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ABSTRACT: The southern China (SC) summer rainfall exhibits prominent intraseasonal variability, which exhibits a

significant increase in the early 1990s with the turning point at 1993. The SC intraseasonal rainfall events could be divided

into three categories according to different propagations, including the southward-propagating (SP) events, the

northwestward-propagating (NWP) events, and the northward-propagating (NP) events. This study explores the causes of

the observed interdecadal increase in the intraseasonal rainfall variability over SC by comparing the SC intraseasonal

rainfall events of each category between the former decadal period (P1) and the later decadal period (P2). The result

indicates that such interdecadal change is due to the more frequent NP events coming from the South China Sea (SCS).

Based on the moisture and vorticity budget analysis, it is revealed that the summer mean southerly wind in the middle to

lower troposphere is the dominant factor of the northward propagation over the SCS, as it could induce positive meridional

moisture and vorticity advection anomalies ahead of the convection. A marked interdecadal enhancement of the summer

mean southerly wind over the SCS is the cause of more frequent occurrence of NP events over SC, as it provides more

favorable conditions for the northward propagation. The change of the atmospheric instability over the SCS where the NP

convection perturbation originates was also investigated, but no significant change was found.
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1. Introduction
Southern China (SC), a region south of the Yangtze River

and east of the Tibetan Plateau, occupies 6% of the total area

of China while it accommodates approximately 15% of the

population, contributes 16% of the economic aggregate, and

produces 16%of the total food grain for the country. Change in

the summer rainfall over SC is critical to the country’s economy,

population, and food (e.g., Chen et al. 2018).

Intraseasonal variability is a typical manifestation of in-

trinsic change in the summer rainfall over SC, with the 10–30-

day mode standing out in the power spectrum of rainfall (e.g.,

Hong and Ren 2013; Li and Mao 2019). The intraseasonal os-

cillation (ISO) of the summer SC rainfall could be influenced

by perturbations from both the tropics and mid-high latitudes

(e.g., Zhang et al. 2009; Hong and Ren 2013; Chen et al. 2015;

Li et al. 2015; Hsu et al. 2016; Zheng andHuang 2018;M.Wang

et al. 2019; Liu et al. 2020). For instance, when the enhanced

convection anomaly associated with the eastward-moving

Madden–Julian oscillation locates over the tropical Indian

Ocean (the Maritime Continent and the western Pacific

Ocean), more (less) rainfall is observed over SC (Zhang et al.

2009). The occurrence probability of extreme rainfall over SC

is modulated by the northward-propagating boreal summer

intraseasonal oscillation (BSISO) over the Indo-Pacific Ocean

(Hsu et al. 2016). The intraseasonal cyclonic circulation

anomaly associated with the SC rainfall was found to originate

from the mid-high latitudes in early summer while from the

Philippine Sea in late summer (Hong and Ren 2013).

The summer SC rainfall also experienced an obvious inter-

decadal increase in the early 1990s (e.g., Kwon et al. 2007; Ding

et al. 2008; Yao et al. 2008; Ding et al. 2009; Wu et al. 2010; Li

et al. 2012). This increase may be related to the decadal

changes in both the sea surface temperature (SST) over the

equatorial Indian Ocean (IO) and the snow cover over the

Tibetan Plateau (Wu et al. 2010). The former triggered an

anomalous anticyclone at lower levels over the South China

Sea (SCS) and subtropical western North Pacific (WNP) and

the latter induced an anomalous anticyclone over North China

and Mongolia. The two anomalous anticyclones jointly re-

sulted in anomalous moisture convergence and an ascent over

SC, leading to increased rainfall there. Several studies have

also suggested a contribution of the increasing numbers of

tropical cyclones that hit SC after 1993 to the interdecadal

increase in summer rainfall (e.g., Chen et al. 2012), as the

tropical cyclone precipitation accounts for more than 40% ofCorresponding author: Lu Wang, luwang@nuist.edu.cn
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precipitation along the southeast coast of China (Li and

Zhou 2015).

Recent studies revealed a good relationship between the

interdecadal change of the intraseasonal SC rainfall anomalies

and that of the summer mean SC rainfall. For example, Chen

et al. (2015) discovered that the standard deviation of quasi-

biweekly rainfall anomalies over SC experienced a significant

increase in the early 1990s, which was consistent with the in-

terdecadal variation of seasonal mean rainfall. Li et al. (2015)

reported that the summer mean rainfall over SC has a signifi-

cant positive correlation with the intensity of the intraseasonal

disturbances. Such result is not surprising, as the variation of

the lower-frequency interdecadal precipitation anomaly can be

considered as a projection of the higher-frequency intra-

seasonal precipitation anomaly on the lower-frequency time

scale. However, to the best of our knowledge, a complete study

of the cause of the interdecadal change of the ISO rainfall over

SC is still lacking. Thus, it is imperative to understand why the

ISO rainfall over SC exhibits a significant increase in the early

1990s, which is the aim of the present study.

In this study, we will first conduct a classification analysis to

distinguish the intraseasonal rainfall signals over SC and

composite each category respectively, instead of using the

traditional composite method based on all intraseasonal rain-

fall events. Then, the difference of the intraseasonal rainfall

events in each category between two decadal periods is com-

pared. In the following analysis, we will show that the decadal

increase in the intraseasonal rainfall variability over SC since

the early 1990s is related to the increasing numbers of the

northward-propagating ISO convections from the SCS.

Themechanism for the northward propagation of the ISO in

boreal summer has been studied by many previous studies

(e.g.,Wang andXie 1997; Jiang et al. 2004; Drbohlav andWang

2005; Bellon and Sobel 2008; Zheng and Huang 2019). For

example, Jiang et al. (2004) studied the ISO’s northward

propagation in the Bay of Bengal and proposed two important

internal atmospheric dynamics, vertical easterly shear, and

moisture–convection feedback. Bellon and Sobel (2008) pro-

posed that the positive barotropic vorticity anomaly north of

the active convection center mainly results from advection

of baroclinic vorticity via mean baroclinic meridional wind.

In addition, the air–sea interaction is also found to con-

tribute to the ISO’s northward propagation (e.g., M. Wang

et al. 2017). However, the mechanism for the decadal

change of the northward propagation of ISO is still un-

known. To reveal the critical processes that modulate the

northward propagation of the ISO in the SCS on the

decadal time scale, moisture, and vorticity budget analysis

for the periods prior to and after the turning year are

conducted.

The remainder of the article is organized as follows: the

datasets and methods are described in section 2. In section 3,

the SC rainfall events are classified and their differences be-

tween the two periods are examined. Then we carry out the

moisture and vorticity budget analysis to reveal the physical

reason for the decadal change of the intraseasonal rainfall

variability in section 4. Finally, a summary and discussion are

given in section 5.

2. Data and method

a. Data
Daily high-resolution (0.258 3 0.258) gridded rainfall data of

the CN05.1 dataset (Wu and Gao 2013) from the National

Climate Center in China are used in the study. The daily three-

dimensional winds, specific humidity, geopotential height, and

air temperature are obtained from the ERA-Interim dataset

(Dee et al. 2011) at 1.58 3 1.58 spatial resolution. We also use

daily outgoing longwave radiation (OLR) data (Liebmann and

Smith 1996) with 2.58 3 2.58 grids, which are derived from

National Oceanic and Atmospheric Administration (NOAA)

polar-orbiting satellites. All data used here are extracted for

the same period of 1979–2008.

b. Identifying the intraseasonal rainfall events and cluster
analysis
According to previous studies (e.g., Li and Mao 2019) or

Fig. 1b, which shows the power spectrum of summer [June–

August (JJA)] rainfall averaged over SC (238–288N, 1088–
1208E; see box in Figs. 1c,d), the dominant intraseasonal

mode of the summer SC rainfall is on the 10–30-day time scale.

Therefore, a 10–30-day Lanczos bandpass filtering (Duchon

1979) is utilized to extract the intraseasonal component in this

study. Before filtering, the climatology of the raw daily rainfall

time series was first removed, and then the synoptic fluctua-

tions were removed by applying a 5-day running mean (Yang

et al. 2010). The intraseasonal SC rainfall events are selected

based on the time series of the intraseasonal summer SC

rainfall anomaly. A total of 88 rainfall events with the local

maximums of the intraseasonal rainfall time series exceeding

one standard deviation are identified for the period from 1979

to 2008. Hereafter, day 0 represents the time when the intra-

seasonal SC rainfall time series reaches its maximum, and

negative (positive) days refer to the time before (after) day 0.

Given the fact that the intraseasonal perturbation signals

affecting summer rainfall anomalies over SC often come from

different directions (Hong and Ren 2013; Zheng and Huang

2018), the SC rainfall events are then classified according to

their different propagations. Conducting composite analysis of

the rainfall events and their related circulations in each cate-

gory could help avoid mixing different types of rainfall events

blindly and ignoring important signals. The classification

method used in this study is k-means cluster analysis (B. Wang

et al. 2019). The cluster analysis is based on the latitude–time

diagrams of intraseasonal convection anomalies associated

with each summer SC rainfall event. Each diagram shows a

latitude extent from 108 to 408N and a 12-day period from

day27 to day 4. Here, the intraseasonal convection anomalies

are extracted from the observational OLR data as the high-

resolution rainfall data used to identify the intraseasonal SC

rainfall events only covers the Chinesemainland. Ameridional

three-point running mean is adopted to the latitude–time dia-

grams to remove small-scale noises. To focus on the evolution

of positive precipitation anomalies alone, the diagram domains

where the OLR anomalies are greater than 25Wm22 are set

to zero. The similarity between the cluster members is mea-

sured by correlation coefficient. According to the silhouette
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clustering evaluation criterion, the 88 members can be opti-

mally grouped into three clusters. Then, some cases with sil-

houette values lower than 0.1 are further removed, as they

cannot be well classified. Finally, we retain a total of 68 rainfall

events in the three clusters, while removing 20 cases. The

number of the ignored rainfall events in the first cluster is 7, in

the second cluster is 2, and in the third cluster is 11. In the

remaining SC rainfall cases, 22 (32.3%) are in the first cluster,

25 (36.8%) are in the second cluster, and 21 (30.9%) are in the

third cluster. The intraseasonal rainfall anomalies in each

category are then composited respectively, showing a consis-

tent pattern with those of OLR, especially to the north of 208N
(figures not shown). This indicates that the classification results

based on OLR data are reasonable.

c. Moisture and vorticity budget analysis
To find out the factors that cause themeridional propagation

of the ISO, we employ the moisture tendency equation and the

relative vorticity tendency equation for diagnosis, as meridio-

nal asymmetric moisture, and vorticity anomalies relative to a

deep convection could promote its meridional propagation

(e.g., Jiang et al. 2004). The moisture tendency equation is

written following Yanai et al. (1973) as
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where q is the specific humidity, L is the latent heat of con-

densation, and Q2 is the atmospheric apparent moisture sink.

The four terms on the right-hand side of the equation represent

the zonal moisture advection, the meridional moisture advec-

tion, the vertical moisture advection, and the moisture source

or sink.

The vorticity tendency equation is written following Holton

(2004) as
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where j is the relative vorticity,V is the horizontal wind vector,

and f is the Coriolis parameter. The four terms on the right-

hand side of the equation are the divergence term, the hori-

zontal advection of absolute vorticity, the vertical advection of

relative vorticity, and the twisting term. To diagnose the

moisture and vorticity budgets associated with the ISO’s

FIG. 1. (a) The standardized time series of summer mean rainfall (blue line) and the standard deviation of 10–30-

day filtered rainfall (red line) over SC (238–288N, 1088–1208E; the boxed area in Figs. 1c,d). The vertical solid line

represents 1993. (b) 30-yr summer mean power spectrum of the SC rainfall anomaly after the removal of the

climatology and synoptic fluctuations through a 5-day running mean as in Yang et al. (2010). The red dashed line

denotes a 95% significance level. (c),(d) The differences in summer mean rainfall (mmday21) and the standard

deviation of 10–30-day filtered rainfall between P2 (1994–2008) and P1 (1979–93) based on CN05.1 precipitation

data. Stippling indicates the region where the difference is statistically significant at the 90% significance level.
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evolution, a 10–30-day bandpass filter (denoted by a prime) is

applied to Eqs. (1) and (2).

To identify the relative contributions of different time scales

and their nonlinear interaction effects in the intraseasonal

moisture and vorticity budgets, a similar decomposition method

used in Hsu and Li (2012) is applied:

A5A1A0 1A00, (3)

where an overbar denotes the low-frequency background state

(LFBS; .30 days) component, a single prime denotes the in-

traseasonal (10–30 days) component, and a double prime de-

notes the synoptic-scale (,10 days) component. Based on this

decomposition, an advection term could be separated into

nine terms.

3. Key differences in the SC ISO between the two
interdecadal periods
The blue curve in Fig. 1a displays summer mean rainfall

averaged over SC (238–288N, 1088–1208E; the boxed area of

Figs. 1c,d) during 1979–2008. The rainfall time series was

standardized to show the anomaly alone. An obvious rainfall

increase is shown around 1992/93, with lower than normal

values during the period 1979–93 and higher than normal

values in most of the period 1994–2008. The above inter-

decadal change has been reported by many previous studies,

such as Kwon et al. (2007) based on the area of 208–258N, 1108–
1208E and Wu et al. (2010) based on the area of 22.58–27.58N,

1058–1208E. Figure 1b shows the power spectrum of SC-

averaged rainfall, which was calculated for each summer and

then averaged over all summers of 1979–2008. A 10–30-day

intraseasonal mode is found to stand out in the power spec-

trum, as indicated by Li andMao (2019). Thus, in this study, the

10–30-day intraseasonal rainfall variability is focused on. It is

found that the 10–30-day intraseasonal rainfall variability av-

eraged over SC also exhibits a significant increase around 1992/

93 (see the red curve in Fig. 1a), consistent with summer mean

rainfall.

To reveal the spatial distribution of the interdecadal rainfall

change, the differences in the summer mean rainfall and the

standard deviation of 10–30-day filtered rainfall for the 15-yr

periods before and after the change is shown in Figs. 1c and 1d,

respectively, where the difference is calculated by the later

period (i.e., 1994–2008, herein called P2) minus the earlier

period (i.e., 1979–93, herein called P1). Large and significant

positive anomalies are seen over SC south of theYangtze River

for both the summer mean rainfall and the intraseasonal

rainfall variability, with negative anomalies along the Yangtze

River. A slight change of the turning year, such as using 1992

or 1994, has little influence on the above results (figures

not shown).

Then, we show the composite results of the latitude–time

diagrams of the intraseasonal OLR and low-level vorticity

anomalies for each of the three SC rainfall clusters during the

period of 1979–2008 (Fig. 2). In the first cluster, the enhanced

convective anomaly represented by the negative OLR anom-

aly exhibits a clear southward propagation with its center near

408N at day 211 and near 17.58N at day 3 (Fig. 2a). The

estimated meridional phase speed is around 1.68 latitude per

day. In the second cluster, the enhanced convective anomaly

shows a northward propagation with its center near 108N at

day 25 and around 238N at day 0 (Fig. 2b). The estimated

meridional phase speed is around 2.68 latitude per day. In the

third cluster, the enhanced convective anomaly also shows a

northward propagation with its center near 108N at day 214

and around 268N at day 0 (Fig. 2c). The estimated meridional

phase speed is around 1.18 latitude per day, which is only half as
fast as the second cluster. The propagating enhanced convec-

tive anomalies are always accompanied by low-level cyclonic

circulation anomalies, which are denoted by positive 850-hPa

vorticity anomalies (Figs. 2d–f).

To reveal more detailed information of different propaga-

tions of the SC rainfall events, Figs. 3–5 further display the

horizontal maps of the intraseasonal convection and 850-hPa

circulation anomalies at different lagged days for each of the

three clusters, respectively. We plot the precipitation anomaly

in the first cluster as in which most of the convective anomalies

are confined over Chinese mainland, and plot the OLR

anomaly in the second and third clusters. In the first cluster

(Fig. 3), the positive precipitation anomaly and associated cy-

clonic circulation anomaly at low level show a clear southward-

propagating feature, with the positive rainfall center locating in

the Yellow River Basin at day 212, reaching the Jianghuai

Basin at day 26 and then appearing near SC at day 22.

Hereafter, the first cluster of SC rainfall events is referred to as

the southward-propagating (SP) cluster.

In the second cluster (Fig. 4), the enhanced convective and

cyclonic circulation anomalies are centered near 58N, 1508E at

day212 and are observed on the sea east of the Philippines at

day 28. From day 26 to day 24, the convection–circulation

system moves across the island of Taiwan, and then arrives at

SC at day 0 with the maximum amplitude. It is clear from these

panels that the second cluster corresponds to a northwest-

propagating intraseasonal convection-circulation system, which

starts from the WNP and ends over SC. Thus, this cluster is re-

ferred to as the northwestward-propagating (NWP) cluster

hereafter.

In the third cluster (Fig. 5), a weak active convection first

appears in the SCS with its center near 108N, 1158E at day212,

accompanied by a weak cyclonic circulation anomaly. Then the

convection–circulation system reaches the northern part of the

SCS at day 28 when a significantly suppressed convection is

located over SC. The system begins to land on the southeast

coast of China at day24 and it reaches its maximum over SC at

day 0. In general, the intraseasonal convection–circulation

system in the third cluster shows a pure northward-propagating

feature, moving from the southern part of the SCS to SC. It is

very different from the second cluster. Therefore, we term this

cluster of SC rainfall events as the northward-propagating (NP)

cluster hereafter.

Given that the intraseasonal variability of precipitation is

determined by both the intensity of each rainfall event and the

number of rainfall events, we compare the two factors in each

of the three clusters to reveal the key changes for the two

interdecadal periods. Figure 6a displays the intensity of intra-

seasonal SC rainfall anomalies averaged from day22 to day 2

9484 JOURNAL OF CL IMATE VOLUME 33



for each cluster during P1 and P2, respectively. It shows that

the rainfall intensity in any type of rainfall events does not

change significantly from P1 to P2 according to Student’s t test.

Figure 6b exhibits the numbers of intraseasonal SC rainfall

events for each cluster during P1 and P2, respectively. It is clear

that the occurrence of the NP type of rainfall in P2 is about 4

times as much as that in P1, while the occurrence of the SP and

the NWP type has little change from P1 to P2. The result

suggests that the interdecadal increase in the intraseasonal

rainfall variability over SC in the early 1990s is due to the more

frequent occurrence of the NP type of rainfall, while the

rainfall intensities remain stable.

4. Causes of more frequent occurrence of the NP type of
rainfall
There are two possible reasons for the interdecadal increase

in the occurrence frequency of the NP type of rainfall. One is

that the environmental condition becomes more favorable for

the active convection in the SCS to move northward in P2

compared to P1, so that more precipitation events are induced

in SC. The other is that more active convections are initiated

over the southern part of the SCS, as the atmosphere over the

place of origin becomesmore unstable.Wewill explore the two

possible mechanisms one by one in the following.

To reveal the possible role of the environmental condition in

enhancing the northward propagation of the ISO after the

early 1990s, we should first understand what causes the north-

ward propagation of the ISO over the SCS. Figure 7 illustrates

the composite meridional–vertical diagrams of the 10–30-day-

filtered fields by reference to the convection center of the NP

ISO averaged from day 213 to day 29, when the NP ISO

shows the most obvious northward propagation over the SCS

(see Fig. 2c). The zero on the abscissa represents the latitude

of the convection center, and positive (negative) sign repre-

sents the latitude to the north (south). The maximum ascend-

ingmotion occurs in themiddle troposphere and coincides with

the convection center; meanwhile, a prominent ascending

motion appears in the planetary boundary layer (PBL) to the

FIG. 2. Three types of latitude–time sections of the (a)–(c) 10–30-day filtered OLR (units: Wm22) and (d)–(f) 850-hPa relative vorticity

anomalies (units: 1026 s21) averaged along 1088–1208E during 1979–2008. The regions in the (a),(d) first cluster, (b),(e) second cluster, and

(c),(f) third cluster exceeding the 95% confidence level are stippled. Day 0 represents a reference time when the SC rainfall anomaly

reaches the maximum intensity.
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FIG. 3. The composite evolution of anomalous precipitation (shading) and 850-hPa winds (units: m s21, with

vectors shown when the zonal or meridional winds exceed the 95% significance level) in the first cluster of SC

rainfall events. Letters C and A stand for cyclone and anticyclone anomalies, respectively. Day 0 denotes a ref-

erence day when the SC rainfall anomaly reaches the maximum. The rainfall anomalies exceeding the 95% con-

fidence level are marked with green dots.
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FIG. 4. As in Fig. 3, but for 10–30-day filtered OLR (shading) and 850-hPa winds (vectors) in the second cluster of

rainfall events. The OLR anomalies exceeding the 95% confidence level are stippled.
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FIG. 5. As in Fig. 4, but for the third cluster of rainfall events.
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north of the convection. Associated with this vertical motion

pattern are the low-level convergence and the upper-tropospheric

divergence. The specific humidity field tilts southward as height

increases, with its maximum value appearing in phase with the

convection center at 500–600 hPa and the PBL moisture

showing its maximum to the north of the convection center.

Positive vorticity anomalies with an equivalent barotropic

structure show the maximum value north of the convection

center. The positive center of the vorticity at the top of the PBL

could result in a northward shift of the convergence in the PBL

through inducing Ekman pumping. As documented previously,

the PBL premoistening plays an important role in guiding the

northward propagation of the ISO convection, and the positive

vorticity anomaly shifted to the north of the convection in the

free atmosphere helps the PBLmoisture accumulation through

inducing PBL convergence or ascending motion anomalies.

Therefore, we will reveal the governing processes responsible

for the positive moisture anomaly in the PBL and the positive

vorticity anomaly above the PBL at the leading edge through

diagnosing the moisture equation and the vorticity equation, re-

spectively, in the following.

To understand the physical processes responsible for the

positive PBLmoisture anomaly to the north of the convection, a

moisture budget analysis is conducted in the PBL (1000–

850 hPa) based on Eq. (1). As indicated in Fig. 8a, the positive

moisture anomaly is primarily caused by the vertical moisture

advection and the meridional moisture advection, while the

zonal moisture advection and moisture source/sink terms

contribute negatively. The vertical moisture advection could

be further decomposed based on the continuity equation:

2(v›q/›p)0 5 2(›vq/›p)0 2 (q �divV)0, where the right-hand-

side terms represent the vertical moisture flux and themoisture

convergence. As indicated by Fig. 8b, the PBL moisture con-

vergence plays the dominant role in contributing to the total

vertical advection term. The PBL convergence is further re-

lated to the positive vorticity anomaly above the PBL (e.g.,

Hsu and Li 2012). Then, the meridional moisture advection is

further decomposed according to Eq. (3). As shown in Fig. 8c,

the leading term responsible for the positive meridional

moisture advection anomaly in the PBL is the mean meridi-

onal wind acting on the gradient of moisture anomaly

[i.e., 2(y›q0/›y)0].
Next, a vorticity budget analysis is conducted above the PBL

(850–100 hPa) based on Eq. (2) to reveal the key processes for

the northward shift of the positive vorticity anomaly. As indi-

cated in Fig. 9a, the meridional vorticity advection (2y›j/›y)0

(red line) contributes the most, which is in phase with the

vorticity tendency (black line) in the meridional distribution.

The twisting term {(›v/›y)(›u/›p)}0 (green line) also exerts a

positive contribution to the vorticity tendency, but its magni-

tude is only one-fourth of the meridional vorticity advection

term. The other terms have little positive contribution. Then,

the meridional vorticity advection term and the twisting term

are further decomposed according to Eq. (3) to reveal the

dominant processes. Our calculation shows that the meridional

advection above the PBL is primarily determined by the

component associated with the LFBS wind advecting the intra-

seasonal vorticity anomalies [i.e.,(2y›j0/›y)0] and the twisting

term is determined by the component associated with vertical

shear of LFBS zonal wind, that is, f(›v0/›y)(›u/›p)g0 (see

Figs. 9b,c).

Figure 10 displays the meridional–vertical diagrams of the

composite vorticity tendency anomaly, the meridional ad-

vection component associated with the LFBS wind ad-

vecting the intraseasonal vorticity anomalies, and the

twisting term component associated with vertical shear of

LFBS zonal wind, respectively. The vorticity tendency

anomaly has an equivalent barotropic structure with a

positive anomaly center leading the convection center by

about 48–98 (Fig. 10a). It is of interest to note that the

positive vorticity advection associated with LFBS meridi-

onal wind (2y›j0/›y)0 is mainly located in the middle and

lower troposphere, while that caused by vertical shear of

LFBS zonal wind f(›v0/›y)(›u/›p)g0 is concentrated in the

middle and upper troposphere. As it is the positive vorticity

at the top of the PBL that induces the PBL convergence, the

positive vorticity tendency to the north of the convection

induced by (2y›j0/›y)0 in the middle and lower level is

crucial in inducing the northward shift of the PBL

FIG. 6. (a) The intensities of the SP, NWP, and NP types of

rainfall events in P1 (gray bars) and P2 (black bars). The intensity is

obtained by averaging anomalous precipitation over SC from day

22 to day 2. (b) The numbers of three types of rainfall events in the

two periods.

1 NOVEMBER 2020 CHENG ET AL . 9489



convergence while the upper-tropospheric positive vorticity

tendency induced by f(›v0/›y)(›u/›p)g0 plays little role.

The latitude–height cross sections of seasonal mean merid-

ional and zonal flows, which are almost the same as those of the

LFBS flows, are shown in Fig. 11. Prominent southerly wind is

observed below 300 hPa over the SCS. The southerly wind in

the PBL could result in positive meridional moisture advection

to the north of the convection, which is beneficial to premois-

tening, while that in the free atmosphere could induce positive

meridional vorticity advection to the north of the convection

above the PBL, which is favorable to the PBL moisture con-

vergence. The zonal wind component in the SCS is character-

ized by prevailing easterly shear with upper-level easterly wind

and low-level westerly wind (Fig. 11b), and the shear amplitude

increases with height. Thus, a positive vorticity tendency

generated north of the convection center by the twisting effect

shows its maximum in the upper troposphere.

Then the interdecadal changes of summer mean circulations

are compared in Fig. 12 (P2 minus P1). As is shown, the mean

southerly wind in the middle and lower troposphere is charac-

terized by a significant enhancement south of 208N (Fig. 12a),

while the easterly vertical shear between 200 and 850 hPa de-

creases (Fig. 12b). As the major contributors to the northward

propagation are 2(y›q0/›y)0 in the PBL and (2y›j0/›y)0 in the

middle and lower free atmosphere, we then compare the two

crucial processes in P1 and P2 in Fig. 13. As is seen, both key

processes are greater in P2 than P1, which demonstrates that the

increase in the mean southerly wind provides more favorable

northward-propagating condition over the SCS in the later pe-

riod (i.e., P2). The above analysis confirms our first hypothesis.

FIG. 7. Compositemeridional–vertical sections of the northward-propagating 10–30-day ISO: (a) vertical velocity

(Pa s21), (b) relative vorticity (1026 s21), (c) divergence (1026 s21), and (d) specific humidity (g kg21). The hori-

zontal axis is the meridional distance relative to the convection center averaged from day 213 to day 29, with

positive (negative) values to the north (south). The vertical axis is pressure (hPa).
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Then, we investigate if the atmosphere over the SCS is more

unstable in P2 than P1 so that more active convections could be

initiated. Figure 14 shows the change of the vertical profile of

the atmospheric pseudo-equivalent potential temperature (use)

averaged over the area where the active convection originates

(P2 minus P1). We tried to calculate over two possible regions

(108–158N, 1088–1208E and 58–208N, 1058–1408E), and found

similar results. It shows that the low-level pseudo-equivalent

temperature decreases significantly, implying that the atmo-

sphere becomes more stable instead of more unstable in the

later decadal period. Thus, the second hypothesis fails.

To sum up, our results suggest that it is the enhancement of

mean southerlies in the middle-to-lower troposphere that re-

sults in the interdecadal increase in the occurrence frequency

of NP type of rainfall and thus a stronger intraseasonal vari-

ability of SC precipitation.

5. Summary and discussion
The SC summer rainfall exhibits prominent intraseasonal

period on the 10–30-day time scale, and its variability

shows a significant increase in the early 1990s with the

turning point at 1993. Such interdecadal change coincides

FIG. 8. As in Fig. 7, but for meridional distributions of (a) specific humidity (105 g kg21)

with values on the right y axis andmoisture budget terms (g kg21 s21) in Eq. (1) with values on

the left y axis, (b) decomposed moisture convergence (g kg21 s21), and (c) decomposed

meridional moisture advection (g kg21 s21) in the PBL. Values are obtained through the

integration from 1000 to 850 hPa. See the legend in each panel for details.
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with that of the summer mean rainfall over the same place.

Compared with some studies on the interdecadal change in

the summer mean rainfall over SC, less attention has been

paid to that of the intraseasonal rainfall variability. Based on

cluster analysis of the SC intraseasonal rainfall events during

1979–2008, this study investigates the causes of the inter-

decadal change of the 10–30-day rainfall variability through

comparing the rainfall events of each category between the

former decadal period (P1: 1979–93) and the later decadal

period (P2: 1994–2008).

FIG. 9. As in Fig. 8, but for meridional distributions of (a) vorticity budget terms (1026 s22)

in Eq. (2), (b) decomposed meridional vorticity advection (1026 s22), and (c) decomposed

twisting term (1026 s22) above the PBL. Values are obtained through the integration from

850 to 100 hPa. All terms in (a) are (›j/›t)0 (black line), (2y›j/›y)0 (red line), {(›v/›y)(›u/

›p)}0(green line), {2(j 1 f)= � V}0 (purple line), {2(›v/›x)(›y/›p)}0 (blue line), (2u›j/›x)0

(gray line), (2v›j/›p)0 (yellow line), and2by0 (brown line). In (b) and (c), see the legends for

details.
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The result indicates that the SC intraseasonal rainfall events

could be divided into three categories according to different

propagations, including the SP events in which the positive

rainfall anomalies move southward from the Yellow River

Basin to SC, the NWP events in which the positive rainfall

anomalies move northwestward from the tropical western

Pacific to SC, and the NP events in which the positive rainfall

anomalies move northward from the SCS to SC. It is found that

the occurrence frequency of the NP events increases signifi-

cantly in P2 compared to P1, while the occurrence of the SP

and NWP events and the intensities of rainfall anomalies of

each category remain similar in the two periods. Therefore, the

observed interdecadal increase in the intraseasonal rainfall

variability is due to the more frequent NP events from the

SCS to SC.

The composite meridional structures associated with the NP

events over the SCS provide essential clues for the mechanism

of this northward propagation. In front of the convection

center, larger values of PBLmoisture are seen and a significant

upward motion associated with the PBL shallow convective

systems occurs in the lower troposphere. Meanwhile, positive

barotropic vorticity anomalies are seen ahead of the convec-

tion center, which could induce PBL convergence through

Ekman pumping. As the PBL premoistening and the positive

barotropic vorticity anomaly above the PBL are crucial in

guiding the northward propagation of the convection, the PBL

(1000–850 hPa) moisture budget and the vorticity budget

above the PBL (850–100 hPa) are analyzed. It is found that the

interactions between the intraseasonal perturbations and the

summer mean southerly wind are the governing processes

FIG. 10. As in Fig. 7, but for (a) relative vorticity tendency (10211 s22), i.e., (›j/›t)0, (b)meridional vorticity advection associatedwith the

LFBS wind advecting the intraseasonal vorticity anomalies (10211 s22), i.e., (2y›j0/›y)0, and (c) the twisting term associated with vertical

shear of LFBS zonal wind (10211 s22), i.e., f(›v0/›y)(›u/›p)g0.

FIG. 11. Meridional–vertical profiles of the south–north component of the summer mean (a) meridional wind

(m s21) and (b) zonal wind (m s21) averaged between 1088 and 1208E.
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responsible for the northward propagation over the SCS. On

one hand, the mean southerly wind in the PBL could induce

positive meridional moisture advection anomaly 2(y›q0/›y)0

ahead of the convection. On the other hand, the mean south-

erly wind above the PBL could generate a positive meridional

vorticity advection anomaly (2y›j0/›y)0 in front of the con-

vection, which is conducive to the PBL convergence. The PBL

moisture convergence and the meridional moisture advection

are two predominant terms for the PBL premoistening. The

summer mean southerly wind over the SCS displays a signifi-

cant enhancement in P2 than P1, and the intensities of the two

primary processes of2(y›q0/›y)0 and (2y›j0/›y)0 are enhanced
in P2 relative to P1. The result indicates that the enhancement

of the summer mean southerly wind over the SCS after the

early 1990s provides a more favorable condition for the

northward propagation.

The difference of the atmospheric instability over the SCS

where the intraseasonal convection anomalies originate be-

tween the two decadal periods is also investigated, but it does

not show more favorable condition for the initiation of the

convections in P2 compared to P1. Therefore, it is the increase

in the summer mean southerlies in the middle and lower tro-

posphere over the SCS that induces more frequent occurrence

of the NP type of rainfall and thus a stronger intraseasonal

rainfall variability over SC.

In the vorticity budget diagnosis of this study, it shows that

the positive barotropic vorticity tendency anomaly ahead of

the convection is primarily contributed by both the meridional

vorticity advection term induced by mean southerly wind and

the twisting term associated with the easterly vertical shear.

But it is of interest to reveal that the positive vorticity tendency

anomaly associated with the meridional advection is mainly

concentrated in the middle and lower troposphere while that

due to the twisting term is only observed in the upper tropo-

sphere. Considering that the PBL convergence, which is the

dominant process for the accumulation of moisture ahead of the

convection, is primarily generated by the positive vorticity

anomaly above the PBL through Ekman pumping, we conclude

that the meridional vorticity advection term rather than the

twisting term is crucial for the northward propagation of the ISO

FIG. 12. Meridional–vertical profiles of the climatological difference in seasonal mean (a) meridional wind

(m s21) and (b) zonal wind (m s21) between P2 and P1. Areas exceeding the 90% (95%) significance level are

shaded with light gray (dark gray).

FIG. 13. The meridional distributions of (a) meridional moisture

advection associated with the LFBS meridional wind acting on the

gradient of moisture anomaly (g kg21 s21) in the PBL of 1000–

850 hPa and (b) meridional vorticity advection associated with the

LFBSwind advecting the intraseasonal vorticity anomalies (1026 s22)

above the PBL of 850–100 hPa during P1 (black lines) and P2

(red lines).

9494 JOURNAL OF CL IMATE VOLUME 33



in the SCS. This argument seems to be contrast with Jiang et al.

(2004), who proposed that the easterly wind shear is crucial in

generating the barotropic vorticity in free atmosphere so that it

further favors the northward propagation of ISO. The difference

is probably due to the fact that Jiang et al. (2004) investigated the

mechanism of the ISO’s northward propagation over the Bay of

Bengal where the mean zonal wind dominates throughout the

troposphere but the mean meridional wind is weak, while this

study focused on the SCS where the mean southerly wind is

prominent. Furthermore, the 2.5-layer model used in the pre-

vious study was too simple to reveal the detailed vertical dis-

tribution of the vorticity anomalies generated by the vertical

wind shear, but this study is based on the diagnosis result using

three-dimensional atmospheric reanalysis data. It should be

mentioned that the easterly wind shear may enhance the north-

ward propagation of the ISO through enhancing the vorticity

anomalies in the lower troposphere, as it favors the trapping of

Rossby wave in the lower troposphere (Wang and Xie 1996).

One may wonder why the diagnosis of the northward

propagation is focused on the period from day 213 to day 29

instead from day 214 to day 4. As shown in Fig. 2c, the con-

vective center moves northward smoothly over the SCS during

the former period (i.e., day 213 to day 29), whereas it is lo-

cated over SC with little movement during the latter period

(day 24 to day 4). Such discontinuous propagation may be

related to the reduction of low-level moisture after the con-

vection lands on the coast, although the southerly wind in the

lower troposphere is seen from 108 to 308N.

Extensive studies have focused on the role of the air–sea

interaction in the ISO’s northward propagation and pointed

out that it has significant positive contribution through modi-

fying the surface latent heat and sensible heat fluxes (Hsu et al.

2004; Kemball-Cook and Wang 2001) and driving the PBL

wind convergence (Roxy and Tanimoto 2012; Wang et al.

2018). Furthermore, the interdecadal change of SST over the

SCS and the western Pacific may influence the occurrence

frequency of the ISO (J. Wang et al. 2017). The impact of the

air–sea interaction on the interdecadal change of the ISO’s

northward propagation and the occurrence frequency over the

SCS needs further analysis in the future.

It is of interest to note that the interdecadal increase in the

mean southerly wind is only significant over the SCS, while it is

absent north of 258N (see Fig. 12a) and the WNP (figure not

shown). This may explain why the frequencies of the SP type of

rainfall that propagates southward from 408N and the NWP

type of rainfall that moves over the WNP are not affected by

the interdecadal change of the southerly wind. The inter-

decadal increase in the mean southerly wind over the SCS,

which is key to enhance the intraseasonal rainfall variability

over SC, may be related to the interdecadal change of the SST

in the equatorial IO as pointed byWu et al. (2010). The IO SST

increases after the early 1990s, which induces an anomalous

anticyclone over the WNP through giving rise to a subsidence

anomaly over the WNP, and on the west edge of the anticy-

clone anomaly is the southerly wind anomaly.

Acknowledgments. This work was supported by National

Key R&D Program of China 2018YFC1505801, NSFC Grants

41975108/41705059/41875069,NSFGrantAGS-1643297,NOAA

Grant NA18OAR4310298, NSFC–Shandong Joint Fund for

Marine Science Research Centers (U1606405), and the Startup

Foundation for Introducing Talent of NUIST. This is SOEST

Contribution No. 11142, IPRC Contribution No. 1473, and

ESMC Contribution 326.

REFERENCES

Bellon, G., and A. H. Sobel, 2008: Instability of the axisymmetric

monsoon flow and intraseasonal oscillation. J. Geophys. Res.,

113, D07108, https://doi.org/10.1029/2007JD009291.

Chen, J., R.Wu, and Z.-P.Wen, 2012: Contribution of South China

Sea tropical cyclones to an increase in southern China summer

rainfall around 1993. Adv. Atmos. Sci., 29, 585–598, https://

doi.org/10.1007/s00376-011-1181-6.

——, Z. Wen, R. Wu, Z. Chen, and P. Zhao, 2015: Influences of

northward propagating 25–90-day and quasi-biweekly oscil-

lations on eastern China summer rainfall. Climate Dyn., 45,

105–124, https://doi.org/10.1007/s00382-014-2334-y.

Chen, R. D., Z. Wen, and R. Lu, 2018: Interdecadal change on the

relationship between the mid-summer temperature in South

China and atmospheric circulation and sea surface tempera-

ture. Climate Dyn., 51, 2113–2126, https://doi.org/10.1007/

s00382-017-4002-5.

Dee, D. P., and Coauthors, 2011: The ERA-Interim reanalysis:

Configuration and performance of the data assimilation sys-

tem.Quart. J. Roy. Meteor. Soc., 137, 553–597, https://doi.org/

10.1002/qj.828.

Ding, Y.-H., Z.-Y.Wang, and Y. Sun, 2008: Inter-decadal variation

of the summer precipitation in East China and its association

with decreasing Asian summer monsoon. Part I: Observed

evidences. Int. J. Climatol., 28, 1139–1161, https://doi.org/

10.1002/joc.1615.

FIG. 14. Vertical profiles of the difference in pseudo-equivalent

potential temperature (use; K) between the two decadal periods

over two possible regions where the ISO initiates (red line: 108–
158N, 1088–1208E; blue line: 58–208N, 1058–1408E). The black cir-

cles denote the 95% confidence level.

1 NOVEMBER 2020 CHENG ET AL . 9495

https://doi.org/10.1029/2007JD009291
https://doi.org/10.1007/s00376-011-1181-6
https://doi.org/10.1007/s00376-011-1181-6
https://doi.org/10.1007/s00382-014-2334-y
https://doi.org/10.1007/s00382-017-4002-5
https://doi.org/10.1007/s00382-017-4002-5
https://doi.org/10.1002/qj.828
https://doi.org/10.1002/qj.828
https://doi.org/10.1002/joc.1615
https://doi.org/10.1002/joc.1615


——, Y. Sun, Z. Wang, Y. Zhu, and Y. Song, 2009: Inter-decadal

variation of the summer precipitation in China and its asso-

ciation with decreasing Asian summer monsoon. Part II:

Possible causes. Int. J. Climatol., 29, 1926–1944, https://doi.org/
10.1002/joc.1759.

Drbohlav, H.-K. L., and B. Wang, 2005: Mechanism of the

northward-propagating intraseasonal oscillation: Insights from a

zonally symmetric model. J. Climate, 18, 952–972, https://doi.org/
10.1175/JCLI3306.1.

Duchon, C. E., 1979: Lanczos filtering in one and two dimensions.

J. Appl. Meteor., 18, 1016–1022, https://doi.org/10.1175/1520-

0450(1979)018,1016:LFIOAT.2.0.CO;2.

Holton, J.R., 2004: Introduction toDynamicMeteorology.Academic

Press, 535 pp.

Hong, W., and X. Ren, 2013: Persistent heavy rainfall over South

China during May–August: Subseasonal anomalies of circu-

lation and sea surface temperature.ActaMeteor. Sin., 27, 769–

787, https://doi.org/10.1007/s13351-013-0607-8.

Hsu, H.-H., C.-H. Weng, and C.-H. Wu, 2004: Contrasting char-

acteristics between the northward and eastward propagation

of the intraseasonal oscillation during the boreal summer.

J. Climate, 17, 727–743, https://doi.org/10.1175/1520-0442(2004)

017,0727:CCBTNA.2.0.CO;2.

Hsu, P.-C., and T. Li, 2012: Role of the boundary layer moisture

asymmetry in causing the eastward propagation of the

Madden–Julian oscillation. J. Climate, 25, 4914–4931, https://
doi.org/10.1175/JCLI-D-11-00310.1.

——, J.-Y. Lee, and K.-J. Ha, 2016: Influence of boreal summer

intraseasonal oscillation on rainfall extremes in southern China.

Int. J. Climatol., 36, 1403–1412, https://doi.org/10.1002/joc.4433.
Jiang, X., T. Li, and B. Wang, 2004: Structures and mechanisms of

the northward propagating boreal summer intraseasonal os-

cillation. J. Climate, 17, 1022–1039, https://doi.org/10.1175/

1520-0442(2004)017,1022:SAMOTN.2.0.CO;2.

Kemball-Cook, S., and B. Wang, 2001: Equatorial waves and air–

sea interaction in the boreal summer intraseasonal oscillation.

J. Climate, 14, 2923–2942, https://doi.org/10.1175/1520-0442(2001)
014,2923:EWAASI.2.0.CO;2.

Kwon, M., J. G. Jhun, and K. J. Ha, 2007: Decadal change in

East Asian summer monsoon circulation in the mid-1990s.

Geophys. Res. Lett., 34, L21706, https://doi.org/10.1029/

2007GL031977.

Li, C., T. Li, A. Lin, D. Gu, and B. Zheng, 2015: Relationship be-

tween summer rainfall anomalies and sub-seasonal oscilla-

tions in South China. Climate Dyn., 44, 423–439, https://

doi.org/10.1007/s00382-014-2172-y.

Li, J., and J. Mao, 2019: Coordinated influences of the tropical and

extratropical intraseasonal oscillations on the 10–30-day vari-

ability of the summer rainfall over southeastern China. Climate

Dyn., 53, 137–153, https://doi.org/10.1007/s00382-018-4574-8.

Li, R. C. Y., and W. Zhou, 2015: Interdecadal changes in sum-

mertime tropical cyclone precipitation over southeast China

during 1960–2009. J. Climate, 28, 1494–1509, https://doi.org/

10.1175/JCLI-D-14-00246.1.

Li, X., Z. Wen, W. Zhou, and D. Wang, 2012: Atmospheric water

vapor transport associatedwith two decadal rainfall shifts over

East China. J. Meteor. Soc. Japan, 90, 587–602, https://doi.org/

10.2151/jmsj.2012-501.

Liebmann, B., and C. A. Smith, 1996: Description of a complete

(interpolated) outgoing longwave radiation dataset. Bull.

Amer. Meteor. Soc., 77, 1275–1277.

Liu, F., Y. Ouyang, B. Wang, J. Yang, J. Ling, and P.-C. Hsu, 2020:

Seasonal evolution of the intraseasonal variability of China

summer precipitation. Climate Dyn., 54, 4641–4655, https://

doi.org/10.1007/s00382-020-05251-0.

Roxy, M., and Y. Tanimoto, 2012: Influence of sea surface tem-

perature on the intraseasonal variability of the South China

Sea summer monsoon. Climate Dyn., 39, 1209–1218, https://

doi.org/10.1007/s00382-011-1118-x.

Wang, B., and X. Xie, 1996: Low-frequency equatorial waves in

vertically sheared zonal flow. Part I: Stable waves. J. Atmos.

Sci., 53, 449–467, https://doi.org/10.1175/1520-0469(1996)053,0449:

LFEWIV.2.0.CO;2.

——, and——, 1997: Amodel for the boreal summer intraseasonal

oscillation. J. Atmos. Sci., 54, 72–86, https://doi.org/10.1175/
1520-0469(1997)054,0072:AMFTBS.2.0.CO;2.

——, G. Chen, and F. Liu, 2019: Diversity of the Madden–Julian

oscillation. Sci. Adv., 5, eaax0220, https://doi.org/10.1126/

SCIADV.AAX0220.

Wang, J., Z. Wen, R. Wu, and A. Lin, 2017: The impact of tropical

intraseasonal oscillation on the summer rainfall increase over

southern China around 1992/1993. Climate Dyn., 49, 1847–
1863, https://doi.org/10.1007/s00382-016-3425-8.

Wang, M., J. Wang, and A. Duan, 2017: Propagation and mecha-

nisms of the quasi-biweekly oscillation over theAsian summer

monsoon region. J. Meteor. Res., 31, 321–335, https://doi.org/
10.1007/s13351-017-6131-5.

——, ——, ——, J. Yang, and Y. M. Liu, 2019: Quasi-biweekly

impact of the atmospheric heat source over the Tibetan

Plateau on summer rainfall in eastern China.Climate Dyn., 53,

4489–4504, https://doi.org/10.1007/s00382-019-04798-x.

Wang, T., X.-Q. Yang, J. Fang, X. Sun, and X. Ren, 2018: Role

of air–sea interaction in the 30–60-day boreal summer in-

traseasonal oscillation over the western North Pacific.

J. Climate, 31, 1653–1680, https://doi.org/10.1175/JCLI-D-

17-0109.1.

Wu, J., and X. J. Gao, 2013: A gridded daily observation dataset

over China region and comparison with the other datasets (in

Chinese). Chin. J. Geophys., 56, 1102–1111, https://doi.org/

10.6038/cjg20130406.

Wu, R., Z. Wen, S. Yang, and Y. Li, 2010: An interdecadal change

in southern China summer rainfall around 1992/93. J. Climate,

23, 2389–2403, https://doi.org/10.1175/2009JCLI3336.1.

Yanai,M., S. Esbensen, and J.-H. Chu, 1973:Determination of bulk

properties of tropical cloud clusters from large-scale heat and

moisture budgets. J. Atmos. Sci., 30, 611–627, https://doi.org/

10.1175/1520-0469(1973)030,0611:DOBPOT.2.0.CO;2.

Yang, J., B. Wang, and Q. Bao, 2010: Biweekly and 21–30-day

variations of the subtropical summer monsoon rainfall over

the lower reach of the Yangtze River basin. J. Climate, 23,

1146–1159, https://doi.org/10.1175/2009JCLI3005.1.

Yao, C., S. Yang, W. Qian, Z. Lin, and M. Wen, 2008: Regional

summer precipitation events in Asia and their changes in the

past decades. J. Geophys. Res., 113, D17107, https://doi.org/

10.1029/2007JD009603.

Zhang, L. N., B. Z. Wang, and Q. C. Zeng, 2009: Impacts of the

Madden–Julian oscillation on summer rainfall in southeastChina.

J. Climate, 22, 201–216, https://doi.org/10.1175/2008JCLI1959.1.

Zheng, B., and Y. Huang, 2018: Mechanisms of meridional-

propagating high-frequency intraseasonal oscillation associated

with a persistent rainfall over southChina.Mon.Wea. Rev., 146,

1475–1494, https://doi.org/10.1175/MWR-D-17-0260.1.

——, and ——, 2019: Mechanisms of northward-propagating in-

traseasonal oscillation over the South China Sea during the

pre-monsoon period. J. Climate, 32, 3297–3311, https://doi.org/

10.1175/JCLI-D-18-0391.1.

9496 JOURNAL OF CL IMATE VOLUME 33

https://doi.org/10.1002/joc.1759
https://doi.org/10.1002/joc.1759
https://doi.org/10.1175/JCLI3306.1
https://doi.org/10.1175/JCLI3306.1
https://doi.org/10.1175/1520-0450(1979)018<1016:LFIOAT>2.0.CO;2
https://doi.org/10.1175/1520-0450(1979)018<1016:LFIOAT>2.0.CO;2
https://doi.org/10.1007/s13351-013-0607-8
https://doi.org/10.1175/1520-0442(2004)017<0727:CCBTNA>2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017<0727:CCBTNA>2.0.CO;2
https://doi.org/10.1175/JCLI-D-11-00310.1
https://doi.org/10.1175/JCLI-D-11-00310.1
https://doi.org/10.1002/joc.4433
https://doi.org/10.1175/1520-0442(2004)017<1022:SAMOTN>2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017<1022:SAMOTN>2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014<2923:EWAASI>2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014<2923:EWAASI>2.0.CO;2
https://doi.org/10.1029/2007GL031977
https://doi.org/10.1029/2007GL031977
https://doi.org/10.1007/s00382-014-2172-y
https://doi.org/10.1007/s00382-014-2172-y
https://doi.org/10.1007/s00382-018-4574-8
https://doi.org/10.1175/JCLI-D-14-00246.1
https://doi.org/10.1175/JCLI-D-14-00246.1
https://doi.org/10.2151/jmsj.2012-501
https://doi.org/10.2151/jmsj.2012-501
https://doi.org/10.1007/s00382-020-05251-0
https://doi.org/10.1007/s00382-020-05251-0
https://doi.org/10.1007/s00382-011-1118-x
https://doi.org/10.1007/s00382-011-1118-x
https://doi.org/10.1175/1520-0469(1996)053<0449:LFEWIV>2.0.CO;2
https://doi.org/10.1175/1520-0469(1996)053<0449:LFEWIV>2.0.CO;2
https://doi.org/10.1175/1520-0469(1997)054<0072:AMFTBS>2.0.CO;2
https://doi.org/10.1175/1520-0469(1997)054<0072:AMFTBS>2.0.CO;2
https://doi.org/10.1126/SCIADV.AAX0220
https://doi.org/10.1126/SCIADV.AAX0220
https://doi.org/10.1007/s00382-016-3425-8
https://doi.org/10.1007/s13351-017-6131-5
https://doi.org/10.1007/s13351-017-6131-5
https://doi.org/10.1007/s00382-019-04798-x
https://doi.org/10.1175/JCLI-D-17-0109.1
https://doi.org/10.1175/JCLI-D-17-0109.1
https://doi.org/10.6038/cjg20130406
https://doi.org/10.6038/cjg20130406
https://doi.org/10.1175/2009JCLI3336.1
https://doi.org/10.1175/1520-0469(1973)030<0611:DOBPOT>2.0.CO;2
https://doi.org/10.1175/1520-0469(1973)030<0611:DOBPOT>2.0.CO;2
https://doi.org/10.1175/2009JCLI3005.1
https://doi.org/10.1029/2007JD009603
https://doi.org/10.1029/2007JD009603
https://doi.org/10.1175/2008JCLI1959.1
https://doi.org/10.1175/MWR-D-17-0260.1
https://doi.org/10.1175/JCLI-D-18-0391.1
https://doi.org/10.1175/JCLI-D-18-0391.1

