
Mechanisms of Meridional-Propagating High-Frequency Intraseasonal Oscillation
Associated with a Persistent Rainfall over South China

BIN ZHENG AND YANYAN HUANG

Guangzhou Institute of Tropical and Marine Meteorology, China Meteorological Administration, and Guangdong Provincial Key

Laboratory of Regional Numerical Weather Prediction, Guangzhou, China

(Manuscript received 13 September 2017, in final form 12 March 2018)

ABSTRACT

The present study divides the intraseasonal variations into high-frequency intraseasonal oscillation

(HF-ISO) with a 5–20-day period and low-frequency ISO (LF-ISO) with a 30–60-day period. Here, defined

HF-ISO is heavily different from some previous work, because, over south China, persistent rainfall (PR) is

not only related to the quasi-biweekly oscillation (10–20-day period), but also connected with the quasi-

weekly oscillation (5–10-day period). Associated with a PR over south China during the first half of June 2016

(PR1606), the propagating components of the convections are largely attributed to the HF-ISOs. Moreover,

both southward- and northward-propagating HF-ISOs are found in this case. Over southern China, the

moisture advection dominated by anomalous flow and mean water vapor plays an important role in the

southward propagation of the HF-ISO, and the cloud–radiation effect may be also, at least partially, re-

sponsible for the southward shift of the associated convective zone. Nevertheless, two other possible mech-

anisms are introduced to explain the cause of the northward propagation of the HF-ISO over southern China

during the PR1606 period. The first is the vorticity advection, which is a dominant factor. The second

mechanism is the wind–evaporation effect that plays a minor role. Over the South China Sea, the northward

propagation of the HF-ISO is mainly attributed to the vertical wind shear effect and the vorticity advection

effect, and the latter is relatively more important than the former in this case. The moisture advection is a

supplementary effect caused by inducing a weak positive moisture tendency north of the convection center.

1. Introduction

Persistent rainfall (PR) is one of the most common

meteorological disasters in the flood season over

southern China, but its predictability is often confined

to within one week (Goswami and Xavier 2003; Zhao

et al. 2016). Understanding the physical processes as-

sociated with the PR is one effective way to improve

the predictability.

A PR process needs dynamical conditions first. The

formation of positive vorticity anomalies is one impor-

tant dynamical process. The positive vorticity anomalies

related to the PR over southern China can result from

the advection by the mean flow (Hong et al. 2015), the

southward propagation of the low-frequency oscillations

(Hong and Ren 2013), or the eastward propagation of

the positive vorticity from the Tibetan Plateau (Li et al.

2014). Moreover, the local vertical nonuniformity of the

diabatic heating has an important influence on the vor-

ticity tendency, and the positive vorticity tendency is

found over southern China during the PR developing

period (Hong et al. 2015). For the PR over southern

China, the background circulations also provide dy-

namic support via the interactions with the eddy flows

(Fu et al. 2016; Zhang et al. 2017). The cold air and

monsoon are the main background systems that impact

the PR over East Asia (Zheng et al. 2007; Li et al. 2014;

Imada et al. 2015; Liu et al. 2016). The thermal–

dynamical effect of the Tibetan Plateau is commonly

considered an important role for the activities of the

East Asian monsoon and South China Sea (SCS) sum-

mer monsoon (SCSSM; Wan and Wu 2009; Zhang et al.

2013; Li et al. 2014; Huang et al. 2015).

Meanwhile moisture conditions control the PR pro-

cesses. There are three water vapor pathways associated

with the PR over southern China: the tropical Indian

Ocean, the SCS, and the western North Pacific (WNP).

While different types of the PR over southern ChinaCorresponding author: Bin Zheng, zhb@ustc.edu
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correspond to the three moisture sources, generally

most of the water vapor comes from theWNP for the PR

during mid-March to mid-May (viz., the spring rainfall

over southern China) (Lin et al. 2013; Lin et al. 2014;

Zhang et al. 2015). It is attributed to the increase of the

land–sea thermal contrast (Tian and Yasunari 1998;

Zhang et al. 2013). Following the onset of the SCSSM,

the main source of the water vapor is the SCS frommid-

May to late August (Liu et al. 2016), since the seasonal

march of the SCSSM or atmospheric circulation over

East Asia is along the way from the SCS to southern

China (Liao and Tao 2004; Li et al. 2007). When the PR

occurs during late July to early October, the moisture is

mainly transported from the Indian Ocean and the

principal rainfall belts are located to the east of southern

China (Liu et al. 2016).

There are close connections between the processes of

the PR mentioned above and the low-frequency oscil-

lation (Ren et al. 2013; Li et al. 2015; Hui and Fang

2016a,b; J. Wang et al. 2017), so the regional East Asia–

WNP intraseasonal oscillation (ISO) index can be in-

troduced to monitor the persistent heavy rainfall

in south China during the early flood season (Gao

et al.2016). The ISOs usually include two periods

(10–20 and 30–60 days) (Krishnamurthy and Shukla

2007; Li et al. 2015; Hui and Fang2016a,b), and impact

the precipitation over southern China with a north-

ward or northwestward movement (Li et al. 2015; Chen

et al. 2015; Gao et al. 2016). The mechanisms for north-

ward propagation of ISO mainly include feedbacks

from land surface heat fluxes (Webster andHolton 1982),

convection–moist stability interaction (Goswami and

Shukla 1984), air–sea interaction (Kemball-Cook and

Wang 2001), vertical easterly wind shear (Wang and Xie

1997; Jiang et al. 2004; Drbohlav and Wang 2005), cu-

mulus convection (Kang et al. 2010; Liu et al. 2015), and

the beta shift (Boos and Kuang 2010). Chou and

Hsueh (2010) examined some dominant mechanisms of

northward-propagating ISOs with 30–60-day period

over the Indian Ocean and the WNP. They include the

following: 1) the vorticity advection effect, which is

associated with the advection of anomalous baroclinic

vorticity by mean baroclinic meridional winds; 2) the

vertical wind shear effect, which is the vertical advec-

tion associated with the meridional gradient of baro-

clinic divergence and mean easterly vertical wind

shear; 3) the moisture advection effect induced by

mean flow; and 4) the air–sea interaction via surface

latent heat flux. The PBL moisture advection and

barotropic vorticity effect are found to be the dominant

mechanisms for the northward propagation (DeMott

et al. 2013). In their study, M. Wang et al. (2017) con-

cluded that there are three main mechanisms of the

northward-propagatingquasi-biweeklyoscillation (QBWO):

barotropic vorticity, boundary moisture advection, and

surface sensible heating (SSH).

Over south China, the PR is not only related to the

QBWO, but also connected with the quasi-weekly os-

cillation (Gu and Zhang 2012; Gu et al. 2013). Thus, in

this study, we divide the ISOs over the SCS and south-

ern China into high-frequency ISOs (HF-ISOs) with

a 5–20-day period and low-frequency ISOs (LH-ISOs)

with a 30–60-day period, and then analyze the effects of

the meridional propagations of them on the PR over

south China in the first half of June 2016 (PR1606

hereafter). The next section describes the datasets and

methods used in this study. Section 3 states the re-

lationship between the propagations of ISOs and the

PR1606. A detailed discussion about the propagation

mechanisms is presented in section 4, followed by the

conclusions from this study.

2. Data and analysis method

a. Data

In this study, most of the data, including winds, water

vapor, geopotential height, air temperature, vorticity,

divergence, surface fluxes (surface solar radiation,

longwave radiation, latent, and sensible heat fluxes),

and sea surface/land skin temperature are from the

Japanese 55-year Reanalysis (JRA-55; Kobayashi

et al. 2015) and the National Centers for Environ-

mental Prediction–National Center for Atmospheric

Research (NCEP–NCAR) reanalysis (Kalnay et al.

1996). Positive longwave radiation, latent, and sensible

heat fluxes mean that the energy transfers from the

ocean/land to the atmosphere and vice versa for neg-

ative values, while shortwave radiation is positive

when the energy transfers from the atmosphere to the

ocean/land. Daily SST and precipitation come from the

NOAA optimum interpolation (OI) SST V2 high-

resolution dataset (OISST.V2; Reynolds et al. 2007)

and the Global Precipitation Climatology Project

(GPCP) satellite-derived infrared (IR) GOES pre-

cipitation index (GPI) daily rainfall estimates (Huffman

et al. 2001), respectively.

b. Analysis method

For convenience, all data are interpolated into 18 3 18
spatial resolution as the GPI daily precipitation. More-

over, all data except for climatological variations were

filtered by 5–20- and 30–60-day bandpass filters. The

climatological mean is from 1981 to 2010. ISOs are

identified by maximum-filtered precipitation anomalies

averaged over the longitudes (1058–1208), and divided

into high-frequency ISO (HF-ISO) with a 5–20-day
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period and low-frequency ISO (LF-ISO) with a 30–60-day

period, which is different from the definition over South

Asia by Karmakar et al. (2017). The latitude with max-

imum zonally averaged precipitation anomalies was

chosen as reference latitude (zero latitude) for a com-

posite, which covers 108N/S latitudes of the reference

latitude.

3. A persistent rainfall event in South China

GPI data show that the daily regional precipitation

(Fig. 1) over south China (208–258N, 1058–1208E) larger
than 5mm was sustained from 3 to 16 June 2016, with the

maximum value approaching 30mm. Obviously, there

was a persistent rainfall over south China during the first

half of June 2016 (viz., PR1606, shown by the red rectan-

gular boxes with dashed lines in Fig. 2a). Two evident

processes can be seen from themean (Fig. 2a) or anomalies

(Fig. 2b) of precipitation. One is a southward propagation

of the convections along 1058–1208E before 6 June, and

another is a northward propagation from the equatorial

region throughout the PR1606 period. Figures 2c and 2d

display the LF-ISOs and HF-ISOs for the anomalous

precipitation, respectively. The LF-filtered precipitation

indicates the positive anomalies almost cover the PR1606

period, but it seems a local phenomenon with few

FIG. 1. Time series of daily precipitation over southChina. The dashed line denotes 5mmday21

precipitation.

FIG. 2. (a) The 1058–1208E zonal mean of the precipitation, (b) anomalous precipitation, (c) LF-filtered pre-

cipitation, and (d) HF-filtered precipitation. The red rectangular box with the dashed line denotes the PR event

over south China (PR1606).
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relationships to the meridional-propagating LF-ISO. Nev-

ertheless, the HF-ISOs have similar propagating pro-

cesses to the mean and anomalous precipitation. It

implies the propagating components of the convections

can be attributed to the HF-ISOs that impact the PR1606

by their meridional propagation. In this study, we focus

on the HF-ISOs to reveal the possible causes of the me-

ridional propagations based on the case of PR1606.

FIG. 3. Composites of the southward-propagating HF-ISO based on the maximum precipitation for (a) vertical velocity (Pa s21),

(b) vorticity (s21), (c) geopotential height (gpm), (d) divergence (s21), (e) specific humidity (g kg21), and (f) air temperature (K) from

JRA-55. All variables are after 5–20-day filtering. The positive (negative) value of the x axis means the distance to the north (south) of the

convection center. The vertical axis is the pressure (hPa). The two shaded areas indicate the composite anomalies exceeding 90%and 95%

confidence levels.
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4. Mechanisms of the meridional propagations of
the HF-ISOs

Regarding the PR1606, the southward propagation of

the HF-ISO occurs over the landmass, and the north-

ward one exists not only over the landmass but also over

the SCS (Fig. 2). For the convenience of analysis and

comparison, the northward propagation of the HF-ISO

is divided into two parts including over the SCS before

9 June and over the landmass after 10 June.

a. Mechanisms of the southward propagation

Figure 3 shows the meridional–vertical structure of

the composite southward-propagating HF-ISO from

JRA-55. It is indicated that maximum vertical motion

occurs at 400–300 hPa and coincides with the convection

center (Fig. 3a). Associated with this maximum as-

cending motion are the low-level convergence and the

upper-tropospheric divergence (Fig. 3d). It is worth

noting that the convergence in the planetary boundary

layer (PBL) tends to lead the convection by around 28,
and the PBL maximum specific humidity, air tempera-

ture, and the minimum geopotential height also shift to

the south of the convection center, thus implying that

they could drive the HF-ISO southward. Meanwhile, a

significant baroclinic structure appears in vorticity field

near the convection center (Fig. 3b), though the vertical

wind shear results in a positive vorticity with an equiv-

alent barotropic structure to the south of the maximum

precipitation anomalies (Fig. 4b) and the vorticity ad-

vection leads a similar structure but with opposite sign

(Fig. 4a). For the first half of June, the background

vertical wind shear is very weak over south China and

the mean meridional wind is southerly (Figs. 5a and 5b),

which has a negative contribution to the southward

propagation. That implies the tendency of positive bar-

otropic vorticity, including the vertical wind shear effect

(Jiang et al. 2004; Drbohlav and Wang 2005; M. Wang

et al. 2017) and the vorticity advection effect (Bellon

and Sobel 2008), is not a key cause for the southward

propagation of the HF-ISO.

Figure 6 shows the same composite by the NCEP–

NCAR reanalysis. By comparison, one can find that most

of the features from the JRA-55 reanalysis. For instance,

the southward shifts of the low-level specific humidity, air

temperature, and geopotential height and the baroclinic

structure of the vorticity are well reflected by the NCEP–

NCARreanalysis. So hereafterwe analyzed themeridional–

vertical structure of the HF-ISOs just by the JRA-55

reanalysis unless specifically pointed out.

From Fig. 7a, one can see that maximum sea surface/

land skin temperature (SST/LST) is a few degrees to the

south of the convection center, while a minimum appears

to the north of the convection center. Warm sea surface/

land skin temperature anomalies usually induce positive

sensible heat flux anomalies, which can destabilize the

atmosphere and induce low-level convergence and

favor the ISOs moving northward (Webster 1983;

FIG. 4. As in Fig. 3, but for (a) vorticity advection by mean flow and (b) vorticity tendency associated with vertical

wind shear and meridional gradients of vertical velocity.
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Kemball-Cook and Wang 2001). It is worth noting that

the SST/LST tendency (Fig. 7b) appears to be a maxi-

mum value to the south of the maximum SST/LST,

which implies a maximum SST/LST will appear farther

south on the next day and the convection center will

move southward. Nevertheless, the sensible heat flux

(Fig. 8c) is very different from the distribution of the

SST/LST. It implies that the SSH is not an essential

mechanism for the southward propagation in this case.

Even so, warm SST/LST anomalies can transfer the

energy to the atmosphere by longwave radiative flux

(Fig. 8d). The SST/LST tendency can be attributed to

the shortwave radiation (Fig. 8a), and the latent heat

flux anomalies, induced by the meridional wind speed

anomalies (Fig. 8f), form an opposite SST/LST ten-

dency. This indicates that the cloud–radiation effect,

rather than the wind–evaporation effect, has a contri-

bution to the southward propagation of the HF-ISO.

Besides air–sea/land interaction, low-level moisture

convergence induced by horizontal winds is a possible

mechanism to drive the HF-ISO southward. Figure 8e

shows a positive moisture advection south of the

maximum precipitation anomalies. However, these

anomalies are dominated by anomalous flow and mean

water vapor, not mean flow and anomalous water va-

por. This positive moisture advection can be easily

understood. To the north of 208N, the background

moisture decreases from the coastal region to inland

(Fig. 5c), and so the meridional gradient of the mean

specific humidity is negative. In response to the HF-ISO

convective heating, the perturbation wind has a south-

ward flow to the north and a northward flow to the south

of the convection center (Fig. 8f). As a result, the moist

perturbation has an asymmetric structure with a positive

center appearing to the south of the convection center

and a negative center to the north of the convection

(Fig. 8e). By contrast, the moisture advection by

the mean flow is very small, because the background

of southerly winds is the same order as the anoma-

lous winds and the mean water vapor is an order

FIG. 5. Summer mean state of (a) vertical wind shear (200–850-hPa zonal winds; m s21),

(b) differences of meridional winds between 200 and 850 hPa (200–850 hPa; m s21), and

(c) 1000-hPa specific humidity (g kg21).
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of magnitude larger than the anomalies. We note that

maximum moisture anomalies are located at about

800 hPa, so the moisture advection and water vapor are

integrated from 1000 to 700 hPa with a mass weight as

Fig. 9. From Fig. 9b, the low-level moisture appears to

be an asymmetric distribution as showed in Fig. 3e. This

could favor southward-propagating ISOs. Meanwhile,

the low-level moisture advection by the mean flow

would weaken the contribution of the moisture advec-

tion effect to the southward-propagating HF-ISO.

Figure 10 shows relationships between HF-ISO con-

vection and other variables more clearly. From Fig. 10a,

one can see that the downward solar radiation anomalies

lead the surface air temperature anomalies that then

FIG. 6. As in Fig. 3, but for NCEP–NCAR reanalysis.
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induced the low pressure at the surface, and then a

convection center appears. The upward latent heat flux

anomalies and moisture advection are almost in phase,

and they lead the positive surface specific humidity

anomalies (Fig. 10b). Last is also convection. Both vor-

ticity and divergence anomalies are almost in phase with

the convection (Figs. 10c and 10d), and the lead vorticity

tendency induced by advection and vertical wind shear

mechanism have an opposite sign as mentioned before.

b. Mechanisms of the northward propagation over
the SCS

Figure 11 shows the meridional–vertical structure of

the composite northward-propagating HF-ISO. From

FIG. 7. As in Fig. 3, but for one-dimensional composites of (a) sea surface temperature/land skin temperature

(K) and (b) tendency (K day21) from NCEP–NCAR reanalysis. The dotted line and dashed lines indicate the

significance test with 90% and 95% confidence levels, respectively.

FIG. 8. As in Fig. 7, but for (a) surface solar radiation (W m22), (b) surface latent heat flux (W m22), (c) surface

sensible heat flux (Wm22), (d) surface upward longwave radiation (Wm22), (e) moisture advection (mm day21) at

1000 hPa, and (f) wind anomaly (m s21) at 1000 hPa from NCEP–NCAR reanalysis. The positive latent heat flux,

sensible heat flux and longwave radiationmean upward fluxes, and the positive solar radiationmean downward flux.

The red and green marks denote the composite anomalies exceeding 90% and 95% confidence levels, respectively.
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Fig. 11a, one can see that maximum vertical motion still

occurs over the convection center. Obviously, the low-

level ascending flows shift northward and there are other

variations as well. A distinctive feature, compared to the

southward-propagating HF-ISO, is a positive vorticity

center with an equivalent barotropic structure located

north of the convection center. The barotropic vorticity

can be induced by both the vertical wind shear effect

(Jiang et al. 2004; Drbohlav and Wang 2005; M. Wang

et al. 2017) and the vorticity advection effect (Bellon

and Sobel 2008), although contribution associated with

the latter is larger than that related to the former (as

shown in Fig. 12). It implies that the tendency of positive

barotropic vorticity plays a key role in the northward

propagation of the HF-ISO over the SCS.Moreover, the

vorticity advection effect is more important than the

vertical wind shear effect in this case.

Figure 13a shows SST/LST anomalies relative to the

position of the precipitation maximum. Warm SST/LST

anomalies are found more than 58 north of the convec-

tion center. Compared to those in the southward-

propagation case, they are much weaker and farther

FIG. 9. As in Fig. 8, but for (a) integration of moisture advection and (b) integrated moisture from 1000 to

700 hPa with a mass weight; 2V � qy, a sum of 2V0 � qy and 2V � q0y, denotes moisture advection effect.

FIG. 10. Hovmöller diagrams of 5–20-day-filtered variables with 400-hPa vertical velocity (Pa s21) shaded.

(a) Surface air temperature (contour, K), maximum surface solar radiation (downward flux, purple line, W m22),

and minimum surface geopotential height (green line, gpm); (b) specific humidity (contour, g kg21), maximum

moisture advection by anomalous flow (green line, kg day21), and maximum latent heat flux (upward flux, purple

line, W m22); (c) barotropic vorticity tendency induced by advection (contour, s21 day21), maximum vorticity at

850 hPa (green line, s21), and minimum vorticity at 200 hPa (purple line); and (d) barotropic vorticity tendency

induced by the vertical wind shear effect (contour, s21 day21), maximum divergence at 200 hPa (green line, s21),

and minimum divergence at 200 hPa (purple line).
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away from the precipitation maximum. In response to

the warm SST/LST anomalies, a positive SSH and

longwave radiation appear farther north of the convec-

tion (Figs. 14c and 14d). Thus, the SST/LST anomalies

or SSH should not be a dominant factor here, but it does

create a favorable condition for ISOs propagating north-

ward. In this case, the surface solar radiation anomalies,

resulted from the HF-ISO precipitation, have different

distribution from the SST/LST anomalies and their ten-

dency. Examining the distributions of both surface fluxes,

the latent heat flux is clearly more similar to the SST/LST

tendency than the surface solar radiation. This might

imply that latent heat flux is more dominant in affecting

SST than solar radiation over the SCS in this case. We

FIG. 11. As in Fig. 3, but for composites of the northward-propagating HF-ISO over the South China Sea.
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note that the latent heat flux changes have similar pattern

to those changes in surface wind speed shown in Fig. 14f.

In otherwords, the latent heat flux and SST/LST tendency

over this region are mainly controlled by surface winds.

In addition, a positive moisture center appears north

of the convection center at the 800–700-hPa level

(Fig. 11e), which would favor the HF-ISO moving

northward. For surface moisture advection, there is an

opposite sign between the two terms shown in Fig. 14e.

Although the moisture center is located at a low-level

atmosphere, large magnitudes also appear in mid- and

high-level moisture (Fig. 11e). So we need consider

column-integrated water vapor from 1000 to 100 hPa as

shown in Fig. 15. From Fig. 15b, one can see that

maximum column-integrated moisture is about 38N of

the convection center. Also, a positive column-integrated

moisture tendency is found north of the precipitation

maximum, which will lead to the northward displacement

of the convective heating and thus the convection tends to

move northward.

In summary, both the vertical wind shear effect and

the vorticity advection effect are important mechanisms

of the northward propagation of the HF-ISO over the

SCS in this case. By comparison, the latter provides a

larger contribution than the former that is also found in

Figs. 16c and 16d. Air–sea/land interaction mainly via

wind–evaporation–SST/LST feedback process will lead

to a warm SST/LST north of the convection center.

Thus, more SSH and longwave radiation should de-

stabilize the atmosphere and induce a favorable condition

for ISOs propagating northward though they appear

much farther north of the convection center. In particu-

lar, Fig. 16a shows an out-of-phase relationship between

the convection and surface air temperature anomalies.

Furthermore, the maximum surface moisture advection

appears north of the convection center (Figs. 14e and 15b).

FIG. 12. As in Fig. 4, but for composites of the northward-propagating HF-ISO over the South China Sea.

FIG. 13. As in Fig. 7, but for composites of the northward-propagating HF-ISO over the South China Sea.
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We take column integration into account because the large

moisture anomalies are distributed in almost all of levels.

The results show that the wet advection is located north of

the convection center, which will favor the HF-ISO mov-

ing northward.

c. Mechanisms of the northward propagation over
southern China

The meridional–vertical structure of the composite

northward-propagating HF-ISO over southern China

(Fig. 17) is similar to that over the SCS (Fig. 11).

However, the low-level convergence is found in two

centers on both sides of the convection center in Fig. 17d.

By comparison, only one center is located north of the

convection center though the low-level convergence is

also found on both sides in the NCEP–NCAR reanalysis

(not shown). The vorticity tendency associated with ver-

tical wind shear appears to be an unclear barotropic

structure (Fig. 18b). Thus, the northward shift of positive

barotropic vorticity (Fig. 17b) cannot be explained by the

vertical wind shear effect. In another way, from Fig. 18a,

we can see that the positive vorticity tendency with an

FIG. 14. As in Fig. 8, but for composites of the northward-propagating HF-ISO over the South China Sea.

FIG. 15. As in Fig. 9, but for integration from 1000 to 100 hPa with a mass weight.
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equivalent barotropic structure induced by mean flow

appear north of the maximum precipitation anomalies.

It implies that the vorticity advection effect is still an

important mechanism for the northward-propagating

HF-ISO over southern China.

Figure 19a shows that the positive SST/LST anomalies

lie on both sides of the convection center and Fig. 20d

illustrates the similar distribution of the longwave radi-

ation. From Figs. 20a and 20b, one can see that the

surface shortwave radiation and latent heat flux re-

versely contribute to the SST/LST tendency, and the

latter is induced by the anomalous surface winds

(Fig. 20f). The resulted SST/LST tendency shown in

Fig. 19b implies a cooling over almost the entire domain.

Overall, the SST/LST anomalies are not a key factor for

the northward propagation of theHF-ISOover southern

China in this case, though the positive SSH anomalies

are found north of the convection (Fig. 20c) that favor

the HF-ISO moving northward to some extent.

Figure 20e shows a positive surface moisture advec-

tion south of the maximum precipitation anomalies. The

other distinct feature is shown in the specific humidity

field with a maximum moisture center located at about

500 hPa (Fig. 17e), which is much higher than the first

two cases.We calculated column-integrated water vapor

from 1000 to 100 hPa as shown in Fig. 21. From Fig. 21b,

one can see that maximum column-integrated moisture is

about 18N of the convection center. Also, a positive

column-integrated moisture tendency by mean flow and

anomalouswater vapor is found north of the precipitation

maximum that will lead to the northward displacement

of the convective heating and thus favor the convection

moving northward. In contrast, negative moisture ten-

dency by anomalous flow and mean water vapor will

weaken the contribution of themoisture advection effect.

Overall, the horizontal moisture advection should not

induce the northward-propagating HF-ISOs over south-

ern China. Instead, it would suppress the HF-ISO.

The abovementioned is also illustrated in Fig. 22. The

relationships between the convection and surface air

temperature, moisture advection, and vorticity tendency

induced by vertical wind shear are not close (Fig. 22a,

22b, and 22d). Figure 22c shows that the barotropic

vorticity tendency induced by advection leads the con-

vection, which favors the HF-ISO moving northward.

5. Summary and discussion

PRs, influenced by both the tropical and subtropical

monsoons, often occur in south China and cause severe

property damages (Zheng et al. 2007). The PR1606 event

is also connected closely to the effects from the tropics

and midlatitudes that are manifested by meridional pro-

pagation of the ISOwith a 5–20-day period (viz., HF-ISO).

In the PR1606, dominant mechanisms are different be-

tween the southward and northward propagation of the

HF-ISOs. Even in the cases of northward propagation,

there is a different influence of each mechanism between

the SCS and southern China. Themajor findings made in

this study are summarized and discussed as follows:

FIG. 16. As in Fig. 10, but for the northward-propagating HF-ISO over the South China Sea.
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1) Over southern China, the internal atmospheric dy-

namics, including the vertical wind shear effect (Jiang

et al. 2004; Drbohlav and Wang 2005; M. Wang et al.

2017) and the vorticity advection effect (Bellon and

Sobel 2008), are not essential to cause the southward

propagation of the HF-ISO in the PR1606. Moisture

advection plays an important role in the southward

shift of the convective zone. These anomalies are

dominated by anomalous flow and mean water vapor,

not mean flow and anomalous water vapor. The

cloud–radiation effect may be, at least partially, re-

sponsible for the southward propagation. First, the

convection center with larger precipitation anomalies

reduces surface solar radiation, and to the south

FIG. 17. As in Fig. 3, but for composites of the northward-propagating HF-ISO over southern China.
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increases the shortwave radiation because of less

cloudiness. Although considerably smaller than the

other heating components, warmer SST/LST can

transfer the energy to the atmosphere via longwave

radiative flux, not SSH flux. And then the destabi-

lized atmosphere induces a low-level convergence

ahead of the convection center to favor the HF-ISO

moving southward.

2) Over the SCS, the northward propagation of the

HF-ISO ismainly attributed to the vertical wind shear

effect and the vorticity advection effect, and the

latter is relatively more important than the former

in this case. Moisture advection is a supplementary

effect caused by inducing a weak positive moisture

tendency north of the convection center. Different

from the case of southward propagation, the anoma-

lous water vapor advected by mean flow is dominant

as well as the mean water vapor advected by the

anomalous flow. Furthermore, the SST/LST anomalies

induced by the wind–evaporation effect destabilize the

low-level atmosphere north of the convection center

via both the SSH and longwave radiation. Neverthe-

less, compared to those in the southward-propagation

case, they are much weaker and farther away from the

precipitationmaximum. Thus, the SST/LST anomalies

or SSH should not be a dominant factor here.

3) Two possible mechanisms are proposed to explain the

cause of the northward propagation of the HF-ISO

over southern China during the PR1606 period. The

first is the vorticity advection that is a dominant factor.

The second mechanism is the SSH effect that plays a

minor role. In this case, themoisture advection is not a

key factor contributing to the northward shift of the

moisture and the convective heating.

FIG. 18. As in Fig. 4, but for composites of the northward-propagating HF-ISO over southern China.

FIG. 19. As in Fig. 7, but for composites of the northward-propagating HF-ISO over southern China.
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Some differences are shown between the southward

and northward propagation of the HF-ISO over south-

ern China in this case. The positive specific humidity

anomalies concentrate in the lower troposphere in the

southward-propagating case and at the midtroposphere

in the northward-propagating one over southern China.

This results from the different vertical gradients of the

background moisture. In mid-June, mean water vapor

invades more northward so that the vertical gradients of

the moisture around the convection center are larger

than those in early June. Thus, there are positive specific

humidity anomalies in the midtroposphere because the

enlarged vertical gradients of the moisture and the large

vertical velocity mainly exist in the mid- to upper tro-

posphere. Moreover, there are different mechanisms

between the southward and northward propagation of

the HF-ISO over southern China. As mentioned above,

the moisture advection by the anomalous flow andmean

water vapor and the cloud–radiation effect are key fac-

tors for the southward-propagating HF-ISO, while the

FIG. 20. As in Fig. 8, but for composites of the northward-propagating HF-ISO over southern China.

FIG. 21. As in Fig. 9, but for composites of the northward-propagating HF-ISO over southern China.
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vorticity advection and the wind–evaporation effect

contribute to the northward propagation of the HF-ISO

over southern China.

Differences between the meridional propagation of

the HF-ISOs over southern China and over the SCS are

mainly attributed to the mean state of circulation and

moisture. As shown in Fig. 5a, the vertical wind shears

in June almost have an opposite sign relative to the

coast junction. So the vertical wind shear effect works

in the northward propagation of the HF-ISOs over the

FIG. 22. As in Fig. 10, but for the northward-propagating HF-ISO over southern China.

FIG. 23. Schematic diagram for mechanisms of meridional-propagating HF-ISO associated with PR1606.

Background in June (1058–1208E): easterly vertical shear over the SCS, positive meridional gradients of mean

surface moisture over the SCS and negative over southern China, and negative differences of meridional winds

between 200 and 850 hPa over the SCS and southern China. Main mechanisms: (for northward-propagating HF-

ISO over the SCS) vorticity advection effect by the basic-state baroclinic meridional wind, barotropic vorticity

associated with vertical wind shear and moisture advection effect; (for northward-propagating HF-ISO over

southern China) vorticity advection effect; and (for southward-propagating HF-ISO over southern China) cloud–

radiation effect and moisture advection effect by anomalous flow and mean water vapor.
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SCS, but not in both the southward and northward one

over southern China. While the difference of meridional

winds between 200 and 850 hPa is less than zero over

southern China and SCS in throughout summer (Fig. 5b),

the vorticity advection mechanism dominates the north-

ward propagation of the HF-ISOs over both the SCS

and southern China, and suppresses the southward one.

For mean surface moisture, there are negative meridi-

onal gradients over southern China and positive ones

over the SCS (Fig. 5c). Thus, positive moisture advec-

tion by anomalous flow appears north of the convection

over the SCS that favors HF-ISOs moving northward,

and to the south of the convection over southern China

that drives HF-ISO moving southward. For the north-

ward propagation of the HF-ISOs over southern China,

moisture advection by anomalous flow has a negative

contribution. Figure 23 shows the main mechanisms

of meridional-propagating HF-ISOs associated with

the PR1606.

Previous studies have shown that PBL horizontal

moisture advection plays an important role in north-

ward propagation of the ISOs (Jiang et al. 2004). Al-

though the moisture tendency induced by the mean

flow and the anomalous water vapor is a key factor for

the northward-propagating LF-ISOs over the Indian

Ocean, the horizontal moisture advection suppresses

the LF-ISO over the western North Pacific (Chou and

Hsueh2010). For northward-propagating HF-ISOwith a

10–20-day period, M. Wang et al. (2017) regard the

moisture advection by mean flow as one of main

mechanisms to the north of 208N. In this study, the

horizontal moisture advection should not induce the

northward-propagating HF-ISOs over southern China.

The result needs an examination in statistics since this

study is on the basis of the PR1606 event.

In this study, the SSH is one of the factors driving

the HF-ISO northward over southern China, which

would be consistent with some previous studies

(Webster 1983; Wang et al. 2006; Klingaman et al.

2008; M.Wang et al. 2017). To some extent, the wind–

evaporation effect, not the cloud–radiation effect, is

responsible for the northward propagation of the

HF-ISO over the SCS in the PR1606 event. This is

different from the results found in Cao et al. (2017).

They conclude that the cloud–radiation effect is a

dominant factor, with a supplementary effect from

the wind–evaporation effect, for the SST propagation

on a 10–20-day time scale in the SCS–WNP region.

This study is concerned with the intraseasonal convection

propagation in the PR1606, while Cao et al. (2017) fo-

cused on the intraseasonal-propagating SST based on a

large amount of cases. That is a possible reason for the

difference between them.
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