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ABSTRACT

Using hourly rain gauge records and Tropical Rainfall Measuring Mission 3B42 from 1998 to 2006, the
authors present an analysis of the diurnal characteristics of summer rainfall over subtropical East Asia. The
study shows that there are four different regimes of distinct diurnal variation of rainfall in both the rain gauge
and the satellite data. They are located over the Tibetan Plateau with late-afternoon and midnight peaks, in
the western China plain with midnight to early-morning peaks, in the eastern China plain with double peaks in
late afternoon and early morning, and over the East China Sea with an early-morning peak. No propagation of
diurnal phases is found from the land to the ocean across the coastlines. The different diurnal regimes are
highly correlated with the inhomogeneous underlying surface, such as the plateau, plain, and ocean, with
physical mechanisms consistent with the large-scale ‘“mountain—valley” and “land-sea” breezes and con-
vective instability. These diurnal characteristics over subtropical East Asia can be used as diagnostic metrics
to evaluate the physical parameterization and hydrological cycle of climate models over East Asia.

1. Introduction

Previous studies have shown that the complex topo-
graphic effect can result in distinctive—even unique—
climate features over subtropical East Asia, such as the
largest midlevel cloud cover of continental stratus in early
spring (Yu et al. 2004) and the distinct mei-yu frontal
zone during summer monsoon season (Ding 1992). Di-
urnal variability of rainfall is also an important aspect of
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regional climate (Yang and Slingo 2001) and has been
extensively studied for several decades. The inhomoge-
neous surface types over subtropical East Asia, such as
plateau, plain, basin, and sea (Fig. 1), cause robust regional-
scale diurnal features of summer rainfall. Understanding
these features and the underlying physical mechanisms
is not only important to predicting regional precipitation
events but also valuable as a powerful tool to identifying
and correcting model deficiencies (Lin et al. 2000;
Trenberth et al. 2003).

Studies on precipitation diurnal variation over sub-
tropical East Asia can be traced back to several decades
ago. Early literature employing limited rain gauge data
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FIG. 1. Surface elevation (shaded, m) over subtropical East Asia,
together with locations of the 394 rain gauge stations (black squares
and one triangle) used in this study. The triangle represents the
Chongming Island station. The four subregions are outlined for
regional average.

reported dominant nocturnal rainfall over the Tibetan
Plateau (Ye and Gao 1979) and the Sichuan basin (Lu
1942). Ramage (1952) found significant afternoon peak
at stations of inland China but early-morning maximum
on several islands along the coastline of China, Japan, and
Korea. In addition, other studies have also reported about
rainfall diurnal variations of China based on data of lim-
ited regions or periods (Wang et al. 2004; Fujinami et al.
2005; Zhao et al. 2005).

Using records from 706 rain gauges, Yu et al. (2007b)
carried out a comprehensive analysis of rainfall vari-
ability over the contiguous China and pointed out that
summer precipitation has distinct diurnal variations with
considerable regional features. Over the southern inland
and northeastern China, summer rainfall peaks in late
afternoon. The late-afternoon rainfall peak over the land
areas can be explained by the diurnal variation of low-
level atmospheric instability caused by solar heating.
Meanwhile, the afternoon prevailing sea breeze, against
the mountains in southern China, results in low-level con-
vergence and more water vapor, which also contributes
to the late-afternoon rainfall maximum in that area (Yu
et al. 2009). Rainfall in southwestern China presents pri-
mary midnight and early-morning diurnal peaks, which
were also recognized in other studies using both station
records (Lu 1942; Johnson et al. 1993; Peng et al. 1994;
Yin et al. 2009; Wang et al. 2011) and satellite observa-
tions (Zhou et al. 2008; Chen et al. 2009; Xu and Zipser
2011). In central eastern China, the rain gauge data in-
dicate that there are no uniform diurnal peaks across
different stations (Yu et al. 2007b; He and Zhang 2010),
and that the regionally averaged rainfall has two com-
parable diurnal peaks; one in the late afternoon and the
other in the early morning (Yu et al. 2007b). The physical
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mechanisms behind the prevailing nocturnal rainfall peak
have not been clearly understood up to now. The noctur-
nal rainfall over southwestern China is shown to be partly
related to the radiative cooling at the cloud top during
night (Lin et al. 2000) and to the diurnal clockwise rotation
of the lower-tropospheric circulation, especially the ac-
celerated nocturnal southwesterlies (Chen et al. 2010). The
early-morning rainfall peaks over eastern China are found
to mainly exist in the active summer monsoon period,
whereas the late-afternoon rainfall peaks dominate in the
break period (Yuan et al. 2010).

There are few comprehensive studies on the rainfall
diurnal variation over the oceans around China. Studies
are usually confined to areas such as the South China Sea
(Ohsawa et al. 2001; Lu and Xu 2007; Aves and Johnson
2008; Li et al. 2010) or to the several islands of China and
Japan (Ramage 1952). Most of the studies reported a
dominant early-morning diurnal peak in the oceanic areas
and a propagating signal from the southern coastline of
mainland China to the northern South China Sea south-
eastwardly. The rainfall diurnal features over the East
China Sea have not been investigated in the past.

As studies based on in situ (rain gauge, radar) datasets
were always restricted by some type of spatial or tem-
poral sampling limitation, more and more studies of the
diurnal variability of rainfall prefer to using satellite data.
Numerous studies have proved that satellite observations
present comparable diurnal features with the station rain
gauges over global or regional areas and provide a great
opportunity to comprehensively understand the diurnal
precipitation processes, especially over the oceans (e.g.,
Yang and Slingo 2001; Yang and Smith 2006; Huffman
etal. 2007; Dai et al. 2007). Based on the intercomparison
of the rainfall diurnal features between the rain gauge and
satellite data, the objective of this study is to show four
distinct regimes of diurnal features of summer rainfall
over subtropical East Asia, including the features over
the subtropical seas and the Tibetan Plateau, which have
not been fully understood before. Specifically, we iden-
tified four different regimes of diurnal rainfall variation
with different underlying surface types or elevations and
diurnal features, which are represented by the four boxes
in Fig. 1. These are the Tibetan Plateau (TP), defined to
be the most elevated region (28°-35°N, 90°~100°E) with a
mean elevation of 4452 m; the western plain (28°-35°N,
103°~109°E) and the eastern plain (28°-35°N, 112°~120°E)
with mean elevations of 1203 and 135 m, respectively, and
distinct diurnal variations; and the East China Sea (28°-
35°N, 122°-130°E). The simulations of the diurnal cycles
of the hydrological processes in East Asia are still big
challenges for global and regional climate models (Betts
and Jakob 2002; Dai and Trenberth 2004; Huang et al.
2008; Wang and Zhang 2009). The characterization of the



1 MAY 2012

diurnal rainfall over subtropical East Asia can be used as
metrics in evaluating climate models.

The rest of the paper is organized as follows. Section 2
describes the datasets. Section 3 shows the summer mean
rainfall and low-level circulations. Section 4 shows the
spatial distributions of diurnal peaks over subtropical East
Asia and a comparison of rain gauge and satellite data.
Section 5 highlights the analysis of regional features.
Section 6 presents the diurnal characteristics of summer
rainfall as a function of longitudes. Section 7 discusses the
possible physical mechanisms behind the diurnal features
over the four regimes. The summary and concluding re-
marks are given in section 8.

2. Data

Hourly rain gauge data (Gdata) from 394 stations are
used in this study, which were collected and compiled by
the National Meteorological Information Centre (NMIC)
of the China Meteorological Administration (Yuan et al.
2010). The records of rain gauge data were made by si-
phon or tipping-bucket rain gauges and were collected
automatically by computer. The dataset has been quality
controlled by NMIC, which consists of a climatological
limit value test, a station extreme value test, and an in-
ternal consistency test. Additionally, these hourly data
have been compared with daily rainfall data, which are
observed by rain gauge glass, and records that have large
discrepancy between the two datasets have been re-
garded as missing values. Detailed information can be
found in Li et al. (2011). Of the 394 stations, 83% have
more than 700 days of records without missing values.
The locations of the stations are shown in Fig. 1.

The Tropical Rainfall Measuring Mission (TRMM)
3B42 (3 hourly, 0.25°) precipitation data are also used in
this study (Huffman et al. 2007). This dataset was cre-
ated by blending passive microwave data collected by
the TRMM Microwave Image (TMI), the Special Sensor
Microwave Imager, the Advanced Microwave Scanning
Radiometer for Earth Observing System, the Advanced
Microwave Sounding Unit B, and the infrared (IR) data
collected by the international constellation of geosyn-
chronous earth-orbit satellites based on calibration by the
precipitation estimate of the TMI and precipitation ra-
dar (PR) combined algorithm. When there are multiple
overpasses in the 3-hourly window for a given grid box,
the average is used. A simple approach has been adopted
to combine the microwave and IR estimates: the physically
based combined microwave estimates (mean values when
multiple overpasses exist in the 3-hourly window) are
taken ‘“‘as is”” where available and the remaining grid
boxes are filled with microwave-calibrated IR estimates.
The current “full” microwave measurement covers about
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80% of the earth’s surface in the latitude band 50°N-S,
and a gauge correction was applied over land (Huffman
et al. 2007).

TRMM PR data (product 2A25) are also used. The
rainfall in 2A25 is classified into three types: convective,
stratiform, and “‘other” (Iguchi et al. 2000). Simply, a
stratiform profile is classified if the PR detects a bright
band near the freezing level in the profile. If no bright
band exists and if any value of radar reflectivity in the
beam exceeds 39 dBZ, then the profile is labeled con-
vective. Exceptions to both convective and stratiform
are labeled as “other” in the dataset. Over subtropical
East Asia, the convective and stratiform rainfall total
more than 90% of the total rainfall amount.

Previous studies have pointed out discrepancies of
diurnal rainfall between rain gauge and TRMM satellite
data in different regions of the world (Wang et al. 2004;
Liu et al. 2009; Dai et al. 2007; Huffman et al. 2007; Sapiano
and Arkin 2009; Kikuchi and Wang 2008). Sorooshian
et al. (2002) used Precipitation Estimation from Remotely
Sensed Information using Artificial Neural Networks
(PERSIANN) and showed that PERSIANN tends to
underestimate rainfall late at night and in the morning
and tends to overestimate rainfall during the afternoon
and evening, when they compare diurnal cycles derived
from PERSIANN and from in situ radar over Brazil.

The ways that satellite and station rain gauges mea-
sure the precipitation are totally different. Techniques
for evaluating precipitation from satellites may be divided
into those based on visible or IR measurements, those
based on passive microwave measurements, and those
based on radar measurements (Kidder and Vonder Haar
1995; Masunaga et al. 2002). Satellite algorithms using
visible and IR techniques provide excellent temporal and
spatial sampling from geostationary orbits, but this tech-
nique relies on the assumption that correspondences exist
between cloud radiances and rain rates. Estimates are
subject to threshold biases and contamination by non-
raining cirrus (Todd et al. 1999). The microwave radiom-
eter affords a more direct inference of precipitation. It
observes the integrated effects of radiation both emitted
from the surface and hydrometeors and scattered by solid
hydrometeors. The main source of attenuation of micro-
wave radiation is scattering due to ice or liquid hydro-
meteors. The microwave measurements are affected by
surface emissivity and sampling biases. The rain gauge
observation is mostly reliable, which directly measures
surface precipitation. But it has the major disadvantage of
measuring only what is falling within an area tens of cen-
timeters in diameter. Inferences about what might have
fallen in tens of square kilometers around the gauge can
only be made to the extent that what the gauge encounters
is representative of what happened in the surrounding
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area, especially over the regions with complex terrain.
Moreover, gauges in mountain areas are usually situated
in valleys for convenient maintenance and therefore
may not represent the true areal-averaged rainfall that
a satellite sees.

In view of these limitations, we have used both rain
gauge and satellite data. We examine the consistent di-
urnal features in the two datasets, and when they are dif-
ferent, we discuss which one is more reliable.

The Japanese 25-yr Reanalysis (JRA-25; Onogi et al.
2007) is employed to describe the large-scale circulations.
In this paper, we also used the contrast between moist
static energy temperature (7ysg) and saturated moist
static energy temperature (7y;q) computed from JRA-
25 as a measure for the likelihood of moist convection.
The Tnsg is defined as

Tysg = (82 + Lq)/cp + T,

where T is temperature, ¢ is the specific humidity, z is
height, ¢, is the specific heat of air, L is the latent heat of
evaporation, and g is gravitational acceleration; Ty 1S
defined similarly, with g being replaced by the saturated
specific humidity.

All the datasets used are from 1998 to 2006, June—
August. The measurable precipitation is defined here
as =0.1 mm h ™! for both rain gauge and satellite obser-
vations. Following Zhou et al. (2008), the hourly mean
rainfall frequency (intensity) is defined as the percentage
of observational hours having measurable precipitation
(the mean rate in precipitation hours). Four periods
[based on local solar time (LST)] are defined: midnight
(from 2000 to 0200 LST), early morning (from 0200 to
0800 LST), noon (from 0800 to 1400 LST), and late
afternoon (from 1400 to 2000 LST).

3. Summer mean rainfall and low-level circulations

Before analyzing the diurnal cycle of precipitation, the
summer mean rainfall amount and 850-hPa winds in
TRMM 3B42 and JRA-25 are shown at first in Fig. 2.
The 3B42 has the proven ability to capture rainfall dis-
tributions on monthly or longer time scale, especially
over land areas (Huffman et al. 2007; Zhou et al. 2008).

Based on 3B42, summer rainfall over subtropical East
Asia mainly presents two rain belts. One, known as the
subtropical mei-yu/bai-u front, exhibits a zonally elon-
gated structure extending from east China toward the
northwestern Pacific near 30°N, with heavy rainfall along
the Yangtze River (100°~120°E) in China, and extending
over South Korea. The other locates along the southern
slope of the Himalayas to the South China Sea (around
20°N), reflecting the influences of monsoon and tropical
rainfall systems, as well as the topographical effect.
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FIG. 2. Summer (June-August) mean precipitation (unit: mm day ')
and 850-hPa wind fields (unit: m s~ 1) in TRMM 3B42 and JRA-25.

The rainfall distribution is closely related to large-scale
circulation. In the lower troposphere (850 hPa), south-
westerly flow prevails over southeastern China (Fig. 2).
A cyclonic circulation exists in the Upper Yangtze River
valley with significantly reduced wind speed around 30°N.
The combination of the southwest vortex and the low-
level convergence of the warm tropical water vapor
provide a favorable environment to maintain the rainfall
systems along the Yangtze River (Tao and Chen 1987,
Zhou and Yu 2005).

4. Spatial distributions of diurnal peaks over
subtropical East Asia

Figure 3 compares the diurnal peaks derived from sta-
tion data and TRMM 3B42. Orange and red mean the
noon to late-afternoon peaks; blue and green mean the
midnight and early-morning peaks. Summer rainfall over
subtropical East Asia manifests pronounced diurnal var-
iations with considerable regional features.

The rain gauge data shows a uniform nocturnal peak
in rainfall amount at stations over the Tibetan Plateau
(Fig. 3a), which has also been found in previous studies
(Yu et al. 2007b; Yin et al. 2009). However, the satellite
product shows late-afternoon to early-evening rainfall di-
urnal peaks over most of the plateau; the rainfall maxi-
mum around midnight or early morning only exists in the
southeastern periphery of the plateau (Fig. 3b). It has
been pointed out that the afternoon (morning) rainfall in
satellite data tends to be overestimated (underestimated)
over many land areas (Dai et al. 2007; Sapiano and Arkin
2009). The overestimation/underestimation may be related
to the sensitivity/insensitivity of microwave estimates to
the particles with/without ice content and different cloud
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FIG. 3. Spatial distributions of the diurnal peaks of summer rainfall (top) amount, (middle) frequency, and

(bottom) intensity derived from (left) station rain gauge data and (right) TRMM 3B42. The unit vectors denote the
LST of the hourly maximum precipitation. The green (blue) vectors represent the diurnal peaks occurring between
0200 and 0800 (2000 and 0200) LST, and the red (orange) vectors for those peaks occurring between 1400 and 2000

(0800 and 1400) LST. The Yangtze and Yellow Rivers are drawn as black dashed lines.

features in these two periods. Especially over the pla-
teau, which may still be covered by snow even in summer,
the influence of ice scattering may be greater than any-
where else. But based on the following two evidences, we
still argue that the late-afternoon peak should exist in
the area-averaged rainfall diurnal variation over the TP.
First, a recent study by Chen et al. (2012) showed that
rain gauge stations on mountain ridges over the TP from
a field experiment displayed an afternoon diurnal peak
instead of a nocturnal peak as routine stations in valleys.
The 10 meteorological stations over the TP in the present
study, locating in the leftmost box in Fig. 1, are sited
mostly in valleys for easy access and maintenance. The
average elevation of the 10 stations is about 3104 m;

however, the elevation of the surroundings, which is
defined as the grids with the distance to the stations
having less than 1°, is about 4218 m. Second, Singh and
Nakamura (2009), using a very high-resolution (5 km X
5 km) TRMM 2A25 product for a portion of the TP, found
nocturnal diurnal peaks over the TP valleys and late-
afternoon diurnal peaks over the ridges. This is consis-
tent with the analysis by Chen et al. (2012), who use field
experimental data for a smaller domain. The nocturnal
rainfall diurnal peak revealed by the routine station data
should mainly occur in the TP valleys. Based on these re-
sults, we will cautiously characterize the regional averaged
diurnal peaks over the plateau as occurring both in the late-
afternoon and midnight periods. The late-afternoon rainfall
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peak would mainly occur on the mountains over the TP,
while the midnight one in the valleys over the TP. This
relationship of rainfall peak time with surface terrain
over the TP will be also shown later in our analysis.

In southwestern China, the land areas adjacent to the
plateau, significant midnight to early-morning diurnal
peaks of rainfall amount are found, and this feature is
largely consistent between the two datasets (Figs. 3a,b).

In eastern China, the land areas east of 110°E, the late-
afternoon rainfall peaks dominate in both datasets. Early-
morning and midnight diurnal peaks can also been found
at some locations in this region (Figs. 3a,b). The areas
where the rainfall amount has early-morning diurnal
peaks are relatively smaller in 3B42 (Fig. 3b) than those
in Gdata (Fig. 3a). Eastern China has much smooth
terrain, and the density of the stations is much higher
than that of the TP. The topographic effect to the Gdata
should be small. Moreover, there have already been
some explanations of the early-morning rainfall diurnal
peak over this area, which is mostly contributed by the
rainfall with longer duration time (Yu et al. 2007a) and is
closely related to the large-scale forcing (Chen 1983; Chen
etal. 2010; Yuan et al. 2010). Similar differences between
rain gauge and satellite measurements have also been
found in other regions of the world. As pointed out by
previous studies employing data from satellites carrying
IR or microwave radiometers, satellite products tend to
exhibit more afternoon and early-evening rainfall than
that in surface observations averaged over the United
States and tropical land areas (Dai et al. 2007; Huffman
et al. 2007; Sapiano and Arkin 2009; Kikuchi and Wang,
2008). Therefore, we believe that the rainfall over eastern
China is dominated by a late-afternoon peak with a sec-
ondary early-morning peak.

Over the East China Sea, the rainfall amount in the
satellite data is at the hourly maximum around the early
morning (Fig. 3b). The rainfall at some stations along
the coastlines also manifests the early-morning diurnal
peaks (Fig. 3a).

The diurnal variation of precipitation can be from ei-
ther that of precipitation frequency or intensity. The
peak time of frequency (Figs. 3c,d) is found to be gen-
erally consistent with that of rainfall amount. The rain-
fall intensity (Figs. 3e.f) shows less coherent phases in both
rainfall products. For Gdata, diurnal peaks of the fre-
quency occurring in the early morning increase (Fig. 3¢)
when compared with the amount (Fig. 3a), while the in-
tensity has more midnight and noon phases (Fig. 3e) than
rainfall amount (Fig. 3a). The late-afternoon peaks of
rainfall frequency tend to be overestimated in 3B42 (Fig.
3d) relative to Gdata (Fig. 3c). About 60% of the stations
have midnight and early-morning diurnal peaks of fre-
quency in the regions between 28°-35°N and 100°-120°E,
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compared to only 22% of the grids in 3B42. In contrast
to the frequency, the intensity of 3B42 exhibits more
midnight to early-morning maximum (about 67%, Fig.
3f) than that of Gdata (about 44%, Fig. 3e). According
to Zhou et al. (2008), TRMM 3B42 shows larger late-
afternoon frequency and stronger early-morning inten-
sity in central eastern China compared with Gdata. The
discrepancy over central eastern China could be attrib-
uted to the overestimated late-afternoon rainfall and
the underestimated early-morning light rainfall in 3B42
(Yuan et al. 2012). It is likely that the overestimation
or underestimation may also exist in the western plain.
Sanderson et al. (2006) pointed out that the morning rain-
fall has less ice content. The underestimation of morning
rainfall might be due to the lack of sensitivity of microwave
radiation to particles without ice at the frequencies used for
rainfall monitoring. But further studies are required.

5. Regional diurnal features

a. Diurnal features in the three regimes over the land
in the rain gauge and satellite measurements

To further illustrate the diurnal features of rainfall, we
use Fig. 4 to show the hourly rainfall amount, frequency,
and intensity from Gdata (solid lines) and 3B42 (dotted
lines) averaged in the TP, and western and eastern plains.

Over the TP (top row in Fig. 4), the rainfall in Gdata
presents uniform nocturnal diurnal phases in amount,
frequency, and intensity. The intensity peaks earlier at
2100 LST (Fig. 4c), while the frequency is at a maximum
at 0200 LST (Fig. 4b) and the amount peaks at 0000 LST
(Fig. 4a). For 3B42, the diurnal peaks of the rainfall
amount, frequency, and intensity also show similar di-
urnal phases but in the late afternoon. The frequency
(Fig. 4b) peaks at 1500 LST, which is 3 h earlier than the
amount and intensity (Figs. 4a,c).

In the western plain (middle row in Fig. 4), the rainfall
amount of Gdata (Fig. 4d) manifests the significant
nocturnal diurnal peak at about 0300 LST and the
rainfall decreases sharply after sunrise with the mini-
mum at 1400 LST. For 3B42 (Fig. 4d), the variation is
similar to that of Gdata, with the correlation between
the two lines exceeding 0.9. For the rainfall frequency
(Fig. 4e), however, a large discrepancy exists between the
two datasets, with the correlation being only 0.2. Gdata
presents a significant early-morning diurnal peak, while
3B42 has its maximum around 1600 LST with weak am-
plitude. For the intensity (Fig. 4f), Gdata and 3B42 gen-
erally agree with each other, but the diurnal phase in the
satellite product lags that of Gdata by a few hours.

In sharp contrast to the western domain, for the eastern
plain (bottom row in Fig. 4), the rainfall amount (Fig. 4g) in
both Gdata and 3B42 presents a dominate late-afternoon
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FIG. 4. The normalized (by the daily mean) diurnal cycles of summer precipitation (left) amount, (middle) frequency, and (right)
intensity averaged in the (top) TP, (middle) western plain, and (bottom) eastern plain outlined in Fig. 1 from station rain gauge data (solid

lines) and TRMM 3B42 (dotted lines).

diurnal peak. There is a secondary hourly maximum in
the early morning, which is more pronounced in Gdata
than in 3B42. The frequency (Fig. 4h) in gauge data shows
two comparable peaks, with one in the early morning and
the other later in the afternoon. The satellite product only
captures the late-afternoon peak. For the rainfall in-
tensity (Fig. 4i), both datasets exhibit double peaks in the
early morning and late afternoon. But different from the
frequency, the early-morning rainfall intensity in 3B42 is
stronger than that in Gdata. Similar to the western plain,
the correlation coefficient between the two datasets of
rainfall amount is higher than that of both the frequency
and intensity.

b. The rainfall diurnal features over the
East China Sea

In addition to the peak hour shown in Fig. 3, we an-
alyzed the regionally averaged diurnal features of the
rainfall amount, frequency, and intensity (Fig. 5) and the
diurnal characteristics along the coastlines (Fig. 6) over
the East China Sea in this section.

As shown in Fig. 5, the rainfall amount in TRMM
3B42 reaches the maximum at about 0600 LST and the
minimum at 2300 LST. Except for the early-morning peak,
the rainfall frequency over the East China Sea is also el-
evated in the evening. The variation of intensity is rela-
tively small and persists at a high level from midnight to
early afternoon. To validate the results in 3B42, we also
calculate the rainfall diurnal features at Chongming
Island (marked by a triangle in Fig. 1). The rainfall

amount and frequency have the hourly maximum in the
early morning, similar to those in 3B42. The frequency
peaks at 0500 LST, which is 2 h earlier than the rainfall
amount in Gdata. The intensity increases from the early
morning with the peak occurring around 1500 LST and
a secondary diurnal peak occurring at 2300 LST. For the
rainfall amount, frequency, and intensity, the diurnal
variations between 3B42 and Gdata are fairly consistent,
giving us the confidence in the diurnal features derived
from 3B42 over the East China Sea.

Figure 6 illustrates the mean diurnal variations of the
average rainfall amount between 28° and 35°N from
TRMM 3B42 and 2A25, as a function of the distance away
from the coastlines. The x axis represents the distances
to the coastlines (marked by the dashed lines). The neg-
ative values denote the landmass, and the positive values
denote the oceanic areas. The most distinctive feature in
the total rainfall (Fig. 6a) is the dominant late-afternoon
peak over land, but there is a significant early-morning
peak over the seas. It is noted that the diurnal phases
across the coastline do not exhibit propagating charac-
teristics, which is different from the tropical oceans (Yang
and Slingo 2001; Ichikawa and Yasunari 2006; Aves and
Johnson 2008). To identify what kind of rainfall (convec-
tive or stratiform rainfall) mainly contributes to the dif-
ferent diurnal features over the land and sea areas, the
mean diurnal variations of convective and stratiform
rainfall amount derived from TRMM 2A25 are calcu-
lated. As indicated in Fig. 6b, the convective rainfall
shows pronounced late-afternoon peak in the land and
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FIG. 5. The normalized (by the daily mean) diurnal cycles of
summer precipitation amount (solid line), frequency (dashed line),
and intensity (dotted line) averaged (a) over the East China Sea
outlined in Fig. 1 from TRMM 3B42 and (b) at Chongming Island
station marked by a triangle in Fig. 1 from the station rain gauge data.

the diurnal phase shifts to early morning around the
coastlines, while the peak hour of stratiform rainfall does
not vary from the land to the sea (Fig. 6¢). The distinct
diurnal features between different underlying surfaces
are greatly contributed by the convective rainfall.

6. The longitudinal diurnal characteristic of
summer rainfall

On the basis of the significant regional diurnal fea-
tures presented above, the longitudinal diurnal charac-
teristic of rainfall amount, taking subtropical East Asia
as a whole, is illustrated in Fig. 7.

From the TP to the East China Sea, the rainfall amount
averaged between 28° and 35°N shows the eastward-
delayed diurnal phases in both 3B42 (Fig. 7a) and Gdata
(Fig. 7b). The delayed features are most obvious over
the western plain, extending for about 1000 km, while
the diurnal peak shifts to about 1600 LST around 110°E in
3B42, different from 0800 LST in Gdata. According to
Chen et al. (2010), this delayed feature is thought to be due
to the diurnal clockwise rotation of the lower-tropospheric
circulation and is mostly contributed by the rainfall events
lasting longer than 6 h. As the long-duration rainfall ex-
periences coincident movement with the summer mon-
soon circulations (Yuan et al. 2010), the delayed features
would also experience variations in the subseasonal time
scale (Xu and Zipser 2011). Over the whole TP, the
rainfall in both datasets presents uniform phases, while
the peak time in Gdata lags that in 3B42 by about 4 h.
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The secondary peak in the early morning over the eastern
plain is absent in 3B42. A sharp contrast in the diurnal
phases between the land and sea areas is obvious in both
datasets, and no propagating features are found (Fig. 7a).

In Gdata, the rainfall frequency (Fig. 7d) shows a sim-
ilar phase-delayed feature as that in the rainfall amount
(Fig. 7b), but with a much stronger early-morning rainfall
peak over the eastern plain. Although the feature of rainfall
amount in 3B42 is generally similar to that in Gdata, the
phase-delayed feature is almost obscured in the frequency
(Fig. 7¢), as the midnight and early-morning rainfall fre-
quencies in the western plain are underestimated in 3B42
(Figs. 3, 4). The late-afternoon diurnal rainfall maximum
persists from the TP to the coastline (Fig. 7¢). If em-
ploying 3B42 for diurnal analyses over East Asia, more
cautions should be given when using the features in fre-
quency and intensity. As the rainfall intensity exhibits less
coherent diurnal phases in both Gdata and 3B42, the full
diurnal characteristic is weaker than that of rainfall amount
and frequency (figure not shown).

So, we summarize the full diurnal features of subtropical
East Asia (Fig. 8) as follows: in the TP, rainfall occurs in
the late afternoon (as shown in 3B42) and at midnight
(as shown in Gdata); from the TP to the western plain, the
diurnal peak delays from midnight to early morning; when
moving to the eastern plain, late-afternoon rainfall, which
is mainly contributed by the rainfall intensity, dominates
the total rainfall, with a secondary peak in the early
morning mainly from rainfall frequency; over the East
China Sea, rainfall mainly occurs in the early morning.

The diurnal phase is found to be highly correlated with
the complex topography over subtropical East Asia with
its combined distributions of plateau, plain, and sea.
Figure 9 illustrates the longitudinal variations of per-
centages of the late-afternoon (solid lines) and early-
morning (dashed lines) rainfall to total rainfall amount
as well as the surface elevations averaged between 28°
and 35°N. Over the TP, the late-afternoon rainfall domi-
nates the total rainfall amount in 3B42 (Fig. 9a). Eastward
along with the variations of the elevation, the rainfall
occurring in the late afternoon experiences variations
consistent with the topography, with high elevation cor-
responding to a larger percentage of late-afternoon rain-
fall and vice versa. Especially notable is that around the
Yarlung Zangbo Grand Canyon (about 95°E), where the
late-afternoon rainfall amount in 3B42 declines to be al-
most equal to the early-morning one. Although the early-
morning rainfall dominates the total rainfall in Gdata
(Fig. 9b), the impact of topography on the occurrence of
rainfall is still obvious. The late-afternoon rainfall shows
a similar variation to that of topography and reaches an
extremely low level around the canyon. In the adjacent
plains, the percentages of late-afternoon rainfall fall
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FIG. 6. Diurnal variations of rainfall amount (normalized by the daily mean) (a) averaged between 28° and 35°N of
TRMM 3B42 as a function of the distance from the coastlines. (b),(c) As in (a), but for the (b) convective and (c) stratiform
rainfall amount from TRMM 2A25. The black vertical dashed lines represent the coastlines. The x axis represents the
distances to the coastlines. The negative values (km) denote the landmass and the positive ones for the sea areas.

sharply along with the decline of the elevation, while the
early-morning rainfall becomes large, and it is fairly con-
sistent between the two datasets. Over the east edge of
the western plain, the proportion of late-afternoon rain-
fall gradually increases along with the elevated terrain,
maintaining a stable value over the eastern plain and
reaching maximum near the coastline (Figs. 9a,b). Around
the coastlines, the percentages of late-afternoon rainfall
decrease and the early-morning rainfall dominate over
the East China Sea (Figs. 9a,b).

7. Discussion

The influence of the large-scale “‘mountain-valley
winds” on the rainfall diurnal cycle was first mentioned

by Bleeker and Andre (1951), who focused on the di-
urnal features of the United States. For subtropical East
Asia, the Tibetan Plateau, with a mean elevation of
more than 4000 m above sea level, covers a region about
a quarter of the size of the Chinese territory. At seasonal
time scale, the Tibetan Plateau is a strong heat source in
summer and sink in winter, functioning as an important
modulator of the Asian climate (Yeh et al. 1957; Ye and
Gao 1979; Yanai and Li 1994; Wu et al. 2007). The
plateau is can be regarded as a “mountain’ relative to
the “valley,” such as the western and eastern plains. At
the diurnal time scale, the thermal effect of the Tibetan
Plateau may also be a great factor to the diurnal feature
over East Asia. The land-sea breeze often refers to
vertical circulation along the coast that is directly forced
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F1G. 7. Time-longitude distributions of the normalized (by the daily mean) diurnal variation of rainfall (top) amount
and (bottom) frequency averaged between 28° and 35°N in (left) TRMM 3B42 and (right) rain gauge data.

by the thermal contrast between the land and sea, with
spatial scales of less than a few hundred kilometers that
are restricted to within the lower troposphere. This con-
cept, however, has been generalized to also describe di-
urnal circulation patterns indirectly forced by large-scale
thermal contrasts, such as the low-level jets. By analyzing
the global surface wind and divergence fields, Dai and
Deser (1999) pointed out that there exists a continental-
scale land-ocean diurnal circulation, and that it is con-
sistent with the diurnal variation of precipitation over the
ocean and land areas. Over East Asia, Huang et al. (2010)
also found that the local land-sea breeze circulation
couples with the global-scale diurnal atmospheric pres-
sure tide to produce a planetary-scale land-sea breeze
with a spatial scale of 1000 km. The planetary-scale land—
sea breeze mentioned in the Huang et al. (2010) paper
covers the eastern plain. Their results also suggested the
importance of low-level wind to the maximum diurnal
rainfall over East Asia between summer and winter. The
large-scale mountain—valley and ‘‘land-sea” effect may
be one of the possible mechanisms of the diurnal varia-
tions of subtropical East Asia.

In afternoon to early evening, a warm diurnal tem-
perature trough at 700-500 hPa can be found over the

TP (Fig. 11 in Chen et al. 2010). Corresponding to the
thermal conditions, strong upward motions are found
over the plateau. Averaged over the TP (black solid line in
Fig. 10a), the maximum pressure vertical velocity exceeds
0.4 Pa s ! near the surface of the plateau. Meanwhile,
the maximum of Tysg in the lower troposphere is quite
close to the minimum of 7} at 1400 LST (Fig. 11a),
which means that the thermal and moist condition is con-
ducive to the occurrence of convection in the afternoon
over the plateau.
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FIG. 8. Schematic diagram of the (left y axis) diurnal peak time
(LST) over the four regimes summarized from station data and
TRMM 3B42. The gray bars represent the (right y axis, km) ele-
vations averaged between 28° and 35°N.
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FIG. 9. Percentages (left, y axis) of late-afternoon (solid lines,
1400-2000 LST) and early-morning (dashed lines, 0200-0800 LST)
rainfall to total rainfall amount in (a) TRMM 3B42 and (b) station
data averaged between 28° and 35°N. The gray bars in (a) represent
the (right y axis, km) elevations averaged between 28° and 35°N.
The gray bars of 90°~100°E (100°~130°E) in (b) represent the (right
y axis, km) elevations averaged between 28° and 30°N (28° and
35°N).

Influenced by the Tibetan Plateau, deep continental
stratus cloud is found over the western plain, which hin-
ders the solar radiation from reaching the ground (Yu
et al. 2004; Li et al. 2005, 2008).The surface air temper-
ature in the afternoon is relatively low over this area (Li
et al. 2008). Combined with the eastward wind at the mid-
and upper troposphere, an apparent warm and moist
advection locates over the upper level of the western plain
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(Fig. 11 in Chen et al. 2010). All these factors would
suppress the development of static instability and the af-
ternoon local thermal convection over the western plain.

During night, the zonal and vertical winds over the TP
and western plain reverse (Figs. 7-10 in Chen et al. 2010).
The plateau is controlled by subsiding airflow through-
out the troposphere (black solid line in Fig. 10b). The
anomalous airflow toward the TP (Figs. 7-10 in Chen et al.
2010) causes low-level convergence and upward motion
over the plateau’s eastern slope at night (gray dashed lines
in Fig. 10b). Accompanied by the longwave radiative
cooling at the cloud top (Lin et al. 2000) and the weak
cold advection decreasing the stability (Chen et al. 2010),
rainfall over the western plain is at a maximum pre-
cipitation during the midnight and early-morning periods.

The eastern plain can be regarded as the valley with
respect to the TP, as well as the “land” relative to the East
China Sea. Partly because of the influence of both the
large-scale “‘sea breeze’ in the afternoon and “‘mountain
wind” at night, the percentages of late-afternoon and early-
morning rainfall are fairly close to each other, compared
to the other three regions (Fig. 9b). The proportion of
late-afternoon rainfall that gradually increases from the
eastern edge of the western plain to the coastlines could
also be regarded as the competition between the large-
scale mountain-valley and land-sea effects on the eastern
plain. The complexity can also been found in the large-
scale circulations. Additionally, acting as the land, pos-
itive convective available potential energy exists in the
afternoon (Fig. 11b), and the vertical motion (black
dashed lines in Fig. 10a) is upward at 1400 LST over the
eastern plain. However, the pressure vertical velocity at
0200 LST in this area (black dashed lines in Fig. 10b) is
also negative throughout the boundary layer to the
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FIG. 10. Regional mean vertical profiles of omega (0.1 Pa s~ !) averaged in the TP (black solid lines), western plain
(gray dashed lines), eastern plain (black dashed lines), and East China Sea (gray solid lines) at (a) 1400 and (b) 0200

Beijing time (BJT) from JRA-25.
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energy (dashed lines) temperature (K) averaged in the (left) TP and (right) eastern plain at (top)
1400 and (bottom) 0200 BJT derived from JRA-25. The lines perpendicular to the x axis are for

reference.

midtroposphere, reflecting the role of the eastern plain
as a valley. Except for vertical velocity, the 850-hPa
southwesterly flow over the eastern plain strengthens
during night. The southwesterly flow contributes to the
formation of the low-level jet and transports the warm
tropical water vapor to the eastern plain, providing a fa-
vorable environment to the rainfall systems over this
area.

Similar to those in the western plain, dominant early-
morning rainfall (Fig. 9a) and upward motion (gray solid
lines in Fig. 10) exist in the East China Sea, which can be
partly attributed to the large-scale “‘land-sea breezes.”
The early-morning diurnal peak can also be verified in
some island stations in gauge data (Fig. 9b).

8. Summary and concluding remarks

Using rain gauge and TRMM 3B42 data, we demon-
strated the regional diurnal features of precipitation,
including the rainfall amount, frequency, and intensity
over subtropical East Asia.

The gauge and TRMM 3B42 data exhibit generally
consistent diurnal variations with significant regional fea-
tures over subtropical East Asia. Four different regimes of
diurnal variations have been identified. Over the Tibetan
Plateau, the maximum rainfall occurs in the late afternoon
and at midnight; in the western plain, the rainfall shows
delayed phases from midnight to early morning; in the
eastern plain, the major peak occurs in the late afternoon
with a secondary early-morning peak that is obscured in
3B42; over the East China Sea, maximum rainfall occurs in
the early morning. The diurnal features of rainfall amount
and frequency are found to be more coherent than rainfall
intensity. The late-afternoon peak in rainfall amount over
the eastern plain is mainly contributed by the rainfall in-
tensity, while the early-morning one is mainly attributed to
the rainfall frequency.

Over the eastern and western plains, the correlation of
diurnal variations of rainfall amount between 3B42 and
Gdata is higher than that of frequency and intensity. In
these two regions, the diurnal peak of rainfall frequency
occurring in the early morning is underestimated and the
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midnight and early-morning peaks of rainfall intensity
are overestimated in 3B42, in comparison with those in
Gdata.

The different diurnal features between the total rainfall
amount over the land and the sea can be attributed to the
distinct diurnal variations of convective rainfall over dif-
ferent underlying surfaces. The stratiform precipitation
shows similar diurnal phases over the land and the sea.
The propagating phases along the tropical coastlines are
not observed in this subtropical ocean.

We have also found that diurnal phases are highly cor-
related with the underlying surfaces and the elevations.
The characterizations of the diurnal rainfall variations over
subtropical East Asia should not only improve our un-
derstanding of regional climate but also serve as valuable
diagnostic metrics for the climate modeling community in
evaluating model performances over East Asia.
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