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Introduction

During the summer months, diurnal rainfall variation over southeast China is
frequently characterized by a major peak in the afternoon and a minor peak in the
early morning. While the afternoon rainfall maximum is generally recognized to
be mainly modulated by the diurnally varying wind introduced by land—sea and
mountain—valley differential heating, causes of the early-morning rainfall are not
well documented. In this study, variation in the semi-diurnal harmonic of rainfall
is found to be more important than variation in the diurnal harmonic of rainfall
for determining the timing of the early-morning rainfall peak. Diagnoses of the
atmospheric thermodynamic conditions indicate that late-night vertical differential
thermal advection and semi-diurnal variation in land—sea differential radiative
heating/cooling are the major reasons for reduction in stability in the early morning
and, in turn, facilitate the formation of an early-morning maximum in rainfall.
Computation of the water vapor budget suggests further that the early-morning
maximum over southeast China is mainly maintained by the semi-diurnal harmonic
of water vapor flux transported from the South China Sea. Copyright (¢) 2011 Royal
Meteorological Society
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and southern parts of areas east of 110°E are dominated

East Asia (hereafter, EA), with complex mountain—valley
and land-sea distributions, exhibits large regional differ-
ences in the times of occurrence of maximum diurnal
precipitation, particularly during the summer months (June,
July, and August, or JJA) (Dai, 2001; Zhao et al., 2005, 2008;
Kikuchi and Wang, 2008). For stations located west of 110°E,
diurnal rainfall in the summer tends to peak at midnight or
in the early morning (Asai et al., 1998; Wang et al., 2004; Yu
etal.,2007a; Liet al., 2008). Such a feature also predominates
in some areas east of 110°E, including the middle and lower
reaches of the Yangtze River, the North China Plain, and the
coastal regions of China (Peacock, 1952; Chan and Ng, 1993;
Yin et al., 2009; Chen et al., 2010). In contrast, the northern
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by daytime precipitation (Chen et al., 1999, 2009; Yu et al.,
2007a). Because the diurnal rainfall over EA varies with a
high geographical dependence, many previous studies (e.g.
Waietal, 1996; Yu et al., 2007b; Chen et al., 2010) have been
undertaken to understand the physical mechanisms involved
in forming the different timing of maximum diurnal rain-
fall. A detailed review for many of these previous proposed
mechanisms can be found in Yang and Smith (2006).

In summer, the low-level southwesterly monsoon winds
bring warm and moist air from the South China Sea to
EA and generate heavy rainfall there (see Zhou and Chan,
2005 and Figure 1(a)). Modulated by the diurnally varying
monsoon circulation, large hour-to-hour rainfall variability
is revealed over southeast China (SEC; boxed area in
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Figure 1. (a) Summer (June, July, and August; JJA) mean of 925 hPa wind
vector superimposed with precipitation (shaded). (b) Variance of hourly
precipitation during the 1998—2009 summer periods. The color scale of
(a, b) is shown at right bottom and mountain areas in (a, b) are blocked.
(c) Temporal variations of JJA mean hourly precipitation (P; histogram;
scale on left ordinate, in fl km™ day~') and 2-hourly lightning activities
(LIS; solid line with open circles; scale on right ordinate) area-averaged
over southeast China (SEC; 110~ 118°E, 21~ 25°N; boxed area in (b)). Local
time in SEC is universal time (UTC) + 8 h.

Figure 1(b)). It was noted from rain gauge observations
that the hourly rainfall over SEC (hereafter, Psgc) frequently
consists of two peaks within a day (e.g. Ramage, 1952;
Yin et al., 2009). Generally, a major maximum peak of
Psgc occurs in the afternoon and a minor maximum
peak appears in the early morning (Figure 1(c)). Such
an afternoon rainfall maximum was generally attributed to
moist convection connected with solar heating (e.g. Chen
et al., 1999; Dai, 2001). In contrast, causes of the early-
morning maximum Psgc have rarely been discussed and are
not well documented.
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To produce the early-morning maximum Psgc, there
should be other mechanisms different from the daily solar
heating, which disappears at night, for initiating a relatively
unstable atmospheric thermodynamic condition in the early
morning. Previous studies investigating the possible causes
of nocturnal rainfall over the Yangtze River region, the
coastal region of China (e.g. Hong Kong), and an island
near SEC (e.g. Taiwan) found that nocturnal instability
over these areas can be initiated by diurnally varying low-
level atmospheric thermal advection (e.g. Ramage, 1952;
Chen et al., 2010), radiative cooling at the top of the cloud
(e.g. Gray and Jacobson, 1977; Chen et al., 2010), and
convergence of surface wind and water vapor flux (e.g. Wai
et al., 1996; Chen et al., 1999). Here, we propose that all
these mechanisms have impacts on the formation of the
early-morning maximum Psgc as well.

The periodic incoming solar heating in the atmosphere
generates global tidal waves which can be revealed from
variables such as pressure, wind, temperature, and even
precipitation. The tidal waves evolve with periods of 24 and
12 h and are commonly referred to as the diurnal and semi-
diurnal oscillations respectively (e.g. Wallace and Hartranft,
1969; Hamilton, 1980; Deser and Smith, 1998; Yin et al.,
2009). Because the semi-diurnal harmonic component of
Psgc,i.e. S2(P)sgc, consists of two peaks including one in the
early morning (explained later in Figure 2(c)), we further
hypothesize that the physical mechanisms involved for the
formation of S2(P)sgc are important and non-negligible for
the occurrence of an early-morning maximum Pggc.

The main objective of this study is to examine
these hypotheses, which are important because a proper
conceptual model for the formation of early-morning
maximum Psgc and S2(P)sgc that contributes ~30% of
the total variability of Psgc within a day (explained later
in Figure 2(c)) can have significant implications regarding
the improvement of weather and climate simulations over
SEC. Analyses are performed based on data introduced in
section 2. Results are presented in sections 3—5, followed by
a summary in section 6.

2. Dataand methodology

The analyses utilize meteorological data extracted from the
3-hourly GEOS5 (Goddard Earth Observing System Model
Version 5; Rienecker et al., 2008) reanalyses because it gives
a higher sampling rate for both the diurnal and semi-
diurnal harmonics than other 6-hourly reanalyses (Dai
and Deser, 1999; Chen, 2005). The spatial resolution of
GEOSS5 is 0.667° longitude x 0.5° latitude (about 66.7 km
in longitude x 50 km in latitude, a scale smaller than that
of a typical local land—sea breeze ~100 km) which provides
a good depiction of the regional diurnal wind variation
(Huang et al., 2010). The precipitation analysis uses the
TRMM (Tropical Rainfall Measuring Mission; Simpson
et al., 1996) 3G68 2B31 dataset because it uses both passive
and active microwave data to produce the best rain estimate
for TRMM (Haddad et al., 1997a, 1997b), which has been
shown to resemble rain gauge observations, with a good
representation of the diurnal rainfall variability (Hong et al.,
2005; Zhou et al., 2008; Chen et al., 2009). In addition,
lightning activities extracted from the TRMM LIS/OTD
Climatology production (hereafter, LIS) are also examined.
The spatial and temporal resolutions of TRMM-3G68, LIS
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Figure 2. Power spectrum analyses of (a) hourly precipitation over SEC, i.e. Psgc, and (b) 2-hourly lightning activity over SEC, i.e. LISsgc, during the
1998-2009 summer periods. (c) Temporal variations of JJA mean hourly Psgc anomalies (A: thick grey solid line) and its associated diurnal harmonic
(S1: dotted line), semi-diurnal harmonic (S2; long dash line), and a combination of diurnal and semi-diurnal harmonics (S1 + S2; thin solid line with
open circles). (d) Similar to (c), but for the temporal variations of ALISsgc and its related harmonic modes.

are 0.5° x 0.5°, 0.5° x 0.5° respectively and 1-hourly, 2-
hourly respectively. The time period of study is summer
from 1998 to 2009 (June, July, and August).

In this study, SEC is defined as an area covering
(110—118°E, 21-25°N). Kikuchi and Wang (2008) identi-
fied three different rainfall regimes based on the amplitude,
peak time, and phase propagation characteristics of diur-
nal precipitation. Here we note from a longitude—time
diagram of rainfall averaged between 21°N and 25°N (not
shown) that the areabetween (110—115°E, 21-25°N), which
shows no or only a little landward phase propagation, can
be identified as the continental rainfall regime based on
Kikuchi and Wang’s (2008) definition. The rest of the SEC
area (115—118°E, 21-25°N) belongs to the coastal rainfall
regime, with a large portion of landward phase propagation
and a very small portion of seaward phase propagation.
Kikuchi and Wang (2008) suggested that the maximum
rainfall over the continental regime occurs in the afternoon
(1500—1800 h) and over the landward coastal regime from
noon to evening (1200-2100 h). Consistent with this sug-
gestion, it is shown in Figure 1(c) that the maximum Psgc
occurs at 1700 h.

Copyright (© 2011 Royal Meteorological Society

Hereafter, local time in SEC is universal time (UTC) +
8 h, e.g. 0800 h is 0000 UTC. Anomalies of a given variable
ata specific synoptic time step (e.g. 0000 UTC) are computed
by subtracting the daily means from available hourly
observations. The diurnal and semi-diurnal harmonic
components of anomaly variables are obtained by Fourier
analysis. The anomalies, diurnal (i.e. first harmonic) and
semi-diurnal (i.e. second harmonic) cycles of a given variable
X are denoted by AX, S1(X) and S2(X), respectively.

3. General characteristics of diurnal variations over SEC

It is clear from Figure 1(c) that the summer hourly
precipitation area-averaged over SEC, i.e. Psgc, has a pri-
mary maximum value in the afternoon at 1700 h (universal
time 0900 UTC), a minimum value during 0000-0100 h
(1600—1700 UTC), and a minor peak in the early morning
at 0500 h (2100 UTC). Such a temporal evolution is also
revealed in the lightning activities area-averaged over the
same domain (LISggc; Figure 1(c)), confirming the times of
the occurrence of two rainfall peaks. Power spectrum analy-
ses of APgsgc and ALISggc variations during the 1998—-2009
summer periods also show the diurnal and semi-diurnal
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as the two dominant oscillation periods (Figure 2(a) and
(b) respectively). Yin et al. (2009) suggested that the hourly
rainfall records from 62 selected rain gauges over China can
be well explained by their S1 and S2 harmonics with a 90%
confidence threshold. Consistent with Yin et al. (2009), it
is found that ~97% and 98% of the variance of APsgc and
ALISggc respectively (thick grey solid line in Figure 2(c) and
(d) respectively) is explained by the variance of their combin-
ing S1 and S2 harmonics (thin solid line with open circles).
In addition, it is also noted from Figure 2(c) and (d) that the
variance of S2(P)sgc and S2(LIS)sgc contributes to ~30%
and 35% of the variance of APgspc and ALISggc respectively.

As seen from Figure 2(c), the occurrence of afternoon
rainfall maximum over SEC is mainly determined by the
variation in S1(P)sgc, which has a maximum value at 1700 h
and a minimum value at 0500 h. In contrast to S1(P)sgc,
the maximum value of S2(P)sgc appears at both 1700 and
0500 h. The variation of S2(P)sgc therefore likely plays an
important role in affecting the formation of two rainfall
peaks in Figure 1(c). In other words, if the contribution of
S2(P)sgc to APsgc is ignored, the magnitude of primary
rainfall peak at 1700 h is underestimated and there is no
minor rainfall peak at 0500 h. Despite its importance, phys-
ical mechanisms responsible for causing S2(P)sgc have
rarely been discussed, as compared to that for producing
S1(P)sgc. Thisis probably due to a concern that the temporal
resolution of the reanalysis data used by previous studies
(e.g. Li et al., 2008; Chen et al., 2009) is generally 6-hourly,
which might not be adequate for depicting the S2 signal.

To explain the variation of APsgc, characteristics of
the atmospheric dynamical and thermal conditions varying
within a day are studied. Dynamically, the low-level diurnal
wind variation, which can be estimated from the JJA mean of
925 hPa wind anomalies denoted by A[V(925 hPa)] at four
selected synoptic time steps (Figure 3(a)), is an important
factor in affecting the diurnal rainfall variation (Deser
and Smith, 1998; Dai and Deser, 1999). Yu et al. (2009)
investigated the wind anomalies over central eastern China
and proposed that the anomalous wind vectors exhibit
clockwise rotation diurnally, as shown in Figure 3(a), which
is likely related to the formation of a low-level jet that helps
the generation of the nocturnal rainfall in the Yangtze River
region (Chen et al., 2010). Because land has a smaller specific
heat capacity than sea, solar heating during the daytime (e.g.
1700 h/0900 UTC) tends to make the atmosphere over land
warmer than that over the ocean (e.g. Figure 3(b)), whereas
radiative cooling during the night leads to the former being
cooler than the latter (not shown). Huang et al. (2010)
noted that such a land—sea differential heating during the
daytime helps the introduction of a local sea breeze along the
EA coastline which apparently couples with the global-scale
diurnal atmospheric pressure tidal wave and, in turn, forms
a planetary-scale sea breeze-like circulation over EA and the
western North Pacific (Figure 3(b); see also Huang et al.,
2010).

The large-scale sea breeze-like circulation shown in
Figure 3(b) is found to be dominated by its diurnal
component (not shown), which explains more than 80%
of the total variability of the zonal wind speed, based on
the spatial variance of S1[1(925 hPa)] divided by that of
A[u(925 hPa)] over the entire domain of Figure 3(b). The
spatial distribution of S1[V(925 hPa)] at 1700 h (0900 UTC;
Figure 3(b)) can further lead to strong low-level convergence
into SEC (Figure 3(c)), matching well with the occurrence
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of maximum S1(P)sgc in the afternoon. Further evidence
regarding the atmospheric thermodynamic condition in
response to the cause of the afternoon rainfall peak over SEC
isrevealed from S1(96,/dp), the diurnal mode of moist static
instability induced by the vertical differential of equivalent
potential temperature 6,. As seen from Figure 3(d), the
areas with positive S1(96,/dp) are distributed over SEC,
indicating an unstable environment with active ascending
motion suitable for the occurrence of an afternoon rainfall
maximum over SEC at 1700 h (e.g. Huang et al., 2010).

Because the characteristics of the S1 harmonic of
atmospheric thermodynamic conditions over SEC at 1700 h
(Figure 3(c) and (d)) are opposite to those observed at 0500 h
(2100 UTGC; Figure 3(e) and (f)), other forcing mechanisms
different from the solar heating must exist to make the
environment relatively unstable at 0500 h compared with
other hours without solar heating in order to produce the
early morning peak of Psgc. As seen from Figure 3(a), SEC
is located on the east side of the Tibetan Plateau, where
the enhancement of southerly wind anomalies appears at
0200 h (i.e. 1800 UTC) before the formation of the early-
morning rainfall peak. The diurnally varying low-level
thermal advection therefore likely plays a role in affecting the
early-morning instability over SEC, as hypothesized earlier.
To verify this argument, a diagnosis of the atmospheric heat
budget is performed next.

4. Diagnosis of atmospheric heat budget

A typical heat budget equation can be expressed as (e.g. Wei
et al., 1983; Holton, 1992)

T )
= 9 +ow +(=V-VT
——

— (1)
Jt Cp ——

~—~ —— VA HA
DT DIA

where V, T, o, w, Q and ¢p are the horizontal wind velocity,
atmospheric temperature, static stability, p-vertical velocity,
diabatic heating, and specific heat with constant pressure.
Equation (1) consists of a temperature tendency term (DT),
a diabatic heating term (DIA), a vertical thermal advection
term (VA), and a horizontal thermal advection term (HA).
Using these terms, temperature variations at a specific time
step can be reconstructed by integrating Eq. (1):

t
T= / [DIA + VA + HA] dt = TP 4 TVA 4 THA
t—3h
(2)

where TPIA TVA and THA represent temperature changes
induced by the DIA, VA, and HA terms respectively. With
the temporal resolution of GEOS5, a 3 h time interval is used
in Eq. (2) for the time integration.

Based on Eq. (1), the anomalies, S1, and S2 harmonics of
three heating terms (i.e. DIA, VA, and HA) are computed
to study the changes in atmospheric thermal condition
within a day. The VA and HA terms are calculated directly
from the GEOSS5 reanalysis data, whereas the DIA term is
obtained as a residual (Chen et al., 2010). According to
Eq. (2), the atmospheric thermal condition over SEC in the
early morning at 0500 h/2100 UTC can be inferred from
the variations of three heating terms at 0200 h/1800 UTC.
It is found that over SEC at 1800 UTC the amplitude of

Q. J. R. Meteorol. Soc. (2011)
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Figure 3. (a) JJA mean of 925 hPa wind anomalies at four selected time steps: 0000, 0600, 1200, and 1800 UTC. (b) Anomalies of 925 hPa wind (vectors)
and temperature (shaded) at 0900 UTC (i.e. 1700 h for SEC). (c) S1 harmonic of 925 hPa wind convergence, i.e. S1(—V - V), superimposed with
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—w) (vectors) averaged between 21°N and 25°N at 0900 UTC. The color scale of (b) and (¢, d) is given at top right and

bottom right, respectively. The contour interval of (c) and (d) is 5 x 107 s~ and 0.1°C. (e) and (f) are similar to (c) and (d) respectively but for the

2100 UTC (i.e. 0500 h for SEC).

S1[VA(925 hPa)] (Figure 4(b)) and S1[HA(925-hPa)]
(Figure 4(c)) are two orders larger than their related
S2 harmonics (not shown). For this reason, only the S1
harmonics of three heating terms at 1800 UTC are presented
in Figure 4(a)—(c) for a detailed discussion. The S2 harmonic
of the DIA term is discussed in section 5.

It can beinferred from Figure 4(a) and Eq. (2) that the vari-
ations in S1[DIA(925 hPa)] at 1800 UTC would decrease the
low-level atmospheric temperature over SEC at 2100 UTC,
i.e. S1(TP™)sgc < 0. Examples of diabatic processes related
to the changes in S1[DIA(925-hPa)] include solar or terres-
trial radiation and the release of latent heat (Holton, 1992).
In contrast with Figure 4(a), low-level warm air advection
with positive values of SI[HA(925 hPa)] is revealed over
SEC (Figure 4(c)), implying an increase in atmospheric
temperature at 2100 UTC, i.e. S1(TP™)sgc > 0. Such a pos-
itive SI[HA(925 hPa)] over SEC appears at 1800 UTC when
land is cooler than sea and the wind with strong southerly
wind speed is flowing from the warmer South China Sea
(hereafter, SCS) to the cooler SEC, whereas the values of

Copyright (© 2011 Royal Meteorological Society

S1[HA(925 hPa)] over the SCS are negative (Figure 4(c))
because not only is heat being advected away from this
region towards the SEC but also there is some advection
from the cooler Indochina Peninsula to the SCS.

A comparison between Figure 4(a)—(c) indicates that
the impact of S1[VA(925 hPa)] on the early-morning
temperature change over SEC can be ignored because it
is at least one order of magnitude smaller than the other
two heating terms. Among Figure 4(a)—(c), S1(HA) seems
to be the one which is able to reduce the early-morning
atmospheric stability caused by S1(DIA). This argument is
clarified further by examining the temporal evolution of
multi-level S1(HA) area-averaged over SEC (i.e. S1(HA)ggc;
Figure 4(d)). It is noted that the occurrence of maximum
low-level warm air advection is in conjunction with the
occurrence of an upper-level cold air advection at 1800 UTC
(Figure 4(d)). Such a low-level warming and upper-level
cooling feature implies that thermal stability at 2100 UTC
is reduced by the diurnally varying thermal advection at
1800 UTC.

Q. J. R. Meteorol. Soc. (2011)
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In addition to the diurnally varying thermal advection
which affects S1(TH4), variations in cloud radiative heating/
cooling and water vapor convergence are two other
hypothsized mechanisms for causing the early-morning
rainfall over SEC. Analogous to Eq. (1), the atmospheric
temperature change over SEC in the early morning is
rewritten as

AT = SI(T) + S2(T)
= S1(TP™) + S1(TH) + s1(TV?)
+ $2(TP™) 4 $2(THA) 4 S2(TVA)

~ SI(TPM) + S1(THA) + S2(TP™) (3)
In Eq. (3), the contributions of S1(TVA), S2(TVA), and
S2(THA) to AT at 2100 UTC are ignored based on a scale
analysis. It is known that radiative heating/cooling is one
of the major diabatic processes included in the DIA term
(Holton, 1992). As inferred from Eq. (3) and Figure 2(c),
the hydrological circulation change in response to the S1
harmonic of radiative heating/cooling should be important
to the formation of afternoon rainfall maximum over
SEC, whereas that in response to the S2 harmonic of
radiative heating/cooling might be important in affecting
early-morning rainfall peak over SEC. Evidence supporting
this argument are presented in the next section.
5. Diagnosis of hydrological cycle—radiation interaction
Several processes including radiative heating/cooling, asso-
ciated change of static stability, and land—ocean processes
that have been proposed in the published literature as
mechanisms for the early-morning maximum in rainfall

Copyright (©) 2011 Royal Meteorological Society

(d) is given at top right. The contour interval of (d) is 0.1°C d ™.

were documented in Yang and Smith (2006). Gray and
Jacobson (1977) examined possible causes of morning rain-
fall maximum associated with deep cumulus convections
in the western Pacific ocean and suggested that the tro-
pospheric radiative cooling between the deep convective
system and its surrounding cloud-free region is the main
reason. Following Gray and Jacobson (1977), the influence
of radiative heating/cooling on modulating the variation
of Psgc is examined through comparing the difference in
temperature changes induced by the net radiation (denoted
by TR) between SEC and SCS. The selection of SCS (dash
boxed areas in Figure 4) is based on the fact that the moist air
mass over SEC mainly comes from SCS during the summer
months (Ding, 2004). In this study, TR is obtained through
the following equation:
[ } dt

™= / t
t—3h

where (3T%V/0t) and (3T"W/dt), which represent the
temperature tendency due to shortwave and longwave
radiation respectively, are directly extracted from the GEOS5
datasets. The 3-hourly anomalies, S1 and S2 harmonics of TR
area-averaged over SEC and SCS, are computed and results
at four selected synoptic time steps [0300, 0900, 1500, and
2100 UTC, including times of S1(TR) and S2(TR) peaks, are
shown in Figure 5.

Previous studies indicated that the land—sea differential
radiative heating/cooling has a significant implication in
modulating the diurnal rainfall variation over SEC (e.g.
Ramage, 1952). As seen in Figure 5(a), the difference in
A(TR) between SEC and SCS [hereafter, A(TR)spc_scs]
reaches its maximum value at 0900 UTC because land is

aTLW
at

aTSW
at

(4)
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Figure 5. JJA mean of (a) anomalies, (b) diurnal harmonic, and (¢) semi-
diurnal harmonic of temperature changes induced by net radiative
heating/cooling, i.e. TR, area-averaged over SEC (solid line) and over
SCS (dotted line) at 0300, 0900, 1500, and 2100 UTC. The domain of SEC
and SCS is denoted by boxed areas in Figure 4. The dark-grey areas in
(a)—(c) indicate that the variation of (TR )sgc is larger than (TR )scs, whereas

the light-grey areas indicate that the former is smaller than the latter. The
unit of TR is°C.

heating faster than sea during the daytime. About 75% of
the low-level land—sea differential radiative heating, in terms
of A[TR (925 hPa)]sgc—_scs, at 0900 UTC is attributed to
its S1 component (Figure 5(b)), close to the percentage of
S1(P)sgc in explaining the variation of A(P)sgc at the
same time step (Figure 2(c)). Because a larger vertical
decreasing rate of S1(TR) between 925 and 850 hPa is
revealed at 0900 UTC over SEC than SCS (Figure 5(b)), a
larger thermal instability with more ascending motion is
likely to be observed over SEC in the afternoon. This
implication is verified in Figure 3(c), showing that the
magnitude of the S1 harmonics of low-level wind conver-
gence and precipitation at 0900 UTC over SEC is much
larger than those over SCS.

In contrast to the temporal evolution of S1(T®)sgc_scs,
it is noted from Figure 5(c) that the low-level S2(T®)sgc is
warmer than S2(TR)scs at both 0900 and 2100 UTC. Such
a low-level thermal gradient between SEC and SCS likely
leads to a circulation with upward motions over SEC and
downward motions over SCS and, in turn, forms an S2(P)sgc
peak at 0900 and 2100 UTC. This inference is examined
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further based on the horizontal distribution of S2(P) at
2100 UTC (Figure 6(a)). It is noted from Figure 6(a) that a
larger amount of S2(P) is observed over SEC than over
SCS, suggesting that the local convection is much deeper
over SEC than over SCS. Other evidence for supporting
that change in S2(TR) can induce a relatively unstable
environment over SEC than over SCSat2100 UTCisrevealed
from a comparison between the thermal instability induced
by the vertical differential S2(TR)sgc (i.e. S2(dTR/dp)skc,
where p is pressure) and vertical differential S2(TR)scs (i.e.
S2(dTR/dp)scs). In general, a greater infrared cooling at the
cloud top than at the cloud base can result in destabilization
of the atmosphere (Lau et al., 1998). In other words, a larger
magnitude of S2(dTR/dp) would imply a more unstable
environment. According to Figure 5(c), the magnitude of
S2(dTR/dp) at 2100 UTC for the difference between upper
level (e.g. 300 hPa) and lower level (e.g. 925 hPa) is larger
over SEC than over SCS, confirming that SEC is relatively
unstable compared to SCS at 2100 UTC.

Note that, consistent with the difference between
S1(P)spc and S2(P)sgc (see Figure 2(c)), the magnitude
of SZ(TR)SEC_SCS is also about half that of SI(TR)SEC_scs.
It is shown in Figure 2(c) that, even though the magnitude
of S2(P)sgc is smaller than S1(P)sgc, the evolution of
S2(P)spc prevents the rainfall decreasing from S1(P)sgc
and contributes most to a relative increase in rainfall at
0500h/2100 UTC. On the other hand, it should be also noted
that much of the change in radiative heating/cooling might
occur as a result of increased (relatively) convection in the
early morning over SEC that is originally driven by thermal
advection. Because the change in radiative heating/cooling
would likely encourage relatively more convection, there
might be a positive radiative—convection feedback over
SEC. A crucial part of this mechanism occurring at night is
the lack of solar absorption to offset cloud top cooling.

Finally, to complete the examination of hydrological
cycle—radiation interaction, we explain the maintenance
of rainfall variation by diagnosing the following water vapor
budget equation:

P=E+(-V-Q) oW
—p+ v @+ (-2)

(5)
where W, V - Q, P and E are respectively total precipitable
water, convergence/divergence of the vertical-integrated
vapor flux, precipitation and evaporation. Chen (2005)
suggested that rainfall over EA is maintained by the water
vapor supply through the convergence of water vapor flux
(i.e. P~ (—V -Q)]. Huang et al. (2010) examined the S1
harmonic of hydrological circulation over SEC and indicated
further that the amplitude of S1(P)sgc and S1(—V - Q)sgc
is about one order larger than the amplitude of S1(E)sgc
and S1(—0W/dt)sgc. In addition, because the correlation
coefficient (hereafter, o) between the temporal variation
of S1(P)sgc and S1(—V - Q)sgc is very high (i.e. 0~0.94
in summer), it has been suggested that the evolution of
S1(P)spc follows that of S1(—V -Q)sgc (Huang et al.,
2010). In this study, we focus on how S2(P)sgc, i.e. the
important factor for the formation of the early-morning
rainfall peak over SEC, is maintained. It is noted that
the temporal evolution of S2(P)sec (Figure 2(c)) follows
that of S2(—V - Q)sgc (Figure 6(c)), suggesting that they
are closely related to each other (6~0.91). As seen from
Figure 6(b), S2(—V - Q)sgc contributes much more than
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Figure 6. (a) JJA mean of S2(P) (shaded) superimposed with the S2 harmonic (contours) of convergence of water vapor flux (—V - Q) at 2100 UTC
(0500 h). The color scale of (a) is shown at bottom right. Vectors of convergence of water vapor flux are added in (a). The contour interval of S2(—V - Q)
is 2 x 1072 mm h~!. (b) Water vapor budget analysis for the maintenance of S2(P)sgc at 2100 UTC. (c) Similar to Figure 2(c), but for the temporal

variations of (—V - Q)sgc.

S2(—dW/dt)sgc and S2(E)sgc to the maintenance of
S2(P)spc at 2100 UTC. Most importantly, it is found that
the S2 harmonic of hydrological circulation, which shows
the water vapor transporting from SCS to SEC in the early
morning (Figure 6(c)), is in response to the S2 harmonic of
land—sea differential radiative heating/cooling between SEC
and SCS (Figure 5(c)), as discussed earlier.

6. Conclusion

During the summer months, the diurnal rainfall variation
over SEC frequently consists of a major peak at 1700 h (i.e.
0900 UTC) and a minor peak at 0500 h (i.e. 2100 UTC).
In this study, we note that the variation of SI1(P)sgc
determines the time of the occurrence of afternoon rainfall
peak over SEC, whereas the variation of S2(P)sgc controls
the occurrence of early-morning rainfall peak over SEC.
Analyses of various datasets have been performed to identify
the possible mechanisms for the establishment of this early-
morning maximum. The results are depicted in Figure 7 and
summarized below.

Copyright (© 2011 Royal Meteorological Society

A diagnosis of the atmospheric heat budget indicates
that the air is flowing from the warmer SCS to the cooler
SEC at late night (i.e. 0200 h/1800 UTC), which tends to
increase the low-level atmospheric temperature over SEC
in the early morning (i.e. 0500 h/2100 UTC). Such a low-
level thermal advection warming is generally coupled with
an upper-level thermal advection cooling (item 1 in Figure 7)
and, in turn, reduces the atmospheric thermal stability in
the early morning over SEC. In addition to the diurnally
varying vertical differential thermal advection, we find that
the land—sea difference of the S2 harmonic of radiative
heating/cooling between SEC and SCS (item 2 in Figure 7) is
another important factor for increasing the early-morning
thermal instability. Computation of the S2 harmonic of
water vapor budget further suggests that the early-morning
rainfall over SEC is mainly maintained by the convergence
of water vapor flux transporting from SCS to SEC (item
3 in Figure 7). Among these three mechanisms (items
1-3), thermal advection can be seen as the main driving
mechanism for the early-morning peak in rainfall and the
other two mechanisms can be seen as subsequent positive
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The formation of early morning maximum rainfall over SEC
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Figure 7. Schematic diagram illustrating the formation of early-morning maximum rainfall over SEC induced by the late-night vertical differential
thermal advection (item 1), S2 harmonic of land—sea differential radiation heating/cooling between SEC and SCS (item 2), and S2 harmonic of land—sea
differential water vapor flux convergence/divergence between SEC and SCS (item 3). Modulated by these three mechanisms, the atmospheric temperature
above SEC at 0500 h/2100 UTC is relatively unstable compared to other hours without solar heating (item 4). These relatively unstable atmospheric
conditions correspond to the maximum value of S2(P) over SEC in the early morning.

feedback mechanisms which occur as a result of the initial
increase in convective instability (or reduction in stability)
over SEC. Modulated by these three mechanisms, the
atmospheric air above SEC is relatively unstable at 2100 UTC
compared with other times without solar heating and, in
turn, leads to a minor rainfall peak at 2100 UTC. Because the
diurnal rainfall over SEC varies seasonally (Li et al., 2008),
a future study is necessary to clarify whether our proposed
mechanisms have any seasonal difference.
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