− and  NAM+ events 
(ST_EOF 1 dominant) in total:  NAM−_WBCB_EOF 
n+/NAM+_WBCB_EOF n− and  NAM−_WBCB_EOF 
n−/NAM+_WBCB_EOF n+ (where n = 1–4). In the later 
sections, our discussion will be mainly from the standpoint 
of  NAM− events. These leading types of S–T variation 
classified based on the in-phase/out-of-phase relationship 
of the leading EOF modes of the temporal evolution of the 
WB&CB intensity anomaly with those of the ST intensity 
anomaly during the life cycle of NAM can well capture the 
main coupling situations of the three sub-branches of the 
meridional mass circulation at the polar circle. Such a clas-
sification method is expected to provide a clearer picture 
of the resultant variations of the vertical propagation of the 
polar mean temperature anomalies.

3.2.2  Downward propagation

Figure 7 shows the vertical-phase evolution patterns of the 
15-day running mean composite anomalies of temperature 
over the polar region (60–90°N) and the meridional mass 
flux across 60°N (Fad) for each of the eight S–T variation 
types. Next we take a close look at the S–T variations and 
downward propagation features for each type of NAM event.
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The  NAM−_WBCB_EOF  1+ minus  NAM+_WBCB_EOF 
 1− composites show that for  NAM− events with anomalously 
strong ST_EOF 1 and WBCB_EOF1 modes, the strengthen-
ing of the stratospheric cell of the mass circulation is fol-
lowed immediately by the strengthening of the tropospheric 
cell. This is consistent with the robust in-phase relationship 

between the composite Fad anomalies in the stratospheric 
levels above 370 K and those in the upper troposphere (the 
isentropic layer between 280 and 330 K) as well as the 
robust out-of-phase relationship between Fad in the strato-
spheric levels and that in the lower troposphere (the isen-
tropic layer below 280 K) from phase 60° to phase 240° 

(a) (b)

(c)

(e)

(f)

(d)

Fig. 6  a–d First four MV-EOF patterns of the NAM phase composite means of the 15-day running mean anomalies of the WB intensity (nor-
malized, red) and the CB intensity (normalized, blue) indices during all NAM events and the four PCs for e  NAM+ events and f  NAM− events
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(Fig. 7a, left-hand panel). The corresponding temperature 
anomalies (Fig. 7a, right-hand panel) show a vertically in-
phase pattern appearing to propagate continuously from 
the stratosphere into the lower troposphere. However, this 
downward propagation of temperature anomalies is not a 
real propagation, but a result of the redistribution of the 
warm and cold air masses by the coupled mass circulation 
branches. The strengthened poleward branch in the upper 
isentropic layers transports more warm air into the polar 
region and is responsible for the higher temperature there, 
whereas the strengthened equatorward branch in the lower 
isentropic layers transports more polar cold air into the 
lower latitudes, thus warming the lower tropospheric polar 
region. By contrast, during  NAM− events belonging to type 
WBCB_EOF  1− (i.e., when the ST_EOF 1 is anomalously 
strong, but the WBCB_EOF 1 is anomalously weak), the 
strengthened stratospheric cell is accompanied by a weak-
ened tropospheric cell. As a result of the decoupling of the 
stratospheric and tropospheric cells, the propagation of tem-
perature anomalies appears to be intercepted by statistically 
insignificant negative anomalies in the layer between 300 K 
and the near surface (Fig. 7b).

For WBCB_EOF  2+ type  NAM− events (Fig. 7c), the 
tropospheric cell of mass circulation is stronger during the 
negative phase of NAM (from phase 120° to phase 240°), 
slightly lagging the stronger stratospheric cell. As a result, 
the tropospheric temperature anomalies are positive imme-
diately after the peak time, but negative in the earlier stage 

of the  NAM− events. Together with the unchanged temporal 
evolution of temperature anomalies in the stratosphere (i.e., 
the stronger stratospheric branch before and during the peak 
time of  NAM− events), the vertical structure of temperature 
anomalies during type WBCB_EOF  2+  NAM− events also 
shows a seemingly continuous downward propagation of 
positive temperature anomalies. Positive temperature anom-
alies reach the surface from phase 180° to phase 300°, more 
than a quarter cycle of the NAM after the first occurrence 
of statistically significant positive temperature anomalies in 
the upper stratosphere around phase 60°. An almost oppo-
site spatiotemporal pattern of temperature anomalies can be 
seen in the mid- to lower troposphere during WBCB_EOF 
2 type  NAM− events (Fig. 7d). Thus a failure of the down-
ward propagation of temperature anomalies into the lower 
troposphere can be observed.

During WBCB_EOF  3+ type  NAM− events, the trop-
ospheric cell of mass circulation is stronger before the 
peak dates of  NAM− events, but weaker afterwards. Such 
a temporal variation in tropospheric cell intensity is con-
sistent with the variation in the stratospheric cell intensity, 
except that the positive peak time of the WB&CB intensity 
leads that of the ST intensity, whereas the negative peak 
time of the WB&CB intensity lags that of the ST intensity. 
Therefore statistically significantly positive temperature 
anomalies appear throughout the total column around the 
peak dates from phase 90° to phase 210°, indicating a 
simultaneous coupling of the stratosphere and troposphere 

Table 2  Classification of positive and negative NAM events based on the dominant temporal evolution of the NAM phase composite intensity 
anomalies of the stratospheric branch (ST) and the tropospheric warm and cold branches (WB&CB) of the meridional mass circulation at 60ºN

NAM ST WB&CB Case no. Total num-
ber of events

NAM+ ST_EOF  1− dominant WBCB_EOF  1+ 1, 2, 4, 6, 10, 12, 14, 20, 33, 37 10
WBCB_EOF  1− 15, 16, 18, 25, 26, 27, 35, 36, 38 9
WBCB_EOF  2+ 1, 2, 6, 13, 17, 23, 24, 26, 30, 32, 34, 36 12
WBCB_EOF  2− 3, 9, 16, 29, 35, 37 6
WBCB_EOF  3+ 3, 4, 7, 12, 13, 17, 18, 32 8
WBCB_EOF  3− 1, 6, 10, 19, 21, 23, 24, 26, 27, 29, 33, 35, 36, 37 14
WBCB_EOF  4+ 7, 9, 19, 24, 33, 36 6
WBCB_EOF  4− 2, 3, 10, 13, 14, 18, 21, 23, 35, 37 10

ST_EOF  1− not dominant All 8, 17, 28, 31 4
NAM− ST_EOF  1+ dominant WBCB_EOF  1+ 2, 5, 9, 25, 27, 38, 39 7

WBCB_EOF  1− 14, 18, 23, 29, 30, 33, 37 7
WBCB_EOF  2+ 3, 20, 21, 25, 33, 35 6
WBCB_EOF  2− 1, 8, 12, 13, 14, 30, 39 7
WBCB_EOF  3+ 2, 21, 22, 23, 25, 26, 29, 30, 32, 34, 37 11
WBCB_EOF  3− 3, 10, 16, 33, 38 5
WBCB_EOF  4+ 1, 9, 14, 19, 25, 30, 39 7
WBCB_EOF  4− 2, 3, 12, 15, 18, 29, 33, 35, 38 9

ST_EOF  1+ not dominant All 7, 16, 17, 28, 31, 36, 40 7
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in terms of temperature anomalies. The composite mean 
temperature anomalies become negative after phase 210° 
at levels below 300 K, which is followed by negative 
temperature anomalies at lower stratospheric levels after 
phase 300°. For WBCB_EOF  3+  NAM− events, the sig-
nificantly stronger tropospheric cell of meridional mass 
circulation in the period after phase 240° is immediately 
after the positive Fad anomalies originating in the upper 

stratosphere, thus even though the temperature anomalies 
show a vertically out-of-phase pattern around the peak 
time of  NAM− events, we still observe a seemingly contin-
uous vertical propagation of positive temperature anoma-
lies. This is similar to that in WBCB_EOF  2+ type events, 
except that the lag time of the surface signal with respect 
to the upper stratospheric signal is even longer.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 7  Vertical phase cross-section diagrams of the 15-day running 
mean composite anomalies of adiabatic mass flux at 60°N (units: 
 109  kg/s, shadings) and mass 60–90°N (units:  1014  kg, contours) 
in the left-hand panels and temperature (units: K, shadings) and 

accumulated mass (60–90°N, units:  1014  kg, contours) in the right-
hand  panels  for each of the eight stratospheric–tropospheric varia-
tion situations. Composites > 90% confidence level are hatched in the 
shading and thickened on the contours
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For  NAM− events belonging to the type WBCB_EOF  4+, 
the tropospheric mass cell shows a variation on a shorter 
timescale: the tropospheric cell is significantly stronger in 
the phase period 90–180°, but weaker in the phase periods 
before 90° and 180–270°. The stronger tropospheric cell in 
period 90–180° is accompanied by a stronger stratospheric 
cell. Correspondingly, the temperature anomalies seem to 
be more vertically uniform, as if the temperature anomaly 
signal propagates rapidly down to the surface around the 
peak dates of  NAM− events. During WBCB_EOF  4− type 
 NAM− events, positive temperature anomalies in the mid- 
to lower troposphere are found in two periods—one before 
phase 120° and the other after phase 210°—corresponding 
to the strengthening period of the tropospheric cell, whereas 
negative temperature anomalies are found in between. Thus 
the out-of-phase pattern of temperature anomalies can be 
found in a short period before the peak time of  NAM− events 
(phase 120° to phase 180°), but the temperature anomalies 
still appear to propagate downward at a rate slower than in 
type WBCB_EOF  2+ events, but quicker than in WBCB_
EOF  3− type events.

The close relationship between temperature anomalies 
and the intensity of the meridional mass fluxes can also 
be explained by the mass budget over the polar region. 
The changes in air mass in a specific layer are due to the 
meridional (adiabatic) mass transport into the polar region 
and the vertical (diabatic) mass transport across isentropic 
surfaces. Meridional mass transport plays a dominant part 
in changes in mass because the isentropic mass anomalies 
(contours, Fig. 7, left-hand panels) are largely of the same 
sign as the meridional mass flux anomalies (shading, Fig. 7, 
left-hand panels) at some time lags and this is confirmed 
by examining the diabatic mass changes (see Supplemen-
tary Material). In isentropic coordinates, the temperature 
at each isentropic level is directly related to the isentropic 
pressure, which corresponds to the total air mass stacked 
over this isentropic surface. This is confirmed by the almost 
identical distribution of the accumulated mass anomalies 
above each isentropic surface (contours, Fig. 7, right-hand 
panels) and the isentropic temperature anomalies linearly 
interpolated into the same isentropic level (shading, Fig. 7, 
right-hand panels), except the lowest level below 260 K 
where the accumulated mass is the total mass above sur-
face while temperature is a linear interpolation at isentropic 
level 250 K. The temperature anomaly signal cannot reach 
the lower troposphere and surface in some types of NAM 
events, but can propagate to the mid- and upper troposphere. 
Such propagating features cannot be seen in the isentropic 
layer mass, which always shows a tripolar pattern with clear 
boundaries, one separating the stratospheric mass (around 
370 K) from the tropospheric mass and the other separat-
ing the warm and cold branches (around 280 K). Based on 
the relationships among the mass, accumulated mass, and 

isentropic temperature, the fact that the lowest level that the 
temperature can propagate to is lower than the tropopause is 
mainly due to the vertically accumulative effects of the air 
mass above each isentropic level.

Another interesting point being made here is that regard-
less of S–T relation types, the surface pressure, which is 
proportional to the total air mass above surface indicated by 
the accumulated mass above the level below 260 K, tends to 
be in-phase with the mass anomaly in the mid-lower strato-
sphere in the period around and slightly after NAM peak. 
This again confirms the important role of stratospheric NAM 
signal, related with accumulated mass anomaly above tropo-
pause, in determining the surface polar pressure related with 
surface NAM or AO, as at the interannual timescale reported 
by Yu et al. (2014). However, the surface pressure anom-
aly is not always consistent with the temperature anomaly, 
which highly depends on the CB intensity. This provides 
hints for the uncertainty of the correspondence between 
negative phase of AO and individual polar warming/mid-
latitude cooling events (Thompson and Wallace 1998; Yu 
et al. 2015c).

Figure 8 summarizes the key features of the various 
anomaly fields—including the meridional mass flux, the 
tendency of layer mass, the accumulative mass, and tem-
perature—for the S–T in-phase and out-of-phase scenarios 
during  NAM+ and  NAM− events. These results provide clear 
evidence for the high correspondence between the specific 
S–T variation types in terms of the meridional mass circula-
tion and the propagating features of temperature anomalies. 
The following puzzles about the downward propagation of 
polar stratospheric anomalies can be solved by understand-
ing the various relationships between the stratospheric and 
tropospheric cells of the meridional mass circulation dur-
ing the life cycle of NAM events. The puzzles are: can the 
stratospheric temperature anomalies propagate downward 
to the lower troposphere and surface; how fast is the appar-
ent downward propagation; and is there a clear tropospheric 
signal at any specific time around the peak time of NAM 
events?

4  Wave activity corresponding to the mass 
circulation and S–T variation

The question still remains: what causes the variabilities in 
the three sub-branches of the meridional mass circulation 
in the extra-tropics? Johnson (1989) and subsequent studies 
(e.g., Cai and Shin 2014) implied that the main driving force 
of the meridional mass circulation in the extra-tropics is the 
amplifying baroclinic waves. They built a conceptual model 
(Johnson 1989, Fig. 10) with two isentropic layers—a lower 
layer and an upper layer separated by a isentropic surface—
to explain the role of the amplifying baroclinic waves in 
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driving the meridional mass circulation in the extra-tropics. 
For westward-tilted unstable baroclinic waves, the longitu-
dinal bands with northerly (southerly) winds correspond to 
those with a warm (cold) potential temperature, represented 
by a descending (lifting) of the isentropic surface below. In 
the upper isentropic layer, more warm air mass is transported 
northward by the southerly winds in front of troughs (behind 
ridges) than that transported southward by the northerly 
wind behind troughs (in front of ridges), and vice versa for 
the lower layer, leading to the net poleward mass transport 
in the upper layer and net equatorward mass transport in 
the lower layer. In light of Johnson’s simple model for the 
mechanism of the formation of mass circulation in the extra-
tropics, there are two factors that affect the intensity of the 
meridional mass circulation in the extra-tropics. One is the 
westward tilting of the planetary waves, which contributes 
to the asymmetry between the amount of air mass ahead 
troughs (behind ridges) in a given isentropic layer and the 
other is the mean amplitude of the waves along a latitudinal 
band, which determines the meridional wind velocity that 
transports the air mass poleward or equatorward. Focusing 
on the three sub-branches of meridional mass circulation 

of interest, it is expected that a larger westward tilting near 
the tropopause would lead to a greater amount of air mass 
being transported poleward into the stratosphere, but more 
air mass transported equatorward in the upper troposphere, 
which strengthens the ST, but weakens the WB. Around the 
middle and lower troposphere, larger westward tilting leads 
to a greater air mass transported into the upper troposphere, 
but more air transported equatorward in the lower tropo-
sphere, strengthening both the WB and CB. Such impact 
of westward tilting on the changes in intensity of the three 
branches is stronger when it is accompanied by a larger 
wave amplitude. In this section, we examine the temporal 
evolution of the wave amplitude and westward tilting angle 
to confirm this conjecture and present a clearer picture of 
how anomalous wave activities relate to the variability of 
the stratospheric branch and the tropospheric warm and cold 
branches of the meridional mass circulation, and thus also 
other variables such as mass and temperature for different 
types of S–T variation.

Figure 9 shows the temporal evolution of the NAM phase 
composites of the 15-day running mean anomalies of wave 
amplitude and westward tilting at isobaric levels in each type 

Fig. 8  Schematic diagram showing the key features of the various 
anomaly fields for the stratospheric–tropospheric in-phase and out-
of-phase situations during  NAM− and  NAM+ events. Anomaly fields 
include the meridional mass flux (Fad) at 60°N, the tendency of layer 
mass over polar region (dM/dt) which is dominated by the Fad at 
60°N according the mass budget analysis over the polar region, and 
the subsequent layer mass (M), accumulative mass (Maccum) above the 

isentropic level and the polar mean isentropic temperature (dT/dt) at 
isentropic level. The operator ()′ indicates the anomaly of the vari-
able. The box with a dashed frame indicates uncertainties of the sign 
of dT/dt anomaly, but its color denotes the sign of Maccum anomaly 
near surface (corresponding to surface pressure anomaly), which 
tends to be the same as the sign of the Maccum anomaly above strato-
spheric levels but opposite to the phase of stratospheric NAM



5158 Y. Yu, R. Ren 

1 3

(a) (b)

(c) (d)

(e) (f)

(g) (h)



5159Understanding the variation of stratosphere–troposphere coupling during stratospheric…

1 3

of S–T variation. Two major common features of anomalous 
wave activities can be found for almost all S–T variation 
types. First, at stratospheric levels above 200 hPa, both the 
wave amplitude and westward tilting anomalies are gener-
ally positive before the  NAM− peak, but become negative 
afterwards. The timescale of the westward tilting anomaly 
is slightly shorter. Both the wave amplitude and westward 
tilting anomalies in the stratospheric levels exhibit a down-
ward-propagating feature. A comparison of Fig. 9 with 
Fig. 7 shows that the downward propagation of the vertical 
local maxima of the positive westward tilting anomalies is 
in step with the propagation of positive Fad anomalies in the 
stratosphere. This confirms that the westward-tilted waves 
always drive a local meridional mass circulation by caus-
ing net poleward mass transport above a specific isentropic 
level, but equatorward transport below. The second common 
feature of the composite anomaly patterns of wave ampli-
tude and westward tilting can be seen in the troposphere at 
the early stage of  NAM− events (before phase 120°). There 
are always positive wave amplitude anomalies from the 
lower troposphere to the stratosphere, indicating stronger 
wave activities throughout the total column, whereas large 
positive westward tilting anomalies are found in the lower 
troposphere. Negative temperature anomalies are present in 
the lower and mid-stratosphere (Fig. 7, right-hand panels), 
equivalent to a stronger circumpolar westerly circulation. 
These are favorable conditions for the upward propagation of 
Rossby waves. This confirms the findings of previous stud-
ies on S–T variation (e.g., Ting and Held 1990; Scinocca 
and Haynes 1998), which showed that it is always vari-
abilities within the troposphere—including the variability 
in Eurasian snow cover, the El Niño–Southern Oscillation, 
and atmospheric blocking (Kuroda and Kodera 1999; Cohen 
et al. 2001, 2002, 2007; Garfinkel et al. 2010; Kolstad and 
Charlton-Perez 2011)—that trigger the planetary waves in 
the first place before the anomalous stratospheric events 
leading to the possible downward impact on the troposphere.

In addition to the common features in the early stage of 
NAM events, the anomalous wave activities in the tropo-
sphere show a high degree of diversity. The timing of the 
sign reversal of the wave amplitude and westward tilting 
anomalies is different among different types of NAM events. 
Depending on whether a second round of stronger wave 
activities occur in the lower troposphere and near surface 
around of the peak time of  NAM− events (i.e., in addition 
to the first round before phase 120° mentioned above), the 

eight S–T variation types can be roughly divided into two 
groups. For  NAM− events belonging to types WBCB_EOF 
n+ (n = 1–4) plotted in Fig. 8a, c, e, g, we can see near 
surface a local maximum in the vertical or at least posi-
tive westward tilting anomalies, together with positive 
wave amplitude anomalies throughout the total column 
around the peak time. Specifically, after phase 120°, posi-
tive westward tilting anomalies can still be found around 
phase 120°–190° for the WBCB_EOF  1+, 120°–230° for 
the WBCB_EOF  2+ (with a maximum around phase 180°), 
120°–180° for the WBCB_EOF  3+, and 120°–190° for the 
WBCB_EOF  4+ type anomalies. As illustrated in the sche-
matic figure Fig. 10a, that contributes to a stronger pole-
ward WB in the upper troposphere and equatorward CB 
near the surface around the peak time of  NAM−, in phase 
with the stronger ST in the same period. Such coupling of 
the ST with WB&CB dominantly leads to the seemingly 
rapid downward propagation of temperature anomalies in 
the polar region (shadings, Fig. 7a, c, e, g, right-hand pan-
els). For the  NAM− events belonging to types WBCB_EOF 
n− (n = 1–4) plotted in Fig. 9b, d, f, h, statistically significant 
negative westward tilting anomalies are found in the lower 
troposphere during phase 150°–290° for WBCB_EOF  1−, 
150°–250° for WBCB_EOF  2−,180°–270° for WBCB_EOF 
 3−. For WBCB_EOF  4−, the westward tilting anomalies are 
also negative in the tropospheric levels since phase 130°, 
though not statistically significant from phase 130°–240°. 
As illustrated in the schematic figure Fig. 10b, the negative 
maxima of westward tilting anomalies near the surface lead 
to a weaker poleward WB and a weaker equatorward CB in 
the troposphere around the  NAM− peak, decoupled with the 
stronger ST. As a result, the temperature anomalies show an 
out-of-phase structure around the  NAM− peak for this group 
(Fig. 7b, d, f, h, right-hand panels). These results show that 
during the life cycle of a stratospheric NAM event, the tim-
ing of the stronger WB and CB, which make up the tropo-
spheric mass cell, is highly dependent on the variability of 
the tropospheric wave itself, especially the westward tilting 
of waves in the lower troposphere. Although stronger waves 
in the stratosphere are always found before the  NAM− peak, 
it is the diverse tropospheric wave variability that leads to 
the coupling and decoupling of ST with WB&CB and, as a 
consequence, the seemingly downward propagation or non-
propagation of temperature anomalies from the stratosphere 
to the troposphere in the polar region.

It is interesting to see that at the later stage of the 
 NAM− events (after phase 210°), specifically around 
phase 270° for type WBCB_EOF  4+ (Fig. 9g), 300° for 
type WBCB_EOF  2− (Fig.  9d), and type WBCB_EOF 
 3− (Fig. 9f), 220° for type WBCB_EOF  4− (Fig. 9h), when 
the wave amplitude is slightly weak and westward tilting 
anomaly does not show positive values as large as that in 
the early stage of  NAM− events or even shows close-to-zero 

Fig. 9  Vertical phase cross-section diagrams of the 15-day running 
mean composite anomalies of wave amplitude (units: m, left-hand 
panels) and westward tilting of waves (units: degree, contours) at 
60°N. Composites > 90% confidence level are hatched in the shading. 
In order to see the tropospheric levels clearly, we have redrawn the 
levels below 200 hPa with a wider vertical interval

◂
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negative values, the tropospheric cell of mass circulation is 
still statistically significantly stronger (left panels in Fig. 7), 
leading to positive temperature anomalies at tropospheric 
levels (right panels in Fig. 7). This could be explained by 
the following discussion on the possible impact of the vari-
ability of stratospheric waves on the tropospheric sub-cell 
of the meridional mass circulation and schematically illus-
trated by Fig. 10c. At the later stages of  NAM− events, the 
positive temperature anomalies (always corresponding to a 
weaker westerly jet) in the stratosphere tend to propagate 
downward to the lower stratosphere, which prohibits the 
upward propagation of planetary waves into the stratosphere, 
as indicated by the weaker westward tilting of waves and the 
smaller wave amplitude in the stratospheric levels shown 
in Fig. 9. Under such conditions, the poleward mass trans-
port in stratospheric layers, and the equatorward transport 
below in the upper troposphere due to the westward-tilted 
waves around the tropopause, is much weaker than at the 
early stage of  NAM− events. In other words, the oppos-
ing effects of the stratospheric wave activities against the 
lower tropospheric wave activities on the intensity of WB 
in the upper troposphere is weakened at a later stage of the 
 NAM− events. As long as there is baroclinic instability in 
the troposphere during this period, the stratospheric state 
makes it easier for the tropospheric waves to strengthen the 
WB in the upper troposphere. The strengthened poleward 
mass transport leads to an increase in pressure over the 
polar region, strengthening the returning equatorward flow 
near the surface. The westward tilting of waves in the lower 
troposphere also contributes to a net equatorward accelera-
tion of the mass transport in the CB near the surface. Thus, 
following a  NAM− event, tropospheric waves do not have to 

be strong enough to drive a strengthened tropospheric cell, 
which would further lead to positive temperature anoma-
lies in the tropospheric polar region. This is consistent with 
numerous previous studies showing a higher probability of 
warmer temperatures over the Arctic region, but cold tem-
peratures in the mid-latitudes in the 1–2 months after weak 
polar vortex events (Baldwin and Dunkerton 1999, 2001; 
Wallace 2000; Thompson and Wallace 2001; Thompson 
et al. 2002; Cai 2003; Kolstad and Charlton-Perez 2011; Wei 
and Bao 2012; Wei et al. 2015), although the exact timing 
of polar warming still shows large case-to-case variations, 
which is dependent on the tropospheric wave activity itself.

5  Conclusions

Using the ERA-Interim reanalysis dataset covering 32 win-
ters (September–May) in the period 1979–2011, we exam-
ine the diversity of the stratosphere–troposphere relationship 
from the point of view of meridional mass circulation. The 
normalized daily time series of the first EOF mode of the 
geopotential height at 10 hPa is used as the NAM index. 
A total of 38 positive NAM events and 40 negative NAM 
events have been selected during the 32 winters based on the 
index threshold of ± 0.7. The NAM phase composite method 
is further applied to show the characteristic spatiotemporal 
evolution of the circulation anomalies during the life cycle 
of NAM events. Composites based on phase, instead of time, 
is to avoid possible temporal confusion brought about by the 
large case-to-case difference in event duration on the results.

A case-to-case investigation yields in-phase, out-
of-phase, and tripolar vertical structures of the polar 

(a) (b) (c)

Fig. 10  Schematic diagram showing how the anomalous westward 
tilting of waves at the level near tropopause (purple lines) and at the 
level in the mid-lower troposphere (red lines) contributes to the strat-
ospheric poleward warm branch (ST), tropospheric poleward warm 
branch (WB), and equatorward cold branch (CB) of the meridional 
mass circulation at a given latitude in mid-latitudes. a–c Three typi-

cal situations that can be found during the lifecycle of  NAM− events. 
Dashed horizontal  lines indicate the key levels of wave tilting, 
approximately indicating the level at which absolute values of wave 
tilt reaches the local maxima in the vertical direction. “+” indicates 
the strengthening of the specific branch, while “−” indicates the 
weakening of the corresponding branch
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temperature anomalies associated with NAM events. The 
timing of the specific thermostructure also varies from case 
to case. Whether the polar temperature anomalies look to 
propagate into the lower troposphere or even the surface 
is not strongly related to the intensity and duration of the 
NAM events as previous studies suggested, but corresponds 
with the dynamic heating (cooling) anomalies associated 
with the stratospheric portion of the warm air branch, the 
tropospheric portion of the warm air branch, and the cold air 
branch of the meridional mass circulation at 60°N.

We classify the NAM events into several leading types 
of stratospheric–tropospheric (S–T) relationship based on 
the variations in the dominant patterns of temporal evolu-
tion of the ST and WB&CB branches during the composite 
NAM life cycle. The dominant temporal evolution patterns 
of the ST and WB&CB branches are obtained utilizing EOF 
analysis and multi-variable EOF analysis, respectively. In 
the stratosphere,  NAM− events are always accompanied by 
a stronger ST before and around the peak time and a weaker 
ST afterwards, illustrated by the positive phase of the ST_
EOF 1, and vice versa for  NAM+ events. The EOF modes 
of the co-variations of the WB and CB (WBCB_EOF n, 
n = 1–4), however, show a more evenly distributed explained 
variance, indicating that the large diversity of the relation-
ship between the stratospheric and tropospheric branches 
of meridional mass circulation is mainly due to the diverse 
evolution patterns of the WB&CB rather than the common 
evolution pattern of the ST during NAM events. This study 
extracted eight leading S–T variation types for  NAM− minus 
 NAM+ events in this study based on the WBCB_EOF n and 
presented the physical processes involved in the temporal 
and vertical variations of the meridional mass circulation 
at the polar circle to determine the vertical structure of the 
polar temperature anomalies and, in addition, the corre-
sponding characteristic wave activities that drive the vari-
ability of the meridional mass circulation.

Results show that the seemingly continuous or disrupted 
downward propagation of the stratospheric temperature 
anomalies to the lower troposphere is determined by the 
in-phase or out-of-phase relationship between the ST and 
WB&CB; when and how fast the downward propagation 
occurs is determined by the timing of the occurrence of 
the in-phase or lagged in-phase relation between the ST 
and WB&CB. Specifically, daily changes of the air mass 
in each isentropic layer are dominated by adiabatic mass 
transport, whereas diabatic processes play only a minor role. 
A stronger stratospheric branch transports a greater warm 
air mass in the upper isentropic layers into the polar strato-
sphere, leading to a positive mass anomaly in this layer. By 
contrast, a stronger tropospheric poleward branch, accom-
panied by a stronger tropospheric equatorward branch at 
lower levels, transports a greater, relatively warm, air mass 
into the polar region in the upper troposphere, but more 

cold air into the mid-latitudes near the surface. This leads 
to a positive mass anomaly in the upper troposphere and a 
negative anomaly at lower levels. The opposite processes 
are seen in weaker cells. As illustrated in Fig. 8, when ST is 
in phase with WB&CB, a positive (negative) mass anomaly 
is induced in both the stratosphere and upper troposphere, 
but a negative (positive) mass anomaly in the lower lay-
ers. The accumulated air mass anomaly above the corre-
sponding isentropic surface, which is almost equivalent to 
the isentropic polar temperature anomaly, shows vertically 
consistent signs. The out of phase relation between ST and 
WB&CB results in a sandwich-like vertical profile of layer 
mass anomaly, leading to an interruption around the mid-
troposphere in the accumulated air mass and temperature 
anomaly fields.

We further investigate the role of stratospheric and tropo-
spheric wave activities in driving the relationships among 
the three sub-branches of the meridional mass circulation. 
For a specific isentropic level, a larger wave amplitude and 
stronger westward tilting (indicating baroclinic instability) 
contribute to stronger net poleward meridional mass fluxes 
in the layers above and stronger equatorward mass fluxes 
in the layers below along a latitude band. The NAM phase 
composite analysis for the wave amplitude and westward tilt-
ing anomalies for each leading type of S–T variation shows 
that, in the stratosphere, the wave amplitude and westward 
tilting at 60°N are stronger throughout the stratospheric lay-
ers before the  NAM− peak, but weaker afterwards, resulting 
in a stronger ST before the  NAM− peak and a weaker ST 
after the peak. The positive wave amplitude and westward 
tilting anomalies in the upper stratosphere are always accom-
panied by short-lived positive anomalies in the troposphere 
in the early stage of  NAM− events, representing the influ-
ence of tropospheric wave activities on the stratosphere. 
After the early stage, the timing of the positive westward tilt-
ing anomaly in the lower troposphere is very different among 
different S–T variation types of NAM events, leading to dif-
ferent timings of the strengthened WB&CB. For those types 
in which the temperature anomalies look to rapidly propa-
gate downward, the westward tilting anomaly is positive in 
the lower troposphere around the peak time of  NAM−; for 
those types in which the temperature anomalies propagate 
downward more slowly (after the peak time), the westward 
tilting anomaly is negative around the peak time, but posi-
tive at a later stage; for those types in which the temperature 
anomalies do not propagate downward, the westward tilting 
is out of phase both around and after the  NAM− peak. Draw-
ing on what has been learned, the variations in the WB&CB, 
and thus the diverse timing of the in-phase or out-of-phase 
coupling of the ST and WB&CB, is highly dependent on the 
variability in the tropospheric wave itself.

Besides the results above suggesting the important role of 
tropospheric variability itself in leading to the various S–T 
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evolution during NAM events, there are also two pieces of 
evidence supporting that the stratosphere also exerts impact 
on the troposphere. First, although the isentropic polar tem-
perature anomalies at lower isentropic levels shows high 
dependency on the intensity of CB, the total air mass above 
surface (proportional to the surface pressure) tends to have 
the same sign with the accumulated mass anomaly above 
stratospheric levels that is dominated by the anomalous 
meridional mass transport in the ST regardless of the S–T 
variation type. This suggests the important role of the air 
mass anomaly as well as the mass circulation variation in 
the stratosphere in changing the AO signature at surface and 
thus explains the in-phase relationship between the strato-
spheric NAM and the surface AO in view of mass budget 
over the polar region. Secondly, when stronger tropospheric 
waves occur in the later stage of a  NAM− event, the strat-
osphere indeed plays an important part in S–T coupling 
(Fig. 10c). The much weaker baroclinic instability around 
the tropopause at the later stage of  NAM− events can provide 
a favorable condition for the strengthening of the intensity 
of the WB in the upper troposphere—namely, the equa-
torward mass transport below (in the upper troposphere) 
due to the westward-tilted waves around the tropopause 
is much weaker than in the early stage. Thus, following a 
 NAM− event, tropospheric waves do not have to be westward 
tilted or strong enough to drive a strengthened tropospheric 
cell. The strengthened tropospheric mass cell would further 
lead to positive temperature anomalies in the polar region 
and negative temperature anomalies in the mid-latitudes at 
lower levels (Yu et al. 2015a, b, c). This reveals how the 
stratospheric variability exerts impact on the surface weather 
in the 1–2 months after stratospheric NAM events.
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