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ABSTRACT
Diurnal variations of rainfall and winds are pronounced over the Asian summer monsoon region, but their
activities under different monsoon conditions are not clarified. Here, the diurnal cycle of monsoon flow and its
influence are examined using 20-yr satellite rainfall and reanalysis data. A total of 1840 summer days are
partitioned into four dynamic groups of strong or weak background flows with large or small diurnal amplitudes of low-level meridional wind. Large-scale southerly wind is found to be strongest after midnight,
with a large diurnal amplitude on strong monsoon days over central-north India and southeast China. Such a
nocturnal speed-up is closely associated with the Blackadar boundary layer inertial oscillation due to the
diurnal heating over low-lying landmass. It acts like a large air pump that injects moisture poleward at night
and strengthens monsoonal circulation with anomalous rising motion at the northern rainband of the Asian
monsoon. In particular, monsoon southerlies with large nighttime speed-up converge with downslope winds
from the Himalayas or northerly anomaly from midlatitudes. Enhanced water vapor convergence facilitates
the growth of organized convection, producing substantial rainfall at the Himalayan foothills in predawn
hours and at the mei-yu–baiu zone from predawn to noon. When monsoon flow undergoes a small diurnal
cycle, rainfall is instead displaced south and mostly recorded in daytime. Both the daily mean and morning
peak of rainfall are suppressed on land under weak monsoon southerlies. Moreover, the monsoon diurnal
cycle exhibits evident intraseasonal/interannual variations and contributes to rainfall variability. The results
highlight that monsoon flow couples with subdaily forcings to strongly regulate the detailed patterns of rainfall
and moisture budget over the Asian monsoon regions.

1. Introduction
An abundance of rainfall occurs over Asia during the
summer monsoon season, which has a profound influence on a large portion of the global population (Fig. 1).
It has long been recognized that monsoon rainfall exhibits large variabilities from hours to interannual time
scales (e.g., Li and Yanai 1996; Dai 2001; Goswami and
Mohan 2001; Sen Roy and Balling 2007; Ding et al. 2008;
Romatschke et al. 2010; Singh and Nakamura 2010;
Johnson 2011; Fujinami et al. 2014, 2017). Frequent
heavy rainfall takes place under strong monsoon conditions (Ding and Chan 2005; Rajeevan et al. 2010;
Krishnamurthy and Shukla 2007). In recent years, the
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large diurnal variations in winds, convective activities,
and rainfall over the Asian monsoon region have drawn
remarkable attention (Ohsawa et al. 2001; Hirose and
Nakamura 2005; Fujinami et al. 2005; Yu et al. 2007a; Li
et al. 2008; Zhou et al. 2008; Chen et al. 2009; Sahany
et al. 2010; Xue et al. 2018). Advancing our knowledge
of the multiscale variabilities of summer monsoon is
important for climate studies, precipitation forecasting,
and water resource management (Dai 2006; Basu 2007;
Dirmeyer et al. 2012; Yuan et al. 2013a; Li et al. 2018).
The diurnal variation of rainfall becomes pronounced in
summer and exhibits evident regional features over Asia.
Rainfall usually maximizes in afternoon hours on land over
the Indian subcontinent, Indochina Peninsula, and southern China, coinciding with the maximum of surface temperature (Oki and Musiake 1994; Hirose and Nakamura
2005; Yu et al. 2014). The rainfall near dawn instead is more
substantial at windward coasts where monsoon flow interacts with local land–sea breeze (Ramage 1952; Johnson
2011; X. Chen et al. 2017; G. Chen et al. 2018). The rainfall
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FIG. 1. (a) Topography over Asia and the key regions of this
study. (b) JJA mean rainfall in TRMM and 925-hPa winds in JRA-55.
(c) JJA rainfall ratio to annual amount and 200-hPa winds averaged over 1998–2017. Short and long barbs denote 2 and 4 m s21. In
(a), the blue rectangles at the Himalayan foothiils (268–308N, 758–
908E) and central China (288–338N, 1108–1258E) denote the key
areas for estimating rainfall, while the red rectangles to the south at
central-north India and southeast China are for estimating monsoon southerlies. The bold dashes in (b) denote the tropical and
northern rainfall zones, and the thin dashes denote the elevations
at an interval of 1000 m.

is also observed after midnight at low-lying areas such as
the Himalayan foothills, Sichuan basin, and East China
plain (Sahany et al. 2010; Bao et al. 2011; Yuan et al. 2012).
A distinct peak of rainfall near sunrise is seen in the East
Asian summer rainband particularly during the mei-yu/
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baiu period (Geng and Yamada 2007; Yamada et al. 2007;
Chen et al. 2013). The seasonality and regionality in rainfall
diurnal cycle suggest that a variety of atmospheric processes may respond to the differential diabatic heating over
inhomogeneous surfaces over Asia.
Along with the seasonal change of monsoon flow, the
low-level winds also undergo remarkable diurnal variation
during summer. The southerly winds over Bangladesh and
southern China become the strongest from midnight to
predawn (Terao et al. 2006; G. Chen et al. 2009; H. Chen
et al. 2010; Fujinami et al. 2017). Daily wind anomalies
(mostly as ageostrophic wind) rotate clockwise from easterly in the afternoon to southerly wind at midnight. Such
an inertial oscillation reflects a response to the diurnally
varying frictional effect of ABL mixing and the Coriolis
effect (Blackadar 1957). Meanwhile, the differential heating at coasts, plateaus, or sloped terrains can induce a diurnal change in pressure gradient, resulting in land–sea
breeze (LSB) or mountain–plains solenoid (MPS) circulations (Holton 1967). Regional pressure gradients may be
coupled with global pressure tide to produce a planetaryscale LSB between the Asian continent and western North
Pacific (Huang et al. 2010). The Blackadar and Holton
theories are often combined to explain the wind diurnal
variations, although the former may have a larger contribution (Du and Rotunno 2014; Shapiro et al. 2016).
Diurnal variation of low-level winds also exhibits a strong
dependence on background flows. Chen et al. (2009, 2013)
noted that a large diurnal amplitude tends to occur on
strong monsoon days at southeast China, which is referred
to as the diurnal monsoon variability (DMV). Xue et al.
(2018) analyzed the strong monsoon periods and found
that ‘‘the commonly recognized diurnal monsoon variability can be explained by the Blackadar inertial oscillation theory’’ (p. 5090). Recent studies also show diurnal
variations of southerly monsoon flow and rainfall under
different synoptic-scale conditions relating to the intraseasonal oscillations (ISOs) over Bangladesh and southern
China (Fujinami et al. 2017; X. Chen et al. 2019). As the
DMV occurs in a broad geographical area, it may relate
to both large-scale monsoon circulations and regional
forcings. So far, a climatology of the DMV with different
intensities of background monsoon flow and diurnal amplitude remains to be clarified.
It has been well recognized that the diurnal variation
of low-level winds, particularly nocturnal low-level jets
(LLJs), can strongly regulate rainfall (e.g., Tuttle and
Davis 2006; Monaghan et al. 2010; Trier et al. 2014; Du
and Chen 2019). The enhanced low-level winds after
midnight also produce nocturnal rainfall over many
areas of the Asian summer monsoon (Terao et al. 2006;
G. Chen et al. 2009, 2013; H. Chen et al. 2010; Kanada
et al. 2014; Fujinami et al. 2017; Shin et al. 2019). For
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instance, the nocturnal LLJ in southwesterly monsoon
flow can transport abundant moisture, strengthen lowlevel ascent, and generate convective instability by the
convergence at the mei-yu–baiu front, triggering heavy
rains in predawn hours (G. Chen et al. 2017; Xue et al.
2018; Zeng et al. 2019). Moist monsoon flow may also
couple with local-scale MPS/LSB to produce nocturnal
rainfall at plains or windward coasts (Johnson 2011;
Romatschke and Houze 2011; Sun and Zhang 2012; X.
Chen et al. 2017; G. Chen et al. 2018; Fu et al. 2018; Zhang
et al. 2018; Pan and Chen 2019). These previous studies,
while mostly focusing on a summer mean or specific periods, indicate that the DMV can likely be effective in
generating nocturnal rainfall, and thus it may play an
important role in the warm-season climate over Asia.
In summer, the sensible heat-driven surface circulation
converges toward the Tibetan Plateau with upper divergence, which acts like a seasonal large-scale air pump and
contributes to the formation of the Asian summer monsoon (e.g., Yeh et al. 1957; Yanai et al. 1992; Wu et al.
1997, 2015). At shorter time scales, the continental-scale
upper divergent circulation over Asia undergoes a pronounced diurnal pulsation and exhibits a close association
with afternoon deep convection over the Indian subcontinent (Krishnamurti and Kishtawal 2000). Large diurnal changes in convective activity coupled with the
convergent/divergent circulations are also observed over
the Tibetan Plateau (Ye and Wu 1998; Chow and Chan
2009). The Tibetan high and tropical easterly jet at its
southern flanks are intensified (suppressed) in early
evening (morning), which appears to be an integral part
of the monsoon system. Such a diurnal mode of monsoon
with afternoon-peak rainfall seems to express an adjustment of atmospheric circulation to the daytime solar
heating on land. However, because the low-level winds
are suppressed in daytime but strengthened at night, we
may expect another diurnal mode of the monsoon flow
with a delayed phase that instead regulates the nocturnal
rainfall (Chen et al. 2009, 2013; Fujinami et al. 2017; Xue
et al. 2018). It is currently unclear how this diurnal mode
with enhanced large-scale monsoon flow at night affects
the climate over Asia. Moreover, the Asian summer
monsoon has two major subsystems: the Indian and East
Asian summer monsoon (ISM and EASM). The ISM and
EASM regions differ somewhat in background winds,
synoptic-scale disturbances, and terrains (Fig. 1; Tao and
Chen 1987; Goswami et al. 2003; Ding and Chan 2005). A
comparison of them may help us a better understanding of
the monsoon variabilities over Asia.
In this study, the role of DMV in the Asian summer
climate is examined using 20 years of satellite rainfall
and atmospheric reanalysis data. The DMV will be
partitioned into four dynamic quadrants based on the

daily mean and diurnal amplitude of monsoon flow, so
that the multiscale features can be clarified. Specific
focus is placed on the DMV’s characteristics and influence on precipitation over the ISM and EASM regions.
The rest of the article is organized as follows. Section 2
introduces the data and methods used in this study.
Section 3 shows the summer-mean diurnal cycles of
rainfall and winds. In section 4, the statistics of four
DMV groups and associated atmospheric circulations
are illustrated. The detailed influence of the DMV on
precipitation activity and moisture budget as well as
their intraseasonal/interannual variations are examined
in section 5. Finally, conclusions and a discussion are
given in section 6.

2. Dataset used in this study
In this study, the analysis utilizes the Japanese 55Year Reanalysis (JRA-55) to depict atmospheric
conditions. JRA-55 is a recent global reanalysis with
improved model processes and data assimilation scheme
(Kobayashi et al. 2015). It provides 6-hourly assimilated atmospheric data at a spatial resolution of 1.258
longitude/latitude. The performance of JRA-55 and
other three reanalysis datasets for representing the diurnal cycles has been extensively evaluated (Chen et al.
2014). JRA-55 is shown to faithfully capture the diurnal
variations of winds, temperature, and humidity as well as
their regionality and seasonality over East Asia. It also
captures well the spatial patterns, seasonal change, and
long-term variations of rainfall diurnal cycle, indicating
an excellent representation of moist processes at a wide
range of time scales.
The precipitation analysis uses the rainfall estimate of
Tropical Rainfall Measuring Mission (TRMM 3B42 v7),
which has been calibrated by rain gauge monthly records (Huffman et al. 2007). TRMM provides 3-hourly
rain rate at a spatial resolution of 0.258 longitude/
latitude. It has been shown to represent well the spatial pattern of rainfall diurnal cycle, which resembles
rain gauge observations (e.g., Zhou et al. 2008; Chen
et al. 2018). To relieve a possible effect of the systematic
bias in diurnal cycle, we pay attention on the difference
of satellite rainfall among four DMV conditions. The
analysis covers a 20-yr-long period from 1998 to 2017,
with emphasis on summer (JJA), having a total of
1840 days. The diurnal deviations of any variables at the
specific synoptic hours (e.g., 0600, 1200, 1800, and
0000 UTC) are obtained by subtracting the daily mean.
Given local standard time (LST 5 UTC 1 6–8 h) over
Asia, the four synoptic hours denote near noon, late
afternoon (or sunset), near midnight, and predawn (or
sunrise), respectively.
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3. Diurnal cycles of summer rainfall and winds
over Asia
a. Spatial patterns of the diurnal variations in summer
rainfall
Figure 1b shows that the Asian monsoon has southern
and northern rainbands (e.g., Wu et al. 2015). The southern
one features high rainfall amount along the tropical coasts
at 108–238N with onshore monsoon southwesterlies (Xie
et al. 2006). The northern rainband appears at the zone of
268–358N extending from the Himalayan foothills to East
Asia. It is related to the southerly monsoon flow from
lower latitudes of ;258N. The northern rainband is thus a
key part of monsoon meridional circulation with low-level
southerly wind and upper-level return flow (Figs. 1b,c),
which is the focus of this study (Fig. 1a).
Figure 2 shows the JJA-mean diurnal cycles of rainfall
derived from satellite observation. From noon to early
afternoon, rainfall mainly appears on coastal land (Fig. 2a).
At late afternoon or sunset, rainfall is dominant over
heated landmasses such as the Indochina Peninsula, Indian
subcontinent, and Tibetan Plateau (Fig. 2b). In contrast,
rainfall is suppressed over oceans and low-lying areas
surrounding the Tibetan Plateau. The terrain-dependent
features reveal a strong influence of thermal contrast by
daytime heating (Krishnamurti and Kishtawal 2000; Chow
and Chan 2009; Yuan et al. 2012).
Figure 2c shows that, from midnight to predawn, rainfall becomes evident at the Himalayan foothills, Sichuan
basin, North China plain, and the seas around the Korean
peninsula and Japan. In the morning after sunrise, rainfall
is still obvious at the Himalayan foothills and Sichuan
basin (Fig. 2d). Rainfall instead intensifies at central
China and the East China Sea (;308N), displaced south
compared to that in previous hours (cf. Figs. 2d,c). The
spatial patterns resemble well the highest daily-mean
rainfall at tropical oceans and the northern rainband
(Fig. 1b), suggesting that the morning rain systems contribute greatly to the total rainfall amount (Johnson
2011). These areas with prevalent morning rainfall also
experience frequent extreme rainfall events (Hamada
et al. 2014). Thus, the diurnally varying processes and
atmospheric conditions associated with the nocturnal
rainfall should be regarded as a key component of the
Asian monsoon system.

b. Spatial patterns of the diurnal variations in
horizontal winds and convergence
Figure 3 shows the diurnal cycles of horizontal winds
and divergence. At 0600 UTC, the northerly anomaly
appears over East Asia, while the easterly/northeasterly
anomaly is seen over South Asia (Fig. 3a). Strong convergence occurs at coasts/islands due to local sea breeze,

FIG. 2. (a)–(d) Normalized diurnal cycle of summer rainfall derived
from TRMM in 1998–2017. The longitudinal variation in local standard time is marked along the x coordinate. Note that, as satellite
products overestimate afternoon–evening rainfall but underestimate
predawn–morning rainfall, a correction of 20.15 is added to (a),(b)
and of 10.15 is added to (c),(d) following Chen et al. (2018).

Unauthenticated | Downloaded 01/09/23 03:16 AM UTC

1 MARCH 2020

1751

CHEN

FIG. 3. Diurnal variations of the horizontal winds (short and long barbs denoting 0.5 and 1 m s21) and divergence
(shading) at (a)–(d) 925 and (e)–(h) 200 hPa. The variables are anomalies from daily mean. The longitudinal
variation in local standard time is marked along the x coordinate.

Unauthenticated | Downloaded 01/09/23 03:16 AM UTC

1752

JOURNAL OF CLIMATE

while moderate convergence is seen over oceans due to
continent-scale ‘‘land–sea’’ breeze (Huang et al. 2010). A
southerly anomaly is seen at upper levels with divergence
over oceans (Fig. 3e). At 1200 UTC (near sunset), a lowlevel easterly anomaly prevails over the western Pacific,
East Asia, and the Indian subcontinent (Fig. 3b). Lowlevel winds are convergent at the east of Tibetan and
Deccan Plateaus where deep convection develops with an
upper divergent circulation (Figs. 3b,f). It acts like an air
pump over terrains driven by daytime heat at diurnal time
scale (Krishnamurti and Kishtawal 2000; Chow and Chan
2009). However, low-level northerly/easterly anomalies
are nearly opposite to the background flow over India and
East Asia (cf. Figs. 3a,b and 1b). This suggests a suppressed phase of monsoon southwesterlies on land in the
afternoon hours.
Figure 3c shows that, at 1800 UTC, a low-level southerly anomaly is seen over East Asia and India. It enhances
background flow and leads to a nocturnal acceleration of
monsoon flow (Chen et al. 2009; Fujinami et al. 2017; Xue
et al. 2018). The induced low-level convergence is evident
at the Himalayan foothills and the low-lying areas of East
Asia where nocturnal rainfall develops (Figs. 3c and 2c).
The nocturnal southerly wind seems to regulate the
northern rainband of Asian monsoon, which inspires indepth analyses in sections 4 and 5. The low-level southerly (Fig. 3c) and upper-level northerly anomalies
(Fig. 3g) suggest an enhanced monsoonal circulation at
night. At 0000 UTC near sunrise, a low-level westerly
anomaly prevails over East Asia and India (Fig. 3d).
Local convergence still appears at the Himalayan foothills with downslope winds. Over East Asia, strong convergence is displaced south to the latitudes of ;308N,
where the southwesterly winds from southern China
converge with the northerly anomaly from northern
China, the Korean peninsula, and Japan. Low-level convergence and upper divergence are also observed over
oceans (Figs. 3d,h). The patterns are collocated with the
morning rainfall at the offshore areas, Himalayan foothills, and mei-yu–baiu zone (Fig. 2d).
Figure 4 further shows the diurnal cycles of local
meridional circulation over ISM and EASM regions. At
0600 UTC, the upward branch of the circulation appears
at low latitudes (Figs. 4a,e). Rising motion develops at
the Himalayan slope and manifests the growing MPS. At
1200 UTC, rising motion dominates over central-north
India (;248N) and the Himalayas (308–318N) (Fig. 4b).
It extends to the upper troposphere due to afternoon
deep convection. The warm moist air is elevated at
central-north India and the Himalayan slope as shown
by the bulging of equivalent potential temperature (ue).
The northerly wind forms at the upper troposphere as a
part of the diurnal divergent circulation (Krishnamurti
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and Kishtawal 2000). The downward branch is mainly
located over oceans to the south of 208N. The sinking
motion is also extensive over East Asia due to a subsidence from the Tibetan Plateau (Fig. 4f).
Figures 4c and 4g show that at 1800 UTC the upward
branch is established at the Himalayan foothills, the IndoGangetic plain (;268N), and eastern China (;358N). It is
closely related to the enhanced southerly wind, with a
maximum of ;1 m s21 at ;925 hPa and an elevated high
ue. Monsoonal circulation is thus intensified after midnight even though the continent is cooled. At 0000 UTC,
the upward branch develops at southern coasts with an
increasing morning rainfall (Figs. 4d,h). Rising motion
remains at central China (;298N), but it decays at the
Himalayan foothills and the Indo-Gangetic plain. The
difference is likely due to the meridional winds that are
still convergent after sunrise over East Asia (Fig. 3d).

4. Diurnal monsoon variability and associated
atmospheric circulations
a. Definitions of the southerly monsoon flow and its
diurnal cycle
During the boreal summer, strong low-level westerly/
southwesterly flow dominates the Asian tropical areas
(Fig. 1b; Li and Yanai 1996). The prevailing winds tend to
turn northward at the latitudes near 258N and affect the
northern rainband. Figures 5a and 5b show the patterns of
rainfall and low-level winds regressed onto the standardized daily rainfall at the northern rainband of ISM
and EASM, as in Fujinami et al. (2017). Positive rainfall
anomalies ($8 mm day21) are observed at the Himalayan
foothills and central China. Accordingly, a southwesterly
wind anomaly at 925 hPa appears at central-north India
and southeast China. Over there, the meridional wind
component has a maximum positive correlation with the
rainfall of northern rainband. The correlation coefficient
is marginally larger than that between the zonal wind
component and rainfall, implying that the fluctuations in
southerlies are more tied to the rainfall. Likewise, the
regression patterns of rainfall diurnal difference and wind
diurnal deviation suggest that the nocturnal rainfall is also
tied to the southerly wind anomaly at night (Figs. 5c,d).
Thus, the low-level meridional wind, which is evident in
two rectangular regions (208–258N, 758–908E and 22.58–
27.58N, 1108–1258E) at both daily and diurnal time scales,
can measure the monsoon southerlies of the ISM and
EASM (Fig. 1a). Such a definition using monsoon
southerlies is also applied in other studies focusing on the
northern rainband of the Asian monsoon (Wang and Fan
1999; Ding and Chan 2005). In this study, the daily mean
and the diurnal deviation at 1800 UTC of the 925-hPa
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FIG. 4. Diurnal variations of the monsoon meridional circulation over the (a)–(d) ISM and (e)–(h) EASM regions. Diurnal deviations of vertical motion (shading) and meridional wind (streamline color) are derived by
subtracting the daily mean. The contours denote the equivalent potential temperature (ue) above 342 K (338 K)
with an interval of 2 K in the left (right) panel.
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FIG. 5. Regression patterns of rainfall (shading) and horizontal wind (vectors) at 925 hPa based on the normalized
daily rainfall time series at the northern rainband of the (a) ISM and (b) EASM. (c),(d) As in (a),(b), but in a diurnal
perspective, that is, the regression of the rainfall difference (AM hours minus PM hours) and the diurnal deviation
of winds at 1800 UTC based on the normalized time series of rainfall diurnal difference. Only areas of rainfall that
are statistically significant at the 99% level are shaded. Blue solid lines show the correlation coefficient between the
rainfall series and the meridional wind component at 925 hPa. The correlation coefficient above 0.1 (at the 99%
confidence level) is plotted. The thin dashes denote the elevation at an interval of 1000 m.

southerly wind are used to represent the intensities
of the background monsoon and its diurnal amplitude,
respectively.
We further examine the seasonal change of two indices to clarify the representation of monsoon activities.
Figure 6a shows that the daily-mean low-level southerly
wind increases markedly at June and stays strong at
July–August over both the ISM and EASM regions,
corresponding to the establishment of the summer
monsoon. Figure 6b shows that the diurnal amplitude of
low-level winds increases rapidly in May and becomes
largest in JJA, suggesting an intensified diurnal cycle in
the warm season. The diurnal amplitude of southerly
wind reaches ;0.9 m s21 in JJA in the ISM region, which
is slightly stronger than that in the EASM region. Thus,
low-level southerly winds at both daily and diurnal time
scales undergo a pronounced seasonal change, in close
association with the summer monsoon over Asia. The

daily mean and diurnal cycle of upper-level northerly
winds also become most evident in JJA, as a returning
flow of monsoonal circulation.
We further estimate the daily mean and diurnal amplitude of low-level southerly winds for all 1840 summer
days in 1998–2017. To facilitate the analysis, anomalies of
the two indices are estimated by subtracting their summer
mean. The summer days can be categorized into four
dynamic quadrants of monsoon southerlies, as shown in
Figs. 7a and 7c. The quadrants to the right (Q1/Q4) denote
strong monsoon conditions with stronger-than-normal
daily southerly wind, while those to the left (Q2/Q3) denote weak monsoons. The daily southerly wind over the
ISM (EASM) region has a mean of 3.00 m s21 (4.97 m s21)
in Q1/Q4 and 0.63 m s21 (0.08 m s21) in Q2/Q3, with a
standard deviation of 1.47 m s21 (3.03 m s21). The upper
quadrants (Q1/Q2) have a large diurnal variation with an
above-normal amplitude of nocturnal southerly wind,
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implying a clockwise rotation of deviation wind vectors.
The diurnal variability thus exhibits as an important
property of summer monsoon.
We also see that the strong monsoon southerlies
(Q1/Q4) tend to occur successively in several days or
even weeks, in a possible relation to the ISOs. Spectrum analysis shows that the daily southerlies exhibit
large variance in the periods of 30–60 days and 8–
20 days (figure not shown). In particular, the spectral
density of the quasi-biweekly oscillation (QBWO) exceeds the 95% confidence level in most years. The
features are consistent with many previous studies in
that the QBWO is one dominant ISO mode in subtropical Asia (Goswami and Mohan 2001; Kikuchi and
Wang 2009; Fujinami et al. 2014). The activities of
DMV during the active/break phases of ISOs are discussed in section 5c. Through comparing four DMV
groups, we further clarify the characteristics and influence of diurnal variability under different monsoon
conditions.

b. Asian monsoon system under four dynamic
quadrants

FIG. 6. Monthly variations of the meridional wind at 925 (red) and
200 hPa (blue) over central-north India (open circles) and southeast
China (closed circles). The areas for average are shown in Fig. 1a.

while the bottom quadrants (Q3/Q4) have a relatively
small diurnal variation. The diurnal amplitude over ISM
(EASM) has a mean of 1.21 m s21 (1.18 m s21) in Q1/Q2
and 0.60 m s21 (0.43 m s21) in Q3/Q4, with a standard
deviation of 0.38 m s21 (0.48 m s21). Therefore, the four
dynamic groups are distinguishable from each other.
Figures 7a and 7c show that the intensity of diurnal
amplitude is correlated with that of daily mean, with a
correlation coefficient of 10.24 (10.34) over the ISM
(EASM) above the 99.9% confidence level. About 60%
of summer days are characterized by the strong monsoons coupling with a large diurnal cycle (Q1) or the
weak monsoons with a small diurnal cycle (Q3), while
the other 40% are categorized as Q2/Q4. The large
(small) wind diurnal variation thus tends to occur in the
strong (weak) monsoon condition. The statistics also
agree with previous studies in that the wind diurnal
amplitude is roughly proportional to background wind
speed (Chen et al. 2013; Shapiro et al. 2016; Xue et al.
2018). Figures 7b and 7d further show that the southerly
wind anomaly at 1800 UTC is well correlated with the
easterly wind anomaly at 1200 UTC, with a correlation
efficient of 20.40 (20.53) over the ISM (EASM),

Figure 8 shows that the spatial patterns of low-level
winds and daily rainfall. Under strong monsoons over
ISM (Q1/Q4), southwesterly winds dominate centralnorth India (Figs. 8a,d). Abundant rainfall occurs on
land to the north of 228N, with two maxima at centralnorth India and the Himalayan foothills. The enhanced
northern rainband with strong southwesterlies at centralnorth India and Bangladesh is analogous to that during
the active phase of the ISOs (Fujinami et al. 2017).
Rainfall is more evident at the Himalayan foothills in
Q1 (Fig. 8a), but it is stronger at central-north India in
Q4 (Fig. 8d), showing an impact of different nocturnal
southerlies. In Q2/Q3, monsoon flow exhibits as a weak
westerly wind and produces rainfall over southeast India
(east of 808E around 208N) (Figs. 8b,c). Rainfall at the
Himalayan foothills weakens with the suppressed southerlies at central-north India. These differences in winds
and rainfall under strong/weak monsoon conditions are
similar to those in the different phases of QBWO (e.g.,
Fujinami et al. 2014, 2017).
Figures 8e–h show that abundant rainfall also occurs
over subtropical East Asia under strong monsoons (Q1/
Q4), while it appears in the tropical areas under weak
monsoons (Q2/Q3). In Q1, rainfall is pronounced at the
mei-yu–baiu zone (308–358N) where both daily and diurnal components of southerly winds are convergent
(Fig. 8e). Rainfall is displaced to southeast China (218–
308N) with a small wind diurnal cycle in Q4 (Fig. 8h).
Rainfall also increases slightly over North China
at ;358N in Q2 compared to Q3 (Figs. 8f,g). These
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FIG. 7. Scatterplots of the diurnal deviation of southerly wind at 1800 UTC with (a),(c) daily-mean southerly wind
and (b),(d) diurnal deviation of zonal wind at 1200 UTC. The anomalies are estimated by subtracting the climatemean amplitude. The blue contours denote the distribution density of the dots. The occurrence days of four DMV
quadrants are marked in (a),(c). The correlation coefficient of two variables is shown at the right bottom of
each figure.

differences among four groups suggest that daily monsoon flow determines the large-scale pattern of rainfall,
while its diurnal cycle greatly modulates the regional
feature, highlighting the importance of DMV in regional
climate. The detailed impacts of the DMV on precipitation systems and moisture budget will be clarified
in section 5.
We further examine the atmospheric conditions of
four DMV groups, with emphasis on those after daytime heating but prior to the nocturnal southerly
acceleration. Figure 9 shows the anomalies of temperature, geopotential height, and zonal wind near
sunset. In Q1, a positive temperature anomaly of up to
1.5 K occurs in the ABL (Figs. 9a,e) as a result of
daytime heating and vertical turbulent mixing. An
easterly wind anomaly more than 1 m s21 dominates
the ABL. In contrast, the ABL temperature deviation
becomes small in Q4 (Figs. 9d,h), and the weak

daytime heating is likely due to the cloudiness of active
moist convection (Figs. 8d,h). The 925-hPa easterly
wind anomaly in Q4 (20.6 m s21) is weaker than that in
Q1 (21.0 m s21), with a difference comparable to one
standard deviation of Q1/Q4 (;0.4 m s21). It leads to
the large difference of southerly anomaly at midnight
between Q1 and Q4 (Fig. 7). Under weak monsoons, a
large wind anomaly is also related to a relatively warm
ABL in Q2 (Figs. 9b,f), compared to that in Q3
(Figs. 9c,g). Overall, the ABL temperature deviation at
1200 UTC is closely tied to the easterly wind anomaly,
with a correlation efficient of 20.40 (20.37) over India
(East Asia) above a confidence level of 99.9%. The
more active vertical mixing within the mixed layer
seems to act as a stronger frictional force in monsoon
flow. The induced easterly wind anomaly then veers
to a southerly wind at night (Figs. 7b,d). The ABL
thermal condition is thus a key factor affecting the
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FIG. 8. Spatial patterns of daily-mean rainfall and 925-hPa winds as well as the diurnal amplitude of southerly
wind (blue contours for above 1 m s21) under four DMV conditions. Regional centers at the northern rainband
(marked by ‘‘R’’) are the focus of this study, while central-north India and southeast China are denoted by ‘‘CNI’’
and ‘‘SEC,’’ respectively. The dashed lines denote the elevation at an interval of 1000 m.
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FIG. 9. Longitude–vertical sections of the diurnal anomalies of zonal wind (shading), temperature (red contour),
and geopotential height at 1200 UTC (black contour) deviated from daily mean under four DMV conditions over
the ISM (22.58–258N) and EASM region (258–27.58N).

amplitude of DMV over both the ISM and EASM regions, which is also seen in the Bangladesh area
(Fujinami et al. 2017). Geopotential deviation instead
exhibits little difference among the four groups
(Fig. 9), implying that it plays a secondary role. The
ABL temperature deviation is relatively large over
India, while the west–east pressure gradient is more
evident over East Asia with a relatively low pressure
over western terrain. The difference seems to explain
the wind deviations that are mostly confined in ABL

over the ISM region but are extended up to 500 hPa
over the EASM region.
Figure 9 also shows that the wind diurnal variations at
808–908E and 1108–1258E are more pronounced in Q1
than in Q2, due to the presence of southwesterly monsoon flow. Wind diurnal amplitude is roughly proportional to background wind speed (Figs. 7a,c). The
daytime heating in the prevailing southwesterly monsoon flow is thus crucial for driving wind diurnal variations. These statistics match the prediction of the
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Blackadar theory of boundary layer inertial oscillation
(Chen et al. 2009, 2013; Du and Rotunno 2014; Shapiro
et al. 2016; Fujinami et al. 2017; Xue et al. 2018). As the
southwesterly monsoon usually features warm conditions and obvious ambient winds, it is thus conducive
to a high occurrence of large diurnal cycle (Q1). On the
days when monsoon flow is companied by active rainfall
on land at ;258N (Figs. 8d,h) and relatively cool ABL
(Figs. 9d,h), it instead leads to a small diurnal cycle of
low-level winds (Q4).

c. Monsoonal (anti-Hadley) circulation at diurnal
time scale
Section 3b shows that the diurnal cycle of winds regulate horizontal convergence and meridional circulation in
summer. Here, the detailed influence of the four DMV
groups is examined. Figure 10a shows that, in Q1, lowlevel southerly wind at central-north India (228–258N)
increases from ;2 m s21 at 0600/1200 UTC to 4 m s21 at
1800 UTC. The induced midlevel rising motion increases
from 20.02 to 20.16 Pa s21 at the Himalayan foothills
(south of 278N). In Q4, southerly wind instead remains
above 2.5 m s21 and undergoes a small diurnal cycle, resulting in a moderate rising motion from 20.04 to
20.12 Pa s21 at the foothills (Fig. 10d). The difference of
diurnal anomalies at 1800 UTC between Q1 and Q4 is as
large as one standard deviation (;0.04 Pa s21). In Q2/Q3,
both southerly wind and rising motion to the south of
278N weaken (Figs. 10b,c). It is concluded that the largescale southerly monsoon flow and its nocturnal speed-up
over central-north India are important to drive the rising
motion at the Himalayan foothills. In contrast, rising
motion over the Himalayas (north of 278N) is strongest
in daytime, relating to thermally driven MPS, and exhibits less difference among the four DMV groups
(Figs. 10a–d).
Figures 10e and 10h show that, over East Asia, the
southerly monsoon flow from the tropics can induce
rising motion at the subtropics (278–358N), but their diurnal variations differ markedly between Q1 and Q4. In
Q1, southerly wind over southeast China (south of 278N)
is suppressed in daytime (Fig. 10e). Rising motion
weakens at 1200 UTC and corresponds to a relatively
fine weather at low latitudes. At 1800 UTC, southerly
wind increases to ;6 m s21 at ;278N and strengthens
rising motion at the mei-yu–baiu zone adjacent to the
north. At 0000 UTC of next day, the southerly wind still
prevails at low latitudes, but it decreases to a minimum
at midlatitudes. Rising motion is thus sustained by the
midlatitude northerly anomaly and extended slightly
southward (Fig. 10e), in contrast to a decline of rising
motion at the Himalayan foothills (Fig. 10a). Figure
10h shows that, in Q4, the southerly wind is strong
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throughout the day at low latitudes and induces convergence at 278–328N. This feature corresponds to the
active moist convection and cool ABL over southeast
China (Figs. 8h and 9h). Unlike Q1, rising motion remains weak at 1800 UTC in Q4 because of a small
southerly speed-up. In Q2/Q3, vertical motion weakens
at the subtropics and undergoes a small diurnal cycle
under suppressed monsoons (Figs. 10e,f). A difference
between Q1/Q4 and Q2/Q3 thus suggests that the
southerly monsoon flow acts to drive strong rising motion at the mei-yu–baiu zone. The difference between
Q1 and Q4 further highlights that the nocturnal speedup of monsoon flow can greatly regulate the diurnal
phase of rising motion.
Figure 11 shows the vertical structures of regional
meridional circulation at 1800 UTC under four
DMV conditions. Over the ISM region, the nocturnal
southerly speed-up in Q1 is evident below 700 hPa,
with a maximum of 1.2 m s21 at 925 hPa at ;248N and
an elevated high ue (Fig. 11a). It strengthens rising
motion by a diurnal amplitude of 20.06 Pa s21 at the
Himalayan foothills, which is comparable to the daily
mean. A returning flow of 20.6 m s21 appears at the
upper troposphere. The large diurnal cycle of monsoon flow thus leads to the enhanced meridional circulation at night (Figs. 11a and 4d). In Q2, nocturnal
southerly wind also induces an anomalous rising motion at the Himalayan foothills (Fig. 11b). However,
this effect is not collocated with the daily-mean rising
motion that is displaced to the south of 228N (not
shown). In Q3/Q4, the weak nocturnal southerly wind
results in a small amplitude of rising motion, thereby
contributing little to the meridional circulation
(Figs. 11c,d). Over East Asia, the nocturnal southerly
wind also regulates the upward branch of monsoon
circulation (Figs. 11e–h). The warm moist flow especially in Q1 acts to intensify rising motion at 278–358N,
where it is superimposed on the daily one enhancing
the meridional circulation. The upward branch is a relatively wide at the mei-yu–baiu zone, compared to that at
the Himalayan foothills.
It has been well recognized that the sensible heating
over huge terrains such as the Tibetan Plateau can induce low-level convergence and rising motion during
the warm season (e.g., Yeh et al. 1957; Yanai et al.
1992; Li and Yanai 1996; Wu et al. 1997, 2012). The
intense sensible heating in daytime also drives the diurnal pulsation of convergent/divergent circulation
and afternoon deep convection over terrains, as shown
in Figs. 3c,g and 4c (Krishnamurti and Kishtawal 2000;
Chow and Chan 2009). Such a sensible heat-driven air
pump contributes to drive monsoon circulation at both
seasonal and diurnal time scales. Here, this study
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FIG. 10. Latitude–time variations of southerly wind at 925 hPa (contour) and midlevel vertical motion (shading) under
four DMV conditions. The vertical motion is derived at 600 hPa at most latitudes and at 400 hPa over the Tibetan Plateau
(north of 278N in the left column). The average is made on the longitudes of 758–908E (ISM) and 1108–1258E (EASM) as
shown in Fig. 1a. The variables over the ISM region have been shifted so that the elevation just to the north of 278N is higher
than 1000 m, dividing the Himalayan slopes and foothills. Local standard time is marked along the x coordinate at the bottom.

reveals a new process governing the monsoon circulation, in which the nocturnal acceleration of
southerly monsoon flow plays a key role. Although
wind diurnal variations are essentially initiated by the

heating over landmass in daytime, they are strongly
regulated by the inertial oscillation at night. Deviating
winds at low latitudes rotate to strengthen monsoon
southerlies after midnight and strengthen low-level
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FIG. 11. As in Fig. 4, but for the monsoon meridional circulation at 1800 UTC under four DMV conditions.

convergence at their northern terminus. Rising motion
is thus displaced to the adjacent north of heated lands,
and the rainfall peak is delayed to predawn or morning,
which is distinct from the known air pump with an

afternoon peak of rainfall. Therefore, the DMV can be
regarded as an air pump of the second kind, which may
explain the prevalent morning rainfall at the northern
rainband of the Asian monsoon.
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5. Impacts of DMV on the diurnal cycles of rainfall
and moisture budget
a. Diurnal cycles of precipitation systems under four
DMV conditions
In this section, the influence of DMV on summer
rainfall and the moisture budget are further examined.
Figures 12a–d show that, over the ISM region, rainfall
usually maximizes at late afternoon over central-north
India and the Tibetan Plateau, while its peak occurs at
predawn at the Himalayan foothills with an elevation
below 1000 m. In Q1, the rain rate at the foothills is
weak (;5 mm day21) in the afternoon and becomes most
intense (25–30 mm day21) at predawn (Fig. 12a). The
dominant predawn rainfall coincides with the nocturnal
speed-up of monsoon flow and enhanced convergence
(Fig. 10a). In Q4, the rain rate at the foothills features an
afternoon minimum of ;7 mm day21 and a predawn peak
of 20–25 mm day21 (Fig. 12d). The diurnal range of
rainfall in Q4 is thus smaller than that in Q1, as a result of
weak DMV (Fig. 10d). The afternoon rainfall at centralnorth India becomes strong and comparable to the nocturnal rainfall at the foothills. Under weak monsoons
(Q2/Q3), rainfall weakens at both the Himalayan foothills and central-north India, while it increases over ocean
south of 208N (Figs. 12b,c). The rain rate at the foothills
is ;3 mm day21 (;4 mm day21) in the afternoon and
;20 mm day21 (;15 mm day21) at predawn in Q2 (Q3).
Both the daily mean and diurnal range of rainfall in Q2
(Q3) are smaller than at in Q1 (Q4). The diurnal range
thus seems to increase with mean daily rainfall under
strong monsoons, with enhanced rainfall at predawn
given a large wind diurnal amplitude.
Over East Asia, rainfall is also abundant in the meiyu–baiu zone (278–358N) under strong monsoons
(Figs. 12e,h), while it is suppressed and features an afternoon peak under weak monsoons (Figs. 12f,g). In Q1,
rainfall at 238–278N occurs at afternoon and decays in
evening, implying short-lived convection (Fig. 12e). The
rainfall at 308–358N grows at night and maximizes at
predawn, and it shifts south to ;308N in the morning
after sunrise. Such long-duration rain systems explain
the morning peak of rainfall over eastern China (e.g., Yu
et al. 2007b). The rainfall pattern matches the rising
motion enhanced by large-scale nocturnal southerly
wind (Fig. 10e), highlighting the importance of wind
diurnal cycle in the East Asian rainband (Chen et al.
2013; Yang and Li 2018). In contrast, in Q4, rainfall is
confined at 278–328N in daytime (Fig. 12h), likely due to
organized convection propagating from the lee of the
Tibetan Plateau to southeast China (e.g., Wang et al.
2004). The associated cloudiness is thought to induce a
relatively cold ABL and thereby a small diurnal cycle of
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winds (Figs. 8h and 9h). The weak nocturnal convergence corresponds to a weak morning rainfall in Q4
(Figs. 10h and 12h). The difference of rainfall diurnal
cycle over East Asia is thus surprisingly large between
Q1 and Q4 because of the DMV, although the difference
at given hour is smaller than one standard deviation
because rainfall intensity can vary highly from day to
day. Overall, the rainfall at the Himalayan foothills and
mei-yu–baiu zone becomes most intense at predawn/
morning when strong monsoon is coupled with a large
diurnal cycle (Q1).
To further clarify the response of precipitation systems
to DMV, a huge population of rain events are categorized
basing on their size of contiguous rainy area with a rain
rate above 1 mm h21 in satellite estimate. In this respect,
mesoscale organized (isolated) precipitation systems can
be marked as large (small) events, and their rainfall volume agrees well with ground observations (Ebert and
McBride 2000; Demaria et al. 2011). Figures 13a–d show
the diurnal cycle of the rainfall budget over the ISM region. A major part of the rainfall amount (;75%) can be
attributed to the meso-a-scale rain events with an area
size larger than 2 3 104 km2, whereas less rainfall comes
from small to medium events. The largest amount is due
to the rain events with an area size of ;105 km2, suggesting an importance of moist organized convection.
Meso-a-scale events produce a primary peak of rainfall at
predawn and a secondary peak at afternoon under a large
southerly acceleration in Q1/Q2 (Figs. 13a,b). The accumulated rainfall is particularly large in Q1, with 62% from
late night to morning and 38% from afternoon to evening.
In contrast, the predawn and afternoon peaks of rainfall
are comparable with each other given a small southerly
speed-up in Q3/Q4 (Figs. 13c,d). Therefore, the mesoa-scale rain events in response to DMV contribute greatly
to the morning rainfall during the monsoon season.
Figures 13e–h show that, over East Asia, there is an
evident rainfall amount under strong monsoon southerlies (Q1/Q4) and less rainfall under weak southerlies
(Q2/Q3). The monsoon rainfall is mainly attributable to
the activity of meso-a-scale events (Figs. 13e,h), consistent with the findings of previous study (Chen et al.
2013). It is interesting to see that the rainfall by mesoa-scale events is dominant during the afternoon (;1700
LST) in Q4, whereas it is more extensive during 0500–
1100 LST in Q1. Long-duration rain events have been
noted to explain the morning peak of rainfall over central China (Yu et al. 2007b; Chen et al. 2010). The
growth of organized convection is closely associated
with the nocturnal maxima of low-level southwesterly
winds over southern China (G. Chen et al. 2017; Xue
et al. 2018). The wide convective cores with a nocturnal
peak also occur at the Himalayan foothills where the
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FIG. 12. Latitude–time variations of rainfall (shading) under four DMV conditions. The average is
made on the longitudes of 758–908E (ISM) and 1108–1258E (EASM) as shown in Fig. 1a. The variables
over the ISM region have been shifted so that the elevation (dashed line) just to the north of 278N is
higher than 1000 m, dividing the Himalayan slopes and foothills. Local standard time is marked along
the x coordinate at the bottom.
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FIG. 13. Rainfall amount accumulated from the rain events with respect to area sizes under four DMV
conditions. The statistics are made for the northern rainband of the (left) ISM and (right) EASM. The total
amount of each group is marked at the top left corner, with a sum of four groups denoting the seasonal rainfall.
The triangle marks a size threshold of 2 3 104 km2 for meso-a-scale rain events. Local standard time is marked
along the y coordinate to the right.
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moist monsoon flows converge with the downslope
winds from the Himalayas (Romatschke et al. 2010;
Romatschke and Houze 2011). This study further reveals their particularly active occurrence under strong
monsoon southwesterlies when coupling with a large
diurnal cycle (Q1). It highlights a strong connection of
the Asian monsoon flow and moist convection at both
seasonal and diurnal time scales.

b. Modulation of regional moisture budget by DMV
Figures 14a–d show the daily mean and nocturnal deviation of moisture fluxes over the ISM region. The dailymean pattern (streamline) exhibits as a cyclonic circulation
like monsoonal low, with a southerly flow over Bangladesh
and an easterly flow along the Himalayas. The center of
cyclonic circulation is established at northwestern India in
Q1/Q4 (Figs. 14a,d), whereas it is located at northeastern
India and Bangladesh in Q2/Q3 (Figs. 14b,c). It is related
to the different locations of monsoon lows/depressions
that are strongly controlled by ISOs (Sikka 1977; Goswami
et al. 2003; Krishnamurthy and Ajayamohan 2010; Hunt
et al. 2016; Fujinami et al. 2017; Hatsuzuka and Fujinami
2017). Central-north India is dominated by the southwesterly flux converging to the Himalayan foothills with
enhanced precipitable water in Q1/Q4, whereas it is affected by the northerly flux diverging at the foothills but
converging to eastern India in Q2/Q3.
Figure 14a shows a pronounced northward flux of
water vapor (vectors) by the nocturnal speed-up of
monsoon flow in Q1. The diurnal amplitude reaches
;40 kg (m s21)21 and is comparable to the daily mean
over most of the central-north India, implying an evident transient transport by the DMV. Deviation flux
overlies the background flux to strengthen the poleward
transport of moisture at night. It also converges to the
Himalayan foothills and the Indo-Gangetic plain, in
terms of both intensity and direction. Figure 14b shows
that the deviation southerly flux in Q2 has a smaller
magnitude than that in Q1 because of the decayed humidity. It is collocated with the daily southeasterly flux
at the foothills, but it is opposite to the daily northerly
flux over northern India. Given the small diurnal cycle
in Q3/Q4, the deviation flux at night is much small
and exhibits a westerly component particularly in Q3
(Figs. 14c,d). It seems to offset the daily easterly flux at
the Himalayan foothills, suggesting a weak influence of
wind diurnal variations over there.
Figures 15a–d show the 6-hourly variations of precipitable water, vertically integrated moisture flux and convergence, and rainfall averaged over northern ISM region.
In Q1, precipitable water has a high daily value and reaches
its peak at night (Fig. 15a). Northward moisture flux associated with monsoon southerlies strengthens considerably
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from 1200 to 1800 UTC, resulting in a remarkable increase
of flux convergence from 26 to 214 3 1025 kg s21.
Accordingly, rainfall increases rapidly and reaches a peak
of ;14 mm day21 at 21 UTC, which is much higher than
the afternoon peak of ;9 mm day21. Moisture flux and
convergence decay in the following morning with a subsequent decline of rainfall. In Q4, precipitable water also
has a high daily value but it decreases slightly at night
(Fig. 15d). Moisture flux and convergence in Q4 have a
daily mean comparable to that in Q1, but their nocturnal
increase is less evident. The rainfall amount at 0900 UTC
seems comparable to that at 2100 UTC. In Q2, all four
terms undergo diurnal variations with phases similar to
those in Q1, but their daily values and nocturnal peaks are
much smaller (Fig. 15b). The regulation of wind diurnal
variations on moisture budget thus seems to decay under
weak monsoon southerlies. The nocturnal peaks of moisture flux/convergence and rainfall become the smallest in
Q3 (Fig. 15c).
Over East Asia, the daily moisture flux is large in
Q1/Q4 (Figs. 14e,h), whereas it is relatively small in
Q2/Q3 (Figs. 14f,g). The differences are caused by the
change of atmospheric circulation relating to the western Pacific subtropical high (e.g., Ding and Chan 2005).
Strong southerly flux in Q1/Q4 originates at low latitudes and turns to become southwesterly flux at subtropical areas where it brings in a large amount of
precipitable water. In Q1 (Fig. 14e), it undergoes a large
nocturnal speed-up with the maximum amplitude of 50–
70 kg (m s21)21 over East China plain and East China
Sea where nocturnal LLJs prefer to occur (Du et al.
2015; Shin et al. 2019). This diurnal component is superimposed over the daily-mean monsoon southerlies,
strengthening the poleward flux by ;25% at night. The
DMV thus acts to inject more energy into the East Asian
rainband at night through transporting the warm moist
air that is built up at low latitudes in the preceding
daytime. The nocturnal speed-up of moisture flux over
southeast China is smaller in Q4 (Fig. 14h). Nocturnal
southerly fluxes also differ between Q2 and Q3, but both
of them are superimposed over the weak background
flow (Figs. 14f,g).
Figures 15e–h show the moisture budget averaged over
central China. Moisture flux in Q1 increases markedly at
1800 UTC and results in a maximum convergence at
0000 UTC (Fig. 15e), which is several hours lag compared
to that over the ISM region. It coincides with a relatively
high precipitable water and rainfall that last for the
morning hours. In Q4, all four variables have a daily mean
as high as in Q1, but they have a much smaller increase at
1800 or 0000 UTC (Fig. 15h). Moisture flux and convergence undergo a relatively large increase at night in Q2
compared to Q3, although their daily means are small
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FIG. 14. Six-hourly variations of precipitable water (shading), daily-mean water vapor fluxes (streamline with
color for magnitude), and diurnal deviation of water vapor fluxes at 1800 UTC (vectors). In the left panels, ‘‘C’’
denotes the center of cyclonic circulation of daily fluxes.
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FIG. 15. Diurnal variations of precipitable water (PW), column-integrated northward moisture flux (qy) at the southern boundary,
moisture flux convergence [2DIV(qy)], and precipitation (P) over the (top) ISM and (bottom) EASM regions. The statistics are made for
an average at the northern rainband (i.e., the blue rectangles in Fig. 1a). Local standard time is marked along the x coordinate at the
bottom. All variables are also given at a unit of mm or mm day21 along the y coordinate to the right.
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under weak monsoons. Nevertheless, the large net moisture flux at night in Q1/Q2 acts to produce an evident
morning rainfall, while the small one in Q3/Q4 corresponds to the suppressed morning rainfall and dominant
afternoon rainfall.
Previous studies have shown that the enhanced southerly winds at night play a role in regulating moisture
budget over East Asia (Chen et al. 2013). In particular,
diurnal variation of ageostrophic winds is crucial for the
net moisture flux at the mei-yu–baiu front (Xue et al.
2018). Net moisture flux by southerly low-level jets due to
boundary layer inertial oscillation can contribute the
most to the formation of nocturnal precipitation even at
basins or foothills, while the shallow nighttime downslope
flows contribute less (Zhang et al. 2019). Yang and Li
(2018) analyzed the moisture-related rainfall budget over
central-east China and also revealed that the rainfall diurnal cycle is dominated by water vapor convergence.
The statistics of this study further highlight that the water
vapor convergence is strongly regulated by the DMV at
large scale, with a diurnal range comparable to daily
mean. As the strong monsoon flow is usually coupled
with a large diurnal cycle, it thus becomes most efficient
at night in regulating the regional moisture budget over
the Asian monsoon regions.

c. Intraseasonal and interannual variations of rainfall
associated with the DMV
It is recognized that ISOs are one of the dominant
modes of precipitation and wind fields over the Asian
monsoon region (e.g., Goswami and Mohan 2001;
Annamalai and Slingo 2001). This section briefly examines how much rainfall intraseasonal variability can
be attributed to the DMV, with emphasis on the predominant QBWO as noted in section 4a. The active/
break phases of ISOs are defined when the 8–20-day
filtered rainfall series at the northern rainband exceeds
60.5 standard deviation. Figures 16a and 16b show
that the occurrences of strong monsoon days (Q1/Q4)
are pronounced (suppressed) during the active (break)
phase of the ISOs over the ISM region. The strong
monsoons account for a major portion of high rainfall
amount during the active phase (Fig. 16a), as also shown
in previous studies (Shrestha et al. 2012; Fujinami et al.
2014, 2017). It is worth noting that the dominant Q1
occurrence produces the largest fraction of rainfall especially in the morning hours. In contrast, the Q1/Q4
occurrences produce much weak rainfall during the
break phase of the ISOs (Fig. 16b). Similar differences
among the four DMV conditions are also seen in the 30–
60-day ISOs (figures not shown) or the ISOs over the
EASM region (Figs. 16c,d). The results suggest that
the diurnal cycle of southerly monsoon flow is closely
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related to the intraseasonal variations of rainfall in the
northern rainband of the Asian monsoon.
The monsoon system also exhibits large interannual
variability and affects the regional and/or global climate
(e.g., Ding and Chan 2005). It is unclear whether the
DMV varies with years and influences the long-term
variations of summer rainfall. Figures 17a and 17e show
that the diurnal amplitude of 925-hPa meridional wind
undergoes an evident interannual variation over both
the ISM and EASM regions. It is highly correlated with
the interannual variation of daily monsoon southerlies,
implying that a large diurnal cycle tends to occur in
strong monsoon years. The DMV interannual variation
can be well represented by the number of Q1 days that
varies over 20 years. The interannual variation is relatively large over the ISM region, with the number of
Q1 days ranging from 12 to 43 (Fig. 17a). It oscillates at a
period of 4–5 years, with peaks at 1998, 2003, 2007, 2010,
and 2016, coinciding with the decaying phases of El Niño
events. The DMV fluctuates at a shorter period of 2–3
years over the EASM region (Fig. 17e), similar to the
tropospheric quasi-biennial oscillation (Lau and Sheu
1988; Huang et al. 2006). An interesting linkage of DMV
to the tropical ocean–atmosphere system deserves further analysis, although it is beyond the scope of this
paper. Nevertheless, such a tight relationship among
monsoon indices based on daily/diurnal components
indicates that large-scale circulations may modulate
subdaily regional forcings to regulate the weather and
climate over Asia.
Over the ISM region, the DMV exhibits pronounced
interannual variations (Fig. 17a). The Q1 days (;29% of
summer days) can account for a major portion of the
interannual variance (;54%) of the poleward moisture
transport to the northern ISM region (Fig. 17b). The
correlation coefficient of the moisture flux by Q1 with
the summer mean is as high as 10.86. The Q4 contributes the second largest part of interannual variance of
moisture transport (;28%), while Q2 and Q3 explain
much less. Accordingly, the DMV contributes greatly to
the interannual variations of moisture convergence and
rainfall at the Himalayan foothills, with a large fraction
from midnight to morning (Figs. 17c,d). The strong
(weak) DMV years are usually characterized by abovenormal (below-normal) summer rainfall. The correlation coefficient between the rainfall by strong monsoons
(Q1/Q4) and total rainfall amount is up to 10.60
(Fig. 17d). Moreover, the percentage of morning
rainfall in summer is positively correlated with the
occurrence of Q1 days (10.34) rather than Q4 days
(20.33). Such a strong contribution of DMV to the
interannual variations of moisture flux and rainfall is
also seen over East Asia (Figs. 17e–h). The features
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FIG. 16. Rainfall amount attributed to four DMV quadrants during the (a) active and
(b) break phases of the 8–20-day ISOs at the northern rainband of ISM region. The thin bars
denote the climate-mean rainfall by four DMV quadrants. The closed circles denote the occurrence percentage of four DMV days, while the open circles denote the summer mean. (c),(d)
As in (a) and (b), but for the EASM region.

agree with previous studies in that the long-term
variations of summer monsoon play a role in modulating the rainfall diurnal cycle (Sen Roy and Balling
2007; Yuan et al. 2013b; Chen et al. 2014). Here, it is
highlighted that strong monsoon southerlies with a
large diurnal cycle play a leading role in regulating the
interannual variations of the northern rainband.

6. Summary and discussion
The local/subregional effects of diurnally varying lowlevel winds over India and China have received attention.
This paper places the effects into a broad geographical

context covering the Asian monsoon circulation. We
propose to decompose the diurnal variability into strong
or weak background flows with large or small diurnal
amplitude ranges. We compare the four DMV groups to
clarify their related atmospheric conditions, rainfall systems, and moisture budget, as well as their similarities and
differences over the ISM and EASM regions. We further
examine how the DMV changes on longer time scales
(e.g., intraseasonal and interannual). It is concluded that
the DMV plays an important role in the Asian monsoon
climate. The findings are summarized below.
1) The daily mean and diurnal amplitude of 925-hPa
southerly wind increase evidently in summer over
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FIG. 17. Interannual variations of (a),(e) monsoon indices of daily southerlies V and diurnal amplitude V* as well
as Q1 days, (b),(f) northward moisture flux at the southern boundary, (c),(g) moisture flux convergence, and (d),(h)
JJA rainfall amount over the (left) ISM and (right) EASM regions. The statistics are made for an average at the
northern rainband (i.e., the blue rectangles in Fig. 1a). In (a),(e), the line in black (blue) denotes the daily mean
(diurnal amplitude) of southerly wind, and the line in red denotes the occurrence days of Q1. In (b)–(d) and (f)–(h),
the lines in black denote the sum of four DMV quadrants; the lines in red denote the values from Q1 days, with the
dark blue indicating the fraction from midnight to morning.

central-north India and southeast China, and they
represent the monsoon intensities at the northern
sector of the Asian monsoon. A majority of summer
days are identified as the strong (weak) monsoon
with a large (small) diurnal cycle. The diurnal amplitude range is correlated with the strength of
background flow and diurnal heating in the ABL,
which matches that predicted by the Blackadar inertial oscillation theory. Wind diurnal amplitude is
particularly large in the days when the prevailing
monsoon southerlies undergo a strong daytime
heating, resulting in the wind speed maximum after
midnight. The enhanced monsoon southerlies then

converge with the downslope winds from the
Himalayas at midnight/predawn or the northerly
anomaly from East Asian midlatitudes at predawn/
morning. They contribute greatly to the meridional
circulation with anomalous rising motion at the
Himalayan foothills or the mei-yu–baiu zone, favoring the growth of moist organized convection from
midnight to morning. Such a speed-up of large-scale
monsoon southerlies at night can be regarded as an
air pump of the second kind, which is distinct from
the thermally driven air pump coupled with afternoon convection over the terrains of central-north
India and the Tibetan Plateau.
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2) Strong southerly monsoon flow brings in abundant
rainfall at subtropical areas, and its diurnal cycle is
found to further regulate regional rainfall features.
The monsoon southerlies with a large diurnal cycle
can produce the most intense rainfall. The rain rate
reaches its peak at predawn at the Himalayan foothills, while it is sustained from predawn to noon at
the mei-yu–baiu zone. In contrast, the monsoon
southerlies with a small diurnal cycle tend to produce
more afternoon rainfall, which is displaced south to
central-north India and southeast China. The DMV
thus explains a surprisingly large difference in the
patterns of regional rainfall under strong monsoons
especially over East Asia. Under weak monsoons,
both the daily mean and diurnal range of rainfall at
northern rainband weaken. The rainfall differences
are attributed to the meso-a-scale rain events by
moist organized convection that tend to produce
the morning (afternoon) peak of rainfall, as a response to a large (small) diurnal cycle of monsoon
southerlies.
3) The nocturnal speed-up of monsoon flow can induce
an evident northward transport of water vapor over
the ISM and EASM regions. The diurnal amplitude
of water vapor flux can be comparable to the daily
mean over central-north India or up to ;25% over
East Asia. The enhanced flux after midnight can intensify moisture convergence at a magnitude comparable to that by daily monsoon southerlies. The
enhanced monsoon flow thus acts like the large-scale
conveyor of moisture to the subtropical areas at
night. The subdaily regulation of rainfall/moisture
budget weakens under a small wind diurnal cycle or
weak monsoons. Meanwhile, the DMV intensity
varies largely from year to year over both India
and East Asia, in association with the interannual
variation of monsoon intensity. The occurrence of
strong monsoon southerlies with a large diurnal cycle
contributes a particularly large portion of the interannual variances of net moisture flux and rainfall.
Strong (weak) monsoons are also related to the
active (break) phase of ISOs. It indicates that largescale atmospheric circulations and subdaily forcings
jointly regulate the regional climate over the Asian
monsoon regions.
A conceptual model of the diurnal cycle of Asian
summer monsoon is proposed as Fig. 18. In afternoon,
the Indian subcontinent and terrains are heated
(Fig. 18a). The pumping effect of thermal heating results
in convergent airflow toward the Tibetan Plateau or
large mountain ranges (Krishnamurti and Kishtawal
2000; Chow and Chan 2009). The thermal instability and
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orographic lifting induce local deep convection over
terrains with upper-level divergence. However, largescale monsoon flow slows down in daytime due to the
frictional drag of ABL turbulent mixing over the continent. After sunset, the boundary layer wind anomaly
decouples the cooled surface and rotates clockwise to
intensify monsoon southerlies from midnight to predawn as a result of inertial oscillation (Fig. 18b). The
enhanced monsoon southerlies converge with downslope winds from the terrain and strengthen updrafts at
the foothills and plain. The supergeostrophic monsoon
flow also acts as a moisture conveyor and contributes
greatly to the net moisture flux at night. The dynamic
lifting and moist condition facilitate the growth of organized convection at the Himalayan foothills and the
Indo-Gangetic plain. These processes work similarly
over East Asia, except that the boundary lifting occurs at
the mei-yu–baiu front (Figs. 18c,d). The rainfall tends
to persist from predawn to next noon due to a sustained
convergence of the southwesterlies from southeast China
with the northerly anomaly from the midlatitudes. The
summer monsoon diurnal cycle thus seems to express the
second kind of atmospheric response to the thermal
forcing on land. Its effect, like a large-scale air pump at
night, plays a crucial role in producing the prevalent
morning rainfall at the northern branch of the Asian
monsoon. We may see that the huge terrain serves as a
seasonal heat source driving the monsoon system (e.g.,
Yeh et al. 1957; Yanai et al. 1992; Wu et al. 2015, 2016),
and the thermally forced daytime convection and nighttime monsoon southerlies further regulate the monsoon
system at a shorter diurnal time scale.
Further studies are needed to address the following
aspects. First, comparing the two kinds of diurnally
varying air pump would quantify their relative importance in the monsoon climate (Krishnamurti and
Kishtawal 2000; Chen et al. 2013). Issues to be solved
include their influence on the diurnal variations of moist
energy, water budget, rainfall systems, and extreme
weather, as well as their similarities and/or differences in
the ISM and EASM regions. A key issue may be the
interaction of DMV with local MPS/LSB circulations
and meso- and synoptic-scale weather systems to regulate
the rainfall maxima near mountainous terrain, plains, and
coasts (Hunt et al. 2016; Rao et al. 2016; X. Chen et al.
2017; G. Chen et al. 2018; Zhang et al. 2019; Pan and Chen
2019; Du and Chen 2019). An objective classification
of synoptic-scale disturbances along with DMV may aid
to clarify multiscale interactions in monsoon regions
(Sikka 1977; Goswami et al. 2003; Fujinami et al. 2017).
Another issue is the modulation of ISOs, which leads to
the differences of rainfall diurnal cycle during the active
and break monsoon spells (Singh and Nakamura 2010;
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FIG. 18. Schematics of the Asian monsoon circulation after diurnal heating. (a) Air pump directly driven by the
daytime thermal contrast over terrains over the ISM region. (b) Air pump of the second kind associated with the
speed-up of southerly monsoon flow at night. (c),(d) As in (a),(b), but for the EASM region. Arrows in red (green)
denote the positive (negative) phase of the circulation.

Deshpande and Goswami 2014; Fujinami et al. 2017;
Anandh et al. 2018; Chen et al. 2019).
Second, the physical processes involved in the response
of the DMV to large-scale conditions deserve further
analyses (Xue et al. 2018; Shin et al. 2019; Zeng et al.
2019). As indicated, monsoon flow passing the landmass with strong (weak) daytime heating tends to
undergo a large (small) diurnal cycle. The dynamics of
wind diurnal variations should be clarified considering
the cloudiness, radiative forcings, surface contrast, and
boundary layer processes under various background
conditions. Long-term change of the DMV and rainfall
diurnal cycle would provide a new view of how regional
forcings couple with external forcings to regulate the
monsoon climate (Yuan et al. 2013a; Chen et al. 2014;
Huang and Chen 2015). The feedback of diurnally

varying processes to large-scale circulation will also be
an interesting subject (Yanai et al. 1992; Willetts et al.
2017). The latent heating by convection on land may
deepen monsoon trough and increase the moisture
transport to the continent, implying an upscale effect of
the moist convection. These key issues will be explored in
ongoing works.
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