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ABSTRACT

This study investigates dominant patterns of daily surface air temperature anomalies in winter (November–

February) and their relationship with the meridional mass circulation variability using the daily Interim

ECMWF Re-Analysis in 1979–2011. Mass circulation indices are constructed to measure the day-to-day

variability of mass transport into the polar region by the warm air branch aloft and out of the polar region by

the cold air branch in the lower troposphere. It is shown that weaker warm airmass transport into the upper

polar atmosphere is accompanied by weaker equatorward advancement of cold air in the lower troposphere.

As a result, the cold air is largely imprisoned within the polar region, responsible for anomalous warmth in

midlatitudes and anomalous cold in high latitudes. Conversely, stronger warm airmass transport into the

upper polar atmosphere is synchronized with stronger equatorward discharge of cold polar air in the lower

troposphere, resulting in massive cold air outbreaks in midlatitudes and anomalous warmth in high latitudes.

There are two dominant geographical patterns of cold air outbreaks during the cold air discharge period (or 1–

10 days after a stronger mass circulation across 608N). One represents cold air outbreaks in midlatitudes of

both North America and Eurasia, and the other is the dominance of cold air outbreaks only over one of the

two continents with abnormal warmth over the other continent. The first pattern mainly corresponds to the

first and fourth leading empirical orthogonal functions (EOFs) of daily surface air temperature anomalies in

winter, whereas the second pattern is related to the second EOF mode.

1. Introduction

Both extreme cold and warm temperature events in

winter are potentially severe weather phenomena that

have a serious influence on residents, agriculture, and

transportation. Cold air outbreaks in the southeastern

states of the United States are closely related to Florida

citrus freezes (Rogers and Rohli 1991; Downton and

Miller 1993), whereas successive cold air outbreaks in-

duced by the Siberian high often lead to severe frost,

freezing rain, or heavy snowfalls over eastern China,

Korea, and Japan (Boyle and Chen 1987; Chan and Li

2004). Pest populations tend to increase in a warm

winter, reducing crop yields (Rosenzweig et al. 2001).

Anomalously warm events in winter also adversely af-

fect winter transportation, flooding, and the skiing in-

dustry (Shabbar and Bonsal 2003). Associated with the

increasing global-mean temperature, there is an in-

creasing trend in the occurrence of anomalously warm
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events in winter seasons but little decreasing trend in the

occurrence frequencies of extreme cold events over the

northeastern United States (Kunkel et al. 1999; Walsh

et al. 2001; Portis et al. 2006), Europe (Thompson 1987;

Brugge 1991;Walsh et al. 2001), andmost of Asia (Gong

and Ho 2004). Therefore, revealing the underlying dy-

namic and physical processes and improving the pre-

dictability of both extreme cold and warm events in

winter seasons deserve special attention.

The location, intensity, and evolution of extreme tem-

perature events are highly variable on synoptic scales. The

main synoptic- and planetary-scale precursors to cold air

outbreaks in North America include the variability of

polar anticyclones (Wexler 1951; Colucci and Davenport

1987), positive sea level pressure anomalies over the

Alaska–Yukon border (Walsh et al. 2001), and coupling

of the ridge over the Arctic and the trough over the Great

Lakes region (Konrad 1996). For cold air surges in Asia,

an abrupt expansion of the Siberian high towardEastAsia

plays a key role in the initiation of cold air surges (Ding

1990; Zhang et al. 1997; Gong and Ho 2004; Takaya and

Nakamura 2005). The expansion and amplification of the

Siberian high are modulated by the upper-tropospheric

circulation systems including blockings and stationary

Rossby wave trains propagating across Eurasia (Takaya

and Nakamura 2005; Jeong et al. 2006; Park et al. 2008).

There is also ample evidence indicating that extreme cold

events are linked to leading teleconnection patterns in the

extratropical tropospheric winter. The North Atlantic

Oscillation (NAO) tends to be in its negative phase 3–6

days prior to the onset of cold air outbreaks over the

United States and Eurasia (Walsh et al. 2001; Cellitti et al.

2006). The Arctic Oscillation (AO), or the tropospheric

northern annular mode (NAM), also has a close relation

with extreme temperature events in winter over Eurasia

and North America on intraseasonal and longer time

scales (Thompson and Wallace 1998; Thompson and

Wallace 2001; Wettstein and Mearns 2002; Cohen et al.

2010). These teleconnection patterns are all associated

with variations in the zonal-mean zonal wind. The latter

has been referred to as the index cycle following the

pioneering study of Namias (1950) on the linkage of cold

air outbreaks in winter to variations of the westerly jet in

the extratropical troposphere.

Stratospheric circulation anomalies and tropical forc-

ing have been found to be promising precursors to ex-

treme cold events inmidlatitudes. Extreme cold events in

eastern North America, northern Europe, and eastern

Asia tend to take place more frequently in the period of

1–2 months after a weaker stratospheric polar vortex

(Baldwin and Dunkerton 1999; Wallace 2000; Thompson

et al. 2002). Kolstad et al. (2010) found that cold tem-

perature anomalies tend to occur over the southeastern

United States 1–2 weeks after the peak day of weak

vortex events, whereas cold anomalies occur overEurasia

at the inception of weak vortex events. Cai (2003) re-

ported that cold temperature anomalies tend to take

place over the regions underneath the intrusion of the

stratospheric air into the troposphere (or tropopause

foldings). The easterly phase of the quasi-biannual os-

cillation (QBO) in the equatorial stratosphere is favor-

able for below-normal winter-mean temperature over

most of the two continents (Thompson et al. 2002; Cai

2003). The warm phase of ENSO events favors cold

anomalies in the southeastern United States (e.g., Kiladis

andDiaz 1989; Thompson et al. 2002; Kenyon andHegerl

2008), whereas the MJO-associated convection located

over the IndianOcean favorsmore extreme cold air surge

events in East Asia in winter (Jeong et al. 2005).

The pioneering work of Johnson and his collaborators

(Johnson 1989) and many subsequent studies (e.g., Cai

and Shin 2014, and references therein) have docu-

mented the existence of the global meridional mass

circulation system that connects the tropics to the poles

and the troposphere to the stratosphere via the pole-

ward warm air branch in the upper troposphere (as well

as the winter hemisphere’s stratosphere) and the equa-

torward cold branch in the lower troposphere.1 Cai and

Ren (2007) and Ren and Cai (2007, 2008) have postu-

lated that the poleward-propagating, positive, strato-

spheric temperature anomalies are associated with a

stronger warm air branch of the meridional mass circu-

lation and vice versa. The negative phase of stratospheric

NAM events is associated with a stronger poleward mass

circulation, whereas the positive phase is associated with

a weaker circulation. Because the poleward propagation

in the upper stratosphere tends to be ahead of that in the

lower stratosphere, there exists a downward propaga-

tion of stratospheric anomalies of both signs associated

with stratospheric NAM events. The variability of the

compensating cold air branch is synchronized with that

of the warm air branch, responsible for the equatorward

propagation of negative tropospheric temperature

anomalies following the arrival of the poleward-

propagating positive temperature anomalies in the polar

stratosphere. Such synchronization between the two

branches is expected from meridional mass circulation

theory, namely, that vertically westward-tilted baroclinic

waves are responsible for both a net poleward mass

transport aloft and a simultaneous net equatorward mass

1We refer to the poleward branch in the upper troposphere as the

warm air branch and the equatorward branch in the lower tropo-

sphere as the cold air branch in terms of the potential temperature

that always increases with height in a stably stratified atmosphere.
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transport below (e.g., Johnson 1989). The extra air mass

brought to the polar region by a stronger poleward mass

circulation contributes to a rising of the surface pressure

over the Arctic before the cold air in the lower polar tro-

posphere is carried out by a stronger equatorward cold air

branch. This explains why the AO or tropospheric NAM

tends to be nearly in phase with the lower-stratospheric

NAM. Recently, Iwasaki and Mochizuki (2012) and

Iwasaki et al. (2014) identified two climatological-

mean routes or main streams of cold air from the polar

region to lower latitudes within the cold air branch of

the meridional mass circulation, namely, the ‘‘East

Asian stream’’ and the ‘‘North American stream.’’ The

East Asian stream intensifies over the northern part of

Eurasia while flowing eastward. It then turns south-

eastward toward East Asia via Siberia and dissipates

over the western North Pacific Ocean. The North

American stream intensifies over the Arctic Ocean and

moves toward the east coast of North America via the

Hudson Bay and dissipates over the western North At-

lantic Ocean.

The primary objective of this study is to develop me-

ridional mass circulation indices on a daily basis to di-

rectly and physically link atmospheric circulation

anomalies to individual cold air outbreak events in

midlatitudes in winter with statistically robust lead and

lag information. Toward this goal, we will construct in-

dices that measure the intensity of the meridional mass

circulation crossing a latitude circle betweenmidlatitudes

and the polar region using the data produced by the

Interim European Centre for Medium-Range Weather

Forecasts Re-Analysis (ERA-Interim). To the authors’

knowledge, mass-circulation-based indices used as

precursors for winter cold air outbreaks have not been

systematically investigated before. The two phrases

‘‘stronger mass circulations out of the polar region’’ and

‘‘cold air outbreaks’’ may be regarded as synonymous to

one another since the former is the leading physical

cause of cold temperature anomalies in midlatitudes

besides anomalous diabatic cooling owing to radiative

processes and surface sensible heat fluxes. We will ex-

amine whether the day-to-day variability of mass

transport into and out of the polar region can serve as

a robust precursor to massive cold air outbreak events in

midlatitudes and identify dominant spatial patterns of

surface air temperature anomalies closely related to

large amplitude events of the meridional mass circula-

tion variability in winter seasons.

This paper is organized as follows: Section 2 describes

the dataset used in this study and defines indices for the

mass circulation as well as for large-amplitude surface

air temperature anomalies in high and midlatitudes. In

section 3, we investigate the temporal lead–lag relation

and probability distribution of temperature area indices

in the mid- and high latitudes with mass circulation in-

dices. Section 4 examines the mean geographical pat-

terns of surface air temperature anomalies associated

with different intensities of the meridional mass circu-

lation. In section 5, we link the dominant empirical or-

thogonal function (EOF) modes of daily surface air

temperature anomalies in winter seasons to the day-to-

day variability of mass circulation. The concluding re-

marks are provided in section 6.

2. Data and methodology

The data used in this study include daily surface air

temperature, surface pressure, and three-dimensional

air temperature and wind fields derived from the daily

ERA-Interim data for the period from 1November 1979

to 28 February 2011 (Dee et al. 2011). The data fields are

on 1.58 latitude 3 1.58 longitude grids with 37 pressure

levels spanning from 1000 to 1 hPa. Each of the 32

winters lasts 120 days from 1 November of the current

year to 28 February of the next year.

a. Indices of meridional mass transport into and out
of the polar region

The eddy-driven meridional circulation in the extra-

tropics can be obtained through the transformed

Eulerian-mean (TEM) formulation, as first proposed by

Andrews and McIntyre (1976). Johnson and his collab-

orators (e.g., Gallimore and Johnson 1981; Townsend

and Johnson 1985; Johnson 1989) first diagnosed the

time- and zonal-mean mass circulation in isentropic

coordinates. By explicitly taking the zonal variation of

atmospheric mass associated with waves into consider-

ation, they showed a single thermally direct circulation

cell in each hemisphere that links the heat source in the

tropics to the heat sink in high latitudes. As explicitly

proved in Pauluis et al. (2011), the extratropical portion

of the time-mean isentropic meridional mass circulation

calculated from instantaneous total fields is almost in-

distinguishable from the time-mean eddy-driven circula-

tion inferred from the TEM formulation in the pressure

coordinate.

In this study, we follow the isentropic mass circulation

framework to diagnose the meridional mass circulation

from instantaneous total fields on a daily basis without

the decomposition of the time-mean and transient flows

and without the separation of zonal-mean and wavy

flows. Specifically, following Pauluis et al. (2008, 2010),

we first interpolate daily air temperature and wind fields

onto 200 equally spaced sigma (s) levels from 1 to 0. The

air mass ms between two adjacent sigma surfaces per

unit area is
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ms 5
Ds

g
Ps , (1)

where Ps is the surface pressure (Pa), g is the gravita-

tional acceleration, and Ds5 1/200. We then derive the

meridional mass flux between adjacent isentropic sur-

faces (Qn and Qn11) in each grid at latitude f and lon-

gitude l, on day t as

Fm(l,f,Qn, t)5

ð1
0
msyY(u,Qn,Qn11) ds , (2)

where Y(u, Qn, Qn11)5 1 for (Qn # u,Qn11), and

otherwise Y(u, Qn, Qn11)5 0. In (2), y(l, f, s, t) is the

meridional wind and u(l, f, s, t) is the potential tem-

perature field evaluated from air temperature and

pressure fields;Qn is equal to umin(l, f, t) or one of the 15

preselected potential temperature surfaces that is above

umin(l, f, t), whereas Qn11 is one of the 15 preselected

potential temperature surfaces that is just above Qn or

umax(umax . 1200K). The 15 preselected isentropic sur-

faces are 260, 270, 280, 290, 300, 315, 330, 350, 370, 400,

450, 550, 650, 850, and 1200K. The layer between

umin(l, f, t) and 260K is labeled as the 250-K layer. We

note that umin(l, f, t) is defined as the minimum value of

u(l, f, s, t), equal to the surface potential temperature

unless a superadiabatic layer exists near the surface.

We next obtain the zonally integrated meridional

mass flux field Fm(l,f,Qn, t)
l
by integrating the me-

ridional mass flux fields obtained from (2) along each

latitude belt. The field of Fm(l,f,Qn, t)
l
represents the

total mass transport across each latitude f in each

isentropic layer (Qn and Qn11) at time t. For an easy

reference, we just refer to the latitude band inside 608N
as the polar region in this paper. The case of

Fm(l,f5 608N,Qn, t)
l
. 0 corresponds to a net mass

transport into the polar region in the layer between Qn

and Qn11, and the case of Fm(l,f5 608N,Qn, t)
l
,

0 corresponds to a net mass transport out of the polar

region in the layer between Qn and Qn11.

In general, in the Northern Hemisphere, negative

values of Fm(l,f,Qn, t)
l
are found in the lower tropo-

sphere within the equatorward cold air branch of the

meridional mass circulation, whereas positive values are

in upper layers, belonging to the poleward warm air

branch. According to the climatological-mean structure

of meridional mass circulation in the Northern Hemi-

spheric winter (Cai and Shin 2014), the isentropic layer

separating the warm air branch and the cold air branch

near 608N is about 280K, which is also the threshold

potential temperature of climatological-mean cold air

used by Iwasaki et al. (2014). In this study, we search for

Qn*(t) at 608N at time t such that the vertical sum of

Fm(l,f5 608N,Qn, t)
l
for all n, n* orQn ,Qn* reaches

its maximum negative value. It follows that Qn*(t) cor-

responds to the boundary separating the poleward

warm branch aloft from the equatorward cold branch

below. It is found that Qn*(t) most often lies between

270 and 290K, consistent with previous studies. Using

Qn*(t), we define the following two mass circulation

indices measuring the total airmass transport across

608N into the polar region (denoted as WB60N and

CB60N, respectively):

WB60N(t)5

�
Q

max

Q
n
5Q

n*

Fm(l,f5 608N,Qn, t)
l

t

2

8><
>: �

Q
max

Q
n
5Q

n*

Fm(l,f5 608N,Qn, t)
l

t
9>=
>;

SDW

CB60N(t)5

�
Q

n*21

Q
n
5Q

min

2Fm(l,f5 608N,Qn, t)
l

t

2

8><
>: �

Q
n*21

Q
n
5Q

min

2Fm(l,f5 608N,Qn, t)
l

t
9>=
>;

SDC
, (3)

where the overbar with the superscript t denotes a

7-day running mean at time t from (t 2 3) to (t 1 3)

days. The term

8><
>: �

Q
max

Q
n
5Q

n*

Fm(l,f5 608N,Qn, t)
l

t
9>=
>;

denotes the time average of

�
Q

max

Q
n
5Q

n*

Fm(l,f5 608N,Qn, t)
l

t

over the 32 winters from 1979 to 2011 for each calendar

day between 1 November and 28 February, forming
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a 120-day time series of winter-season daily climatology

of the total mass transport crossing 608N into the polar

region in the poleward warm air branch. Similarly, the

term

8><
>: �

Q
n*21

Q
n
5Q

min

2Fm(l,f5 608N,Qn, t)
l

t
9>=
>;

is the 120-day time series of winter-season daily climatol-

ogy of total mass transport crossing 608N out of the polar

region in the equatorward cold air branch. In (3), SDW 5
16.43 3 109kg s21 and SDC 5 16.92 3 109kg s21, corre-

sponding to, respectively, the standard deviations (SDs)

of the two time series represented by the numerators in

these 32 winters. Therefore, the WB60N (CB60N) index

measures the normalized anomalous mass transport into

(out of) the polar region by the warm (cold) air branch

at time t averaged over from (t 2 3) to (t 1 3).

b. Warmth and cold area indices

The climatological-mean surface air temperature

(SAT) fields were obtained by averaging the data across

the 32 years (1979–2011) for each calendar day from

1 November to 28 February. Daily surface air temper-

ature anomalies (SATA hereafter) were obtained by

removing the daily climatology from the total field and

then applying a 7-day running-mean filtering. The local

standard deviation (LSD) of SATA was obtained from

the 32-yr mean of the root-mean-square of SATA at

each grid point for each calendar day from 1 November

to 28 February.

Following Cai (2003), we define four temperature

(warmth and cold) area indices to measure the spatial

extent or area occupied by warm and cold anomalies

exceeding 0.5 LSD in mid- and high latitudes. Specifi-

cally, the warmth and cold area indices for high latitudes,

denoted as WH(t) and CH(t), respectively, are defined as

WH(t)5

ð
A
H(SATA2 0:5LSD) dA

ð
A
dA

;

CH(t)5

ð
A
H(0:5LSD2 SATA) dA

ð
A
dA

, (4)

where
Ð
A dA denotes an area integral over the area A

covering the domain 608–908N andH(x) is the Heaviside

function such thatH(x)5 1 for x. 0; otherwiseH(x)5 0.

Similarly, the warm and cold area indices for mid-

latitudes, denoted as WH(t) and CH(t), can be defined

using (4), except thatA is the domain 258–608N.We have

tested other choices of the threshold, such as 0.0 LSD

and 1.0 LSD and found that the results are not sensitive

to the choice of the threshold. We also have tested 558–
658N for the southernmost boundary of high latitudes

and 208–308N for that of midlatitudes and found that

main characteristics of the results remain unchanged.

3. Relations of warmth and cold area indices with
mass circulation indices

The extratropical atmospheric circulation is largely in

geostrophic balance. As a result, the extratropical me-

ridional circulation has to be very weak in the absence of

waves (by definition, the zonal-mean meridional geo-

strophic flow is zero). The mechanism for the simulta-

neous poleward mass flux aloft and equatorward mass

flux below in the extratropics has been uniquely attrib-

uted to the wave dynamics of baroclinic instability

(Johnson 1989). Being in hydrostatic balance and

(quasi) geostrophic balance, westward-tilted baroclinic

waves always transport more air mass poleward in front

of the troughs than equatorward behind the troughs in

upper levels, but transport more air mass equatorward

behind the troughs than poleward in front of the troughs

in lower levels. The net effect of westward-tilted baro-

clinic waves is simultaneous occurrence of the poleward

mass transport in upper levels and the equatorwardmass

transport in lower levels. It follows that stronger activity

of westward-tilted waves in the extratropics would result

in stronger meridional mass circulation, causing a si-

multaneous increase in both the poleward mass trans-

port into the polar region aloft and the equatorward

mass transport out of the polar region in the lower tro-

posphere. The nearly perfect synchronization of the

time series of the daily CB60N index with the WB60N

index, in terms of both timing and amplitude (not

shown), indicates that the anomalous mass brought out

of the polar region by the cold air branch is nearly in

balance with the anomalous mass brought into the polar

upper atmosphere by the warm air branch of the me-

ridional mass circulation at daily time scales. The dif-

ference between them, which is at least one order of

magnitude smaller than either WB60N or CB60N,

nearly corresponds to the daily local tendency of the

surface pressure over the polar region.2 Hence, we use

the WB60N index to represent daily variations of the

2Oneneeds also to consider the hydrological cycle, that is,

moisture transport, evaporation, and precipitation, to fully account

for the surface pressure tendency as pointed out by Trenberth

(1991) and van den Dool and Saha (1993).
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meridional mass circulation crossing 608N with positive

values corresponding to a stronger meridional mass

circulation and negative for a weaker meridional mass

circulation.

To illustrate the robust association of temperature

area indices with the WB60N index in a case-by-case

fashion, we show the time series of WH (red) and CH

(blue) in Fig. 1 and WM (red) and CM (blue) in Fig. 2,

superimposed by the time series of WB60N (black). It is

seen that in high latitudes,WH tends to be in phase with

WB60N, whileCH tends to be out of phase withWB60N.

In midlatitudes, CM tends to be in phase with WB60N,

whereas WM largely tends to be out of phase with

WB60N. It is noteworthy that the variability of the

temperature area indices for high latitudes has a wider

range (from 0% to 80%) than those for midlatitudes

(from 10% to 60%). This suggests that warm events tend

to take place nearly simultaneously over most of the

polar region and so do cold events. In midlatitudes,

however, temperature anomalies of one polarity in

certain areas are always accompanied by temperature

anomalies of the opposite polarity elsewhere in the same

latitude band, manifesting the role of baroclinic waves in

carrying cold air mass equatorward behind the troughs

and warm air poleward in front of the troughs.

A close inspection of Figs. 1 and 2 reveals that there

are noticeable temporal lags of these four temperature

area indices with respect to the WB60N index. To

characterize this, we plot in Fig. 3 the correlations of

WB60N with each temperature area index in the 32

winters at various time lags (215 to 15 days). It is seen

that large positive correlations between WB60N and

WH or between WB60N and CM tend to occur when the

WB60N index leads by 1–10 days. The same is found for

FIG. 1. Time series of WB60N (black), CH (blue), and WH (red) indices in the 32 winters from November 1979 to February 2011. The

ordinate on the right is for the WB60N index with one unit representing the poleward mass flux anomaly of 16.43 3 109 kg s21 crossing

608N. The ordinate on the left is forCH andWH indices (%). The horizontal line represents the constant of 30.85% forCH andWH indices,

which corresponds to the fractional area of a given domain occupied by SATA exceeding 0.5 LSD (either positively or negatively under

a normalGaussian distribution). The thick portions ofCH andWH correspond to the periodswhen their values (relative to 30.85%) exceed

0.5 standard deviations of the time series ofCH andWH (one standard deviation is 11.31% forCH and 10.79% forWH). The dashed vertical

bars are for dividing winters between two adjacent years.
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large negative correlations of WB60N with CH andWM.

We have also confirmed that temporal tendencies ofWH

and CM (CH and WM) are highly positively (negatively)

correlated withWB60N at lag 0 (not shown). Therefore,

the WB60N index does provide temporal lead in-

formation (i.e., acts as a precursor) for bothmassive cold

air outbreaks and abnormal warmth in midlatitudes in

winter seasons. We note that the correlation of WB60N

withWM is not as strong as with the other three indices.

This is probably due not only to a weaker mass transport

across the polar circle, but also to a stronger mass

transport across the southern boundary of the mid-

latitude region since both could lead to anomalous

warmth in midlatitudes. The lagged correlations shown

in Fig. 3 indicate that cold air masses are largely im-

prisoned within the Arctic in the period of 1–10 days

after a weaker meridional circulation crossing 608N,

responsible for general warmth in the midlatitudes and

below-normal temperature in high latitudes. Con-

versely, massive cold air outbreaks in midlatitudes and

anomalous warmth in high latitudes tend to take place in

the period of 1–10 days after a stronger meridional

circulation crossing 608N. Based on this and following

Namias (1950), we refer to the period of 1–10 days after

WB60N above a positive threshold value as the ‘‘cold air

discharge period,’’ whereas the period of 1–10 days after

WB60N below a negative threshold value is referred as

the ‘‘cold air charge period.’’

We have constructed a series of probability distribution

functions (PDFs) of temperature area indices as a function

of the intensity of WB60N in the cold air charge or dis-

charge period. Specifically, we first divided the WB60N

index into 10 bins and counted the total number of days for

values ofWB60N in each of these 10 bins in the 32 winters,

which is denoted as M(k), k 5 1, 2, . . . , 10 with k 5 1

corresponding to the case of the weakest and k 5 10 cor-

responding to the case of the strongest meridional mass

circulation crossing 608N. Table 1 lists the intervals of the

10 bins, the values ofM(k) for all bins, and the ratio of

M(k) to the total number of days in these 32 winters as

a function of k. Similarly, we divided each temperature

area index, after normalizing it with its 32-winter standard

deviation, into 10 bins. Taking theCH index as an example,

the histogram of the CH index can be constructed using

FIG. 2. As in Fig. 1, but for CM (blue) and WM (red) indices (one standard deviation is 6.65% for CM and 6.34% for WM).
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FIG. 3. Lag correlations (215 to 15 days) of (a) CH, (b)WH, (c) CM, and (d)WM indices with the WB60N index in

each of the 32 winters (ordinate shows the last two digits of the year). Dotted areas indicate correlation exceeding the

95% confidence interval.
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PC
H

( j; k)5
N( j; k)

10M(k)
, (5)

where N( j; k) is the total number of days with the nor-

malized CH index falling into its bin j in the period of

1–10 days after the WB60N index reaches values in its

bin k. By definition, the sumofPCH
( j;k) over j from j5 1

to j5 10 is equal to one for each k. The same procedure

has been applied to the other three temperature area

indices.

Shown in Fig. 4 are PCH
( j; k), PWH

( j;k), PCM
( j; k), and

PWM
( j;k), constructed according to (5), namely, the

PDFs of the CH, WH, CM, andWM indices, respectively.

It is seen that, when the meridional mass transport

crossing 608N is normal [i.e., WB60N in (20.5, 0.5) or

k 5 5 and 6], the PDFs of all the temperature area in-

dices are quasi-normal with the maximum probability

centered around their climatological values (30.85%).

Therefore, SATA in both high and midlatitudes are

in their climatological normal distributions during the

period of 1–10 days after a normal meridional mass

circulation crossing 608N. As the intensity of the

meridional circulation crossing 608N is enhanced, there

is a pronounced shift of the medians of the quasi-normal

PDFs of WH and CM toward larger values and those of

CH and WM toward smaller values. This implies that

during the cold air discharge period, the area in mid-

latitudes occupied by large-amplitude cold SATA (ex-

ceeding 0.5 LSD) is far greater than that occupied by

large-amplitudewarm SATA.Meanwhile, more areas in

high latitudes experience large-amplitude warm SATA

during the cold air discharge period. Conversely, as the

meridional circulation crossing 608N weakens, there is

a pronounced systematic shift of the medians of the

quasi-normal PDFs toward smaller values for WH and

CM but toward larger values for CH andWM. Therefore,

in the cold air charge period, there are many more areas

in midlatitude exhibiting large-amplitude (exceeding 0.5

LSD) warm temperature anomalies than areas of large-

amplitude cold temperature anomalies, while more

areas in high latitudes are occupied by large-amplitude

cold temperature anomalies.

4. Mean geographical patterns of SATA associated
with the WB60N index

To gain insight into the geographical distribution of

SATA associated with the meridional mass circulation

crossing 608N, as revealed by these temperature area

indices discussed in the previous section, we plot the

maps of the probability of SATA exceeding 60.5 LSD

during the cold air charge period (Figs. 5a,b) and the

cold air discharge period (Figs. 5c,d). Recall that a de-

viation of the probability of SATA exceeding60.5 LSD

from 30.85% by several percentage points implies

a noteworthy shift in the PDF from the climatological

distribution. In the cold air charge period, most of the

polar region experiences abnormal cold as manifested

by 38%or higher for the probability of SATA,20.5LSD

but as low as 22% for the probability of SATA. 0.5 LSD.

Meanwhile, most regions in midlatitudes tend to expe-

rience general warmth in the cold air charge period by

having a probability of 34% or higher for SATA . 0.5

LSD but only 28% or lower for SATA , 20.5 LSD.

Nearly opposite spatial patterns of the probability of

SATA exceeding 60.5 LSD are found during the cold

air discharge period following a strong meridional

mass circulation crossing 608N (i.e., WB60N. 0.5). It is

noteworthy that in high latitudes, cold temperature

anomalies after a weaker meridional mass circulation

are relatively uniform but the warmth after a stronger

meridional mass circulation is more pronounced over

the Nordic seas and the Bering Sea. In midlatitudes, the

maximum centers of high probability of large-amplitude

temperature anomalies are observed over the two con-

tinents. The spatial patterns of the high probability of

warm temperature anomalies in high latitudes and cold

temperature anomalies in midlatitudes in the cold air

discharge period seem to suggest that the main routes

near the surface for warm air to flow into the Arctic are

via two oceans and those for cold air out of the Arctic to

midlatitudes are via land, in good agreement with the

climatological-mean routes of cold air in winter reported

in Iwasaki and Mochizuki (2012) and Iwasaki et al.

(2014). In midlatitudes, the reversal of temperature

anomalies between the cold air charge and discharge

periods is more pronounced over Eurasia, particularly in

TABLE 1. Number of days (M) for the WB60N index in each of

the 10 bins and their ratios (P) to 3840 and the total number of days

in the 32 winters from November 1979 to February 2011. Note that

the WB60N index is the departure of the total poleward mass

transport in the warm air branch across 608N from the climato-

logical means [ranging between 75 and 85 3 109 kg s21 in the

months of November–February (NDJF)] normalized by its stan-

dard deviation (16.43 3 109 kg s21).

Bin WB60N M (days) P 5 M/3840

1 (2‘, 22] 86 2.2%

2 (22, 21.5] 159 4.1%

3 (21.5, 21] 378 9.8%

4 (21, 20.5] 568 14.8%

5 (20.5, 0] 719 18.7%

6 (0, 0.5] 716 18.6%

7 (0.5, 1] 571 14.9%

8 (1, 1.5] 400 10.4%

9 (1.5, 2] 175 4.6%

10 (2, 1‘) 68 1.8%
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eastern Europe, central Asia, and eastern China, than

over NorthAmerica. The region fromwestern Siberia to

southeastern China coincides with the westward path-

way of cold air surges over East Asia (Wu and Chan

1995; Ryoo et al. 2005; Hayasaki et al. 2006; Iwasaki and

Mochizuki 2012; Iwasaki et al. 2014).

The reversal of the geographical pattern of the high

probability of positive and negative temperature

anomalies between cold air change and discharge pe-

riods can also be identified from the composite-mean

patterns of SATA. It is seen from Figs. 6a and 6d that

SAT is very close to normal (or SATA; 0) everywhere

when themeridional circulation crossing 608N is normal.

In the cold air charge period associated with a weaker

meridional circulation crossing 608N (i.e., WB60N ,
20.5), negative SATA dominates the polar region sur-

rounded by positive SATA in midlatitudes (Fig. 6b).

Positive SATA inmidlatitudes is more pronounced over

land, especially over Eurasia. Such a spatial pattern of

SATA becomes more pronounced when the meridional

circulation crossing 608N is extremely weak (i.e.,

WB60N , 21.0, Fig. 6c). A nearly opposite pattern of

SATA is found in the cold air discharge period after

a stronger meridional circulation crossing 608N (i.e.,

WB60N . 0.5 in Fig. 6e and WB60N . 1.0 in Fig. 6f).

This demonstrates that in the cold air discharge period,

the polar region, on average, experiences anomalous

warm with a maximum warm SATA as large as 2K over

the Nordic seas and the Bering Sea, whereas the ma-

jority of midlatitudes suffers from cold temperature with

minimum cold SATA of22K over the central Asia and

west Siberia and about 21K over the U.S. Midwest.

The good agreement in the spatial pattern between

the probability (Fig. 5) and composite-mean (Fig. 6)

maps indicates that the mean spatial pattern shown in

Fig. 6 is representative of the average spatial pattern

of SATA in response to day-to-day intensity variations

of the meridional mass circulation crossing 608N. The

FIG. 4. The conditional probability distribution function (shading, %) of (a) CH, (b) WH, (c) CM, and (d) WM

indices (ordinate) as a function of the intensity of the WB60N index (abscissa). The conditional probability

distribution function is constructed for all cases in the period of 1–10 days after the WB60N index reaching

a given value (see Table 1 for the total number of cases in the 32 winters for each threshold value of the WB60N

index).
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case-to-case variations of SATA for the same intensity

ofWB60N can be quantified by the root-mean-square of

departures of SATA from the composite-mean maps.

As shown in Fig. 7, the magnitude of the case-to-case

variations is several times larger than that of the com-

posite means in most regions. Such large case-to-case

differences could reflect either case-to-case amplitude

variation of SATA about themean spatial pattern or the

existence of other dominant spatial pattern(s) associ-

ated with mass circulation that cannot be captured by

a single composite-mean spatial pattern, which is the

main subject of the next section.

5. Dominant EOF modes of SATA associated with
the WB60N index

An EOF analysis of daily SATA is performed on the

domain 258–908N for 32 winters from 1979 to 2011.

Displayed in Fig. 8 are spatial patterns of the first six

EOF modes, which account for up to 50.3% of the total

variance of daily SATA over this domain in the 32

winters. The association of the dominant EOF modes of

SATAwith themeridionalmass circulation index can be

established by calculating the composite means of the

time series of these EOF modes in the period of 1–10

FIG. 5. Geographical pattern of the probability (%, shadings) of (a) SATA , 20.5 LSD and WB60N , 20.5,

(b) SATA. 0.5 LSD andWB60N,20.5, (c) SATA,20.5 LSD andWB60N. 0.5, and (d) SATA. 0.5 LSD and

WB60N. 0.5. The contour value of the white shading is about 30.85%, corresponding to the probability of SATA,
20.5 LSD or SATA . 0.5 LSD for a normal distribution. The probability is constructed for all cases in the period

of 1–10 days after the WB60N index reaches the corresponding threshold value (see Table 1 for the total number of

cases in the 32 winters for each threshold value of the WB60N index).
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FIG. 6.Maps of composite-mean SATA (K) for cases of (a)20.5,WB60N, 0, (b)WB60N,20.5, (c)WB60N,
21.0, (d) 0 , WB60N , 0.5, (e) WB60N . 0.5, and (f) WB60N . 1.0. The results that do not exceed the 95%

confidence intervals are not plotted and are represented by the white shading. The composite mean is constructed for

all cases in the period of 1–10 days after the WB60N index, reaching the corresponding threshold value (see Table 1

for the total number of cases in the 32 winters for each threshold value of the WB60N index).
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days afterWB60N reaches six different threshold values:

WB60N , 21, WB60N , 20.5, 20.5 , WB60N , 0,

0 , WB60N , 0.5, WB60N . 0.5, and WB60N . 1

(Fig. 9). It is seen that the composite means of time se-

ries of EOF1–EOF6 are close to zero in the period of 1–

10 days after a normal meridional mass circulation (i.e.,

WB60N is between 20.5 and 0.5), consistent with the

composite-mean maps shown in Figs. 6a and 6d. The

EOF1 and EOF4 modes, as well as the EOF3 and EOF6

modes to a certain degree, represent oscillations be-

tween the positive phase when WB60N . 0.5 and the

negative phase when WB60N , 20.5. This indicates

that the polarity of these four EOF modes highly de-

pends on day-to-day intensity variations of the meridi-

onal mass circulation crossing 608N.

The relative contribution from each EOFmode to the

composite-mean maps of SATA at different threshold

values of the WB60N index can be obtained from the

product of the composite mean of its time series (Fig. 9)

and the map correlation of its spatial pattern (Fig. 8)

with one of the composite-meanmaps (Fig. 6). Note that

by design, the sum of contributions to each of the

composite-mean maps from individual EOFs over all

EOF modes equals 100%. As indicated in Fig. 10, other

than for the cases when the meridional mass circulation

is normal (i.e., WB60N is between 20.5 and 0.5) in

which the amplitude of the composite-mean SATA is

close to zero, the EOF1 and EOF4 modes have the

largest contributions (more than 70%) to the composite-

mean maps of SATA in both the cold air charge and

discharge periods. These two modes describe the syn-

optic scenario that more polar cold air migrates away

from the Arctic into the twomajor continents during the

cold air discharge period (i.e., 1–10 days afterWB60N.
0.5) and vice versa. The amplitude variation of these two

EOF modes gives rise to the case-to-case amplitude

variation of SATA about the composite-mean spatial

pattern, explaining part of the case-to-case differences.

The other modes, although contributing little to the

composite-mean pattern, may still contribute to the

case-to-case variation of SATA about the composite

means associated with different intensity of mass circu-

lation crossing 608N. The spatial pattern of EOF2 in-

dicates that North America experiences abnormal cold

but most of Eurasia has warm SATA for the positive

phase of EOF2 and the reverse is true for the negative

phase. According to Fig. 9, the composite means of the

EOF2 time series are close to zero for all threshold

values of WB60N, suggesting little phase preference of

EOF2 to different intensity of meridional mass circula-

tion across 608N. The positive phase of EOF3 is char-

acterized with an anomalous warm center over the

Arctic that is oriented toward Eurasia with abnormal

cold only over the midlatitude of Eurasia but over the

entirety of North America. The opposite pattern is

found for the negative phase of EOF3. The EOF5 mode

exhibits a wavenumber-2 pattern with opposite signs

between the western and eastern halves of the conti-

nents north of 458N,where the spatial pattern of EOF6 is

dominated by wavenumber 3. To some extent, these two

modes represent temperature anomalies resulting from

the presence of large-amplitude quasi-stationary waves

FIG. 7. Standard deviations (K) from the composite-mean SATA

for all cases in the period of 1–10 days after (a)WB60N,20.5 and

(b) WB60N. 0.5. The composite-mean map for (a) is displayed in

Fig. 6b and that for (b) is in Fig. 6e.
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FIG. 8. Spatial patterns of the first six EOF modes of SATA over the domain 258–908N for the 32 winters during

1979–2011.
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during the cold air discharge period and weak quasi-

stationary waves during the cold air charge period.

To examine if those EOF modes that contribute little

to the composite-mean pattern (e.g., EOF2) may still

have a robust and physical association with the WB60N

index, we calculate the contribution to the total variance

of each EOF mode from different amplitude for three

situations: (i) all days in the 32 winters (climatology,

dashed black curves in Fig. 11), (ii) in the cold air charge

period or 1–10 days after weaker circulation (WB60N,
20.5, blue curves), and (iii) in the cold air discharge

period or 1–10 days after strong circulation (WB60N .
0.5, red curves). We note that for a PDF in which the

maximum probability is centered in the middle, such as

a normal distribution, its variance distribution has two

peaks, one in the middle of the negative range and the

other in the middle of the positive range with equal

magnitude. In other words, events with moderate-to-

large amplitude contribute more to the total variance of

the time series even though they occur less frequently

than small-amplitude events. Events with extremely

large amplitude also contribute little to the total vari-

ance owing to their rare occurrence. According to

Figs. 11a and 11d, the contribution to the total variance

of the EOF1 and EOF4 modes shifts significantly com-

pared to the normal condition: more from large-

amplitude negative events (about 21.25 SD) than

large-amplitude positive events (about 1.25 SD) in the

cold air charge period, but more so from large-

amplitude positive events in the cold air discharge pe-

riod. Such a shift in the variance distribution diagram

from large-amplitude negative events during the cold air

charge period to positive events during the cold air

discharge period is also accompanied with a shift in the

PDFs of the time series of EOF1 and EOF4 toward

positive values from negative values as the WB60N

index intensifies (not shown). This is another way to

describe the oscillation of the EOF1 and EOF4 between

the negative phase in the cold air charge period and the

positive phase in the cold air discharge period. Such

a shift toward large-amplitude positive events in the

variance distribution is also found in the EOF3 and

EOF6 (Figs. 11c,f), though the two modes explain only

a small portion of the total variance of SATA.

The EOF2 mode, characterized by an anticorrelation

of SATA between North America and Eurasia, exhibits

a distinct relationship with the WB60N index. It has

little shift in both probability distribution (not shown but

indicated by the very small composite means of its time

series as shown in Fig. 9) and variance distribution

(Fig. 11b) toward positive or negative events. However,

there is a noticeable increase in the variance explained

by the EOF2 mode from 9% in the cold air charge pe-

riod forWB60N,20.5%–13% in the cold air discharge

period for WB60N . 0.5. Most of the increase of the

EOF2-explained variance in the cold air discharge pe-

riod comes from large-amplitude (about 1.5 SD) events

of both signs. This suggests that another prominent

spatial pattern of SATA in response to a stronger mass

circulation crossing 608N is the occurrence of massive

cold air outbreaks over one of the two continents

but pronounced warmth in the other continent. For

a weaker meridional circulation crossing 608N, the

anticorrelated spatial pattern of SATA between the two

continents may still take place but with a much weaker

amplitude.

6. Concluding remarks

We have investigated the daily variability of anoma-

lous warmth and cold over the domain 258–908N in

winter seasons and its relation to the meridional mass

circulation variability using the ERA-Interim data from

November to February in 1979–2011. We have con-

structed two mass circulation indices: one (denoted as

WB60N) for measuring day-to-day variations of the

total poleward mass transport crossing 608N into the

Arctic upper troposphere and stratosphere by the warm

air branch and the other (CB60N) for the total equa-

torward mass transport crossing 608N out of the Arctic

FIG. 9. Composite means (K, ordinate) of the time series of the

first six EOF modes for all cases in the period of 1–10 days after

the WB60N index, reaching these six threshold values specified in

the color-coded figure legend. The results with short horizontal

bars exceed the 95% confidence intervals.
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by the cold air branch in the lower troposphere. These

two indices not only have a nearly perfect positive cor-

relation with one another with little lead/lag on average,

but also have the same amplitude of day-to-day varia-

tions. This indicates that a stronger poleward warm

airmass circulation into the polar region tends to be

compensated by a stronger equatorward mass transport

by the cold air branch below and vice versa. Such

synchronization of day-to-day variations of CB60N with

WB60N is expected from the meridional mass circula-

tion theory (e.g., Johnson 1989), namely, that stronger

westward-tilting wave activities in the extratropics result

in a simultaneous increase both in poleward mass

transport into the polar region aloft and in equatorward

mass transport out of the polar region in the lower tro-

posphere and vice versa.

FIG. 10. The relative contributions from each EOF mode to the composite-mean maps shown in Fig. 6 (see text

for details).
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We have also developed four temperature area in-

dices to measure the continental-scale anomalous

warmth and cold at the surface in high latitudes and

midlatitudes. Specifically, we have constructed indices

WH and CH on a daily basis, where WH corresponds to

the percentage of the area in high latitudes (608–908N)

occupied by SATA . 0.5 LSD (warm surface air tem-

perature anomalies that exceed 0.5 local standard de-

viation) and CH is the percentage of the area in high

latitudes occupied by SATA , 20.5 LSD (cold surface

air temperature anomalies that are less than 20.5 local

standard deviation). Similarly, we have constructed in-

dicesWM and CM to measure the percentage of the area

inmidlatitudes (258–608N) occupied by SATA. 0.5 LSD

and SATA , 20.5 LSD, respectively. The WB60N

index is highly positively correlated with theWH andCM

indices when the WB60N index leads by 1–10 days.

Meanwhile, with the same lead time, the WB60N index

is highly negatively correlated with the CH and WM in-

dices. There exists a systematic shift in the probability

distribution function of each of the four temperature

area indices. Under a normal condition in which the

amplitude of WB60N is near zero, all of the four tem-

perature area indices exhibit a quasi-normal probability

distribution that is centered at the climatological value

(about 30.85%). In the period of 1–10 days afterWB60N

FIG. 11. Variance distribution diagrams showing the contribution to the total variance (K2, ordinate) of an EOF

mode of SATA from the different amplitudes of its normalized time series for (a) EOF1, (b) EOF2, (c) EOF3,

(d) EOF4, (e) EOF5, and (f) EOF6. Dashed black curves are obtained for all days in the 32 winters (climatological

condition). Blue curves are obtained for all cases in the period of 1–10 days afterWB60N,20.5, whereas red curves

are for all cases afterWB60N. 0.5. The variance and the percentage of variance explained by eachEOFmode for all

cases in the period of 1–10 days after WB60N , 20.5 is indicated by numbers in blue, and those for cases after

WB60N . 0.5 is indicated by numbers in red.
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is above the normal by 0.5 standard deviations, the

center of the quasi-normal probability distribution

functions of both CM and WH indices shift toward

a value larger than 30.85%, while the center of the quasi-

normal probability distribution functions of bothCH and

WM shifts toward a smaller value. Themagnitude of such

a shift increases as the amplitude of the WB60N in-

creases. Such shifts in PDF are found toward the other

direction in the period of 1–10 days after WB60N is

below the normal by 0.5 standard deviations or more.

These results indicate that the cold air is largely im-

prisoned within the Arctic region during the cold air

charge period, responsible for the prevalence of warmth

in midlatitudes and cold in high latitudes. Conversely,

during the cold air discharge period, a stronger warm air

transport into the polar upper atmosphere is accompa-

nied by a stronger equatorward advancement of cold air

near the surface, resulting in massive cold air outbreaks

in midlatitudes and anomalous warmth in high latitudes.

For this reason and following Namias (1950), we refer to

the period of 1–10 days after a stronger meridional mass

circulation crossing 608N as the cold air discharge period

and that after a weaker meridional circulation as the

cold air charge period.

The robust correlations between the circulation and

temperature area indices can be further substantiated

from the dominant geographical patterns of SATA that

are negatively correlated between the cold air charge

and discharge periods. During the cold air discharge

period, the probability of occurrence for warm SATA

increases substantially over the entire Arctic region at

the expense of pronounced decrease in cold SATA. In

the midlatitudes, in contrast, there is a pronounced in-

crease in the probability of occurrence for cold SATA

and a decrease in the probability of warm SATA. The

opposite spatial pattern of the probability of occurrence

for warm and cold SATA is found for the cold air charge

period. Such a reversal of the spatial pattern of SATA

from the cold air charge to discharge period is also found

in the composite-mean maps of SATA. The amplitude

of the opposite composite patterns increases with the

increase of the amplitude of the WB60N index, in-

dicatingmore extreme cold SATAover themidlatitudes

in the cold air charge period after a stronger mass cir-

culation crossing 608N and vice versa.

The spatial pattern of large-amplitude cold SATA

over both continents during the cold air discharge period

can be linked to more occurrences of large-amplitude

positive events of the EOF1 and EOF4 modes of daily

SATA over the domain 258–908N in winter seasons.

Beside this dominant pattern of SATA, there is another

dominant but distinct spatial pattern of SATA during

the cold air discharge period, namely, that massive cold

air outbreaks mainly take place over one of the two

continents with abnormal warmth over the other conti-

nent, corresponding to the EOF2 mode of SATA in

winter seasons. The EOF2 mode contributes to large-

amplitude SATA during the cold air discharge period

with larger amplitude of both positive and negative

events than during the cold air charge period in which

the variance associated with the EOF2 mode is reduced

greatly.

The results presented in this paper demonstrate that

the day-to-day variability of meridional mass circulation

crossing subpolar latitudes can be used as a precursor

index for cold air outbreak events. It is directly related to

cold air outbreaks in midlatitudes both in terms of mean

values and their probability distribution. In addition, the

day-to-day variability of mass circulation crossing sub-

polar latitudes seems to explain the origin of the domi-

nant EOF modes of daily surface air temperature

anomalies in winter. The day-to-day variability of

poleward mass circulation in the warm air branch can be

further related to tropical forcing and stratospheric cir-

culation anomalies as elicited in the studies on global

mass circulation (e.g., Johnson 1989; Schneider 2006;

Pauluis et al. 2008; Cai and Shin 2014; and reference

therein). In particular, the stratospheric mass circulation

variability is linked to the tropical circulation anomalies

via the poleward propagation signal (Cai and Ren 2007).

One of the future research areas is to investigate the

associations of cold air outbreaks with anomalies in

upper-tropospheric mass circulation, stratospheric mass

circulation, and tropical circulation anomalies. As the

mass circulation indices measure the net mass exchange

between high and midlatitudes in each of the warm and

cold air branches, they should have a close relation with

other well-established circulation indices describing

the north–south pressure gradient or the extratropical

westerly jet in the Northern Hemisphere, such as the

zonal, AO/NAO, and NAM indices. Those circulation

indices are strongly associated with winter cold air out-

breaks as demonstrated in the references cited in the

introduction. It is our belief that the mass circulation

indices can bring richer, more direct, and more statisti-

cally robust information on cold air outbreaks in mid-

latitudes in winter seasons because the connection

between the meridional mass circulation and cold air

outbreaks is more physical and obvious than the other

indices such as the AO or NAM indices. We will carry

out a comprehensive study on the relation of mass cir-

culation indices with other circulation indices to confirm

this conjecture.
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