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Abstract Diurnal (S1) and semidiurnal (S2) oscillations
are major factors in determining the sub-daily variations of
precipitation amount over Southeast China (Psgc). Most
studies have examined the causes of SI1(P)sgc and
S2(P)sgc in the summer rainy season. However, causes of
the seasonal changes in S1(P)sgc and S2(P)sgc have not
been well documented. This study therefore examines
possible mechanisms behind various precipitation types/
cloud types because different types of precipitation/clouds
control Pggc in different seasons. Results indicate that the
variation of S1(P)sgc in winter, which tends to peak in the
early morning, is mainly controlled by the high-relative-
humidity-induced diurnal variation of non-showery pre-
cipitation/middle-level clouds. For S1(P)sgc in the other
seasons, which tends to peak at the late afternoon, the
moist-convection-induced diurnal variation of showery
precipitation/low-level clouds is the main cause. Analyses
also suggest that the phase of S2(P)sgc does not vary
seasonally because both of its formation mechanisms—the
semidiurnal variation of relative humidity and moist con-
vection process—have similar phase evolution in all sea-
sons. Seasonal changes in the water vapor supply to the
maintenance of S1(P)sgc and S2(P)ggc are also discussed.
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1 Introduction

It has been widely suggested that the characteristics and
formation mechanisms of sub-daily variations of precipita-
tion are location dependent (e.g. Chan and Ng 1993; Chen
etal. 1999; Zhao et al. 2005; Yang and Smith 2006; Dai et al.
2007; Yu et al. 2007a, b; Yu et al. 2010; Zhou et al. 2008;
Kikuchi and Wang 2008; Chen et al. 2009). For the pre-
cipitation over East Asia, it is generally controlled by dif-
ferent precipitation types/cloud types during different
seasons (Dai 2001a). Because different types of precipita-
tion/clouds are likely induced by different formation
mechanism (Houze 1993), an investigation on the seasonal
behavior of various precipitation types/cloud types should
provide insights into causes of seasonal changes in the sub-
daily variations of precipitation amount (e.g. Dai 2001b;
Chen et al. 2010). Such an examination, however, has not yet
been applied to explain seasonal changes in the sub-daily
variations of precipitation amount over Southeast China
[hereafter SEC; an area covering (110°-118°E, 21°-25°N)].

As seen from Fig. 1a, SEC is one of the areas with the
largest variability of 3-hourly precipitation amount in East
Asia. The temporal variation of precipitation amount over
SEC (Psgc) consists of clear diurnal [hereafter, S1(P)sgc]
and semidiurnal [S2(P)sgc] signals for all seasons (Fig. 1b)
(e.g. Yin et al. 2009). The rainfall variations, which evolve
with periods of 24 and 12 h, are often referred to as the
diurnal and semi-diurnal oscillations respectively (e.g.
Ramage 1952). Li et al. (2008) noted that the summer
precipitation over inland regions of China tends to be more
frequent in the afternoon; but, during the other seasons,
precipitation has a much weaker diurnal cycle than in the
summer, with a morning maximum in the winter over SEC.
Huang et al. (2010) further indicated that such a seasonal
change in Pggc is mainly controlled by its related S1(P)sgc,
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Fig. 1 a Variance of 3-hourly precipitation amount (P) estimated
from TRMM-3G68 2B31 data production for the period of
1998-2009. The mountain areas (left of the green dotted line) in
a are blocked. b Power spectrum of P area-averaged over Southeast
China (SEC; 110-118°E; 21-25°N; solid boxed area in a) for the
1998-2009 winter (December, January and February or DJF), spring
(March, April and May or MAM), summer (June, July and August or
JJA), and autumn (September, October and November or SON)
seasons. The dotted boxed area in a is referred to the selection of
domain of South China Sea (SCS) that used for the analysis of Fig. 10

which varies in response to a seasonal-varying large-scale
diurnal atmospheric circulation. Because seasonal transi-
tion of predominant precipitation type/cloud type has not
been considered in Huang et al. (2010), it is likely that
other mechanisms might also be important in the expla-
nation of the seasonal variation of S1(P)ggc.

For the variation of S2(P)sgc, which explains about 30%
of the total hour-to-hour variability of Pggc in the summer
(e.g. Zhou et al. 2008), its formation mechanism has rarely
been examined because the temporal resolution of most
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available global reanalyses is 6-h which might not be
appropriate for representing the semidiurnal variation.
Based on a newly released 3-hourly GEOS5 (Goddard
Earth Observing System Model Version 5; Rienecker et al.
2008) reanalysis dataset, we have recently examined and
proposed that the formation of S2(P)sgc in the summer is a
result of an atmospheric circulation change induced by the
semidiurnal land-sea differential heating between SEC and
its nearby oceans (Huang and Chan 2011). An examination
on the seasonal behavior of clouds, which are important in
the earth’s climate system because of their effects on solar
radiation, might help clarify whether or not Huang and
Chan’s (2011) proposed mechanism is also true for the
causes of S2(P)ggc in the other seasons.

The main objective of this study is therefore to identify
possible causes of seasonal variations of S1(P)sgc and
S2(P)sgc from a perspective of seasonal changes in pre-
dominant precipitation type/cloud type, which is important
for a better understanding of regional weather and climate
change. The data and methodology used for the analyses
are introduced in Sect. 2. Section 3 documents the seasonal
behavior of sub-daily variations of precipitation amount
and precipitation type over SEC. Mechanisms important
for the seasonal variations of S1(P)sgc and S2(P)ggc are
discussed in Sects. 4 and 5 respectively, followed by a
summary in Sect. 6.

2 Data and meteorology

To resolve diurnal and semidiurnal cycles, a sampling rate
of 3-hourly observational data is sufficient (Dai 2001a, b).
Therefore, precipitation analysis uses a 3-hourly, 0.5°
longitude x 0.5° latitude gridded TRMM (Tropical Rain-
fall Measuring Mission; Simpson et al. 1996) 3G68 2B31
precipitation dataset which uses both passive and active
microwave data to produce the best rain estimate for
TRMM (Haddad et al. 1997a, b). This production has been
shown to resemble rain gauge observations with a good
representation of the diurnal rainfall variability (Hong et al.
2005; Kikuchi and Wang 2008). For the examination of
atmospheric conditions, meteorological variables (includ-
ing temperature, relative humidity, wind fields, net radia-
tive heating, etc.) are extracted from the 3-hourly GEOS5
reanalysis dataset (Rienecker et al. 2008) because the
GEOSS data with a spatial resolution of 0.667° longi-
tude x 0.5° latitude can depict the regional feature better
than other 6-hourly reanalyses with a coarser resolution
(Huang et al. 2010). Our previous works (Huang et al.
2010; Huang and Chan 2011) have shown that GEOSS5
reanalysis data are capable of depicting the sub-daily
variations of moisture-process-related meteorological
variables over the SEC. For data uniformity, all gridded
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data used in this study have been interpolated onto a 1°
longitude x 1° latitude spatial basis by bilinear interpola-
tion. The analysis covers a time period from 1998 to 2009
for the winter (December, January and February, or DJF),
spring (March, April and May, or MAM), summer (June,
July, August, or JJA) and autumn (September, October and
November, or SON) seasons.

Observations of precipitation types are obtained from
the Extended Edited Cloud Reports Archive (EECRA;
Hahn et al. 1999), which provides 3-hourly weather reports
from about 15,000 station and ship observations. In the
EECRA reports, synoptic weather codes of major precipi-
tation types including drizzle (code number 50-58), non-
showery1 (code number 59-79) and showery (code number
80-99) are defined specifically by the World Meteorolog-
ical Organization (WMO; WMO 1988). A detailed proce-
dure for generating a global gridded climatology of
3-hourly frequency of occurrence for drizzle, non-showery
and showery precipitation from the EECRA reports has
been documented in Dai (2001a, b). This global gridded
data,” which incorporate data from the EECRA reports for
the period of 1975-1997, with a spatial resolution 2° x 2°
are adopted to examine the seasonal behavior of precipi-
tation type. It is common to use the information of pre-
cipitation types extracted from EECRA together with the
information of precipitation amount estimated from the
TRMM product (e.g. Dai et al. 2007). According to Dai
et al. (2007), the precipitation frequency for all precipita-
tion types estimated from EECRA is generally comparable
with that observed from the TRMM product.

Surface observations of cloud types and cloud amounts
documented in the EECRA reports can be divided into
three major groups based on altitude (Hahn and Warren
1999). High-level clouds (denoted by Cy) form at heights
above 6 km. The altitude of cloud base for middle-level
clouds (i.e. Cyp) is between 2 and 6 km, and that for low-
level clouds (i.e. Cp) is up to 2 km. Here, we focus on the
variations of Cy; and Cy because only these two groups of
clouds are likely to produce rain (Hahn and Warren 2007).
Analyses of the seasonal behavior of clouds are based on a
global gridded dataset (see footnote 2) constructed by Dai
(2002) for the long-term mean 3-hourly EECRA-reported
CM and CL.

Following Huang and Chan (2011), SEC in this study is
defined as an area covering (110°-118°E, 21°-25°N).
Huang and Chan (2011) examined the characteristics of
Psec in summer and suggested that the selected SEC area
can be seen as a combination of continental rainfall regime
and coastal rainfall regime which is characterized by an

! Following Dai (2001a, b), non-showery precipitation is defined as
all types of precipitation except drizzle and showery precipitation.

2 Data is available at http://www.cgd.ucar.edu/cas/adai/data-dai.html.

afternoon maximum in summer as identified by Kikuchi
and Wang (2008). Hereafter, local time in SEC is universal
time (UTC) + 8 h, e.g. 0800 h is 0000 UTC. The anom-
alies of a given variable at a specific synoptic time step
(e.g. 0000 UTC) are computed by subtracting the daily
means from available 3-hourly observations. The diurnal
and semidiurnal harmonic components of the anomalies of
each variable are obtained from Fourier analysis. The
anomalies, diurnal (i.e. first harmonic) and semidiurnal (i.e.
second harmonic) cycles of a given variable X is denoted
by A(X), S1(X) and S2(X), respectively.

3 The seasonal variation of diurnal (S1)
and semidiurnal (S2) precipitation

Figure 2a shows the temporal evolution of the mean
3-hourly Pggc (histogram) for the winter, spring, summer
and autumn seasons of 1998-2009. Except during winter,
Psec frequently reaches its maximum value at the late
afternoon (0600-0900 UTC; local time 1400-1700 h) with
a minor peak in the early morning (2100-2400 UTC; local
time 0500-0800 h), while the reverse is true for Pggc during
winter. These characteristics are consistent with those found
from rain gauge observations (e.g. Li et al. 2008),® con-
firming that TRMM observations are adequate for the
analyses of sub-daily variations of Pggc (e.g. Chen et al.
2009). An examination on the contribution of S1(P)ggc and
S2(P)sgc to APggc indicates that the combination of
S1(P)sgc and S2(P)sgc (denoted as line with open circle in
Fig. 2b) explains more than 90% of the total variability of
APggc for all seasons (Table 1). In general, the time of
occurrence of maximum Pggc (i.e. the primary peak in the
early morning for winter and in the late afternoon for the
other seasons) follows that of maximum S1(P)ggc, while the
minor peak of Psgc (i.e. the secondary peak in the late
afternoon for winter and in the early morning for the other
seasons) occurs at the time with minimum S1(P)sgc and
maximum S2(P)sgc. In other words, the formation of
maximum and minor peak of Pggc is mainly determined by
its S1 and S2 component, respectively (e.g. Zhou et al.
2008; Huang and Chan 2011). A better knowledge on the
formation mechanism of S1(P)sgc and S2(P)ggc for dif-
ferent seasons, therefore, is important toward a better
understanding of the sub-daily variations of Pggc.

Some indications for the causes of seasonal changes in
the sub-daily variations of Pggc are revealed from the long-
term mean occurrence frequency of drizzle, showery and

3 Note, the data used in Zhou et al. (2008) is TRMM 3B42 and in the
present study is TRMM 3G68. For Pggc, the variations derived from
these two data versions are identical to those from the rain-gauge
observations.
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Fig. 2 Time evolution of mean
3-hourly Pggc (histogram in a),
its related anomalies (i.e.
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non-showery precipitation area-averaged over SEC for
each of the seasons (Fig. 3a). It is noted that the contri-
bution of drizzle type of precipitation to Pggc is much
smaller than the other two types of precipitation. While the
non-showery precipitation occurs much more frequently
than the showery precipitation in the winter, the reverse is
true in the summer. In the spring and autumn, although the
occurrence frequency of showery precipitation is compa-
rable to that of non-showery precipitation, the showery
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precipitation likely contributes more to the amount of Pggc
than the non-showery precipitation because the intensity
of showery precipitation is larger [~1.5-3 mm h™'
(Dai 2001a)] than that of non-showery precipitation
(<1 mm h™"). In his study, Dai (2001b) noted that the
maximum occurrence of showery and non-showery pre-
cipitation over land frequently appears at the afternoon and
in the early morning respectively. This suggests that the
change of predominant precipitation type from non-
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Table 1 Percentage of variability of APggc explained by different harmonic components

Seasons Harmonics
S1 component (%) S2 component (%) S1 + S2 component (%)
Winter 67 28 95
Spring 61 31 92
Summer 61 32 93
Autumn 60 30 90

These values are obtained by calculating a ratio between the RMS (root mean square) of each harmonic component and the RMS of APggc during

the time period of 1998-2009

Drizzle
(a) Frequency Bl Nonshowery (b) S1 » ==+ Nonshowery (c)S2 e Nonshowery
- Bl Showery Showery Showery

15 4
&
B~
3
£
v
=
o 10+
0
e
=
e
o
2
S 5
B
3
0
("
o

15~ e ety 0 3 6 9 12 15 18 21 UTC 0 3 6 9 12 15 18 21 UTC

DJF MAN{ JJA SON ] T T T T T T I T T T T T T T
8 11 14 17 20 23 2 5 h 8 11 14 17 20 23 2 5 h

Fig. 3 a Seasonal mean frequency of occurrence for drizzle (yellow
bar), non-showery (green bar) and showery (red bar) type of
precipitation area-averaged over SEC. b Diurnal harmonic of DJF and

showery in the winter to showery in the other seasons (see
Fig. 3a) could lead to seasonal change in the time of
occurrence of maximum Pggc and S1(P)sgc (see Fig. 2).
Because the dominant sources of rainfall are different in
winter and summer, one could expect rainfall variations to
be determined by the process controlling the dominant
source of precipitation. Evidence for above inference is
given as follows. A comparison between S1(P)sgc (solid
line in Fig. 2) and the diurnal variation of occurrence fre-
quency of non-showery precipitation (hereafter S1(non-
showery precipitation); dotted line in Fig. 3b) over SEC
shows that their temporal evolutions are approximately in
phase with each other in the winter, but out of phase with
each other in the summer whereas the evolution of
S1(P)sgc in the summer is in phase with that of S1(showery
precipitation) (solid line in Fig. 3b). These features imply

JJA mean frequency of occurrence for showery (red solid line) and
non-showery (green dotted line) type of precipitation. ¢ is similar to
b but for the semidiurnal harmonic component

that S1(P)sgc in the winter is controlled by the S1(non-
showery precipitation) whereas in the summer, as well as in
the spring and autumns (not shown), S1(P)sgc is dominated
by the S1(showery precipitation). Possible cause and the
atmospheric conditions favorable for the formation of
S1(non-showery precipitation) and S1(showery precipita-
tion) are discussed in Sect. 4.

On the other hand, it is noted that S2(P)ggc tends to peak
at both 0900 and 2100 UTC for all seasons (Fig. 2),
implying that there might be some seasonal similarities in
the formation mechanism of S2(P)ggc. Because the inten-
sity of showery precipitation is larger than that of non-
showery precipitation (Dai 2001a), when the occurrence
frequency of showery precipitation is larger than (i.e. in
summer; see Fig. 3a) or comparable to (i.e. in spring and
autumn) the occurrence frequency of non-showery
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precipitation, the change in S2(P)sgc is found to be mainly
dominated by the change in S2(showery precipitation).
However, in winter, because the amplitude of S2(non-
showery precipitation) is twice larger than the amplitude of
S2(showery precipitation) (Fig. 3c) for the SEC region, to
consider the change in S2(showery precipitation) only is
not enough to explain the variation of S2(P)ggc in winter. It
can be inferred from Dai (2001b) that the formation
mechanism of non-showery precipitation is different from
that of showery precipitation. However, because the evo-
lutions of S2(non-showery precipitation) and S2(showery
precipitation) are approximately in phase with each other in
all seasons (see Fig. 3c for winter and summer; not shown
for spring and autumn), there might be some close rela-
tionship between their formation mechanism. These infer-
ences are examined in Sect. 5.

4 Causes of seasonal change in the diurnal cycle
of precipitation

According to the EECRA’s documentation,* showery and
non-showery precipitation are generated by Cp and Cy,
respectively. Previous studies have suggested that, in
response to diurnal solar heating, the maximum occurrence
of moist convective precipitation and clouds (i.e. showery
precipitation and Cy) is observed in the afternoon over land
but in the early morning over the ocean (Chen et al. 1999;
Dai and Deser 1999). If this is true, the value of
S1(showery precipitation) and S1(Cyr) at 0900 UTC/1700 h
should be positive over SEC, but negative over the western
North Pacific. While the spatial pattern for the summer
seasons (Fig. 4b) (also for the spring and autumn seasons;
not shown) is consistent with this assertion, the values of
Sli(showery precipitation) and SI1(Cy) over SEC at
0900 UTC/1700 h for the winter seasons are negative
(Fig. 4a).

Huang et al. (2010) examined the seasonal variation of
diurnal atmospheric circulation and found that the diurnal
atmospheric circulation over East Asia and the western
North Pacific, which is generally characterized by upward
motions over land and downward motions over the ocean at
the afternoon in the summer (Dai and Deser 1999), shifts
westward in the winter. Such a seasonally-varying diurnal
atmospheric circulation, which has been found to be
induced mainly by the seasonal changes in diurnal pressure
tidal wave—a wave generated by the periodic incoming
solar heating in the atmosphere, has been suggested as a
major factor in resulting the winter S1(P)sgc with a
morning maximum and a afternoon minimum, and the

* Information is available at http://cdiac.ornl.gov/ftp/ndp026c/ndp
026¢_readme.txt.
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summer S1(P)sgc with a afternoon maximum and a
morning minimum (Huang et al. 2010). Note also from
Fig. 4a that the negative values of S1(showery precipita-
tion) and S1(Cp) over the western North Pacific seem to
extend westward to cover the area of SEC in the winter.
The appearance of negative values of S1(showery precip-
itation) and S1(Cp) over SEC in Fig. 4a, therefore, can be
seen as a new evidence for supporting Huang et al. (2010)’s
finding.

Seasonal changes in the diurnal atmospheric conditions
that favor the formation of S1(showery precipitation) and
S1(CL) over SEC are shown in Fig. 5d—e. In general,
positive values of S1(Cy) over SEC (Fig. 5b) occur at the
time when there are active upward motion (Fig. 5d) and
increase in low-level wind convergence (not shown). In
Huang et al. (2010), it is demonstrated that such kind of
increase in low-level wind convergence would lead to an
increase in vertical integrated atmospheric moisture con-
vergence [i.e. S1(—V-Q) > 0; Fig. 5¢] over SEC. The role
of S1(—V-Q) in contributing to the change of S1(P) over
East Asia has been examined in Chen (2005) through the
diagnosis of water vapor budget equation.” Chen (2005)
has showed that the variation of S1(P) over the East Asian
monsoon region is mostly contributed by its related change
in S1(—V-Q) and rarely by the change in evaporation or
water vapor tendency. Here, a comparison between Fig. Sa,
e further indicates that the amplitude of SI1(P)sgc is
approximately equal to the amplitude of S1(—V-Q)sgc for
all seasons, implying that the change in S1(P)sgc largely
depends on the change in S1(—V-Q)sgc. Detailed discus-
sions regarding to the relationship between S1(—V-Q)sgc
and S1(P)sgc have also been made in Huang et al. (2010).
Note that because the seasonal evolution of S1(P)sgc
(Fig. 5a) varies approximately in phase with that of S1(Cyp)
induced by the diurnal moist convection processes, for-
mation mechanism of S1(non-showery precipitation) and
S1(Cyp), which are also important to S1(P)ggc in the winter
(see discussions of Fig. 2), has often been neglected when
studying the possible causes of S1(P)sgc (e.g. Huang et al.
2010).

For Sl(non-showery precipitation) and S1(Cy;) over
SEC, their maximum generally appears in the early
morning, while their minimum occurs at the late afternoon
in all seasons (Figs. 4c—d, 5¢). Dai (2001b) has suggested
that the non-showery precipitation often occurs when the
environment has high relative humidity (RH). Consistent
with this suggestion, the seasonal evolution of S1(Cy,) over
SEC (Fig. 5¢) is found to be in phase with that of S1(RH)
at the middle-levels (e.g. 650 hPa ~3.5 km above SEC;
Fig. 5f). For S1(RH), its variation at the low-levels

*P=E+(-VeQ)+ (—2¥), where W and E is the total precip-

itable water and the evaporation respectively.
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Fig. 4 Diurnal harmonic of a DJF and b JJA mean frequency of
occurrence for showery precipitation (contours) superimposed with
the low cloud amount (i.e. Cy; shadings) at 0900 UTC (i.e. 1700 h for
SEC). ¢ and d is similar to a and b but for the non-showery

generally depends upon the diurnal variation of surface air
temperature (e.g. Dai 2001b). When the atmospheric water
vapor content is the same during a day, the longwave
radiative cooling at night will lead to a decrease in surface
air temperature and an increase in the low-level S1(RH) in
the early morning. Because the late night cooling is not
only revealed at the low-levels but also at the middle-levels
(see Fig. 6a-b; from 800 to 500 hPa ~2-5km above
SEC), it is reasonable to find that the middle-level
S1(RH)sgc reaches its maximum value at the time similar
to what has been found for the low-level SI(RH)ggc (see
Fig. 6c—d). Such an increase in the middle-level
S1(RH)sgc, induced by the middle-level nighttime cooling,
likely provides a favorable environmental condition for the
formation of maximum S1(Cy;) and S1(non-showery pre-
cipitation) over SEC in the early morning for all seasons.

On the other hand, it is noted from Fig. 5a of Huang
et al. (2010) that the atmospheric condition over SEC in the
winter morning is more moist and unstable at the middle-
levels than at the low-levels (not shown). This feature,
which has not been explained by Huang et al. (2010), can
now be linked to that S1(P)sgc in the winter morning is
mainly dominated by the middle-level clouds/non-showery
precipitation (see Fig. 3b). Mechanisms related to the
formation of middle-level clouds and non-showery

S1 of Nonshowery vs. Mid-cloud
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precipitation superimposed with the middle level cloud amount
(i.e. Cpp). The contour interval of a—d is 0.2%. The mountain areas in
a—d are blocked

precipitation discussed above, therefore, deserve attention
of future observational or modeling studies interested in the
seasonal variation of S1(P)sgc.

Despite the seasonal difference of the day-night contrast
of Psgc, it is noted from Fig. 2a that both the afternoon and
early morning rainfall peaks exist in all seasons. For the
afternoon rainfall peak, it is minor in winter but major in
the other seasons. Thus, the temporal evolution of Pggc in
winter (Fig. 2a) might be also seen as a result of the dis-
sipation of afternoon rainfall (e.g. Huang et al. 2010) which
leaves only the early morning rainfall peak. In Huang and
Chan (2011), the mechanism for the early morning rainfall
peak in summer involves thermal advection between the
SCS and SEC, which promotes convection over the SEC,
with ensuing positive feedback through the radiative
heating/cooling. To know if this mechanism is also true for
the other seasons, we examine the seasonality for the S1
harmonic of atmospheric horizontal thermal advection [i.e.
S1(—=V-VT)] over SEC—a heating them that mainly con-
trolled by the change of S1 of wind field and horizontal
temperature gradient between SEC and SCS (Huang and
Chan 2011).

As seen from Fig. 7a, the low-level S1(—V-VT) at
1800 UTC is positive over SEC in all seasons. For the
occurrence of late night low-level southerly wind anomaly
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Fig. 5 Diurnal harmonic of the average over SEC of a precipitation
amount, b low cloud amount, ¢ middle cloud amount, d vertical
velocity at 925-hPa [denoted by —m(925 hPa)], e convergence of
vertically-integrated atmospheric water vapor flux (i.e. —V-Q) and f
relative humidity at 650 hPa (~3.5 km above the surface). Here,
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Fig. 6 Diurnal harmonic of the
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over SEC, its formation mechanism likely depends strongly
on the East Asia topography (e.g. Yu et al. 2009). In
general, air near the Tibetan mountains is cooler than that
near the SEC due to surface radiational cooling of the
ground at night. This causes a pressure gradient to flow
from the costal area to the area near the Tibetan mountains.
Because of the Coriolis force, the westward-moving air
likely gives the diurnal wind anomalies a strong southerly
component east of the Tibetan mountains. This low-level
southerly wind anomaly, which is strongest at
1800-2100 UTC (see contours of Fig. 7b), would then
transport air from the warmer and moister SCS to SEC and
promotes early morning convection over SEC. Because the
afternoon rainfall over SEC is weak in the winter seasons,
the diurnal rainfall in winter would be mainly dominated
by the early morning maximum. The cause of weak
afternoon rainfall in winter might be related to the seasonal
change in solar heating and diurnal atmospheric circulation
as what has been found in Huang et al. (2010).

5 Causes of seasonal changes in semidiurnal cycle
of precipitation

Next, we examine possible causes of S2(P)sgc for different
seasons. Some indications for the causes of S2(P)sgc are

revealed in Fig. 8, a figure similar to Fig. 5 but for the
semidiurnal component. It is noted that the maximum of
S2(Cyp) over SEC (Fig. 8b) occurs at the time with maxi-
mum S2[—w(925 hPa)]—i.e. semidiurnal harmonic of
vertical velocity at 925 hPa (Fig. 8c)—and maximum
S2(—V-Q)—i.e. semidiurnal harmonic of vertical inte-
grated water vapor flux convergence (Fig. 8e), suggesting
that the semidiurnal moist convection process is important
to the formation of S2(showery precipitation) over SEC.
For S2(Cyy) over SEC (Fig. 8c), its seasonal evolution is in-
phase with that of S2(RH) at 650 hPa (Fig. 8f), implying
that the variation of S2(RH) at the middle-levels might be
important to the formation of S2(non-showery precipita-
tion) over SEC.

Note also from Fig. 8 that S2(Cy) has similar evolution
as S2(Cp), suggesting that there might be some linkage
between their formation mechanisms [i.e. S2(RH) and
S2 of moisture convergence]. Possible explanations for
this linkage can be inferred from a comparison bet-
ween the vertical profiles of S2(T)sgc, S2(RH)sgc and
S2(—V-Vq)sgc (i-e. the convergence of moisture flux at
specific pressure level). As seen from Fig. 9a, S2(T)sgc
reaches to its maximum at 0900 and 2100 UTC mainly for
the levels below 600 hPa. Theoretically, such an increase
in temperature would induce a decrease in S2(RH)ggc at
0900 and 2100 UTC, which is different to what has been
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Fig. 7 a The long-term mean of
diurnal harmonic of 925-hPa
horizontal thermal advection
S1(—V-VT) at 1800 UTC for
four seasons. The wind vectors
of S1[V(925-hPa)] at 1800 UTC
are added in a and the mountain
areas are blocked. b The
temporal-vertical evolution of
S1(—=V-VT) (shadings) and its
related meridional wind speed )
(contours) area-averaged over 10°N
SEC. The contour interval of
bis 0.15m s

x
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revealed in Fig. 9c—d, for the levels below 600 hPa.
Because RH depends not only on the temperature but also
on the amount of moisture available, it is likely that an
increase in S2(—V-Vq)sgc (Fig. 9e—f) leads to an increase
in the amount of moisture available which in turn causes
the maximum of S2(RH)sgc at 0900 and 2100 UTC. This
explains why the phase of S2(RH)ggc at the levels below
600 hPa is similar to the phase of S2(—V-VQq)sgc. As for
S2(RH)sgc at the levels above 600 hPa, its change likely
depends more on the change of S2(T)sgc (i.e. cooling at
0900 and 2100 UTC) than the change of moisture [i.e.
S2(=V-V@)sgc < 0].
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On the other hand, it should be mentioned that it is not
necessary for the magnitude of S2(Cy) or S2(Cy) shown in
Fig. 8c—d to have a similar magnitude as their formation
mechanism shown in Fig. 8e—f. For example, if Cp is
dominated by stratus type of low cloud (with smaller
moisture convergence) in winter but by cumulus type of
low cloud (with larger moisture convergence) in summer,
the value of area-averaged C over SEC would be larger in
winter than in summer but its related change of moisture
convergence would have a smaller magnitude in winter
than in summer. So the examinations of S2(C;) and
S2(Cy) can not be used to indicate the seasonal change in
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Fig. 8 Similar to Fig. 5 but for
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S2(Cyp) and S2(Cy) is similar to each other. An important
question raised here is what causes their formation

the magnitude of their related precipitation, but can be used
to infer that the time for the occurrence of maximum
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Fig. 9 Similar to Fig. 6 but for the semidiurnal harmonic component
of a Tsgc, ¢ RHgge, and e (—V-Vq; moisture convergence) in the
winter seasons. b, d, f is similar to a, ¢, e, respectively, but for the

Sea (hereafter SCS; dotted boxed area in Fig. 1a) has been
found to play a major role in driving the semidiurnal moist
convection process in the summer. Because there is no
seasonal difference in the phase of S2(Cy) and S2(Cy) over
SEC (see Fig. 8b—c), it is likely that the effect of clouds on
radiation would result in a seasonal similarity on the phase
of semidiurnal net radiative heating/cooling over SEC.
Moreover, the mechanism proposed by Huang and Chan
(2011) for the cause of semidiurnal moist convection pro-
cess in the summer might also work in the other seasons.

To verify above inferences, we examine the semidiurnal
variation of net radiative heating/cooling area-averaged
over SEC and SCS [denoted by S2(3TR/0t)sec and S2(0TX/
Ot)scs respectively] at multiple levels. Following Huang
and Chan (2011), (3T®/dt) is defined as a combination of
temperature tendency due to shortwave and longwave
radiation, which can be extracted directly from the
3-hourly GEOSS5 datasets. It is found that the low-level
S2(0TR/dt)skc tends to peak at both 0600 and 1800 UTC
[i.e. 3 h before the time of the two maximum peaks of
S2(P)sgc] for all seasons (not shown). Throughout the all
12-months of the year, S2(dTR/dt) at both 0600 and
1800 UTC is larger over SEC than over SCS at the low-
levels, while a reverse pattern is being observed at the
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Fig. 10 Monthly mean of S2(3T®/0t) area-averaged over Southeast
China (SEC; solid boxed area in Fig. 1a) (solid line) and South China
Sea (SCS; dotted boxed area in Fig. 1a) (dotted line) at 1800 UTC for
all 12-months of the year from January to December. Note that the
monthly means of S2(3T®/dt) at 0600 UTC have the same profiles as
S2(dT®/at) at 1800 UTC

upper-levels (Fig. 10). Such a change in S2(dTR/0t) at 0600
and 1800 UTC would lead to the change in SZ(TR) at 0900
and 2100 UTC respectively [i.e. the time with maximum
S2(P)sgec] through Eq. 1,
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Fig. 11 a Mean semidiurnal
harmonic of 925-hPa moist
instability [i.e. S2(06./0p);
contours] and vertical velocity 30°N -
[i.e. S2(—w); shadings] at 0900

and 2100 UTC [i.e. the time of

the occurrence of maximum

S2(P)sec]. b Mean semidiurnal 20N
harmonic of convergence of
vertically integrated
atmospheric water vapor flux,
i.e. S2(=V-Q) (contours),
superimposed with

(a) SZ{&E}/_&;&—@]

10°N -

100°E 110°E

S2(P) (shadings) at 0900 and

2100 UTC. The vectors of the 30°N
convergence of water vapour

flux are added in b. The contour

interval for a and b is

1072 K hPa~' and 20°N
2x 107> mmh™",

respectively. The color scale of
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where T® is the temperature change induced by net radia-
tive heating/cooling and with the temporal resolution of
GEOSS, a 3-h time interval is used in Eq. 1 for the time
integration. In other words, the semidiurnal land-sea dif-
ferential heating between SEC and SCS shown in Fig. 10
likely leads to a larger semidiurnal thermal instability [i.e.
S2(3TR/dp), p is pressure] over SEC than over SCS at 0900
and 2100 UTC for all seasons.

120°€

130°€ 110°E 120°F 130°E

An examination of the S2 harmonic of 925-hPa moist
instability [denoted by S2(06./0p), positive is unstable] at
0900 and 2100 UTC (contours in Fig. 11a) verifies that the
environment is more unstable over SEC than over SCS for
all seasons. This explains why the upward motion is
stronger, i.e. larger positive values of S2[—w(925 hPa)]
(shadings in Fig. 11a), over SEC than over SCS at 0900
and 2100 UTC. In response to such an atmospheric circu-
lation change, more water vapor flux is transporting from
SCS to SEC on the semidiurnal timescale (Fig. 11b). This
is the reason for S2(—V-Q) over SEC to peak at both 0900
and 2100 UTC for all seasons (see Fig. 8e). Because the
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change in middle-level S2(RH)sgc is found to be mainly
controlled by the change in middle-level S2 of moisture
convergence which has similar phase evolution as low-
level S2 of moisture convergence (see Fig. 9), the S2(Cyy)
might be linked to the S2(Cy ) through the detrainment from
moist convection. This explains why the evolution of
S2(non-showery precipitation) and S2(showery precipita-
tion) over SEC are approximately in phase with each other.
As a result of this feature, there is no seasonal transition in
the phase of S2(P)sgc.

6 Summary

In this study, causes of the seasonal changes in sub-daily
rainfall variability in Southeast China are examined based
on the analyses of changes in precipitation type, cloud type
and their associated atmospheric thermodynamic condi-
tions. It is found that the seasonal transition of predominant
precipitation type/cloud type from showery precipitation/
low-level cloud in the summer, spring and autumn to non-
showery precipitation/middle-level cloud in the winter is
one of the main causes for the seasonal changes in the
phase of S1(P)sgc from a peak in the late afternoon to one
in the early morning. Analyses suggest that the S1(showery
precipitation) is the major contributor to SI1(P)sgc in the
summer, spring and autumn. In contrast, S1(P)sgc in the
winter is mainly contributed by the S1(non-showery pre-
cipitation). For the formation mechanism of SI1(showery
precipitation) and Sl(non-showery precipitation) over
SEC, they are linked to the diurnal variation of moist
convection process and middle-level relative humidity
respectively.

One the other hand, it is suggested that the difference
between sub-daily rainfall variability in winter and summer
might be also seen as that the main daytime moist con-
vective activity is largely absent in winter, leaving only the
early morning activity which is much weaker (but may still
feedback on the non-showery precipitation). Analysis of
the formation mechanism of early morning rainfall over
SEC further indicates that the late night thermal advection
would promote early morning convection over SEC, and
this feature can be observed in all seasons.

Examinations of the temporal evolution of S2(P)ggc for
four seasons show that they change approximately in phase
because both the moist-convection-induced S2(showery
precipitation) and the high-relative-humidity-induced
S2(non-showery precipitation) over SEC have similar
temporal evolution in all seasons. Diagnoses on the
atmospheric conditions further indicate that the semidiur-
nal variation of land-sea differential heating between SEC
and SCS, which tends to produce a relative unstable
environment in SEC at 0900 and 2100 UTC, induces more
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water vapor flux transporting from SCS into SEC to sup-
port the occurrence of maximum S2(P)sgc at 0900 and
2100 UTC. This result is true for all seasons despite the
seasonal transition of predominant precipitation type/cloud

type.

Note, although this study is a follow-up study of our
previous works (Huang et al. 2010; Huang and Chan 2011),
there are several points that make this study is important.
First, the seasonal change of precipitation type/cloud type
in affecting the sub-daily rainfall variations over SEC have
not been considered in our previous works. Second, in
Huang et al. (2010), the change in nighttime relative
humidity and thermal advection have not been taken into
account as possible causes for explaining the early morning
maximum of S1(P)sgc in winter. Third, in Huang and Chan
(2011), not only the change of S2(P)sgc has not been
linked to the change of S2(RH)sgc, the seasonality of
S2(P)sec has also not been mentioned. All of these issues
are now examined in the current study. Results of this
study, therefore, are important information for future
studies interested in examining the sub-daily rainfall vari-
ation in SEC.
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