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Abstract
In the present study, the northward-propagating intraseasonal oscillations (ISOs) over the South China Sea (SCS) during the 
summer monsoon season are divided into two types. One is the northward propagation of ISOs confined in the SCS (defined 
as P1-ISO), another for ISOs moving from the SCS to Southern China (SC) defined as P2-ISO. The spatial and temporal struc-
tures of the two types of ISOs are compared based on the analysis of the NCEP–NCAR reanalysis datasets. It is found that a 
significant difference appears in the heat flux anomalies over SC that is attributed to the cloud-radiation effect. A mechanism 
associated with the changes in the convective instability is proposed to understand the cause of the northward propagation of 
the ISO from the SCS to SC. For the P1-ISO, a more precipitation over SC leads to a less surface solar radiation and then a 
cold land surface temperature (LST), which induces an increase of static stability via surface longwave radiation and sensible 
heat flux. Whereas the total contribution to the convective instability changes does create an unfavorable for ISOs propagat-
ing northward, the moisture convergence, mainly controlled by the baroclinic vorticity advection effect, may contribute to 
an increase of convective instability that favors the ISOs moving northward. For the P2-ISO, a less precipitation over SC 
results in a more shortwave radiation reaching the ground that induces a warm LST, and thus leading to a warm low-level air 
temperature and destabilizing the atmosphere ahead of the convection. Moreover, the moisture convergence, dominated by 
the warm low-level air temperature, also contributes to the increase of convective instability. Thus the convective instability 
increment should favor the ISOs moving northward. It is worth noting that the baroclinic vorticity advection and moisture 
advection are not essential for ISOs propagating from the SCS to SC.
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1 Introduction

The South China Sea (SCS) summer monsoon (SCSSM) 
is a subsystem of the Asian monsoon, with unique charac-
teristics that different from those of other Asian monsoon 
subsystems. The SCSSM has a special geographic location 
that joins three Asian monsoon subsystems: the subtropical 
East Asian monsoon, the tropical Indian monsoon, and the 
western North Pacific (WNP) monsoon (Wang et al. 2009). 
While the SCSSM rainbelt is linked with that of the WNP 
summer monsoon (Murakami and Matsumoto 1994; Wang 

1994; Zheng et al. 2013; Zheng and Huang 2019), the cir-
culation characteristics of the SCSSM are similar with those 
in the tropical Indian monsoon rather than in the WNP mon-
soon (Zheng et al. 2013; Zheng and Huang 2019). Due to the 
unique characteristics in geographic location and relation to 
other monsoon subsystems, the SCSSM has attracted more 
and more attention.

The SCSSM has prominent climate variability on intra-
seasonal to geological timescales (Wang et al. 2009). The 
SCS is one of regions where exhibit the largest intrasea-
sonal variability during boreal summer (Kemball-Cook 
and Wang 2001; Li et al. 2018). The SCS intraseasonal 
oscillations (ISOs) usually include two periods of 10–20-
day and 30–60-day (Mao and Chan 2005; Li et al. 2018; 
Zheng and Huang 2019), and impact the precipitation 
over Southern China (SC) with a northward or north-
westward movement (Chen et al. 2015; Li et al. 2015; 
Gao et al. 2016; Zheng and Huang 2018). Moreover, the 
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northward-propagating ISOs affect the extreme precipita-
tion (Hsu et al. 2016; Zheng and Huang 2019) and heat-
wave (Hsu et al. 2017) over East Asia. In comparison to 
the winter ISO, the boreal summer ISO (BSISO) shows a 
more complex propagation feature, while the northward-
propagating mode is the most important. The northward-
propagating BSISOs appear in South Asian summer 
monsoon (Yasunari 1979, 1980; Krishnamurti and Sub-
rahmanyam 1982), the WNP and SCS summer monsoon 
regions (Murakami and He 1984; Chang et al. 1996; Wang 
and Xie 1997; Zheng et al. 2011; Zheng and Huang 2018), 
with a variance equivalent to the sum of the eastward- and 
westward-propagating modes (Lin et al. 2010). In addition, 
the eastward-propagating mode occurs most frequently 
during December through May, while all the independ-
ent northward-propagating ISOs occur in boreal summer 
(Wang and Rui 1990).

Some mechanisms have been proposed to explain the 
northward propagation of ISO, and the main mechanisms 
are listed in Table 1. The moisture advection in the plan-
etary boundary layer (PBL) and barotropic vorticity effect 
are found to be the dominant mechanisms for the northward 
propagation of ISO (DeMott et al. 2013), which are mainly 
attributed to the mean state of circulation.

Over the SCSSM region (105°–120° E), a northward-
propagating component of 30–60-day ISOs is evidently 
found from May to September (Fig. 1). Some northward-
propagating ISOs can reach as far north as around 30° N, the 
Yangtze River Basin (marked by red solid lines in Fig. 1), 
whereas most of the northward-propagating ISOs are con-
fined to the south of 21° N (red dashed lines in Fig. 1). Why 
can some ISOs move from the SCS to SC and others not? 
Understanding the processes can help us to monitor and 
forecast the persistent rainfall over SC. As mentioned above, 
the SCS ISOs usually include two periods of 10–20-day and 
30–60-day (Mao and Chan 2005; Li et al. 2018; Zheng and 
Huang 2019). In this study, we aim to analysis the 30–60-
day ISOs in the SCSSM region during May to September. 
The next section describes the datasets and methods used in 
this study. In Sect. 3, two types of northward-propagating 
ISOs over the SCS are compared to explore the mechanism 

of the northward-propagation from SCS to SC, followed by 
the conclusions from this study.

2  Data and analysis method

In this study, the daily three-dimensional winds, water vapor, 
and air temperature are from the National Centers for Envi-
ronmental Prediction-National Center for Atmospheric 
Research (NCEP-NCAR) reanalysis (Kalnay et al. 1996) 
with 2.5° × 2.5° grids for the period 1 January 1997 through 
December 2016. The NCEP-NCAR reanalysis data have 17 
pressure levels from 1000 to 10 hPa, while the variable of 
specific humidity is just defined from 1000 to 300 hPa. The 
other datasets for the same period include the daily surface 
fluxes (surface solar radiation, longwave radiation, latent, 
and sensible heat fluxes), and sea surface/land skin tem-
perature from NCEP–NCAR with a T62 Gaussian grid and 
daily precipitation from the Global Precipitation Climatol-
ogy Project (GPCP) satellite-derived infrared (IR) GOES 
precipitation index (GPI) daily rainfall estimates at 1° spatial 
resolution (Huffman et al. 2001). Note that positive values of 
latent heat flux, sensible heat flux longwave radiation, and 
shortwave radiation mean that the energy transfers from the 
ocean/land to the atmosphere and vice versa for negative 
values.

The SCS region is 105–120° E, 5.5–20.5° N, and the 
SC region is 105–120° E, 21.5–31.5° N in this study. For 
the convenience, all data are interpolated into 1° × 1° spa-
tial resolution as the GPI daily precipitation. Moreover, all 
data except for background fields were filtered by 30–60-
day bandpass filters. Climatological mean is from 1981 to 
2010. The SCSSM longitudes in this study are from 105° E 
to 120° E. A Hovmöller diagram is introduced to understand 
the propagation of ISOs. For the northward-propagating ISO 
confined in the SCS, the latitude and day with ISO reaching 
the northern boundary (perturbation precipitation maximum 
equal to 1 mm day−1, varying latitude event by event) were 
chosen as reference latitude (zero latitude) and reference day 
(zero day), and the latitude and day with ISO arriving at 
the mean northern boundary (fixed latitude) were selected 

Table 1  Main mechanisms for northward propagation of ISO

Atmospheric internal dynamics Vertical easterly wind shear (Wang and Xie 1997; Jiang et al. 2004; Drbohlav and Wang 2005)
Baroclinic vorticity advection in the monsoon season (Tsou et al. 2005; Bellon and Sobel 2008)
Barotropic vorticity advection in the pre-monsoon period (Zheng and Huang 2019; Zheng et al. 2019)
Convective momentum transport (Kang et al. 2010; Liu et al. 2015)
Upscale feedback (Zhou and Li 2010; Hsu et al. 2011; Hsu and Li 2011)
Beta shift (Boos and Kuang 2010)

Air-sea (land) interaction Warm SST related to surface latent heat flux (Kemball-Cook and Wang 2001)
Land surface heat fluxes (Webster 1983)
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for the northward-propagating ISO that can reach around 
30° N. They cover 10° N/S latitude of the reference latitude 
and 30 days before and after the reference day. Furthermore, 
composite analysis, lead-lag correlation, and partial correla-
tion analysis are introduced to understand the processes of 
the northward-propagating ISOs.

3  The northward‑propagating ISO 
in the SCSSM region

3.1  Two types of ISOs and their structures

As shown in Fig. 1, there are 14 ISOs that can move from 
the SCS to SC (27.5% of the total) and the 37 confined in the 
SCS (72.5% of the total), and the former is about 37.8% of 
the latter. Noting that we selected the northward-propagating 
ISO event not only based on visual detection, but also, to 
a greater extent, based on the location of the precipitation 

maximum (Figure not shown). If the location of maximum 
precipitation shows a significant continuous northward shift, 
the process is selected as a northward-propagating event. 
Here, the continuous northward shift means that the posi-
tion of the convection center continues to move northward 
over time, but without a large latitude jump. Thus, accord-
ing to the definition of the northern boundary mentioned in 
Sect. 2 (northernmost position of the precipitation maximum 
with value larger than 1 mm day−1), we can determine the 
two types of northward-propagating ISO. Figure 2 shows 
the composite northward-propagating ISO based on the 
reference day defined by the ISO precipitation maximum 
for the all events during May to September. It is indicated 
that the mean northern boundary (MNB) of the northward-
propagating ISO is around 21.5° N by using a threshold of 
1.0 mm day−1. We use the criteria of 1 mm day−1 because 
95% confidence level threshold related to the location of ISO 
center is about 1 mm day−1 (Figure not shown). Also we 
calculated 90% and 99% confidence level threshold related 

Fig. 1  The 30–60-day-filtered daily precipitation (mm  day−1) averaged over the SCSSM region (105°–120° E) for April–October of 1997–2016. 
Northward-propagating ISOs reaching around 30°N are marked by red solid lines and the rest for red dashed lines
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to the location of ISO center, and the results do not show an 
evident difference (Figure not shown). Besides, we addition-
ally add the contours of 1.5 mm day−1 and 0.5 mm day−1 in 
Fig. 1 with red color, while they are very close to the contour 
of 1 mm day−1 and the cases have not changed evidently. It 
implies that the criteria are not sensitive. Then, we do a com-
posite based on the northern boundary as in Fig. 3. When the 
northward-propagating ISO is confined to the south of 21° N 
(hereafter P1-ISO), the composite precipitation is based on 
the day when the anomalous precipitation reaches the real 
northern boundary of event by event. While the northward-
propagating ISO can reach around 30° N (hereafter P2-ISO), 
the reference day is based on the day when the anomalous 
precipitation reaches the MNB (21.5° N). Figure 3a shows 
the P1-ISO with a northern boundary of 20.5° N nearly same 
to that of all events in Fig. 2 and the P2-ISO in Fig. 3b has 
a northern boundary about 27.5° N by using a threshold of 
1.0 mm day−1.

It is worth understanding why some ISOs can move to 
the farther north and others cannot. Since the mean state 

of the atmospheric circulation controls the northward-
propagating ISOs as mentioned above, we first examine 
the climatological background fields in the SCSSM region 
(Fig. 4). From Fig. 4a, one can see that the mean bound-
ary of 30–60-day northward-propagating ISO is indeed 
around 21° N. Corresponding mean states of background 
fields are shown in Fig. 4b–f. It can be found that the vor-
ticity advection about baroclinic mean meridional wind 
(Fig. 4c), and moisture advection about low-level meridi-
onal wind (Fig. 4e) can do their work on the northward-
propagating ISO not only in the SCS but in SC. While the 
effects of vertical easterly wind shear (Fig. 4b), atmos-
pheric convective instability (Fig. 4d), and moisture advec-
tion related to low-level humidity (Fig. 4f) are confined 
to the south of 21° N. Following Zhang et al. (2004) and 
Ding and He (2006), the convective instability in this 
study is defined as the difference of equivalent potential 
temperature (θe) between the middle and surface-lower 
troposphere: 

Fig. 2  Hovmöller diagram of 
the composite precipitation 
(mm  day−1) over the SCSSM 
region (105°–120° E) based on 
the reference day defined by the 
ISO precipitation maximum for 
the all events of the northward-
propagating ISO during May 
to September. Light and dark 
shadows denote the composites 
exceed the 95% and 99% signifi-
cant levels, respectively

Fig. 3  Same as Fig. 2, but for 
the northward-propagating ISOs 
a confined to the south of 21° 
N, and b reaching around 30° 
N. The zero day of x-axis in 
a is the day when ISO arrives 
in the northern boundary and 
that in b for ISO reaching the 
mean northern boundary (about 
21.5°N) in Fig. 2
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A negative value of Δ�e implies that the atmosphere is 
potentially unstable. From Fig. 4d, one can infer that the 
atmosphere favors the development of convection both in 
the SCS and in SC, especially between 15–20° N.

Next, we take a composite approach to reveal the meridi-
onal and vertical structure of two types of the northward-
propagating ISOs. Figure  5a–c shows the meridional-
vertical structure of the composite P1-ISO (marked by 
red dashed lines in Fig. 1) and Fig. 5d–f for the P2-ISO 
(marked by red solid lines in Fig. 1). It is indicated that 
a positive vorticity center with an equivalent barotropic 
structure leads the convection by around 1–2° both for the 
P1-ISO (Fig. 5a) and the P2-ISO (Fig. 5d). This barotropic 
vorticity is associated with the baroclinic mean meridional 
wind (Fig. 4c) rather than the vertical easterly wind shear 
(Fig. 4b), since the former has a greater contribution to the 
vorticity tendency (With 5.06 × 10–6 s−1 day−1 of maximum 
value north of the convection center for the P1-ISO and 
8.38 × 10–6 s−1 day−1 for the P2-ISO, Figure not shown) than 
the latter (With 4.67 × 10–7 s−1 day−1 of maximum vorticity 
tendency north of the convection center for the P1-ISO and 
3.21 × 10–7 s−1 day−1 for the P2-ISO, Figure not shown). Fig-
ure 5b and c show that the low-level convergence and mois-
ture have similar pattern to the barotropic vorticity, implying 
that the free atmosphere barotropic vorticity would induce 
convergence in the PBL, and then lead to a moisture conver-
gence. Noting that the center of the former two is closer to 
the convection than that of the vorticity, the convergence is 
suppressed in the north of the convection. Different from the 

Δ�e = �e|600−300hPa − �e|sfc−700hPa
P1-ISO, more remarkable meridional asymmetries appear in 
the low-level convergence and moisture of the P2-ISO. It is 
implied that the convergence to the north of the convection 
is enhanced for the P2-ISO. Although the moisture advec-
tion by the mean meridional wind in the lower troposphere 
(Fig. 4e) also can lead to a northward shift of the moisture 
convergence, it is much less than the contribution of the PBL 
moisture convergence (Figure not shown).

3.2  The effects of surface heat flux

Warm underlying surface temperature anomalies usually 
transfer the energy from the underlying surface to atmos-
phere, and then the destabilized atmosphere would induce 
low-level convergence. Thus, Kemball-Cook and Wang 
(2001) and Hsu et al. (2004) proposed a mechanism associ-
ated with sea surface heat flux to explain the northward-
propagating ISO over the ocean region. Though observations 
show that the strongest northward-propagating ISO appears 
over the SCS (Fig. 1), the purpose of this study is to under-
stand the processes of northward-propagating ISO from the 
SCS to SC. Therefore, we pay more attention to the land 
surface heat flux. Webster (1983) hypothesized that the land 
surface heat flux may play a role in leading to a northward 
shift of the convection, while the effect of solar radiation, 
considered in this study, is ignored.

Figure 6 shows the Hovmöller diagrams of the surface 
heat flux anomalies for the P1-ISO. According to the defi-
nition of the reference latitude, we know lat 1–10 in Fig. 6 
denote land of SC and lat − 10–0 for the north of the SCS. 
From Fig. 6a, we can see that cold land surface temperature 

Fig. 4  Mean state over the SCS 
(105°–120° E): a precipitation 
as ISOs reach the northern 
boundary (mm  day−1, northern 
boundary defined as the north-
ernmost location of 1 mm day−1 
perturbation precipitation), b 
vertical wind shear (200–850-
hPa zonal winds; m  s−1), c 
differences of meridional winds 
between 200 and 850 hPa (200–
850 hPa; m  s−1), d differences 
of equivalent potential tempera-
ture (θe) between the middle 
and surface-lower troposphere 
(K, �e|600−300hPa − �e|sfc−700hPa ), 
e surface-lower tropospheric 
meridional wind (m  s−1), and 
f surface-lower tropospheric 
specific humidity (g  Kg−1)
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(LST) anomalies (LSTAs) appear in entire SC during day 
− 10 to day − 5. Moreover, negative LSTAs, with a mini-
mum value at around day 0, are maintained from day − 4 
through day 15 in the south of SC. Cold LSTAs cool the low-
level air temperature via reducing heat flux from the ground 
to the atmosphere (e.g. surface sensible heat flux as shown 
in Fig. 6f, surface longwave radiation in Fig. 6g, or the sum 
of the two in Fig. 6h). This suggests that the cold LSTAs 
may lead to an increase of static stability, which depresses 
the low-level convergence over SC. Thus the low-level con-
vergence center and caused perturbation moisture maximum 
for the P1-ISO appears at around the convection center (as 
shown in Fig. 5b and c, and the position of the convection 
center here is coincident with the northern boundary accord-
ing the definition). Obviously, that is not a favorable condi-
tion for ISOs moving northward.

As to the factor which affects the LST changes, we exam-
ine the relationship between the perturbations of surface 
latent heat flux and solar radiation and the LSTA tendency. 
From Fig. 6b and e, it can be seen that the pattern of sum 
of the former two is similar to that of LSTA tendency. This 

implies that the LST changes are controlled by both the solar 
radiation and the surface latent heat flux. Comparing Fig. 6c 
and d, we can find that the surface shortwave radiation 
should play a more important role in affecting the LSTAs 
than the surface latent heat flux in SC, while in the SCS, the 
opposite is true. Moreover, from Fig. 6b and c, we can find 
the precipitation anomaly is in phase with the change in the 
LSTA and surface shortwave radiation. That implies that the 
latter two may be caused by the ISO precipitation.

Figure 7 is same as Fig. 6 but for the P2-ISO. From 
Fig. 7a, one can see that warm LSTAs appear in the entire 
SC region at and before day 0 when the ISO reaches the 
MNB, and change to a cold condition after then. Therefore, 
at day 0, the atmosphere tends to be unstable over SC, lead-
ing to a farther northward shift of the low-level convergence 
center and induced specific humidity maximum. Comparing 
Fig. 7f–h, we can find that surface longwave radiation should 
have a larger contribution to the tendency of low-level air 
temperature than surface sensible heat flux. Different from 
the P1-ISO, the LST changes in SC (Fig. 7b) are controlled 
by surface solar radiation (Fig. 7c), not surface latent heat 

Fig. 5  Meridional–vertical structures of the northward-propagating 
ISOs over the SCS based on the reference latitude and reference day 
relative to two types of the northward-propagating ISOs as shown in 
Fig. 3: a–c is the fields of vorticity  (s−1), divergence  (s−1), and spe-
cific humidity (g  Kg−1) respectively in the P1-ISO; d–f are same as 

a–c but for the P2-ISO. The positive (negative) value of x axis means 
the distance to the north (south) of the reference latitude. The two 
shaded areas indicate the composite anomalies exceeding 90% and 
95% confidence levels
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flux (Fig. 7d). But in the SCS, the LST changes are domi-
nated by both of them, with a relatively greater contribution 
of surface latent heat flux (Fig. 7c–e), which is similar to 
the P1-ISO. On the other hand, there is a relative large LST 
anomaly leading the precipitation anomaly in SC, implying 

that the LST anomaly should play an important role in the 
northward propagation of ISO from the SCS to SC.

As mentioned above, for the P1-ISO (P2-ISO), cold 
(warm) LST in SC should have a negative (positive) contri-
bution to ISOs propagating farther northward via depressed 

Fig. 6  Composites of the northward-propagating ISOs over the 
SCS based on the reference latitude and reference day relative to 
the P1-ISO. a Land/sea surface temperature (K), b land/sea surface 
temperature tendency (K  day−1), c surface solar radiation (W  m−2), d 
surface latent heat flux (W  m−2), e surface solar radiation plus latent 
heat flux (W  m−2), f surface sensible heat flux (W  m−2), g surface 
upward longwave radiation (W  m−2), and h surface sensible heat flux 

plus upward longwave radiation (W  m−2). The positive (negative) 
value of the x axis means the day after (before) the reference day. The 
anomalous precipitation composite exceeding 90% confidence level 
is displayed with blue cross. The light and dark gray areas indicate 
the composite anomalies exceeding 90% and 95% confidence levels, 
respectively

Fig. 7  As in Fig. 6, but for the 
P2-ISO
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(enhanced) low-level convergence. While the LST changes 
in SC are dominated by the surface shortwave radiation, not 
the surface latent heat flux. From Fig. 3, we can see that a 
positive (negative) phase in the ISO precipitation appears 
before the convection has moved to SC for the P1-ISO 
(P2-ISO). Since perturbation precipitation would induce the 
changes in surface solar radiation, it may be a key factor in 
affecting the ISOs propagating farther northward, e.g. from 
the SCS to SC.

To reveal the effect of the SC precipitation, we conduct 
a lead–lag correlation analysis to examine the relationship 
between the ISO perturbations and the precipitation over 
SC (Fig. 8). Figure 8a shows that the precipitation over SC 
and that at the reference latitude (lat 0), for the P1-ISO, 
have a main negative correlation during day 0-day 10 of 
lag-time. That implies that the convection is confined to the 
south of lat 0 (about 20.5° N), that is to say, the ISOs cannot 
propagate from the SCS to SC. While the precipitation over 
SC leads the ISO about 20 days, which is consistent with 
what Fig. 3a shows. As a result, the surface solar radiation 
maximum can be found around 6 days after the precipitation 
maximum (Fig. 8b). Then the positive (upward) solar radia-
tion leads to a cold surface air temperature about 5 days after 
(Fig. 8c), and the latter would induce a divergence (Fig. 8d) 
that prevents the development and northward propagation 
of convection.

For the P2-ISO, different processes occur over SC. Fig-
ure 8e shows that the rainy phase of the SC precipitation lags 
that at zero latitude about 6 days, implying about 6 days for 
the ISO to propagate from the SCS to SC, which is consist-
ent with what Fig. 3b shows. Moreover, the surface solar 

radiation and the precipitation over SC are almost in phase 
(Fig. 8f), which is consistent with that of the northward-
propagating ISOs (e.g. Zheng and Huang 2019), but differ-
ent from that of the P1-ISO (Fig. 8b). A main negative solar 
radiation (downward flux), ahead of the precipitation maxi-
mum (Fig. 8f), heats the surface air temperature (Fig. 8g), 
and then causes a PBL convergence (Fig. 8h) and thus a 
northward shift of the convection.

3.3  Role of anomalous convective instability

The background convective instability, with a negative 
meridional gradient, would create a favorable condition for 
ISOs moving northward because of the destabilized Rossby 
waves (Li et al. 2013). While the background convective 
instability, with a positive meridional gradient north of about 
17.5° N (as shown in Fig. 4d), has a negative contribution 
to the northward propagation of ISOs over SC. Rather than 
the background convective instability, anomalous convective 
instability north of the convection center is essential to drive 
ISOs northward. As shown in Fig. 9a, the positive convec-
tive instability parameter (defined as an averaged value of 
Δ�e over SC) appears in the P1-ISO at day 0 (a reference 
day) and several days before, while it is opposite for the 
P2-ISO. What are the relative contributions of the low-level 
(surface-700 hPa) and mid-level (600–300 hPa) �e to cause 
the anomalous convective instability over SC? From Fig. 9b, 
one can see that Δ�e over SC is mainly attributed to the low-
level �e for both the P1-ISO and P2-ISO.

As �e is determined by specific humidity (q) and air 
temperature (T), what are their relative roles in causing 

Fig. 8  Lead-lag correlation of 
the P1-ISO perturbations in SC 
between a precipitation and 
that at zero latitude (a reference 
latitude), b surface solar radia-
tion and precipitation, c surface 
air temperature and surface 
solar radiation, and d low-level 
divergence (1000–700 hPa) and 
surface air temperature. e–h 
are same as a–d, but for the 
P2-ISO. Dashed lines indicate 
the significance test with 95% 
confidence level
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the Δ�e anomalies ( Δ�e� ) over SC? To address this ques-
tion, we calculate the correlation coefficients between Δ�e 
and either q or T (as shown in Fig. 10). Figure 10 shows 
that the Δ�e� over SC has close relationship with both q′ 
(low-level specific humidity anomaly) and T ′ (low-level 
air temperature anomaly) at lower level by the normal cor-
relation calculations, whereas the T ′ may contribute to the 
q′ as mentioned above. Therefore we introduce a partial 
correlation analysis to explore the partial contribution 
from the variation q′ or T ′ . In Fig. 10, the partial cor-
relation of [Δ�e�, q�(T �)] reflects the relationship between 
the Δ�e� and q�(T �) excluding the contribution from T �(q�)

-induced q�(T �) . For the P1-ISO, the results from the nor-
mal and partial correlation are similar, implying that the 
q′ or T ′ have a relatively independent contribution to the 
Δ�e

� . While the partial correlation of [Δ�e�,T �] is smaller 
than that from the normal correlation in the P2-ISO, this 
implies that the q′ has a positive contribution to the rela-
tionship between the Δ�e� and T ′ . Moreover, the partial 
correlation of [Δ�e�, q�] is not significant that is different 
from the result from the normal correlation. Thus it may 

be concluded that the change in specific humidity over SC 
is greatly attributed to the T ′ for the P2-ISO.

The correlation coefficient analysis (including the partial 
correlation) can only present the linear correlation between 
the two fields, while the instability must be induced by 
nonlinear interaction between temperature and moisture. 
Therefore, we did some tests to compare the quantitative 
contributions of temperature and moisture to the changes 
in convective instability following Zhao et al. (2013). First, 
we kept the specific humidity constant while allowing the 
temperature to change realistically on the intraseasonal time 
scale (bar labeled due to T ′ as shown in Fig. 11). Second, 
we kept the temperature constant while allowing the humid-
ity to vary (bar labeled due to q′ as shown in Fig. 11). For 
the P1-ISO, almost all the lower θe change is attributed to 
T ′ (Fig. 11a). While q′ change contributes to about 60% of 
the lower θe change for the P2-ISO, the increase of T ′ also 
plays a role (Fig. 11b). Moreover, q′ change includes the T ′

-induced moisture convergence, and T ′ change includes the 
q′-induced change in air temperature due to heat and radia-
tive flux anomalies. Thus the net contribution of q′ to Δ�e� 

Fig. 9  a Convective instabil-
ity (K) over SC (105°–120° E 
and 22.5°–31.5° N), and b the 
mean convective instability 
(denoted by Δ�e� , K) and rela-
tive contribution from the lower 
level (surface-700 hPa, K) and 
the upper level (600–300 hPa, 
K) from day − 10 to day 0. 
The solid line and dark colored 
bar represent the P1-ISO, and 
the open circle line and light 
colored bar for the P2-ISO. The 
positive (negative) value of the 
x axis in a means the day after 
(before) the reference day

Fig. 10  Correlation coefficients averaged over SC. The dark colored 
bar represent the correlation between the Δ�e� and q′ , and the light 
colored bar for that of Δ�e� and T ′ . In this study, the partial corre-

lation of [Δ�e�, q�(T �)] reflects the relationship between the Δ�e� and 
q
�

(T �) excluding the contribution from T �

(q�)-induced q�

(T �)
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can be calculated from the contribution of PBL moisture 
convergence due to the dynamics of free atmosphere and the 
q′-induced T ′ , while the net contribution of T ′ to Δ�e� can 
be calculated from the contribution of T ′ change due to the 
surface heat and radiative fluxes and the T ′-induced q′ . For 
the P1-ISO (Fig. 11a), the net contribution of q′ to Δ�e� is 
negative, favoring the convection moving northward, while 
the net contribution of T ′ to Δ�e� has a larger value, resulting 
in a positive total Δ�e� that prevents the P1-ISO from propa-
gating northward. For the P2-ISO (Fig. 11b), the contribu-
tion of q′ to Δ�e� is significantly decreased as excluding the 
effect from T ′-induced q′ , while the net contribution of T ′ 
to Δ�e� is greatly increased. That implies that the change in 
Δ�e

� is mainly attributed to the T ′ change and the change in 
specific humidity over SC is greatly attributed to the T ′ for 
the P2-ISO, which is consistent with the conclusion from the 
partial correlation analysis.

4  Summary and discussion

The northward propagation of ISOs is evident over the SCS 
(Zheng et al. 2011; Zheng and Huang 2019), while just a 
little part can move from the SCS to SC as shown in Fig. 1. 
Why can some ISOs propagate from the SCS to SC and oth-
ers not? That is an interesting and challenging issue we try 
to address preliminarily in this study.

To understand key processes of the northward-propa-
gating ISOs from the SCS to SC, we divide the ISOs into 
P1-ISO with the northward propagation confined in the SCS 
(Fig. 3a) and P2-ISO that can move from the SCS to SC 
(Fig. 3b). Based on the NCEP-NCAR reanalysis, the struc-
tures and surface heat fluxes of these two ISOs are com-
pared, and the lead-lag correlation and partial correlation 

analysis methods are used to further examine the relation-
ship of various variables. According to the results, the 
change in convective instability over SC, mainly induced 
by the q′ and T ′ , is a key factor for the ISOs propagating 
from the SCS to SC.

For the P1-ISO, northward propagation is confined to 
the south of 21°N because of the convective instability dec-
rement over SC that is mainly attributed to T ′ . When the 
ISO center appears just in the south of the SCS a positive 
precipitation anomaly occurs over SC (Fig. 3a), and latter, 
although with a weak strength, should reduce the surface 
solar radiation (Figs. 6c and 8b) and then LST (Fig. 6b). 
Thereafter, as the P1-ISO move to the north of the SCS, 
the cold LSTAs (Fig. 6a) over SC cool the low-level air 
temperature in situ via decreased surface sensible heat flux 
(Fig. 6f) and longwave radiation (Fig. 6g). Thus the cold 
low-level air temperature reduces the convective instability 
over SC (Fig. 10) that prevents the P1-ISO from propagating 
northward. While the PBL moisture convergence, mainly 
controlled by the baroclinic vorticity advection (Bellon 
and Sobel 2008), appears slight north of the ISO center 
(Fig. 5a–c) and favors the ISOs moving northward, the total 
contribution from the convective instability changes is unfa-
vorable for ISOs moving northward (Fig. 10). It implies that 
the change in low-level air temperature is a dominant factor 
for the P1-ISO confined in the SCS. Figure 12 shows the 
schematic diagram for the processes of P1-ISO that cannot 
propagate from the SCS to SC.

Different from the P1-ISO, the convective instability 
change over SC, for the P2-ISO, is mainly attributed to the 
T ′ and T ′-induced q′ . In the mechanism, the land surface 
heat flux plays an important role, which is consistent with 
the result from Webster (1983). As the ISO center appears 
in the SCS, a dry phase occurs over SC (Figs. 3b and 8e) 

Fig. 11  Change of the − θeL (K) 
from day (− 10–0) to day (−50 
to −40) and contributions to 
the − θeL change due to lower-
tropospheric q′ , T ′ , q* and T*. q′ 
denotes ISO specific humidity, 
and T ′ for ISO air temperature. 
q* effects include the contribu-
tions from q′ minus regression 
of q onto T ′ and from regression 
of T onto q′ , and T* effects for 
the contributions from T ′ minus 
regression of T onto q′ and from 
regression of q onto T ′
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that leads to a more surface solar radiation (Figs. 7c and 8b) 
and then a warm LST (Fig. 7a and b). Thus the low-level 
air temperature is warmed to increase the convective insta-
bility over SC. In addition, T ′-induced q′ is also important 
for the P2-ISO according to the partial correlation (Figs. 10 
and 11b), whereas the moisture convergence, induced by the 
baroclinic vorticity advection (Bellon and Sobel 2008), is 
not an important role in modifying the convective instability 
(Figs. 10 and 11b). Figure 13 is the schematic diagram for 
the processes of P2-ISO that can move from the SCS to SC.

Webster (1983) pointed out that the land surface heat flux 
plays an important role in leading to a northward propaga-
tion of the ISOs, whereas the effects of radiative flux are 
ignored. In this study, we tend to conclude that the surface 
solar radiation and the longwave radiation are two main fac-
tors, aided by the sensible heat flux, in causing the north-
ward propagation of ISOs from the SCS to SC. Moreover, 
the surface latent heat flux should be a key factor in the air-
sea interaction effect (Kemball-Cook and Wang 2001). How-
ever, the surface latent heat flux has a negative contribution 
to the northward propagation of ISOs from the SCS to SC 

via reducing the LST over SC (Fig. 7d). On the other hand, 
although the Δ�e over SC is mainly attributed to the low-
level �e for both the P1-ISO and P2-ISO (Fig. 9b), the mid-
level tropospheric temperature (and moisture) may affect the 
convective instability change to some extent. While the mid-
level �e change is controlled by the temperature anomaly, the 
former has negative contributions to the convective instabil-
ity change in the P1-ISO and P2-ISO (Figure not shown). 
That is because, for the P1(P2)-ISO, the diabatic heating 
related to the latent heat release induced by precipitation 
induces a negative (positive) temperature anomaly during 
day − 10 to day 0 (Fig. 3), and then the negative (positive) 
�e change at mid-level. Compared to low-level temperature 
anomaly, the mid-level one has an opposite and moderate 
contribution to the Δ�e change (Figure not shown).

In this study, we also find that the baroclinic vorticity 
advection (Bellon and Sobel 2008) is not a key factor in 
driving the ISOs northward over SC. From Fig. 5d and e, 
we can see that the PBL convergence appears farther north 
than the barotropic vorticity for the P2-ISO. It implies that 
the T ′-induced convergence is more significant than that 

Fig. 12  Schematic diagram for 
the processes of P1-ISO that 
cannot propagate from the SCS 
to SC. a As the ISO center is 
located south of the SCS, more 
precipitation over SC results in 
a less surface solar radiation, 
then a cooling at land surface. 
b When the ISO moves to the 
north of the SCS, the cold LST 
reduces the low-level air tem-
perature by upward longwave 
radiation and sensible heat flux, 
thus stabilizing the troposphere. 
Although the effect of the 
baroclinic vorticity advection 
(Bellon and Sobel 2008) is an 
increase of the low-level mois-
ture, then leading to an increase 
of the convective instability, the 
total Δ�e� is a positive one that 
prevents the ISO from propagat-
ing northward



3624 B. Zheng et al.

1 3

induced by the barotropic vorticity, which is consistent 
with the result from partial correlation analysis (Figs. 10 
and 11b). While the barotropic vorticity shown in Fig. 5a has 
a similar pattern to the low-level convergence (Fig. 5b) for 
the P1-ISO, implying that the PBL convergence induced by 
the barotropic vorticity is more important relative to the T ′

-induced convergence. This and the result from partial analy-
sis (Fig. 10) can be confirmed by each other.

More precipitation over SC is a key factor in slowing 
down the northward propagation of ISOs over the SCS. The 
occurrence time of enhanced rainfall is critical. As an ISO 
center just appears in the south of the SCS, more precipita-
tion over SC should lead to stopping the northward propaga-
tion of ISO on the land-sea boundary. When the ISO propa-
gates into the north of the SCS, enhanced rainfall over SC 
cannot prevent ISO from moving northward because of the 
response time as shown in Fig. 8a–d. Why does the enhanced 
precipitation over SC advance the ISO? It is pointed out in 
previous studies that persistent rainfalls in southern China 
should be influenced by both the tropical and subtropical 
systems (Zheng et al. 2007; Zheng and Huang 2018). There 
is no clear evidence showing the connection between the 
southward and northward propagations, while a persistent 

extreme precipitation would be triggered when they meet 
together (Hu et al. 2014; Zheng and Huang 2018). So the 
perturbation precipitation may originate, at least partially, 
from the southward propagation of ISO.
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Fig. 13  Schematic diagram for 
the processes of P2-ISO that 
can propagate from the SCS 
to SC. a As the ISO center is 
located south of the SCS, less 
precipitation over SC leads to 
a more surface solar radiation, 
then warms the LST. b When 
the ISO moves to the north of 
the SCS, the positive LSTAs 
warm the low-level air tem-
perature by upward longwave 
radiation and sensible heat flux, 
thus reducing the static stability 
over SC. Besides, the warm 
low-level air temperature could 
induce a PBL convergence and 
then lead to an increase of the 
specific humidity, which also 
strengthens the convective 
instability and tends to drive the 
ISO northward. Although the 
baroclinic vorticity advection 
(Bellon and Sobel 2008) would 
result in a convergence north 
of the convection center, the 
contribution to the convective 
instability is small
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