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1 | INTRODUCTION

| Min Wen'? | Zhiwei Wu®

The Madden—Julian oscillation (MJO) is the major mode of intra-seasonal variabil-
ity in the Tropics, yet researches about factors related to this oscillation have not
been well understood, particularly on an inter-annual timescale. As a crucial index
of the thermal condition of the plateau, the Tibetan Plateau snow cover (TPSC)
has attracted great attention with its potential climatic effects. In this paper, obser-
vational evidences present that the inter-annual variation in the wintertime TPSC
can exert influence on the convection variability associated with the MJO. For the
excessive TPSC winters, the MJO convection tends to be stronger in the Indian
Ocean (phases 2-3), while it is more vigorous over the western Pacific (phases
6—7) during the reduced TPSC winters. Furthermore, the South Asia High (SAH)
is found to be the key system in the potential physical mechanism. A reduced
(excessive) TPSC can excite upper-level anomalous anticyclone (cyclone) over the
Tibetan Plateau and eastern China, which is in favour of westwards extension
(eastwards withdrawal) and enhancing (weakening) of the SAH over tropical
oceans. Through an anomalous tropical zonal-vertical circulation, the intensified
ascending (descending) motions over the tropical western Pacific may subse-
quently depress (enhances) the convection over the Indian Ocean. Over the Indian
Ocean (phases 2-3) and the western Pacific (phases 6-7), the zonal-vertical circu-
lation associated with the MJO is exactly superposed with the inter-annual anoma-
lous vertical circulation linked with the TPSC, so the according changes of MJO
convection are most significant in these two categorized phases.

KEYWORDS

inter-annual variability, Madden—Julian oscillation, South Asia High, Tibetan
Plateau snow cover anomaly

example, the onset, active, and break of tropical monsoons
(Krishnamurti and Subrahmanyam, 1982; Tong et al,

The Madden—Julian oscillation (MJO) is known as one of
the most significant modes of the intra-seasonal variability
in the Tropics (Madden and Julian, 1971). Coupled with
deep convection, it propagates eastwards along the equator
with a period of 30-60 days.

As an important signal in the Tropics, the MJO has
direct influence on the tropical weather and climate, for

2008), the genesis of tropical cyclone (Wang and Moon,
2017), the variation of surface wind over ocean (Foltz and
McPhaden, 2004), and the multi-scale changes of precipita-
tion in the Tropics (Benedict and Randall, 2007; Vincent
et al., 2016). Moreover, it can also modulate the weather
and climate systems in the extratropical regions. Researches
show that the mid-latitude atmospheric circulations may
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receive anomalous angular momentum from the MJO in the
Tropics (Anderson and Rosen, 1983). This intra-seasonal
variability induces anomalous horizontal circulation, vertical
motion, and moisture supply over East Asia and thus causes
anomalous wintertime air temperature and precipitation
(Jeong et al., 2005; 2008). The MJO can also initiate pole-
wards propagating Rossby waves and then influence the
main modes of low-frequency variability in mid-and-high
latitudes, for example, the North Atlantic oscillation (NAO),
the Arctic oscillation (AQO), and the Pacific North American
(PNA) teleconnection pattern (Higgins and Mo, 1997; Cas-
sou, 2008; L’Heureux and Higgins, 2008; Johnson and
Feldstein, 2010; Seo and Son, 2012). It is worth mentioning
that there might be a two-way interaction between the MJO
and mid-latitude oscillation. Lin et al. (2009) suggested that
the NAO variability may result in the tropical upper zonal
wind and then affect the initiation of the MJO in the Indian
Ocean.

Although the MJO is renowned as an intra-seasonal
variation, it also exhibits prominent year-to-year variability
in its behaviour (Weickmann, 1991; Hendon et al., 1999;
Pohl and Matthews, 2007). It appears to be very strong
and coherent in some years but weak in others. Particularly
in Pacific, zonal wind of the MJO presents prominent
inter-annual variability in the lower than upper troposphere
(Gutzler, 1991). It is actually a challenging topic to reveal
what controls the inter-annul variability in the intensity, the
number of events, as well as active region of the MJO.
Several forcing such as vertical wind shear or diabatic heat-
ing, have been put forwards to explore the possible mecha-
nism of the MJO behaviour (Lau and Chan, 1988; Lim
et al, 1991; Bladé and Hartmann, 1993). The major driver
is sea surface temperature (SST), including EI Nifio-
Southern Oscillation (ENSO) and Indian Ocean dipole
(IOD). As the most remarkable inter-annual signal in the
Tropics, ENSO has been suggested that it might modulate
the inter-annual variation of the MJO. Fink and Speth
(1997) pointed out that the MJO activity over the Pacific
near equator is compactly related to the SST anomalies and
the phase of ENSO. Their results were supported by Slingo
et al. (1999), whose study showed that the MJO activity is
more vibrant during the cold phase of ENSO, but it would
also be more energetic with the tropical SST increasing
due to global warming. Besides, Hendon et al. (1999)
detected an eastwards shift of MJO activity east of the date
line during El Nifio events. However, they claimed that the
overall level of MJO activity has nothing to do with El
Nifio generally, but still feebly link to SST anomalies in
the equatorial Indian Ocean and western Pacific. In addi-
tion, during the negative phase of IOD, the MJO activity is
enhanced with strong convection and organized wind
anomalies over the Indian Ocean and Maritime Continent,
but subdued during positive IOD (Wilson et al, 2013).
These differences are especially distinct over the eastern

Indian Ocean, where IOD has the greatest impact on low-
level humidity and modulates the MJO afterwards. Izumo
et al. (2010), who found two types of MJO with different
frequency based on satellite observations, revealed that
these MJO events can also be modulated by IOD through
the background atmospheric circulation or ocean—
atmosphere coupling over the southwest Indian Ocean.
Therefore, the factors that can affect the inter-annual varia-
tion of the MJO, along with its underlying mechanisms are
still less well documented.

The Tibetan Plateau, the highest plateau in the world, is
called as the “Roof of the world” or the “The Third Pole,”
and it is viewed as a huge heat/cold source of the global
atmosphere (e.g., Luo and Yanai, 1983; Yanai and Li,
1994; Yeh and Wu, 1998). Thermodynamic activities of the
Tibetan Plateau change the global atmospheric circulations
and have significant influence on the Asian monsoon sys-
tem (Wu and Zhang, 1998; Zhang et al., 2004), East Asian
precipitation (Hsu and Liu, 2003; Wang et al, 2008), and
ENSO (Wu et al, 2012). Snow cover can prominently
change the thermal condition of the atmospheric underlying
surface and thus affect the weather and climate around
(Hahn and Shukla, 1976; Goodrich, 1982; Barnett et al.,
1989; Groisman et al., 1994; Chen et al., 2000; Qian et al.,
2003; Wu and Qian, 2003). As a crucial measure of the
thermal condition of the plateau, the Tibetan Plateau snow
cover (TPSC) is more important than other areas with its
miraculous altitude reaching the middle troposphere (Lin
and Wu, 2012). The strong inter-annual variability in the
TPSC leads to anomalies of atmospheric diabatic heating at
the middle troposphere (Lin and Wu, 2011) and, as a result,
affects the regional, even the global climate. For instance,
the sensible heating effects of the TP in winter generate an
asymmetric dipole zonal-deviation circulation, with a large
anticyclone gyre to the north and a cyclonic gyre to the
south (Wu et al., 2007). It then enhances the cold outbreaks
from the north over East Asia, resulting in a dry climate in
South Asia and a moist climate over the Indochina Penin-
sula and south China. In winter 2008-2009, the severe
drought event in northern China was suggested to have con-
nection with the heat forcing of TP (Gao and Yang, 2009).
The temperature above normal over the TP, which lessens
the moisture transportation from the Bay of Bengal to east-
ern China, combined with La Nifia contributed to this
extreme weather. Liu et al. (2009) found that Asian mon-
soon changes during the late Holocene are forced by
changes in both solar output and oceanic—atmospheric circu-
lation patterns, whose mechanisms operate not only in low
latitudes but also in the northern TP. Moreover, the wither
TPSC even can exert impacts on the Asian monsoon
(Zhang and Tao, 2001) and ENSO
(Wu et al., 2012) in the next summer by changing the sur-
face heating, and even can explain Eurasian heat wave with
30% variances (Wu et al., 2015).

teleconnection
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The Tibetan Plateau is lying to the north of the Indian
Ocean, where the MJO initiates and the convection related
to the MJO is strongest during its cycle. It is reasonable to
speculate that the TPSC might influence the MJO convec-
tion activity. In addition, a recently published report
(Li et al., 2016) reveals the influence of the MJO on the
TPSC on an intra-seasonal timescale. Their results show
that the TPSC increase/decrease with the MJO suppressed/
enhanced convection located over the Maritime Continent,
but there is non-significant change of TPSC in other phases.
As the MJO-NAO relationship, is there any two-way inter-
action between the MJO and the TPSC? What is the inter-
annual reflection of this relationship? Can the TPSC modu-
late the MJO activities? And what kind of physical mecha-
nism is responsible for such modulation? In this paper, we
will focus on the TPSC-MJO relationship in the boreal win-
ter, in which the MJO is most prominent.

This paper is organized as follows. In section 2, we
describe our data sets and methods used in this study. The
observational TPSC anomaly evolution in wintertime from
1979 to 2012 and the relationship between the TPSC and the
MIJO are presented in section 3. Section 4 investigates the
modulation of the wintertime TPSC on the MJO convection
on an inter-annual timescale and the underlying mechanism in
detail. Finally, we summarize our findings in the last section.

2 | DATA AND METHODOLOGY

The real-time multivariate MJO (RMM) index was developed
by Wheeler and Hendon (2004) to monitor and forecast the
MIJO in operation, which is available from the Australia
Meteorology Bureau (see online at http://www.bom.gov.au/
climate/mjo/). Although it might not be the best index of the
MJO, this index is convenient to study comparability
between the MJO and other variables and this fact has been
verified among various works indeed. Defined by the RMM
index, an MJO cycle is divided into eight phases, and to be
more concise, categorized into four phase groups. Phases 2-3
denote that the MJO convection is centred over the Indian
Ocean; phases 4-5, the Maritime continent; phases 67, the
western Pacific; and phases 8-1, the Western Hemisphere
and Africa. Generally, the MJO is featured by a large-scale
zonal-vertical cell propagating eastwards with the maximum
convective activity that occurs over the warm waters of the
Indian Ocean and western Pacific, whereas the MJO is less
well coupled with convection in the Western Hemisphere
(Zhang, 2005). Figure 1 is an example diagram of the RMM
index for December 1, 2007 to February 31, 2008. The daily
RMMI1 and RMM?2 indexes define the state of the MJO with
a point in a two-dimensional phase space, and the anticlock-
wise trace in sequential days indicates the eastwards propaga-
tion of the MJO. This figure also shows the relative intensity

of the MJO quantified by VRMMI1?+RMM?2”. The weak
MJO with its amplitude less than 1 is located inside the
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FIGURE 1 Two-dimensional phase space defined by RMM1 and RMM2

(Wheeler and Hendon, 2004), in which the number of co-ordinates implies
the value of RMM index. The polygonal line, which indicates the observed
MIJO index in the winter from December 1, 2007 to February 28, 2008,
presents the eastwards propagating of the MJO event [Colour figure can be
viewed at wileyonlinelibrary.com]

circle. In this study, composite analyses are all based on the
anomalous strong MJO cycles.

Monthly snow cover data set obtained from the Global
Snow Laboratory (Rutgers University) has a matrix with
89 x 89 grids of polar stereographic projection of the
Northern Hemisphere in each month from 1979 to 2012.
Other data sets used in this study are (a) monthly and daily
ERA-Interim reanalysis data, including meridional wind,
zonal wind and geopotential height; (b) monthly and daily
outgoing long-wave radiation (OLR) data obtained from the
National Centers for Environment Prediction-National Cen-
ter for Atmospheric Research (NCEP-NCAR). Both of the
data sets have a global coverage with a resolution of
2.5 x 2.5° spanning from 1979 to 2012. The boreal winter-
time is defined as from December 1 in last year to February
28 in the present year. To get the components associated
with the MJO, we applied 30-60-day band-pass filter on
daily data by using Lanczos filtering (Duchon, 1979).

3 | RELATIONSHIP BETWEEN THE TPSC
AND THE MJO

Figure 2a presents the climatology of the TPSC in winter-
time (DJF) from 1979 to 2012. There is a large snow cover
centre over the eastern TP, similar to the results of other
researches (e.g., Lin and Wu, 2011). Following Lin and Wu
(2011), this area will be used to quantitatively measure the
year-to-year variation of the wintertime TPSC. So, we
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define a snow cover index TPSCI as the snow cover anom-
aly averaged within the eastern TP domain (90°-105°E,
25°-50°N) shown by a rectangle box in Figure 2a. The time
series of the normalized TPSCI for the past 34 winters
(1979-2012) illustrates a strong year-to-year variability in
the TPSC, along with a pronounced increasing trend
(Figure 2b). As a strong signal of inter-annual variability in
the Tropics, ENSO may exert profound impacts on the
global climate (e.g., Gershunov and Barnett, 1998; Alexan-
der et al., 2002; Wu and Lin, 2012; Wu and Zhang, 2015,
among others), thus may simultaneously affect both the
MJO and the TPSC. To get the inter-annual variability of
the TPSC without the influences of the long-term trend and
ENSO, the increasing trend and the ENSO impact with
Nifio3.4 index are linearly removed from the original TPSCI
(dashed in Figure 2b) and this TPSCI is applied in the fol-
lowing study.

In the present work, the standard deviation of +0.5 is
used to distinguish the above/below-normal TPSC winters.
Accordingly, nine excessive snow cover winters (1980,
1982, 1985, 1992, 1999, 2002, 2004, 2007, 2010), and

11 reduced snow cover winters (1979, 1981, 1990, 1993,
1994, 1995, 1996, 2000, 2005, 2008, 2012) are selected.
Moreover, the RMM indices are used to categorize the
phases and amplitudes of the MJO during the excessive
snow cover winters and reduced snow cover winters,
respectively. The behaviours of the MJO in the anomalous
TPSC winters will then be explored by statistic and
composite.

As mentioned above, a MJO cycle could be divided into
eight phases, which correspond to vigorous convection over
four sectors. For simplicity, the contiguous phases are
composited as phase groups (i.e., phases 2-3, phases 4-5,
phases 67, and phases 8—1). Table 1 shows the number of
days and averaged amplitude for categorized phase groups
in the excessive, reduced TPSC winters and in long-term
climatology, respectively. The MJO tends to prefer remain-
ing from Indian Ocean to Pacific (phases 2-7), with more
vitality in the long run. During the excessive TPSC winters,
the strong MJO is more likely to be found in phases 6-7
with less occurrences in phases 8—1. The MJO intensity
measured by the averaged RMM indices is strongest in

(a) DJF climatological snow cover over TP

20°N T T T T T T
60°E 70°E 80°E 90°E 100°E 110°E 120°E
(b) Snow cover over TP
3.0
o [ Detrend FIGURE 2 (a) Wintertime (December—
2.0 ] February, DJF) mean snow cover (%) over
7] the TP for the period of 1979-2012. The
1.0 4 areas included in the curves are 2,500 m
] above sea level. (b) The normalized TPSCI
] time series (solid curve) defined by the
0.0 ] winter TPSC anomaly averaged in the
1 boxed area (90°-105°E, 25°-50°N) in
10 ] (a) from 1979 to 2012. The dashed
] indicates the detrended component of the
] TPSCI and the ENSO impact is also
—2.0 7 removed by linearly detrending Nifio3.4
. index. The dashed horizontal lines denote
1 +0.5 standard deviation of the normalized
—3.0 I i i i i I i i i i I

2000

TPSCI [Colour figure can be viewed at
2010
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TABLE 1

of the MJO in the excessive, reduced TPSC winters and in long-term

Number of days and averaged amplitude for categorized phases

climatology, respectively

Phase 2-3 4-5 6-7 8-1
Excessive TPSC No. of days 91 109 172 73
winters Mean 1992 1581 1684 1.639
amplitude
Reduced TPSC No. of days 135 202 178 99
winters Mean 1550 1704 1800 1.563
amplitude
In long-term No. of days 495 483 599 381
climatology Mean 1746 1700 1712 1672
amplitude

phases 2-3, and weakest in phases 4-5. On the contrary,
during the reduced TPSC winters, most number of days of
the MJO occurs in phases 4-5, while the averaged MJO
intensity is strongest in phases 6-7. It is worthy to be men-
tioned, compared to that in the reduced TPSC winters, the
MIJO intensity in the excessive TPSC winters is much stron-
ger (weaker) when it passes by the Western Hemisphere
and the Indian Ocean (Maritime Continent and the western
Pacific), that is, phases 8-3 (4-7). Especially, the difference
of mean amplitude between these two cases in phases 2-3
is up to 0.44, which is greatest among all the categorized
phases. That means, the MJO convection is much stronger
for the excessive TPSC winters when it passes through the
Indian Ocean, where is to the south of the Tibetan Plateau.
Does it imply the effect of the TPSC on the MJO?

To obtain a more specific understanding of the differ-
ence in MJO between the typical excessive and reduced
TPSC winters, the composite distributions of OLR in each
phase group are shown in Figure 3. Both in the excessive
and reduced TPSC winters, the MJO convection features
eastwards propagation along the equator from the Indian
Ocean to the Pacific Ocean. However, the convection anom-
alies over the Indian Ocean exhibit great differences. The
positive anomaly of convection is much stronger in the
excessive TPSC winters when the MJO active convection is
located over the Indian Ocean in phases 2-3. In phases 6-7,
the suppressive convection associated with the MJO is
located over the Indian Ocean and the negative anomalies
of convection is more obvious in the reduced TPSC winters,
as well as the intensity of MJO shown in Table 1. The dif-
ferences of OLR over the Indian Ocean and western Pacific
domain between high and low TPSCI winters may illustrate
such features more clearly (Figure 4). In phases 2-3 and
phases 67, there are negative OLR centres over the tropical
Indian Ocean. In other phases, the differences in OLR are
not very obvious.

Here come the questions, why is the MJO convection
over the Indian Ocean during the excessive TPSC winters
stronger than that in the reduced TPSC winters? How does
the TPSC modulate this intra-seasonal oscillation on an

of Climatology

inter-annual timescale during wintertime? We will try to
give an interpretation in next section.

4 | POSSIBLE PHYSICAL MECHANISMS

As the highest plateau in the world, the Tibetan Plateau
plays an important role in the global weather and climate
variation due to its thermal effect. The changes in the snow
cover may lead to significant variation of the thermal status
of the plateau. It is notable that air temperature anomalies at
2 m (shading in Figure 5) in the excessive TPSC winters
are almost contrary to those in the reduced ones. Over the
eastern Tibetan Plateau, surface temperature is lower than
normal in the excessive TPSC winters. At the same time,
snow cover anomalies (contour in Figure 5) during the
excessive and reduced TPSC years centre on eastern TP and
to its north, which accord with the distribution of tempera-
ture anomaly. These features further certify that the region
we selected as key region to measure TPSCI is reasonable,
and the heating effect of snow cower is significant.

Li et al. (2016) suggested that there is maximum TPSC
in phases 2-3 but with minimum anomalies in these phases
on the intra-seasonal timescale. Therefore, it is reasonable
that the TPSC in phases 2-3 is stable on the intra-seasonal
timescale and we can eliminate the probability that the vari-
ability of MJO strength in these phases can affect TPSC. In
this article, the strength of MJO in phases 2-3 is significant
different during the excessive and reduced TPSC winters,
which infers that TPSC can exert impact on the MJO. So
we conclude that the subtropical convection activities play a
passive role, rather than active one to the middle-latitude
TPSC anomalies in phases 2-3. To explore the TPSC-
related atmospheric circulation anomalies at difference
levels, the zonal-vertical sections of geopotential height
anomalies along 30°N for the excessive and reduced TPSC
winters are calculated (Figure 6). For the excessive TPSC
winters, when the TP is a relative cold source to the atmo-
sphere, deep negative anomaly of geopotential height can
be found over the main part of TP and to its east with a cen-
tre located at 200 hPa. Thus, the relative cold surface over
the eastern TP in the excessive TPSC winter cools the atmo-
sphere down, leading to the subsidence of isobaric surface
(Figure 6a). Oppositely, in the reduced TPSC winters, the
relative higher surface temperature is in favour of the posi-
tive geopotential height anomaly (Figure 6b). And the dif-
ference of geopotential height anomaly (Figure 6¢) reveals
significant otherness over the eastern TP, corresponding to
the temperature anomaly at 2 m.

As presented in Figure 6, the anomalous centres of geo-
potential height are located at the upper level around
200 hPa. Consequently, the anomalous geopotential height
and winds at 200-hPa for the excessive and reduced TPSC
winters are shown in Figure 7. In the excessive TPSC
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FIGURE 3  Evolution of the composite OLR (W/m?) for the excessive (a) and reduced (b) TPSC winters [Colour figure can be viewed at

wileyonlinelibrary.com]

winters (Figure 7a), a negative geopotential height band is
seen over the subtropical region with significant anomaly
centre taking up eastern TP and eastern China, correspond-
ing with the key region of anomalous temperature and
TPSC. Correspondingly, an anomalous cyclone appears
over the eastern TP and regions to its east with distinct
northerly anomalies occupying the eastern TP. Meanwhile,
we can see a strong anomalous anticyclone centre coupled
with positive geopotential height anomalies in the high lati-
tudes north of the TP. For the reduced TPSC winters, oppo-
site atmospheric circulation patterns are presented with an
anomalous anticyclone to the east of TP and the southerly
prevailing over the eastern TP (Figure 7b). Difference of
these two cases (Figure 7c) shows the same pattern as the

former, especially the puissant northwesterly associated with
the cyclone over eastern Asia are blowing across the equa-
tor from north to south.

It is not difficult to find that those TPSC-induced anom-
alous atmospheric circulations primarily cover the tropical
to subtropical regions of eastern Asia (Figure 7), where is
mainly controlled by the South Asia High (SAH) over the
tropical oceans in winter (Qian et al., 2002; Huang and
Qian, 2007). The SAH is a bond connecting the tropical
and subtropical systems at high levels, and might be
regarded as a potential linkage between the TPSC and the
MJO. Figure 8 calculates the composites of emblematic line
of the SAH identified as 12,200 gpm for the excessive and
reduced TPSC winters. It is indicated that the SAH might
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FIGURE 4 Difference in OLR between the
excessive and reduced TPSC winters. The
dashed area with slash indicates 99%
confidence level based on the Student’s 7 test
[Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 5
m (shading in units of°C) and anomalous snow

DIJF temperature anomalies at 2-
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(a) excessive and (b) reduced TPSC winters in
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wileyonlinelibrary.com]
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shading in middle and lower troposphere indicates towering
mountains, which can reveal topograph of TP succinctly and
clearly [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 7 DIJF geopotential height anomalies (shading in units of gpm) and winds (vectors in units of m/s) anomalies at 200 hPa for the (a) excessive,

and (b) reduced TPSC winters. The contour interval is 4 gpm. The dotted areas and vectors in (c) exceed the 95% confidence level based on the Student’s

t test [Colour figure can be viewed at wileyonlinelibrary.com]

shift farther westwards in the reduced TPSC winters than in
the excessive TPSC cases, which is in agreement with the
corresponding positive circulation anomalies at 200 hPa
(Figure 7b).

Coincided with the movement of the SAH, velocity
potential anomalies and divergent wind anomalies at 200-
hPa associated with the TPSC are investigated (Figure 9),
as well as the vertical motion and convection in the tropical
region (Figure 10). In the excessive TPSC winter, it is the
convergence over the Tropics that might suppress the con-
vection and ascending motion, although the signals are not
as remarkable as those in the reduced winters (Figure 9a).
For the reduced TPSC winters, notable anomalous diver-
gence over the tropical western Pacific at high levels is
favourable for the enhancement of ascending motion and
convection (Figure 9b). Besides, the difference (Figure 9c)

presents the same phase from the eastern TP to the western
Pacific with significant winds converging over the Tropics.
Further, zonal-vertical sections of vertical circulation
along the Tropics (averaged over 10°S—10°N) (Figure 10)
displays anomalous descending/ascending flows over the
western Pacific Ocean coincided with the convergence/
divergence in Figure 9. It is indicated that the changes in
vertical circulation over the Pacific Ocean would induce the
circulation over the Tropics to its west. During the exces-
sive TPSC winters, the ascending anomalies near 90°E can
be found with the descending anomalies in the east, while
opposite conditions are found in reduced TPSC winter.
When comes to the difference, a powerful and conspicuous
zonal cell can be detected with ascending anomalies near
90°E and the descending anomalies in the east. It is obvious
that these anomalous vertical motions would be favourable

45°N
30°N
i - v—'\\w\i
I
\
. 15°N ]
FIGURE 8 Composite 12,200 gpm contour at \
200 hPa for the excessive (solid line) and ] \\V
reduced (dotted line) TPSC winters, which can b 3\
represent the feature line of the SAH in winter ;
[Colour figure can be viewed at EQ i
60°E

wileyonlinelibrary.com]
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FIGURE 9 DIJF velocity potential anomalies (shading) and divergent wind anomalies (vectors in units of m/s) at 200 hPa for the (a) excessive and

(b) reduced TPSC winters. The dotted areas and light-colored vectors in (c) exceed the 95% confidence level based on the Student’s ¢ test [Colour figure can

be viewed at wileyonlinelibrary.com]

(unfavourable) for the enhancement of background vertical
motion. Although convection is the source to motivate
MIJO, can the background vertical motion also contribute to
the development of the MJO? In order to investigate the
modulation role of the background vertical motion on the
development of MJO, following Zhang et al. (2015), we
calculate the power spectra of the OLR anomalies averaged
in the Indian Ocean (60°-100°E, 10°S—10°N) in the exces-
sive and reduced TPSC years, respectively (Figure 11). The
power spectrum in the excessive TPSC winters (Figure 11a)
shows active MJO activity at the period of 30-45 days,
which also exceeds the 95% confidence level statistically.
On the contrary, there is no prominent MJO signal during
the reduced TPSC winters. It is noticeable that the sup-
pressed convection over the Indian Ocean in the reduced
TPSC winter is unfavourable for the occurrence of MJO
and the MJO activity is weak, while the enhanced convec-
tion in the excessive TPSC winter is accompanied with a
significantly active MJO activity. The conclusions above
are also can be found in the study of Zhang et al. (2015).
To certify this hypothesis, composites of zonal circulation
of the MJO along the Tropics (averaged over 10°S—-10°N) by
categorized phases are examined for the excessive and
reduced TPSC winters (Figure 12). In phases 2-3, the com-
posite ascending motion over Indian Ocean in the excessive
TPSC winters is much stronger than that in the reduced TPSC
winters. On the contrary, in phases 6—7, the composite des-
cending motion over Indian Ocean in the excessive TPSC
winter is feebler than that in the reduced TPSC winter. The

changes of vertical motion shown here are consistent with the
changes of convection shown in Figure 3. In other phases of
the MJO (not shown), the centres of active convection
(updraft) or suppressive convection (downdraft) are not
located over the Indian Ocean. That is, they could not be
superposed with the background flows, so that no significant
change is found in anomalous TPSC winters.

In brief, the TPSC anomaly can drive the SAH in the
upper troposphere over the Pacific by cooling/heating the
atmospheric column and then leading to the changes in the
upper-level geopotential height and circulation over the
TP. During the reduced TPSC winters, the anomalous anti-
cyclonic circulations over eastern Asia may lead to the
strengthening and westwards extending of the SAH over the
tropical oceans, which is beneficial to the divergence over
the western Pacific. With the strong background ascending
motion anomalies, the development of convection associ-
ated with the MJO cycle over the Indian Ocean is depressed
through the transmission of zonal cell, and vice versa.

S | CONCLUSION AND DISCUSSION

Located to the north of the Indian Ocean, the TP is an enor-
mous cold (or heat) source in Asia with significant influence
on the global climate (e.g., Luo and Yanai, 1983; Yanai and
Li, 1994; Yeh and Wu, 1998). Also, the MJO initiates from
the tropical Indian Ocean and the MJO convection is stron-
gest here during its cycle. Hence, there might be a potential
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connection between the TPSC and the MJO in wintertime. Li
et al. (2016) found that there is indeed a link between the
MJO and the wintertime TPSC on an intra-seasonal time-
scale. In this study, we explored the possible influence of the
TPSC on the development of MJO convection in wintertime.

The snow cover over the eastern TP and its adjacent
region has prominent inter-annual variability in winter. The
excessive (reduced) TPSC winters are chosen based on the
normalized TPSCI greater (less) than 0.5 (—0.5) standard
deviation, and finally, there are 9 (11) samples can meet the
requirement. Besides, two contiguous out of all the eight
MJO phases are categorized into four groups and their dif-
ferences are analysed. Results show that the MJO convec-
tion has significant differences between the excessive and
reduced TPSC winters in phases 2-3 and phases 6—7. More
specifically, in the excessive (reduced) TPSC winters, the
MIJO convection will be stronger (weaker) than normal
when it is located over the Indian Ocean.

Possible physical mechanisms are also investigated. The
TP is a huge heat (cold) source for atmosphere in the

reduced (excessive) TPSC winters, and can lead to the
anomalous anticyclone (cyclone) over the eastern TP at
200 hPa. The SAH, a puissant anticyclonic system that
located over the Pacific Ocean in winter, is affected by this
anomalous TPSC-induced circulation. Composite analysis
shows that the SAH can extend westwards in the reduced
TPSC winters and withdraw eastwards in the excessive
TPSC winters. For the reduced (excessive) TPSC winters,
these changes of the SAH contribute to the divergence (con-
vergence) over the western tropic Pacific, as well as the
ascending (descending) motion in this area. And then the
convection over the Indian Ocean is exactly depressed
(stimulated) through the zonal cell, and so is the MJO con-
vection. In phases 2-3 and phases 67, the zonal-vertical
circulation associated with the MJO is exactly superposed
with the inter-annual anomalous vertical circulation anoma-
lies linked with the TPSC, making the MJO convection
most significant in these two phases.

This work suggests that the TPSC can influence the
MJO convection on an inter-annual timescale. As a primary
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mode of intra-seasonal variability in the Tropics, the MJO
also has notable inter-annual variabilities that might affect
the thermal condition of the TP in return. Therefore, if we
take bidirectional relationship into consideration, how does
the MJO exert influence on the TPSC on an inter-annual
timescale? Besides, we only mentioned circulation anoma-
lies over the eastern TP in Figure 7, but there is significant
difference in high latitude between the excessive and
reduced TPSC winter. The further mechanism of the circu-
lation anomalies in north of TP are not investigated. Does
this anomalous circulation also result from the heating effect
of the TPSC? Or will the system in higher latitude also con-
tribute to this high since the anomalous wind in north of the
high is derived from ocean and higher-latitude? These
are worthwhile more exploration and deeper
understanding.

issues

ACKNOWLEDGEMENTS

This study was jointly supported by the Ministry of Science
and Technology of China (Grant No. 2015CB453201), the
Basic Research Fund of Chinese Academy of Meteorologi-
cal Sciences (Grant 2015Z001), the National Natural
Science Foundation of China (Grant Nos. 91437216,
41575075, 91637312, and 41790475), and the National Key
Research and Development Program of China (Grant
No. 2016 YFA0601801).

ORCID

Mengxia Lyu
Zhiwei Wu

http://orcid.org/0000-0001-9700-7118
http://orcid.org/0000-0002-8163-2215

REFERENCES

Alexander, M.A., Bladé, 1., Newman, M., Lanzante, J.R.,, Lau, N.C. and
Scott, J.D. (2002) The atmospheric bridge: the influence of ENSO telecon-
nections on air—sea interaction over the global oceans. Journal of Climate,
15, 2205-2231.

Anderson, JR. and Rosen, R.D. (1983) The latitude-height structure of
40-50 day variations in atmospheric angular momentum. Journal of Atmo-
spheric Sciences, 40(6), 1584—1591.

Barnett, T.P., Diimenil, L., Schlese, U., Roeckner, E. and Latif, M. (1989) The
effect of Eurasian snow cover on regional and global climate variations.
Journal of Atmospheric Sciences, 46, 661-685.

Benedict, J.J. and Randall, D.A. (2007) Observed characteristics of the MJO rel-
ative to maximum rainfall. Journal of Atmospheric Sciences, 64,
2332-2354.

Bladé, I. and Hartmann, D.L. (1993) Tropical intraseasonal oscillations in a sim-
ple nonlinear model. Journal of Atmospheric Sciences, 50, 2922-2939.

Cassou, C. (2008) Intraseasonal interaction between the Madden—Julian oscilla-
tion and the North Atlantic oscillation. Nature, 455, 523-527.

Chen, Q.J., Gao, B. and Zhang, Q. (2000) Studies on relation of snow cover
over the Tibetan Plateau in winter—summer monsoon change. Chinese Jour-
nal of Atmospheric Sciences, 24, 477-492 [in Chinese].

Duchon, C.E. (1979) Lanczos filter in one and two dimensions. Journal of

Applied Meteorology, 18, 1016-1022.

Fink, A. and Speth, P. (1997) Some potential forcing mechanisms of the
year-to-year variability of the tropical convection and its intraseasonal
(25-70-day) variability. International Journal of Climatology, 17,
1513-1534.

of Climatology

Foltz, G.R. and McPhaden, M.J. (2004) The 30-70 day oscillations in the tropi-
cal Atlantic. Geophysical Research Letters, 31, L15205. https://doi.org/10.
1029/2004GL020023.

Gao, H. and Yang, S. (2009) A severe drought event in northern China in winter
2008-2009 and the possible influences of La Nifia and Tibetan Plateau.
Journal of Geophysical Research: Atmospheres, 114(D24), D24104.

Gershunov, A. and Barnett, T.P. (1998) ENSO influence on intraseasonal
extreme rainfall and temperature frequencies in the contiguous United
States: observations and model results. Journal of Climate, 11, 1575-1586.

Goodrich, L.E. (1982) The influence of snow cover on the ground thermal
regime. Canadian Geotechnical Journal, 19, 421-432.

Groisman, P.Y., Karl, T.R. and Knight, R.W. (1994) Observed impact of snow
cover on the heat balance and the rise of continental spring temperatures.
Science, 263, 198-200.

Gutzler, D.S. (1991) Interannual fluctuations of intraseasonal variance of
near-equatorial zonal winds. Journal of Geophysical Research: Oceans,
96(S01), 3173-3185.

Hahn, D.J. and Shukla, J. (1976) An apparent relationship between Eurasian
snow cover and Indian monsoon rainfall. Journal of Atmospheric Sciences,
33, 2461-2462.

Hendon, H.H., Zhang, C. and Glick, J.D. (1999) Interannual variation of the
Madden—Julian oscillation during austral summer. Journal of Climate, 12,
2538-2550.

Higgins, R.W. and Mo, K.C. (1997) Persistent North Pacific circulation anoma-
lies and the tropical intraseasonal oscillation. Journal of Climate, 10,
223-244.

Hsu, H.H. and Liu, X. (2003) Relationship between the Tibetan Plateau heating
and East Asian summer monsoon rainfall. Geophysical Research Letters,
30(20), 2066.

Huang, Y. and Qian, Y. (2007) Analysis of the simulated climatic characters of
the South Asia High with a flexible coupled ocean—atmosphere GCM.
Advances in Atmospheric Sciences, 24, 136—146.

Izumo, T., Masson, S., Vialard, J., de Boyer Montegut, C., Behera, S.K.,
Madec, G., Takahashi, K. and Yamagata, T. (2010) Low and high frequency
Madden—Julian oscillations in austral summer—Interannual variations. Cli-
mate Dynamics, 35, 669-683.

Jeong, J.H., Ho, C.H., Kim, B.M. and Kwon, W.T. (2005) Influence of the
Madden—Julian oscillation on wintertime surface air temperature and cold
surges in East Asia. Journal of Geophysical Research, 110, D11104. https://
doi.org/10.1029/2004JD005408.

Jeong, J.H., Kim, B.M., Ho, C.H. and Noh, Y.H. (2008) Systematic variation in
wintertime precipitation in East Asia by MJO-induced extratropical vertical
motion. Journal of Climate, 21, 788-801.

Johnson, N.C. and Feldstein, S.B. (2010) The continuum of North Pacific sea
level pressure patterns: intraseasonal, interannual, and interdecadal variabil-
ity. Journal of Climate, 23, 851-867.

Krishnamurti, T.N. and Subrahmanyam, D. (1982) The 30-50 day mode at
850 mb during MONEX. Journal of Atmospheric Sciences, 39(9),
2088-2095.

L’Heureux, M.L. and Higgins, R.W. (2008) Boreal winter links between the
Madden—Julian oscillation and the Arctic oscillation. Journal of Climate,
21, 3040-3050.

Lau, K.M. and Chan, P.H. (1988) Interannual and intraseasonal variations of
tropical convection: a possible link between the 402 day mode and ENSO?
Journal of Atmospheric Sciences, 45, 506-521.

Li, W., Guo, W., Hsu, P.C. and Xue, Y. (2016) Influence of the Madden—Julian
oscillation on Tibetan Plateau snow cover at the intraseasonal time scale.
Scientific Reports, 6, 30456. https://doi.org/10.1038/srep30456.

Lim, H., Chang, C.P. and Lim, T.K. (1991) Vertical wind shear effects on Kel-
vin wave-CISK modes: possible relevance to 30-60 day oscillations. Ter-
restrial, Atmospheric and Oceanic Sciences, 2, 203-216.

Lin, H. and Wu, Z.W. (2011) Contribution of the autumn Tibetan Plateau snow
cover to seasonal prediction of North American winter temperature. Journal
of Climate, 24, 2801-2813.

Lin, H. and Wu, Z.W. (2012) Contribution of Tibetan Plateau snow cover to the
extreme winter conditions of 2009/10. Afmosphere-Ocean, 50, 86-94.

Lin, H., Brunet, G. and Derome, J. (2009) An observed connection between the
North Atlantic oscillation and the Madden—Julian oscillation. Journal of Cli-
mate, 22, 364-380.

Liu, X., Dong, H., Yang, X., Herzschuh, U., Zhang, E., Stuut, J.B.W. and
Wang, Y. (2009) Late Holocene forcing of the Asian winter and summer


http://orcid.org/0000-0001-9700-7118
http://orcid.org/0000-0001-9700-7118
http://orcid.org/0000-0002-8163-2215
http://orcid.org/0000-0002-8163-2215
https://doi.org/10.1029/2004GL020023
https://doi.org/10.1029/2004GL020023
https://doi.org/10.1029/2004JD005408
https://doi.org/10.1029/2004JD005408
https://doi.org/10.1038/srep30456

International Journal

LYU ET AL.

of Climatology

monsoon as evidenced by proxy records from the northern Qinghai-Tibetan
Plateau. Earth and Planetary Science Letters, 280(1), 276-284.

Luo, H. and Yanai, M. (1983) The large-scale circulation and heat sources over
the Tibetan Plateau and surrounding areas during the early summer of 1979.
Part I: precipitation and kinematic analyses. Monthly Weather Review, 111,
922-944.

Madden, R.A. and Julian, P.R. (1971) Detection of a 40-50-day oscillation in
the zonal wind in the tropical Pacific. Journal of Atmospheric Sciences, 28,
702-708.

Pohl, B. and Matthews, A.J. (2007) Observed changes in the lifetime and ampli-
tude of the Madden—Julian oscillation associated with interannual ENSO sea
surface temperature anomalies. Journal of Climate, 20, 2659-2674.

Qian, Y.F., Zhang, Q., Yao, Y.H. and Zhang, X.H. (2002) Seasonal variation
and heat preference of the South Asia High. Advances in Atmospheric Sci-
ences, 19(5), 821-836.

Qian, Y.F., Zheng, Y.Q., Zhang, Y. and Miao, M.Q. (2003) Responses of
China’s summer monsoon climate to snow anomaly over the Tibetan Pla-
teau. International Journal of Climatology, 23, 593-613.

Seo, K.H. and Son, S.W. (2012) The global atmospheric circulation response to
tropical diabatic heating associated with the Madden—Julian oscillation dur-
ing northern winter. Journal of Atmospheric Sciences, 69, 79-96.

Slingo, J.M., Rowell, D.P., Sperber, K.R. and Nortley, F. (1999) On the predict-
ability of the interannual behaviour of the Madden—Julian oscillation and its
relationship with El Nifo. Quarterly Journal of the Royal Meteorological
Society, 125, 583-609.

Tong, H.W., Chan, J.L. and Zhou, W. (2008) The role of MJO and mid-latitude
fronts in the South China Sea summer monsoon onset. Climate Dynamics,
33(6), 827-841.

Vincent, C.L., Lane, T.P. and Wheeler, M.C. (2016) A local index of Maritime
Continent intraseasonal variability based on rain rates over the land and sea.
Geophysical Research Letters, 43(17), 9306-9314.

Wang, B. and Moon, J.Y. (2017) An anomalous genesis potential index for
MIJO modulation of tropical cyclone. Journal of Climate, 30(11),
4021-4035.

Wang, B., Bao, Q., Hoskins, B., Wu, G. and Liu, Y. (2008) Tibetan Plateau
warming and precipitation changes in East Asia. Geophysical Research Let-
ters, 35, L14702. https://doi.org/10.1029/2008 GL034330.

Weickmann, K.M. (1991) El Nifio/Southern Oscillation and Madden—Julian
(30-60 day) oscillations during 1981-1982. Journal of Geophysical
Research, 96, 3187-3195.

Wheeler, M.C. and Hendon, H.H. (2004) An all-season real-time multivariate
MIJO index: development of an index for monitoring and prediction.
Monthly Weather Review, 132(8), 1917-1932.

Wilson, E.A., Gordon, A.L. and Kim, D. (2013) Observations of the Madden—
Julian oscillation during Indian Ocean dipole events. Journal of Geophysical
Research: Atmospheres, 118(6), 2588-2599.

Wu, Z.W. and Lin, H. (2012) Interdecadal variability of the ENSO-North Atlan-
tic oscillation connection in boreal summer. Quarterly Journal of the Royal
Meteorological Society, 138, 1668-1675.

Wu, T.W. and Qian, Z.A. (2003) The relation between the Tibetan winter snow
and the Asian summer monsoon and rainfall: an observational investigation.
Journal of Climate, 16, 2038-2051.

Wu, G. and Zhang, Y. (1998) Tibetan Plateau forcing and the timing of the
monsoon onset over South Asia and the South China Sea. Monthly Weather
Review, 126, 913-927.

Wu, Z.W. and Zhang, P. (2015) Interdecadal variability of the mega-ENSO-
NAO synchronization in winter. Climate Dynamics, 45, 1117-1128.

Wu, G, Liu, Y., Zhang, Q., Duan, A., Wang, T., Wan, R, Liu, X., Li, W.,
Wang, Z. and Liang, X. (2007) The influence of mechanical and thermal
forcing by the Tibetan Plateau on Asian climate. Journal of Hydrometeorol-
ogy, 8(4), 770-789.

Wu, Z.W., Li, J.P., Jiang, Z.H. and Ma, T.T. (2012) Modulation of the Tibetan
Plateau snow cover on the ENSO teleconnections: from the East Asian sum-
mer monsoon perspective. Journal of Climate, 25, 2481-2489.

Wu, Z.W., Zhang, P., Chen, H. and Li, Y. (2015) Can the Tibetan Plateau snow
cover influence the interannual variations of Eurasian heat wave frequency?
Climate Dynamics, 46(11-12), 1-13.

Yanai, M. and Li, C. (1994) Mechanism of heating and the boundary layer over
the Tibetan Plateau. Monthly Weather Review, 122, 305-323.

Yeh, D.C. and Wu, G.X. (1998) The role of the heat source of the Tibetan Plateau
in the general circulation. Meteorology and Atmospheric Physics, 67, 181-198.

Zhang, C.D. (2005) Madden—Julian oscillation. Reviews of Geophysics, 43(2),
RG2003. https://doi.org/10.1029/2004RG000158.

Zhang, S.L. and Tao, S.Y. (2001) Influence of snow cover over the Tibetan Pla-
teau on Asian summer monsoon. Chinese Journal of Atmospheric Sciences,
25(3), 372-390.

Zhang, Y., Li, T. and Wang, B. (2004) Decadal change of the spring snow
depth over the Tibetan Plateau: the associated circulation and influence on
the East Asian summer monsoon. Journal of Climate, 17, 2780-2793.

Zhang, R.H., Li, T.R., Wen, M. and Liu, L.K. (2015) Role of intraseasonal
oscillation in asymmetric impacts of El Nifio and La Nina on the rainfall
over southern China in boreal winter. Climate Dynamics, 45, 559-567.

How to cite this article: Lyu M, Wen M, Wu Z.
Possible contribution of the inter-annual Tibetan Pla-
teau snow cover variation to the Madden-Julian
oscillation convection variability. Int J Climatol.
2018;38:3787-3800. https://doi.org/10.1002/joc.5533



https://doi.org/10.1029/2008GL034330
https://doi.org/10.1029/2004RG000158
https://doi.org/10.1002/joc.5533

	 Possible contribution of the inter-annual Tibetan Plateau snow cover variation to the Madden-Julian oscillation convection...
	1  INTRODUCTION
	2  DATA AND METHODOLOGY
	3  RELATIONSHIP BETWEEN THE TPSC AND THE MJO
	4  POSSIBLE PHYSICAL MECHANISMS
	5  CONCLUSION AND DISCUSSION
	5  ACKNOWLEDGEMENTS
	  References




