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ABSTRACT

This study investigates the intraseasonal variations of the Northern Hemispheric storm track associated with
the Madden—Julian oscillation (MJO) during the extended boreal winter (November—April) using 36 yr (1979-
2014) of reanalysis data from ER A-Interim. Two methods have been used to diagnose storm-track variations. In
the first method, the storm track is quantified by the temporal-filtered variance of 250-hPa meridional wind
(vv250) or mean sea level pressure (pp). The intraseasonal anomalies of vv250 composited for eight MJO phases
are characterized by a zonal band of strong positive (or negative) anomalies meandering from the Pacific all the
way across North America and the Atlantic into northern Europe, with weaker anomalies of opposite sign at one
or both flanks. The results based on pp are consistent with those based on vv250 except for larger zonal vari-
ations, which may be induced by surface topography. In the second method, an objective cyclone-tracking
scheme has been used to track the extratropical cyclones that compose the storm track. The MJO-composite
anomalies of the “‘accumulated” cyclone activity, a quantity that includes contributions from both the cyclone
frequency and cyclone mean intensity, are very similar to those based on pp. Further analysis demonstrates that
major contribution comes from variations in the cyclone frequency. Further analysis suggests that the intra-
seasonal variations of the storm track can be primarily attributed to the variations of the mean flow that responds
to the anomalous MJO convections in the tropics, with possible contribution also from the moisture variations.

1. Introduction activity of these storms is also called the storm track.
Storm tracks play critical roles in both weather and cli-
mate. Extratropical cyclones are responsible for most of
the severe and hazardous weather in the midlatitudes.
They also transport a large amount of heat, momentum,
and moisture and thus are important in maintaining the
general circulation.
There are two basic methods to quantify the storm
track. The first one identifies the extratropical cyclones,
Denotes content that is immediately available upon publica- tracks their positions with time, and produces statistics
tion as open access. for their distributions (e.g., Klein 1957; Hodges 1999;
Hoskins and Hodges 2002), while the other one computes
Corresponding author e-mail: Yanjuan Guo, yanjuan.guo@ temporal bandpass-filtered eddy variance/covariance at
tamucc.edu a set of grid points with a retained frequency band

Storm tracks are midlatitude regions that are charac-
terized by frequent passage of extratropical cyclones—
storms. These storms are also referred to as baroclinic
waves, transient eddies, or synoptic-scale disturbances
in the literature, which we will also use in this study
under proper context. In the climate community, the
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highlighting the synoptic time scales (e.g., Blackmon
1976; Blackmon et al. 1977). Blackmon (1976) found that
the geographical locations of bandpass-filtered (2-6 days)
eddy variance of 500-hPa geopotential height correspond
closely to the regions with frequent occurrence of extra-
tropical cyclones and thus used the term storm tracks to
describe the maxima of these eddy statistics. It should be
noted that eddy statistics do not differentiate between
cyclones and anticyclones and thus include contributions
from both. However, anticyclones (high pressure sys-
tems) are usually slow-moving and have pressure anom-
alies much weaker compared to cyclones (e.g., Hoskins
and Hodges 2002). Climatological distribution also in-
dicates that they are located farther equatorward, sug-
gesting that they mainly reflect the variations of the
subtropical high (Hoskins and Hodges 2002). Therefore,
the eddy statistics are likely dominated by the contribu-
tions from the cyclones, and we will not discuss the an-
ticyclones in this study.

There are both advantages and disadvantages in using
the cyclone tracking and eddy statistics methods. The
cyclone-tracking, or Lagrangian, method is straightfor-
ward and easily related to the daily weather. However,
the tracked cyclones are sparsely distributed in time and
space with large spread in intensity, making it difficult
to identify general relationships between cyclones
and the large-scale meteorological conditions. On the
other hand, Eulerian eddy statistics such as the eddy
momentum, heat, and moisture fluxes are important
terms in the governing equations for momentum, heat,
or moisture. Thus, it is convenient to diagnose the in-
teraction between eddies and mean state by examining
these quantities. However, eddy statistics do not pro-
vide specific information regarding the cyclones, such
as the intensity or frequency of occurrence. Therefore,
it is necessary to examine results based on both
methods such that complementary information can be
obtained.

Because of the importance of storm track in both
weather and climate, it is important to investigate the
characteristics of the storm tracks, especially their var-
iability, which often causes significant regional weather
and climate variations. In this study, we will examine the
intraseasonal variability of storm track associated with
the Madden—Julian oscillation (MJO).

The MJO is the dominant mode of intraseasonal (30—
90 day) variability in the tropics, characterized by slow
(~5ms ') and planetary-scale eastward propagation of
convection and circulation anomalies (Madden and
Julian 1971, 1972; Zhang 2005). Owing to the strong
heating anomalies involved, the MJO can produce
strong response not only in the tropics but also in the
extratropics.
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The extratropical response to tropical diabatic heating
anomalies has long been noticed as the teleconnection
patterns (Horel and Wallace 1981; Wallace and Gutzler
1981) and interpreted in terms of Rossby wave disper-
sion by Hoskins and Karoly (1981). Since then a number
of studies have investigated the extratropical response
to the tropical convection anomalies on the intraseasonal
time scale, mostly focusing on the Northern Hemisphere
(NH) large-scale circulation (Liebmann and Hartmann
1984; Weickmann et al. 1985; Lau and Phillips 1986;
Knutson and Weickmann 1987; Ferranti et al. 1990; Hsu
1996; Matthews and Kiladis 1999; Matthews and Meredith
2004; Lin et al. 2009, 2010; Straus et al. 2015; Henderson
et al. 2016; among many others).

Previous studies on the extratropical response to the
MJO have mostly focused on large-scale circulation
anomalies. It is only very recently that a number of
studies started to examine the MJO influence on the
midlatitude storm tracks and extratropical cyclones
(Deng and Jiang 2011, hereafter DJ11; Lee and Lim
2012, hereafter LL12; Grise et al. 2013, hereafter
Grise13; Takahashi and Shirooka 2014). Prior to these
studies, Matthews and Kiladis (1999) analyzed the in-
teraction between the midlatitude high-frequency tran-
sients and the MJO. However, the “‘high frequency” in
this study corresponds to the 6-25-day variability in-
stead of the typical time scale of the midlatitude storms
(about 2-6 days). DJ11 performed a multivariate em-
pirical orthogonal function (MEOF) analysis of the
intraseasonal filtered tropical outgoing longwave radi-
ation (OLR) and the North Pacific storm track quanti-
fied by vertically averaged synoptic eddy kinetic energy
(SEKE) and derived the coupling pattern between the
MIJO convection and the Pacific storm track by com-
positing strong coupling events identified by the princi-
pal components (PCs) of the MEOF. They found that
the North Pacific winter storm-track response is char-
acterized by an amplitude-varying dipole propagating
northeastward as the center of the anomalous tropical
convection moves eastward across the eastern Indian
Ocean and the western-central Pacific. Takahashi and
Shirooka (2014) further extended the work by DJ11 by
separating the MJO events according to different El
Nifio-Southern Oscillation (ENSO) conditions. LL12
used the envelope of the 2.5-6-day bandpass-filtered
variance of 250-hPa geopotential height to represent the
storm activity and composited it through the MJO
RMM index developed by Wheeler and Hendon (2004;
WH; see section 2c¢ for more details) to investigate the
impacts of the MJO convection on the zonal location
and intensity of the North Pacific storm activity. These
three studies are all based on the Eulerian eddy statistics
method.
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In this study, we will investigate the influence of the
MIJO on the storm track using both Lagrangian cyclone-
tracking and Eulerian eddy statistics methods, and re-
sults will be compared in the same context. A recent
study by Grisel3 discussed the variations of the extra-
tropical cyclones over North America associated with
four climate phenomena: the NAO, ENSO, the PNA,
and the MJO using the cyclone-tracking method. While
they detected some signals of storm-track activity asso-
ciated with the MJO, it is difficult to directly compare
their results with those based on Eulerian statistics in
previous studies such as DJ11 and LL12 because of the
differences regarding the region focused on, the vari-
ables analyzed, and the compositing method. For ex-
ample, Grise13 focused on North America, while DJ11
and LL12 focused on the North Pacific; DJ11 used the
vertically integrated SEKE, and LL12 used the envelope
of eddy variance of meridional wind to measure the
storm-track activity, while Grisel3 tracked the local
maxima of the positive vorticity at 850 hPa; DJ11 iden-
tified coupling events between the MJO and the storm
track by PCs of MEOF, while LL12 and Grisel3 used
the WH MJO RMM index. In this study, we will ex-
amine the MJO’s influence on the storm track for the
entire NH instead of a particular sector. To make as fair
as possible comparison, we will use mean sea level
pressure (MSLP) in both the eddy statistics and cyclone-
tracking methods and composite the MJO events using
the MJO RMM index. The examination of the results
based on the cyclone-tracking methods as well as the
comparison to those based on eddy statistics will provide
more insights that have not been obtained regarding the
storm-track variations associated with the MJO.

The rest of this paper is organized as follows. Section 2
describes the data and methodology used in this paper.
Sections 3 and 4 then present the intraseasonal varia-
tions of the storm track and extratropical cyclone ac-
tivity associated with the MJO from eddy statistics and
cyclone-tracking perspectives, respectively. In section 5,
we will examine two physical factors through which the
MJO may modulate the storm track. Finally, the con-
clusions and discussion are presented in section 6.

2. Data and methodology
a. Data

The primary dataset used in this study is the ECMWF
interim reanalysis (ERA-Interim; Dee et al. 2011). At-
mospheric variables including meridional and zonal
winds, specific humidity, MSLP, geopotential height at
several significant pressure levels, and the total column
water vapor (TCWV) are used. All variables were first
interpolated onto the same horizontal resolution of 2.5° by
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2.5°. Daily averaged values are used except for conducting
the automated cyclone tracking. In the cyclone-tracking
procedure, 6-hourly data are used since high-temporal-
resolution data are required for forming reasonably con-
tinuous tracks. The time period examined is 36 yr from
January 1979 to December 2014.

In addition to the ERA-Interim data, precipitation
data from the Tropical Rainfall Measuring Mission
(TRMM) 3B42 version 7 (Huffman et al. 2007) are used
as a proxy of the tropical deep convection to detect the
MJO signal. They were interpolated onto the same
temporal and horizontal resolutions as the reanalysis.
The temporal coverage of the precipitation data is from
January 1998 to December 2012.

This study focuses on the Northern Hemisphere and the
extended boreal winter season (November to April) for the
following two reasons: 1) the storm track is much stronger in
winter than that in summer owing to stronger meridional
temperature gradient, and 2) boreal winter is also the season
when tropical convection is located in the near-equatorial
region and the intraseasonal variability exhibits coherent
eastward propagation. In boreal summer, the strongest
tropical convection shifts northward and the intraseasonal
variability often displays northward propagation in addi-
tion to the eastward propagation owing to its interaction
with the Asian summer monsoon (e.g., Waliser 2006).

b. Storm track

1) CYCLONE TRACKING: A LAGRANGIAN
PERSPECTIVE

The cyclone-tracking method dates back to the late
nineteenth century when the cyclone tracks were man-
ually identified on the daily synoptic charts (e.g., Klein
1957). Because of the substantial effort required for the
manual tracking, this method had not been extensively
used until recently when automatic objective algorithms
were developed (e.g., Bell and Bosart 1989; Murray and
Simmonds 1991; Hodges 1999; among others). In this
study, we will employ the objective tracking tool de-
veloped by Hodges (1994, 1995, 1999).

We follow the tracking procedures described by
Hodges (1999) and Hoskins and Hodges (2002). In this
study, the meteorological variable used is MSLP, in
which surface cyclones will be tracked. Other variables,
such as 850-hPa relative vorticity, 500-hPa geopotential
height, 300-hPa potential vorticity, have also been used
in different studies. Each of these variables has its own
advantages and disadvantages, but examination of a
great variety of variables reveals generally similar pat-
terns (Hoskins and Hodges 2002). We will present re-
sults based on MSLP only in this study. Details of the
tracking procedure are discussed below.
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First, a spatial filtering by which only waves with total
wavenumber equal to or greater than 5 are retained is ap-
plied to the 6-hourly MSLP data to remove the large-scale,
low-frequency background flow (Hoskins and Hodges
2002). Local negative MSLP minima are then identified as
the cyclone centers at each time step. Finally, these pres-
sure minima are linked together across time steps to form
cyclone tracks. The sets of optimized tracks are obtained by
minimizing a cost function with constraints concerning the
track smoothness and the maximum displacement of cy-
clones among consecutive time steps. Further details of
the method are found in Hodges (1999). The outputs from
the tracking algorithm include the longitude and latitude
of the cyclone center, as well as the center intensity (the
absolute value of the pressure anomaly) for each track at
each time step. Note that cyclone intensity here refers to
the pressure anomaly from a large-scale background flow,
instead of the absolute minimum pressure at the cyclone
center. Many recent studies (e.g., Lim and Simmonds
2002; Donohoe and Battisti 2009; Chang 2014) have
suggested that it may be advantageous to use pressure
perturbation rather than the absolute minimum pressure
value to indicate cyclone intensity since the latter is
strongly influenced by changes in the large-scale low-
frequency background pressure field. Following Hoskins
and Hodges (2002), we only use tracks with a minimum
lifetime of 2 days and a minimum track length of 1000 km.

From these tracks, a daily, 2.5° by 2.5° gridded cyclone
dataset from 1979-2014 was created by accounting all
the cyclones within 500-km distance of a grid point. This
is equivalent to assume that a cyclone has a radius of
influence of 500km, which has been widely used in
previous studies (e.g., Sinclair 1997; Grise13). The cen-
ter intensity is recorded. Since the tracking output is four
times per day, there are cases when more than one cy-
clone is present in a grid box within one day. In such
cases, the averaged intensity is used. It should be noted
that here we assume the radius of influence of a cyclone
is constant no matter which stage it is in and how strong
it is, which is apparently not accurate enough. More so-
phisticate ways such as adding intensity-related weighting
to the radius of influence or determining the radius by the
closed isobar contour of a certain value could be applied
but are beyond the scope of this study. Nevertheless, we
performed sensitivity tests by changing the radius of in-
fluence to be 600 or 400 km, and results showed that our
conclusions are not sensitive to the choice of the value of
the radius of influence within this range.

2) EDDY VARIANCE-COVARIANCE: AN EULERIAN
PERSPECTIVE

The second approach to diagnose the storm track is to
use the bandpass-filtered eddy variance—covariance.

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/11/21 06:50 PM UTC

JOURNAL OF CLIMATE

VOLUME 30

Since Blackmon (1976) first introduced the bandpass-
filtered variance of 500-hPa geopotential height, many
other eddy variance—covariance quantities have also
been used to indicate storm tracks. In this study, we use
the 24-h-difference-filtered variance introduced by
Wallace et al. (1988). The 24-h difference filtering has
half power points at periods of 1.2 and 6 days and thus is
similar to the bandpass filtering for the synoptic time
scale. For the case of meridional velocity v, the storm
track is expressed as follows:

vv = [u(t + 24h) — v(0)], 1)

in which v(t + 24h) — v(f) is the 24-h differenced
v anomaly, which is calculated at each time step and
each grid point. Then, vv is computed by averaging the
squared v anomaly over a certain time period. Note that
the averaging time period does not have to be continu-
ous. For example, the MJO composite vv that we will
discuss later is the average squared v anomaly for the
days of a certain MJO phase.

c. Madden—Julian oscillation index

In this study, we use the all-season real-time multi-
variate MJO (RMM) index developed by Wheeler and
Hendon (2004) to composite the MJO cycle. The
RMM index consists of a pair of indices (RMM1 and
RMM2), which are the first two leading normalized
principal components of the combined EOF analysis of
equatorially averaged OLR and 850- and 200-hPa
zonal winds. The evolution of the MJO is described
as an eight-phase cycle by combining both the sign and
magnitude of the RMM1 and RMM?2 indices and is
characterized by the eastward propagation of tropical
convection as well as coherent circulation changes
from the Indian Ocean to the Western Hemisphere
and Africa. Given the RMM index, the MJO phase and
amplitude of any particular day can be determined.
Thus, the MJO composite of each field can be obtained
by averaging the field through eight MJO phases based
on the RMM index. In this study, only “‘strong” MJO
days (defined as follows: RMM1? + RMM?2? = 1)
are used.

Note that other MJO indices based on OLR only
(Kiladis et al. 2014) have also been examined, and the
results obtained are very similar to those based on the
RMM index and thus are not shown here.

3. MJO influence on storm track based on eddy
variance approach

In this section, the variations of storm track associ-
ated with the MJO will be examined by compositing the
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winter climatology of the NH storm track
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FIG. 1. Climatology of Northern Hemisphere storm tracks during 1979-2014 extended boreal
winters (November—April) based on ERA-interim data. (a) Longitude-latitude vv plane at
250 hPa and (b) longitude—pressure cross section at 45°N of the 24-h-differenced variance of
meridional wind (vv; m?s™?); (c) longitude-latitude plane of the 24-h-differenced variance of

the mean sea level pressure (pp; hPa?).

storm-track anomalies with respect to different MJO
phases. Results based on the eddy variance method will
be first shown. Eddy variance of meridional wind is
probably the most widely used measure of storm track
since it represents the dominant part of the eddy kinetic
energy, so much of our results will be based on this
quantity. In addition, eddy variance of MSLP is also
examined in order to provide direct comparison to the
results based on the cyclone-tracking method, in which
the MSLP field is used. Before examining the MJO-
related anomalies, we will first examine the winter cli-
matology of the NH storm track. While this has been
discussed in previous studies, this provides important
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information that will be useful when we examine the
MJO composites later.

a. Climatology

The winter climatology of the NH storm track aver-
aged over 36-yr (1979-2014) boreal winter seasons
(November—April) is shown in Fig. 1. The three-
dimensional structure of the NH storm tracks can be
perceived by combining information from both the
longitude-latitude plane at 250hPa (Fig. 1a) and the
longitude—pressure cross section along 45°N (Fig. 1b) of
vv (i.e., 24-h-differenced variance of the meridional
wind). From Fig. 1a, it is seen that vv at 250 hPa vv250 in
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the NH cool season is most pronounced in the mid-
latitudes and extends zonally from the western North
Pacific, across North America and the North Atlantic,
and into northern Europe, with two peaks over the
central to eastern North Pacific and North Atlantic,
which are the well-known Pacific and Atlantic storm
tracks, respectively (Fig. 1a). The Pacific storm track is
overall zonal and centered at around 45°N, while the
Atlantic storm track is several degrees poleward of the
Pacific one and shows noticeable southwest-northeast
tilting. The longitude—pressure cross section along 45°N
(Fig. 1b) indicates that the storm track based on vv peaks
at the level of about 250 hPa, which corresponds to the
level of the midlatitude jet core, as well as the approxi-
mate tropopause height. This is dynamically consistent
since the main energy source of the baroclinic waves
forming the storm track lies in the conversion of the
mean available potential energy from the mean flow.
The storm track based on mean sea level pressure (pp;
i.e., 24-h-differenced MSLP variance) (Fig. 1c) is very
similar to that based on vv250 (Fig. 1a) with the North
Pacific and North Atlantic storm tracks being pro-
nounced. However, a few differences between Figs. 1c
and la can be seen. First, the storm track based on pp is
less zonally continuous from the Pacific to northern
Europe, with an apparent break over the Rockies,
while a secondary maximum over central North Amer-
ica is probably due to lee cyclones to the east of the
Rockies. Second, the maxima of the Pacific and Atlantic
storm tracks are both shifted toward the western part of
the oceans; the Pacific storm track shows noticeable
southwest-northeast tilt that is not evident in vv250,
while the southwest—northeast tilt in the Atlantic storm
track becomes more pronounced compared to that in
vv250. These are probably due to the influence of the
western boundary ocean currents (WBCs), such as the
Kuroshio and Kuroshio Extension (e.g., Taguchi et al.
2009; Joyce et al. 2009; Nakamura et al. 2012; O’Reilly
and Czaja 2015) and the Gulf Stream (e.g., Businger et al.
2005). It is speculated that the WBCs influence extra-
tropical cyclones through low-level baroclinicity and/or
diabatic heating associated with sensible and latent air—
sea heat fluxes (Hoskins and Valdes 1990; Nakamura
et al. 2008). Booth et al. (2010) also suggested the warm
ocean current tends to shift the surface storm track to
the south of the mid- to upper-tropospheric storm track
owing to the reduction in near-surface static stability
over the warm side of the current. The topographic in-
fluences seem to be more visible in the surface pressure
than in the upper-level wind field. Furthermore, the
entire NH storm tracks are a few degrees farther north
in pp than those in vv250, which is probably due to the
impact of the Coriolis parameter. The relationship
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between v and pressure is quasigeostrophic; because of
the smaller Coriolis parameter in low latitudes, the
variances of p are displaced poleward compared to those
of v (Trenberth 1991). As shown later, these differences
are also inherited by the MJO composites. Nevertheless,
the main characteristics of the NH storm tracks in boreal
winter are highly consistent based on either the surface
pressure or upper-level wind.

b. MJO composite of storm-track anomalies

The MJO composites of vv250 during 1979-2014 bo-
real winters are displayed in Fig. 2. The procedure to
form the composite is as follows. First, the 24-h-differ-
enced anomaly of meridional wind is calculated for each
calendar day at each grid point and squared. Then the
climatological mean (1979-2014) of the squared anomaly
is removed for each calendar day. Then, a 20-100-day
bandpeass filter is applied to the time series of the squared
anomalies to isolate the intraseasonal variability. Finally,
the intraseasonal-filtered anomalies are composited into
the eight MJO phases using the RMM index for strong
MJO days (RMM1? + RMM2? = 1) during boreal win-
ter. The number of total MJO days used for the com-
posite for each phase is indicated at the upper-left corner
of each panel. In Fig. 2, the composite anomalies dis-
played at nearly all the grid points are statistically sig-
nificant at a 99% confidence level based on a two-tailed
Student’s ¢ test; thus no significance contours are shown.
(The same is true for Figs. 3, 8, 9, and 10.) Note that the
degrees of freedom are smaller than the number of strong
MJO days used for the MJO composite owing to possible
autocorrelation in the time series of vv250 or pp anomalies
(Leith 1973). The reduction of the degrees of freedom has
been considered throughout this paper when performing
the significance test.

The MJO-related vv250 anomalies are most pro-
nounced over the North Pacific but also extend across
North America and the North Atlantic into Europe,
with only weak anomalies over most of the Eurasian
continent (Fig. 2). The overall pattern is characterized
by an elongated band of strong positive (or negative)
anomalies over 35°-55°N meandering from the Pacific to
the Atlantic with weaker anomalies of opposite sign at
one or both flanks. Specifically, during MJO phase 1,
weak positive anomalies extend eastward from Eurasia
across the Pacific. These positive anomalies can be seen
propagating eastward and strengthening, becoming
strongest by phase 3. At that time a band of strong
positive anomaly extends across the entire midlatitude
Pacific, with weaker anomalies extending across the
southern part of the United States into the Atlantic, with
the signal reaching Europe by phases 4 and 5. Sub-
sequently, these positive anomalies continue to shift
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MJO Composite of w250
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FIG. 2. Eight-phase MJO composites of the intraseasonal (20-100 day) filtered anomalies of
the storm track quantified by the 24-h-difference variance of 250-hPa meridional wind (m?s~2).
Only strong MJO days (RMM1% + RMM2? = 1) during 1979-2014 winter seasons (November—
April) are used for the composite whose number for each phase is indicated at the upper-left
corner of each panel. Almost all the points within the shaded areas are significant at a 99%
confidence level based on a two-tailed Student’s ¢ test, and thus no significance level is shown.

eastward and weaken, nearly disappearing by phase 8.
Meanwhile, half a cycle later, similar but opposite-
signed anomalies start developing over Eurasia and
western Pacific during phase 5, moving eastward and
strengthening, until strong negative anomalies extend
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all the way from the Pacific across the southern United
States and North Atlantic into northern Europe by
phase 8. To the south of these main anomalies, we can
also see anomalies of the opposite sign developing over
the eastern Pacific.
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FIG. 3. As in Fig. 2, but for mean sea level pressure (hPa?).

Throughout the MJO cycle, the storm-track anoma-
lies move eastward and slightly northward along with
the eastward propagation of the MJO convection
anomalies. (Note that the locations of the anomalous
MJO convection centers in each MJO phase are in-
dicated by red contours in Figs. 8 and 9.) During MJO
phases 1-4 when enhanced MJO convection propagates
from the Indian Ocean to the Maritime Continent, the
Pacific storm track is mainly intensified and becomes
narrower, while the Atlantic storm track mainly shows
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equatorward displacement. These characteristics are
overall opposite for MJO phases 6-8 when suppressed
MJO convection moves from the Indian Ocean to
Maritime Continent.

Figure 3 further shows the storm-track anomalies as-
sociated with MJO based on pp. The anomalous pat-
terns are largely consistent with those based on vv250
(Fig. 2), except for some differences that can be traced
back to differences in the climatology. First of all, the
storm-track anomalies are not as zonally continuous as
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those in Fig. 2. Stronger anomalies are found in the
western oceans, especially over the Kuroshio Extension
area, than those in the eastern oceans; very little varia-
tion is present over the Rocky Mountains, but anomalies
are pronounced downstream of the Rockies. Also,
the anomalies in the western Pacific exhibit strong
southwest-to-northeast tilt, which is not found in Fig. 2.
Again, these differences are probably due to the stron-
ger influence of the ocean and land surface topography,
such as the Kuroshio Extension and Rocky Mountains,
on the storm track quantified by the surface pressure
than that by the upper-level wind as we have seen in the
climatology (Figs. 1a,c). Despite these differences, the
overall distributions of storm-track anomalies based on
vv250 and pp are quite similar, with positive anomalies
extending from the western Pacific across North
America into the Atlantic during phase 3 and the same
for negative anomalies during phases 7 and 8.

The results suggest that the magnitude of the intra-
seasonal storm-track anomalies associated with the
MJO is about 1/10 of the magnitude of the climatology:
40 versus 400m?s 2 for vv250 (Fig. 2 vs Fig. 1a) and 10
versus 100 hPa?® for pp (Fig. 3 and Fig. 1c).

4. MJO cycle of storm track based on
cyclone-tracking approach

In this section, results based on the cyclone-tracking
method will be presented and compared with the eddy
variance method. Three parameters are used to describe
the cyclone statistics at each grid point: 1) cyclone fre-
quency, which is the number of cyclones divided by the
number of days during which they are counted; 2) cy-
clone mean intensity, which is the averaged pressure
anomaly of cyclone center for these cyclones; and 3) the
“accumulated” cyclone activity, which is simply the
product of cyclone frequency and cyclone mean in-
tensity. It represents the accumulated pressure anomaly
for all the cyclones during the time period considered,
thus taking into account contributions from both the
cyclone occurrence and cyclone strength.

a. Climatology

The winter climatology of the cyclone statistics based
on the cyclones tracked during the boreal winter season
(November—April) is shown in Fig. 4. The geographical
distribution of the NH storm tracks is well captured by
all three parameters, with the strongest cyclone activity
being over the North Pacific and North Atlantic. The
overall patterns are very similar to those based on the
eddy variance of MSLP (Fig. 1c). Nevertheless, the cy-
clone frequency exhibits larger spatial variations within
the storm tracks, while the mean intensity map indicates
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that over the North Pacific and Atlantic Oceans the
storms have generally comparable magnitudes. It is also
of interest to note that the occurrence of cyclones are as
frequent over North America from the eastern side of
the Rockies to the East Coast as over the Pacific and
Atlantic Oceans, but the intensity of these cyclones are
much weaker compared to those over oceans. As a re-
sult, the accumulated cyclone activity exhibits a sec-
ondary storm track over this region, which is consistent
with what is shown in the eddy variance of MSLP
(Fig. 1c). Such differences between the cyclone fre-
quency and mean intensity cannot be inferred from the
eddy variance, which is a single quantity related to both
frequency and intensity.

Figure 4 indicates that over the storm-track regions
extratropical cyclones pass within 500 km of a certain
point about once a week (Fig. 4a), and on average the
pressure depression at the cyclone centers is about
20 hPa (Fig. 4b).

b. MJO composite of cyclone statistics

The cyclones during 1979-2014 boreal winters are
further composited throughout the MJO cycle to show
the MJO’s influence on the storm track, and the results
are compared with those based on pp. Again, only strong
MJO days (RMMI1? + RMM2? = 1) are used. The
composite cyclone frequency, mean intensity, and ac-
cumulated activity are first computed for each MJO
phase, and then the anomalous patterns relative to the
winter climatology are shown by subtracting the clima-
tology from the composite for each phase. Note that the
compositing procedure is somewhat different from what
we have done for the eddy variance quantities in which
the annual cycle of the time series is first removed and an
intraseasonal filtering is applied to obtain the anomalies.
The reason is that cyclones occur only on about 10% of
the days of the time series, which makes the daily cli-
matology very noisy, and the time filtering is impractical.
Thus we examine the mean anomalies of each phase
relative to the climatology for the entire period.

Figures 5-7 show that results based on the tracking
method are overall noisy, consistent with the results of
Grisel3. Despite the relatively high noise level, the cy-
clone frequency does exhibit systematic variations in the
form of large areas of negative or positive anomalies
throughout the MJO cycle (Fig. 5), and these anomalous
patterns show considerable similarities to the MJO
composites of pp anomalies shown in Fig. 3 (e.g., the
overall increased cyclone occurrence over the Bering
Sea and Alaska in phase 1, the dipole with increased
cyclones in the north and reduced cyclones in the south
of the North Pacific in phase 2, and overall decreased
cyclone occurrences off Japan during phases 5-8).
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FIG. 4. Climatology of the Northern Hemisphere extratropical cyclone activity identified by
an objective cyclone-tracking method and averaged during 1979-2014 boreal winter seasons
(November—April). (a) Cyclone frequency (percent). (b) Cyclone mean intensity (hPa).

(c) “Accumulated” cyclone activity (hPa).

For the cyclone mean intensity (Fig. 6), the anomalies
are rather noisy and do not show much similarities to the
MJO composites of pp anomalies (Fig. 3).

MJO modulation of the “accumulated” cyclone activ-
ity, which includes contributions from both cyclone fre-
quency and intensity, is shown in Fig. 7. It is found that the
anomalous cyclone activity indicated by this quantity
shows great similarities to the MJO composited pp
anomalies (Fig. 3), which is improved from the frequency
or intensity alone. Note that while the anomalies shown in
Fig. 7 do not pass a significance test at a 90% confidence
level based on a two-tailed Student’s ¢ test, the large-scale
enhancement and suppression of the storm tracks due to
the MJO modulation depicted in Fig. 7 and those based on
pp (Fig. 3) generally agree with each other, lending con-
fidence to the results based on the cyclone-tracking
method. Major features present in both methods can be
summarized as follows. Strong variations are found over
the North Pacific, extending through North America and
the North Atlantic into northern Europe, with weak
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anomalies over most of the Eurasian continent. The
anomalous patterns are often characterized by meander-
ing zonal bands although not as continuous as those in the
meridional wind variance owing to stronger impacts of
surface conditions, such as the Kuroshio Extension and
the Rockies, with anomalies of opposite sign at one or
both flanks. Overall, the positive-negative anomalies
propagate eastward and slightly northward throughout
the MJO cycle. For example, enhanced cyclone activity is
first evident off of Japan and the Kuroshio Extension is in
phase 3 and moves eastward through the central Pacific,
reaching the northeast Pacific (phase 4-5), while reduced
cyclone activity takes place over the area of Japan in phase
6 and moves northeast slowly, terminating in phase 8.
Comparing Fig. 7 to Figs. 5 and 6, we find that major
contribution to the anomalies in the accumulated cyclone
activity comes from the cyclone frequency anomalies, with
eight-phase averaged pattern correlation between Fig. 5
and Fig. 7 over the NH (20°-70°N) being 0.83. On the
other hand, the averaged pattern correlation between the
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FIG. 5. (top to bottom) Eight-phase MJO composites of the cyclone frequency anomalies
relative to the winter climatology (unitless). Only strong MJO days (RMM1? + RMM?2? = 1)
during 1979-2014 winter seasons (November—April) are used for the composite, whose number
for each phase is indicated at the upper-left corner of each panel.

mean intensity (Fig. 6) and accumulated activity (Fig. 7)
decreases to 0.39.

Note that there is little correlation between the
anomalous patterns of cyclone frequency and mean in-
tensity (Fig. 5 vs Fig. 6), with the eight-phase mean cor-
relation being 0.07. This means that a reduction—increase
of cyclone frequency is not necessarily accompanied by a
reduction—increase of the cyclone intensity, and vice
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versa, which also suggests that it is not straightforward to
translate the storm-track change in terms of eddy vari-
ance (one single value) to the cyclone statistics (several
cyclone properties). For example, reduced eddy variance
could be due to a reduction in either cyclone frequency or
mean intensity, or both, or an even more complex situa-
tion: stronger reduction in one with a weaker increase in
the other. Thus, the cyclone-tracking method provides
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FIG. 6. As in Fig. 5, but for the cyclone mean intensity (hPa). No points are statistically
significant at a 90% confidence level based on a two-tailed Student’s ¢ test, and thus no sig-

nificance level is shown.

useful information that cannot be obtained based on the
eddy variance method alone. On the other hand, results
based on cyclone tracking are often noisy and barely pass
the significance test, while those based on the eddy sta-
tistics are much more robust, lending an effective way to
check the robustness of the cyclone-tracking results.
Thus, these two methods are complementary to each
other, providing more complete information when used
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together for the same context such as the examination of
MJO-induced variability.

5. Possible physical factors through which the MJO
modulates the storm track

Results presented above have shown that the MJO
exerts clear modulation on the NH storm tracks based
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FIG. 7. As in Fig. 6, but for the “accumulated” cyclone activity (Pa).

on both eddy variance and cyclone-tracking methods. In
this section, we will examine possible physical factors
through which the MJO modulates the storm tracks.

a. Mean flow and moisture anomalies associated with
the MJO

As mentioned in the introduction, anomalous tropical
heating associated with the MJO can excite strong
Rossby wave trains that propagate to the extratropics
and alter the large-scale circulation as well as mean flow
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there (e.g., Hoskins and Karoly 1981; Sardeshmukh and
Hoskins 1988). The mean flow changes will then lead to
changes in the baroclinic wave activity. At the same
time, these baroclinic waves will feed back onto the
mean flow. This is the well-known eddy-mean flow in-
teraction (e.g., Andrews and MclIntyre 1976; Hoskins
et al. 1983; and many others). When considered under
time scales longer than the eddy time scale (in this case,
the intraseasonal time scale), the storm track and the
mean flow are expected to exhibit a considerable
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FIG. 8. Eight-phase MJO composites of 20-100-day filtered anomalies of 250-hPa streamfunction (m*s~'; black
contours) and 250-hPa zonal wind (m's ™ !; color shading). The contour interval is 10° m*s ! and the zero contour
is omitted. Only strong MJO days (RMM1? + RMM2? = 1) during 1979-2014 winter seasons (November—April)
are used for the composite. Almost all the values at the points displayed are statistically significant at a 99%
confidence level based on a two-tailed Student’s ¢ test, and thus no significance level is shown. Superimposed are
the active (red solid contour) and suppressed (red dashed contour) MJO convection centers, which are indicated
by the composites of the 20-100-day filtered precipitation anomalies with values of +1 and —1 mm day "/, re-

spectively, based on 1998-2012 TRMM data.

amount of covariations. This has also been described as
the “symbiotic” relationship between the mean flow and
the storm track in previous studies (e.g., Lau 1988; Cai
and Mak 1990). Thus, we will first examine the MJO-
related mean flow anomalies as a possible physical fac-
tor through which the MJO modulates the storm tracks.

The MJO composites of the intraseasonal (20-100 day)
filtered anomalies of 250-hPa zonal wind (U250) during
1979-2014 winters are shown for the entire tropics and
the NH in Fig. 8 (shading). The 250-hPa streamfunction
(contours) is also shown in order to demonstrate the
large-scale circulation response to the MJO convection.
Note that the locations of the active and suppressed MJO
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convection centers are marked by the red solid and
dashed contours, which correspond to the 20-100-day
filtered precipitation anomalies of +1 and —1 mmday ™",
respectively, based on 19982012 TRMM data. As ex-
pected, the upper-level circulation response to the MJO
convection is characterized by Rossby wave trains
propagating from the subtropics into the higher lati-
tudes and then turning back toward the lower latitudes
with alternative positive and negative anomalous cen-
ters. However, because the MJO heating is not a single
localized source but a dipole of enhanced and sup-
pressed anomalies evolving in both space and time, the
circulation response is not as simple as that predicted
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FIG. 9. As in Fig. 8, except that the shading is the TCWV (kg m?) and the contour is the horizontal water vapor
convergence integrated from 1000 to 500 hPa (interval: 1kg m™") calculated from specific humidity and horizontal
winds. Almost all the values at the points displayed are statistically significant at a 99% confidence level based on
a two-tail Student’s ¢ test, thus no significance level is shown.

by the Gill (1980) model. Nevertheless, the major
features still resemble what is described by the Rossby
wave dispersion theory (Hoskins and Karoly 1981). For
example, associated with enhanced MJO convection
(red solid contour) and lower-tropospheric conver-
gence, a lower-level Rossby gyre with cyclonic anoma-
lous circulation occurs at the northwest side of the
heating (not shown). Meanwhile, an anticyclonic anom-
alous circulation occurs at the upper level corresponding
to upper-level divergence. Subsequently, this upper-level
divergence will lead to the convergence anomaly at
higher latitude, which gives rise to the next divergence
anomaly, forming a train of Rossby waves propagating
roughly along a great circle. This is the case for phases
4,5, 6,and 7. Conversely, the upper-level Rossby wave
train starts with a cyclonic circulation in the subtropics
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to the northwest of the suppressed MJO convection,
which is evident in phases 8, 1, 2, and 3. Accompanied
with the circulation anomalies discussed above, the
response of the zonal wind to the MJO convection
anomalies is manifested as alternating westerly and
easterly anomalies. These features are consistent with
those of previous observational and modeling studies
(Ferranti et al. 1990; Matthews and Meredith 2004;
Cassou 2008; Lin et al. 2009; Seo and Son 2012; among
many others).

In addition to the mean flow anomalies, the MJO-
associated TCWYV anomalies are also shown (shading in
Fig. 9) since results below suggest that the moisture
variations might also contribute to the observed storm-
track variations. Figure 9 shows that within the tropics,
positive TCWYV anomalies generally occur in the vicinity



4814

of enhanced MJO convection, while negative anomalies
occur near suppressed convection. The anomalies of the
TCWY are not confined within the tropics but also extend
to the midlatitudes, reaching up to 40°N. Pronounced
moisture anomalies are found over the North Pacific,
particularly over its western boundary (i.e., Kuroshio and
Kuroshio Extension region), as well as over the central
North Pacific. In addition, the intraseasonal anomalies of
the horizontal convergence of water vapor integrated
from 1000 to 500 hPa are examined (contours in Fig. 9),
which are generally collocated with the TCWV anomalies.

b. Modulation of storm tracks by the mean flow and
moisture variations

Given the close relationship between the storm track
and mean flow discussed in the preceding subsection, we
first compare the MJO-associated U250 anomalies
(black contours) to the anomalies of the storm track
indicated by vv250 (shading) to explore how much var-
iations in the storm track might be explained by the
mean flow change (Fig. 10). Note that in this subsection
only the results with the storm track indicated by vv250
are shown; however, similar conclusions are also ob-
tained from the analysis of pp. We focus on the North
Pacific to the North Atlantic region (120°-60°E) since
the storm-track response to the MJO is very weak over
the Eurasian continent (Fig. 2).

Generally there is consistency between the storm-
track and mean flow variations, especially over the re-
gion north of 40°N: an enhanced storm track is often
accompanied by westerly anomalies, while a reduced
storm track is accompanied by easterly anomalies, con-
sistent with the results of Lau (1988). The pattern corre-
lation between the storm track and mean flow anomalies
averaged over eight MJO phases is about 0.5 for the re-
gion of 120°-60°E (from 120°E all the way westward to
60°E, passing 0°) and 40°~70°N, which is significant at a
99% confidence level based on a two-tailed Student’s ¢
test. Some inconsistency between the storm-track and
mean flow variations can also be noticed. For example,
the storm-track anomalies are generally displaced south-
ward from the mean flow anomalies. This might suggest
that other physical processes (e.g., barotropic conversion)
than the baroclinic conversion also play important roles in
generating the observed storm-track anomalies. Never-
theless, the strong correlation between the storm track
and mean flow anomalies indicates that over the region
north of 40°N the MJO modulates the storm track mainly
through the modulation of the mean flow.

The situation over the subtropics is quite different
from that in the higher latitudes: the mean flow varia-
tions are strong over the west to central Pacific, while the
storm-track variations are very weak, nearly indiscernible.
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One might argue that this could be due to the fact that the
climatological storm track is much weaker over the sub-
tropics compared to that in the midlatitudes. However,
this should not be the main reason since large storm-track
variations are still found over the central to east Pacific of
same latitudes. Here, we speculate that the moisture
might be another physical factor that needs to be taken
into account in order to explain the storm-track variations
in the subtropics. We hypothesize that positive moisture
anomaly corresponds to stronger storm-track activity
(e.g., Chang and Zurita-Gotor 2007). On the one hand,
increased moisture supply can invigorate the cyclones
through enhanced diabatic heating in the rising warm air
ahead of the cyclones (e.g., Gutowski et al. 1992); in ad-
dition, increased lower- to midtroposphere moisture de-
creases the effective static instability (Emanuel et al.
1987). Figure 10 shows that over the west to central Pa-
cific, the mean flow anomalies are usually accompanied
with moisture anomalies of opposite sign. Thus, the con-
tributions from the mean flow and moisture supply
anomalies may often counteract each other, leaving little
storm-track change over this region. In contrast, over the
central to eastern Pacific, the mean flow and moisture
anomalies often have same signs, possibly resulting in
quite strong storm-track variations.

These results are further demonstrated in Fig. 11, in
which we show vv250, U250, and TCWYV anomalies in
each MJO phase averaged over two representative re-
gions. One region is the North Pacific north of 40°N
(40°-60°N, 140°-200°E), and the other is the subtropical
west to central Pacific (25°-40°N, 120°E-180°). The MJO
cycle of the averages over the first region shows that the
storm-track variations mainly covary with the mean flow
changes, while the potentially counteracting effects be-
tween the mean flow and tropospheric moisture content
can be found in the second region.

It should be pointed out that results in this part are
based on simple correlation analysis, which indeed does
not guarantee the causality. Although the role of the
mean flow in modulating the storm track has strong
theoretical and empirical support, the relationship be-
tween moisture and storm-track variations is still rather
poorly understood (e.g., Chang and Zurita-Gotor 2007;
Xia and Chang 2014). More detailed diagnostics or
modeling studies regarding the physical mechanisms
through which the MJO modulates the storm tracks are
thus desirable in the future.

6. Conclusions and discussion

In this study, the intraseasonal variations of the NH
storm track associated with the MJO have been in-
vestigated using 36 yr (1979-2014) of extended boreal
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F1G. 10. Eight-phase MJO composites of the intraseasonal (20100 day) filtered anomalies of the storm track
quantified by vv250 (m*s~2; shading), U250 (m s~ !; black contours), and TCWV (kg m~2; purple contours), which
are identical to the shadings shown in Figs. 2, 8, and 9, respectively. Only strong MJO days (RMM1? + RMM2? = 1)
during 1979-2014 winter seasons (November—April) are used for the composite. For all three quantities, almost all
the points displayed are significant at a 99% confidence level based on a two-tailed Student’s ¢ test, and thus no

significance contour is shown.

winter (November—April) data from ERA-Interim.
There are two basic methods to quantify the storm
track: one is based on the Eulerian eddy statistics, and
the other based on the Lagrangian cyclone-tracking
statistics. Previous studies generally focused on one
approach. In this study, we have examined the results
based on both methods such that more insights on the
intraseasonal variability of the NH storm track can be
obtained.

The intraseasonal (20-100 day) filtered vv250 are first
composited through eight MJO phases using the WH
MJO RMM index. The MJO composites of vv250 are
characterized by a zonal band of strong positive (or
negative) anomalies over about 35°-55°N, which me-
ander from the Pacific, across North America and the
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Atlantic, and into northern Europe, and are accompa-
nied by weaker anomalies of opposite sign at one or both
flanks. The storm-track anomalies move eastward and
northward along with the eastward propagation of the
MJO convection anomalies. These features are gener-
ally consistent with what is depicted in previous studies
(DJ11 and LL12). The results based on pp are consistent
overall with those based on vv250 but exhibit larger
zonal variations with the anomalies more prominent
over the western boundary of oceans and discontinuous
over the Rocky Mountains. This could be due to the
stronger influence of the earth’s surface, such as the
Kuroshio Extension and the Rocky Mountains on the storm
track; an influence more-based on a surface parameter than
on an upper-level one.
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(a) 40°-60°N, 140°-200°E and (b) 25°-40°N, 120°E-180° in Fig. 10.
The error bars denote the 99% confidence level of the means based
on a two-tailed Student’s ¢ test.

The cyclones identified as the surface pressure minima
were then tracked. The results based on the cyclone-
tracking method are overall noisy. Despite the level of
noise, the MJO composites of the cyclone frequency
anomalies relative to the winter climatology exhibit
systematic variations that bear considerable similarities
to the MJO composites of pp anomalies. The mean cy-
clone intensity does not show as strong systematic
changes associated with the evolution of the MJO as the
cyclone frequency. Nevertheless, when a quantity that
takes into account both the cyclone frequency and mean
intensity (i.e., the product of the cyclone frequency and
mean intensity, which we call the ‘“‘accumulated” cy-
clone activity) is introduced, the consistency between
the MJO composites of the accumulated cyclone activity
and those of pp becomes evident. The introduction of
accumulated cyclone activity is novel, and our results
suggest that it is a more appropriate quantity to be
compared with the eddy variance than the frequency or
intensity alone, which could be of important use in
future study. In addition, our results suggest that the
use of the same meteorological parameter in both the
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cyclone-tracking and eddy variance methods might be
necessary since certain differences are found between
vv250 and pp, and the cyclone statistics by tracking MSLP
minima are more comparable to the latter. The adoption
of the accumulated cyclone activity and direct compari-
son to pp might both help explain the better consistency
found in our study than that by Grisel3, in which the
850-hPa vorticity is tracked and compared to the EKE.
As we have shown, the cyclone-tracking method
provides useful information such as cyclone frequency
and mean intensity that cannot be obtained from the
eddy statistics alone. However, results based on cyclone
tracking are often noisy and barely pass the significance
test, while those based on the eddy statistics are gener-
ally much clearer, providing an effective way to confirm
the robustness of the cyclone-tracking results. Thus, the
use of both methods together is often desirable.
Finally, possible physical factors through which the
MJO modulates the storm track have been briefly dis-
cussed. It is found that overall the storm-track variations
can be largely attributed to the MJO-associated mean
flow change, especially in the region north of 40°N: an
enhanced storm track is often accompanied by the
westerly anomalies, while a reduced storm track is often
accompanied by the easterly anomalies. In the sub-
tropics, it appears that moisture variations may need to
be considered in order to explain the observed storm-
track variations. It should be noted that our results are
purely diagnostic. The relationships between the intra-
seasonal variations in the storm track and the mean flow
and tropospheric moisture have only been examined
through correlation and composite analyses. Further
studies, including numerical simulations using an idealized
storm-track model (Chang 2001; Chang and Guo 2007) or
more comprehensive GCMs, are needed to explore the
details of the identified MJO-storm-track interactions.
Our results indicate that the MJO exerts clear mod-
ulations of the midlatitude storm track through large-
scale dynamic and thermodynamic variations associated
with the MJO convection anomalies. Given the close
relationship between the storm track and midlatitude
weather as well as the fact that the MJO is the major
source of predictability on the intraseasonal time scale,
the results of this study suggest that there is potential
predictability of the weather—climate variability in the
extratropics through MJO’s impact on the extratropics.
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