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ABSTRACT

Hourly or 3-hourly precipitation data from Precipitation Estimation from Remotely Sensed Information

using Artificial Neural Networks (PERSIANN) and Tropical Rainfall Measuring Mission (TRMM) 3B42

satellite products and rain gauge records are used to characterize East Asian summer monsoon rainfall,

including spatial patterns in June–August (JJA) mean precipitation amount, frequency, and intensity, as

well as the diurnal and semidiurnal cycles. The results show that the satellite products are comparable to

rain gauge data in revealing the spatial patterns of JJA precipitation amount, frequency, and intensity, with

pattern correlation coefficients for five subregions ranging from 0.66 to 0.94. The pattern correlation of

rainfall amount is higher than that of frequency and intensity. Relative to PERSIANN, the TRMM product

has a better resemblance with rain gauge observations in terms of both the pattern correlation and root-

mean-square error. The satellite products overestimate rainfall frequency but underestimate its intensity.

The diurnal (24 h) harmonic dominates subdaily variations of precipitation over most of eastern China. A

late-afternoon maximum over southeastern and northeastern China and a near-midnight maximum over the

eastern periphery of the Tibetan Plateau are seen in the rain gauge data. The diurnal phases of precipitation

frequency and intensity are similar to those of rainfall amount in most regions, except for the middle

Yangtze River valley. Both frequency and intensity contribute to the diurnal variation of rainfall amount

over most of eastern China. The contribution of frequency to the diurnal cycle of rainfall amount is

generally overestimated in both satellite products. Both satellite products capture well the nocturnal peak

over the eastern periphery of the Tibetan Plateau and the late-afternoon peak in southern and northeastern

China. Rain gauge data over the region between the Yangtze and Yellow Rivers show two peaks, with one

in the early morning and the other later in the afternoon. The satellite products only capture the major

late-afternoon peak.
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1. Introduction

Large-scale analyses of precipitation have tradition-

ally focused on accumulated amounts or time-averaged

mean rates, while other characteristics of precipitation,

such as frequency and intensity, have been the foci of

only recent studies (e.g., Dai 2001a,b; Trenberth et al.

2003; Dai et al. 2007; DeMott et al. 2007; Sun et al. 2006,

2007). Together with the diurnal cycle, which is large

for rainfall over land during the warm season (e.g., Dai

2001b; Dai et al. 2007), these precipitation characteris-

tics significantly modulate soil moisture, runoff, evapo-

ration, and sensible heat flux over land (Qian et al.

2006). They also provide an excellent test bed for vali-

dating cumulus and other parameterizations in numeri-

cal weather and climate models, which still have large

deficiencies in simulating the diurnal timing, frequency,

and intensity of precipitation (e.g., Dai et al. 1999; Lin

et al. 2000; Yang and Slingo 2001; Betts and Jakob 2002;

Dai and Trenberth 2004; Liang et al. 2004; Dai 2006;

Demott et al. 2007; Lee et al. 2007).

The diurnal cycle of precipitation, which comes

largely from its frequency variations (Dai et al. 1999,

2007), has large spatial and seasonal variations. The

dominant feature of the oceanic diurnal cycle is a rain-

fall maximum in early morning (0400–0600 LST),

whereas warm-season precipitation peaks in late after-

noon (1500–1900 LST) over most (but not all) land

areas (Dai 2001b; Dai et al. 2007). This land–sea con-

trast is accompanied by a large-scale land–ocean diur-

nal circulation with rising (sinking) motion in late af-

ternoon over the warm continents (adjacent cool

oceans) and the opposite during early morning (Dai

and Deser 1999). During the cold season, the diurnal

cycle in precipitation is much weaker and tends to peak

in the morning over land, while the seasonal changes

are relatively small over oceans (Dai 2001b; Dai et al.

2007). Besides the global analyses by Dai and others,

there are also many regional studies of the diurnal cycle

over the United States (e.g., Wallace 1975; Dai et al.

1999), the coastal and island regions in Asia (e.g., Oki

and Musiake, 1994; Yang and Slingo 2001), tropical

Americas (Kousky 1980), and West Africa (Shinoda et

al. 1999; Pinker et al. 2006). Partly because of a lack of

high-resolution data, precipitation frequency, intensity,

and their diurnal variations over China have not been

well documented. Previous studies of diurnal variations

of precipitation over China used data from a limited

number of stations, often within a small region, and

focused on precipitation amount or mean rates (e.g., Lu

1942; Yeh and Gao 1979; Zhao et al. 2005). A recent

analysis on the mean precipitation rate by Yu et al.

(2007a) shows that summer precipitation over contigu-

ous China has large diurnal variations with consider-

able regional features. For example, over southern in-

land and northeastern China, summer precipitation

peaks in late afternoon, while over most of the Tibetan

Plateau and its eastern periphery it peaks around mid-

night. The diurnal phase varies eastward along the

Yangtze River valley.

Precipitation data with high spatial and temporal

resolution are required for studying the precipitation

characteristics over China to resolve the complex coast-

lines and topography. As shown in Fig. 1, the terrain

over central China varies from the hills and plains in the

east to the Sichuan Basin in the center and the Tibetan

Plateau in the west. Over southeastern China, the ter-

rain is dominated by complex coastlines. To help re-

solve the spatial distribution of precipitation over this

complex terrain, here we use hourly rain gauge mea-

surements from 626 stations supplemented with hourly

or 3-hourly, 0.25°-gridded rainfall data from satellite

observations. The satellite products we used include the

Precipitation Estimation from Remotely Sensed Infor-

mation using Artificial Neural Networks (PERSIANN;

Sorooshian et al. 2000) and Tropical Rainfall Measur-

ing Mission (TRMM) 3B42 datasets (Huffman et al.

2007). Because precipitation over most of China occurs

mainly from June to August (Tao and Chen 1987) and

the diurnal cycle is strongest during the summer (Dai et

al. 2007), we will focus on the June–August (JJA). This

is also the eastern Asian summer monsoon season

(Zhou and Li 2002; Zhou and Yu 2005). We want to

address the following questions: 1) What are the spatial

structures of summer monsoon precipitation character-

istics over eastern China, including not only the pre-

cipitation amount but also its frequency and intensity,

and their diurnal cycles? 2) Are the satellite data useful

for studying precipitation frequency, intensity, and di-

urnal cycle over contiguous China?

Our results show that the diurnal harmonic domi-

nates variations of precipitation over most of eastern

China. A late-afternoon maximum over southeastern

and northeastern China and a near-midnight maximum

over the eastern periphery of the Tibetan Plateau are

seen in the amount, frequency, and intensity measured

by rain gauges. Both the PERSIANN and TRMM 3B42

satellite products capture the diurnal phase of precipi-

tation amount, except with bias in amplitude. The sat-

ellite products overestimate frequency but underesti-

mate intensity of rainfall. The quality of satellite prod-

ucts in the area between the Yangtze and Yellow

Rivers is poor; the observed secondary early morning

peak is missing in satellite measurements.

The paper is organized as follows: section 2 describes

the datasets and analysis method; a comparison of the
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monthly mean precipitation amount, frequency, and in-

tensity between the satellite data and rain gauge mea-

surements is presented in section 3. The diurnal (24 h)

cycle of summer precipitation amount, frequency, and

intensity over eastern China is discussed in section 4.

Section 5 describes the mean semidiurnal (12 h) cycle of

precipitation amount, frequency, and intensity. A sum-

mary and discussion are given in section 6.

2. Data and analysis method

The surface precipitation dataset used in this study

was obtained from the National Meteorological Infor-

mation Center of the China Meteorological Adminis-

tration. It consists of quality-controlled (Yu et al.

2007a) hourly rain gauge records from 2000–04 at 626

stations. Most of the stations are located in central and

eastern China (Fig. 1) with only sparse coverage over

western China, especially the western part of the Ti-

betan Plateau. To facilitate analysis, the original station

data were interpolated onto a 0.5° latitude � 0.5° lon-

gitude grid by averaging the station data with weights

proportional to the inverse of the squared distance be-

tween the center of the grid box and the stations within

a radius of 1°. If the distance is less than 0.1°, the weight

number of the station data will be 1 (Chang 2003).

The first satellite product used in this study is the

PERSIANN dataset (Hsu et al. 1999; Sorooshian et al.

2000). Here we used the PERSIANN hourly precipita-

tion data from 2000–04 on a 0.25° grid (60°S–60°N). In

the PERSIANN system, a neural network trained by

precipitation from TRMM Microwave Imager (TMI)

and other microwave measurements (Hsu et al. 1997,

1999) was used to estimate 30-min precipitation rates

from infrared (IR) and visible imagery from geostation-

ary satellites.

In addition to the PERSIANN data, the TRMM

3B42 (3 hourly, 0.25°) precipitation data from 2000–04

(Huffman et al. 2007) are also used. This product was

derived by using an optimal combination of microwave

rain estimates from TRMM, Special Sensor Microwave

Imager (SSM/I), Advanced Microwave Scanning Radi-

ometer (AMSR), and Advanced Microwave Sounding

Unit (AMSU) to adjust IR estimates from geostation-

ary IR observations. The 3B42 estimates are scaled to

match the monthly rain gauge observations. To im-

prove the comparability, both the PERSIANN and

TRMM data were remapped onto the same 0.5° grid as

the rain gauge data.

At each grid box and for each hour, the JJA averages

of precipitation frequency [defined as the percentage of

all hours during JJA having measurable precipitation,

FIG. 1. Surface elevation (shaded, m) over China, together with locations of the 626 rain

gauge stations (black dots) used in this study. Five subregions are outlined for regional

averaging.
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defined here as �0.02 mm h�1 (or 0.5 mm day�1) for

the gridded precipitation from rain gauge and satellite

observations], intensity (the mean rates averaged over

the precipitating hours), and amount (the accumulated

precipitation amount during JJA, which is the product

of the frequency, intensity, and number of days for

JJA) were computed for each year. The multiyear

(2000–04) mean states of JJA frequency and intensity

were derived by averaging the hourly or 3-hourly fre-

quency and intensity. The JJA mean hourly data were

averaged over the years to derive a composite diurnal

cycle of these precipitation quantities from which the

diurnal and semidiurnal harmonics were estimated. We

focus our analysis on the amount, frequency, and inten-

sity of measurable precipitation. The definition of mea-

surable precipitation (a function of resolution) varies

among different studies. Dai et al. (1999) used a thresh-

old of 0.1 mm h�1 (i.e., 2.4 mm day�1) for the gridded

U.S. hourly precipitation, while Dai (2006) and Dai et

al. (2007) used a threshold of 1.0 mm day�1 for daily

precipitation frequency over the globe. The precision of

rain gauge measurements in China is 0.1 mm day�1

(China Meteorological Administration 2003). Because

the mean frequency and intensity are dependent on the

threshold, we have performed some sensitivity tests

that showed our conclusions to be insensitive to this

choice of threshold. For example, employing a thresh-

old of 0.04 and 0.08 mm h�1, respectively, revealed

similar patterns of frequency, intensity, and diurnal

cycle. A higher threshold is associated with less fre-

quency and stronger intensity but no significant change

of diurnal cycle (figures not shown here). A threshold

much larger than 0.02 mm h�1 greatly reduces the

sample size. Here, only the results using a threshold of

0.02 mm h�1 are presented.

To characterize the diurnal cycle of precipitation, the

amplitudes and phases of the diurnal (24h, S1) and

semidiurnal (12h, S2) harmonics of precipitation

amount, frequency, and intensity are estimated by using

least squares fitting (Dai 2001b). This amplitude and

the preferred time of maximum is shown using vector

plots in a fashion similar to those of Dai et al. (1999)

and Liang et al. (2004).

3. Mean precipitation amount, frequency, and

intensity

The PERSIANN and TRMM satellite products have

been applied to study tropical precipitation and convec-

tion and to evaluate climate models (e.g., Adler et al.

2000; Bowman 2005; Dai 2006; Yang and Smith 2006);

however, their ability to represent precipitation fre-

quency, intensity, and amount over East Asia has not

been verified by independent surface observations. Fig-

ure 2 compares 2000–04 mean JJA precipitation

amount, frequency, and intensity from rain gauges and

the two satellite products. The corresponding pattern

correlation coefficients and root-mean-square error

(RMSE) between the rain gauge and satellite measure-

ments are listed in Table 1. Typical summer monsoon

rainband is located to the east of 100°E and stretches

from the southwest to the northeast. Rainfall centers

are seen to the eastern periphery of the Tibetan Plateau

around 30°N, 102.5°E. Several weak rainfall centers

along the middle to lower reaches of the Yangtze River

valley are also observed by rain gauges (Fig. 2a). The

satellite data show large-scale patterns that resemble

rain gauge observations, although the PERSIANN

product generally underestimates the JJA precipitation

amount, and the rain belt extends west of 100°E in both

satellite products. The pattern correlation coefficient

with the rain gauge observation is 0.79 for PERSIANN

data and 0.94 for TRMM data. The RMSE of TRMM is

less than that of PERSIANN, with 1.01 mm day�1 ver-

sus 1.62 mm day�1 (Table 1). The TRMM precipitation

has a better spatial resemblance; for example, the rain-

fall center located between the Yangtze and Yellow

Rivers is seen in the TRMM data but absent in the

PERSIANN product. In addition, the PERSIANN

product shows a strong precipitation center over the

plateau areas (27.5°N, 92.5°E), while the TRMM prod-

uct does not. Since rain gauges are sparse over this area,

this feature requires further investigation.

The broad features of the frequency maps (Figs. 2d–

f) are comparable among three datasets, and they are

similar to those of mean precipitation amount (Figs.

2a–c). The frequency patterns derived from both satel-

lite products are reasonably realistic, with a spatial cor-

relation coefficient with rain gauge data of 0.71 for

PERSIANN and 0.77 for TRMM. The RMSEs for

TRMM and PERSIANN are 6.84% and 7.63%, respec-

tively (Table 1). The satellite-derived frequency is gen-

erally higher than that from rain gauge measurements

over most of eastern China. For example, the rain

gauge data show 10%–16% of the hours with precipi-

tation exceeding 0.02 mm h�1 over the regions be-

tween the Yangtze and Yellow Rivers, while the satel-

lite products show 16%–24%. The precipitation fre-

quency in rain gauge data is around 8%–10% over most

of northeast China, while it is around 12%–18% for

PERSIANN and 8%–16% for TRMM. Precipitation

events are rare over most of northwest China (2%–8%

of the time), except for the most northwestern area

where the PERSIANN and TRMM data show a local
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maximum of 16%–24%. South China has the highest

frequency of 14%–24% in the surface observations,

whereas the satellite products show a frequency of

18%–24%. The two satellite products show a maximum

frequency of 20%–30% over the southeastern Tibetan

Plateau (30°N, 102.5°E), which is not evident in the rain

gauge data (Figs. 2d–f). The frequency values from the

rain gauge measurements are comparable to those of

nondrizzle precipitation frequency derived from

3-hourly weather reports (see Fig. 4 in Dai 2001a).

The rain gauge data (Fig. 2g) show a maximum in-

tensity of 1.8–2.4 mm h�1 between the lower reaches of

the Yangtze and Yellow Rivers, while the intensity is

around 1.3–1.9 mm h�1 over southeast China and 1.0–

1.7 mm day�1 over most of northeast China. The inten-

sity is much lower (0.6–1.0 mm day�1) over western

China (west of �100°E). Although these general pat-

terns are reproduced, both satellite products, especially

the PERSIANN data, underestimate the intensity, for

example, over northeastern China for PERSIANN and

western China for TRMM (Figs. 2h,i). The pattern cor-

relation with the rain gauge measurements is 0.67 (0.76)

for the PERSIANN (TRMM) product.

We further divide eastern China into five subregions,

labeled as follows: Reg1 is the upper reaches of the

Yangtze River valley (100°–107°E, 27°–32°N), Reg2 is

the middle reaches of the Yangtze River valley (108°–

113°E, 27°–30°N), Reg3 is southern China (110°–117°E,

23°–26°N), Reg4 is northeastern China (110°–130°E,

40°–50°N), and Reg5 is Huai River valley (110°–120°E,

30°–40°N), which is the region between the Yangtze

and Yellow Rivers. These regions are outlined in Fig. 1

by dashed rectangles. According to the statistics listed

in Table 1, the quality of the TRMM product is superior

to that of PERSIANN in measuring the precipitation

amount over all five subregions; this is supported by

both the pattern correlation coefficient and RMSE.

The qualities of two satellite products are generally

FIG. 2. Spatial distributions of the 2000–04 mean summer (June–August) (a),(b),(c) precipitation amount (mm day�1); (d),(e),(f)

frequency (%); and (g),(h),(i) intensity (mm h�1) from (a),(d),(g) rain gauges; (b),(e),(h) PERSIANN; and (c),(f),(i) TRMM3 3B42

products. The Yellow River (north) and Yangtze River (south) are outlined by the black lines.
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poor over Reg2 in measuring the spatial patterns of

rainfall frequency and intensity (Table 1).

4. Diurnal cycle of precipitation amount,

frequency, and intensity

Figures 3–5 compare the 2000–04 composite diurnal

cycles of JJA precipitation amount, frequency, and in-

tensity, respectively, from rain gauges, PERSIANN,

and TRMM averaged (at each LST hour) over five sub-

regions of the East Asian summer monsoon (Fig. 1).

Large diurnal variations are seen for all five regions, as

shown in the mean precipitation rate by Yu et al.

(2007a). For example, the rain gauge data show a large

peak around 0200 LST at Reg1 and a strong peak

around 1700 LST over Reg3 and Reg4. These features

are clear in the amount, frequency, and intensity diur-

nal cycles. Summer precipitation over Reg2 and Reg5

has two diurnal peaks in the amount, frequency, and

intensity: one in the early morning (0500 LST) and an-

other in the late afternoon (1600 LST). In general, the

satellite data show comparable diurnal variations over

Reg1, Reg3, and Reg4. The diurnal phase of intensity in

satellite products lags that of rain gauge measurements

by several hours over northeastern China. Over Reg2,

the early morning peak is stronger than the late after-

noon peak in rain gauge data, but the satellite products

show the opposite for amount (Fig. 3b) and no morning

peaks for frequency (Fig. 4b); both satellite products

show a morning peak of intensity, as in the rain gauge

data (Fig. 5b). For Reg5, both the PERSIANN and

TRMM data show only one peak around 1700 LST in

the amount (Fig. 3e), frequency (Fig. 4e), and intensity

(Fig. 5e).

To make quantitative estimates on how well the sat-

ellite products do in revealing the diurnal cycle of pre-

cipitation, correlation and bias analyses are carried out

with the curves shown in Figs. 3–5. The statistics are

listed in Table 2. The correlations for rainfall amount

are generally high (ranging from 0.60 to 0.92), except

for Reg2 and Reg5. The low correlation for Reg5 (0.44

for PERSIANN and 0.20 for TRMM) is due to the

failure of satellite products in measuring the early

morning peak (Fig. 3e), while that for Reg2 (0.33 for

PERSIANN and 0.55 for TRMM) is due to the defi-

ciency of satellite products in measuring the major

morning peak and minor afternoon peak (Fig. 3b). For

the diurnal cycle of rainfall frequency, in addition to the

bias of satellite products over Reg2 and Reg5, the cor-

relation of TRMM product over Reg1 is also poor, as

already evidenced in Fig. 4a. The correlation of rainfall

intensity is generally better than that of frequency, ex-

cept for the PERSIANN product over Reg4. The bias

of the PERSIANN product in measuring daily mean

value is generally larger than that of TRMM.

In addition to the diurnal phase, the amplitude of

diurnal cycle measured by satellite products should also

be assessed. The satellite products show comparable

diurnal amplitudes of rainfall amount as those of the

rain gauge data over most regions (Fig. 3). However,

this does not guarantee good measurements of diurnal

amplitude for rainfall frequency and intensity. The

TABLE 1. Pattern correlation coefficients and RMSE (units: mm day�1 for amount, % for frequency, and mm h�1 for intensity)

between the observed and satellite-derived rainfall amount, frequency, and intensity shown in Fig. 2.

Region Variable

Pattern correlation RMSE

PERSIANN TRMM PERSIANN TRMM

China Amount 0.79 0.94 1.62 1.01

Frequency 0.71 0.77 7.63 6.84

Intensity 0.66 0.76 0.77 0.45

Reg1 Amount 0.36 0.82 1.39 0.88

Frequency 0.68 0.58 6.19 7.76

Intensity 0.29 0.62 0.40 0.31

Reg2 Amount 0.51 0.73 1.08 0.56

Frequency 0.02 0.28 4.46 3.79

Intensity 0.19 �0.01 0.62 0.34

Reg3 Amount 0.67 0.82 1.82 1.1

Frequency 0.55 0.25 5.26 4.67

Intensity 0.24 0.36 0.78 0.39

Reg4 Amount 0.77 0.95 0.9 0.5

Frequency 0.81 0.71 5.63 3.09

Intensity 0.31 0.48 0.77 0.36

Reg5 Amount 0.86 0.91 1.22 0.7

Frequency 0.50 0.64 6.59 5.13

Intensity 0.65 0.73 1.04 0.52
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most prominent feature of Fig. 4 is the overestimation

of diurnal amplitude of rainfall frequency in satellite

products. The satellite products and rain gauge data

show comparable amplitude of rainfall intensity in

Reg1 and Reg4 (Fig. 5). The amplitude of rainfall in-

tensity measured by PERSIANN is higher than that of

TRMM in Reg3 and Reg5 (Fig. 5).

The correspondence of normalized amplitude of

rainfall diurnal cycles derived from the rain gauge and

satellite products over different regions are summa-

rized in Table 3. The amplitudes of rainfall amount

derived from satellite and rain gauges are comparable,

except for Reg3 and Reg5, where both satellite prod-

ucts overestimate the amplitude. The amplitudes of fre-

quency derived from satellite are generally stronger

than those of rain gauges, except for Reg1. The ampli-

tude of intensity measured by satellite is stronger than

that of rain gauge in Reg2 and Reg5. The daily mean

values of frequency and intensity (Table 3) also suggest

that the frequency (intensity) of satellite products is

generally higher (weaker) than that of rain gauges.

Hence, it rains too frequently but too weak in the sat-

ellite products. The TRMM data are relatively better

than the PERSIANN data in estimating the intensity,

as evidenced in both the normalized amplitudes and

daily mean values shown in Table 3.

The correspondence of rainfall diurnal phase derived

from rain gauge and satellite products over different

regions is summarized in Table 4. Overall, the diurnal

FIG. 3. Mean diurnal cycle of JJA precipitation amount (nor-

malized by the daily mean) averaged over the five selected regions

outlined in Fig. 1 from rain gauge measurements (solid line) and

two satellite products (dashed: PERSIANN; dotted: TRMM). The

unit of x axis is LST in hours.

FIG. 4. Same as Fig. 3, but for precipitation frequency.
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phases of frequency and intensity are similar to that of

precipitation amount, except for Reg2 in rain gauge

data. Similar phase relations are seen in both satellite

products. Note that the rainfall amount, frequency, and

intensity derived from satellites all show a late after-

noon major peak over the regions between the Yangtze

and Yellow Rivers, although the observed secondary

early morning peak is completely missing in the satellite

products.

Above analyses suggest that the diurnal cycle of rain-

fall amount is influenced by both frequency and inten-

sity. To compare the relative contributions of frequency

and intensity to the diurnal cycle of rainfall amount, we

estimate the percentage variance of diurnal cycle of

rainfall amount explained by frequency and intensity.

The percentage variance was calculated as the square of

correlation coefficient between the diurnal cycles of

amount and frequency (intensity). A summary of sta-

tistics is presented in Table 4. In observation, the fre-

quency and intensity account for a comparable percent-

age of the diurnal variation in the precipitation amount

over Reg1 and Reg2. The contribution of frequency is

slightly higher than that of intensity over the other

three subregions. In the satellite products, however, the

fractional variance accounted for by frequency is gen-

erally larger than that of intensity over nearly all sub-

regions, except for Reg1, suggesting that the contribu-

tion of frequency to the diurnal cycle of rainfall amount

is overestimated in the satellite products. For example,

the variance explained by frequency (83.4%) is far

larger than intensity (28.6%) in Reg4 in PERSIANN

data. The variances accounted by frequency are 33.3–

48.2% higher than that of intensity in Reg2–5 in

TRMM data.

Above analyses mainly focus on five subregions. To

get a complete picture of contiguous China, Fig. 6 com-

pares the spatial distributions of amplitudes and phases

of the diurnal (24 h, S1) harmonics of multiyear mean

JJA precipitation amount, frequency, and intensity

from rain gauges and PERSIANN and TRMM prod-

ucts. The direction in which an arrow points denotes

the local time at which the maximum amplitude occurs,

as indicated by the phase lock in the top left panel

(south � 0000, west � 0600, north � 1200, and east �

1800 LST). For example, a vector pointing eastward

means that the maximum amplitude occurs at 1800

LST. The S1 patterns of satellite precipitation amount

are in broad agreement with rain gauge measurements

(Figs. 6a–c). For example, over southeastern and north-

eastern China, all three datasets show late-afternoon

maxima; over the eastern periphery of the Tibetan Pla-

teau, all three datasets reveal midnight maxima. No

coherent arrow pattern is observed over the regions

between the Yangtze and Yellow Rivers. As discussed

above, this is due to the existence of two comparable

peaks, with one in the early morning and the other in

the late afternoon (Figs. 3–5). Note that the significance

of diurnal cycle over this area expressed by the ampli-

tude is relatively weaker than that in southern China.

The diurnal amplitudes from three datasets are compa-

rable over southeastern and northern China.

Over regions with large diurnal cycles in precipita-

tion amount, such as southeastern and northeastern

China and the eastern periphery of the Tibetan Plateau

(Figs. 6a–c), the frequency also shows large diurnal am-

plitudes (Figs. 6d–f). Comparing the diurnal cycles be-

tween precipitation amount (Figs. 6a–c) and precipita-

tion frequency (Figs. 6d–f) reveals a close resemblance,

indicating that the diurnal variation of precipitation

amount arises mostly from their frequency, especially

FIG. 5. Same as Fig. 3, but for precipitation intensity.
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in the satellite products. The diurnal patterns of fre-

quency derived from satellite products (Figs. 6e–f) are

in agreement with rain gauges (Fig. 6d) over regions

such as southeastern and northeastern China and the

eastern periphery of the Tibetan Plateau. The diurnal

amplitudes of satellite products are, however, larger

than those of surface observations.

Considerable diurnal variations are also seen in the

intensity (Figs. 6g–i). However, the intensity has

smaller amplitudes than the amount and frequency do,

which is consistent with Figs. 3–5, Table 3, and Dai et al.

(1999) over the U.S. domain. The coherent shape of

phase distribution for intensity is less obvious as for

frequency. Over the eastern periphery of the Tibetan

Plateau, the diurnal phase for both intensity and fre-

quency is similar to that of precipitation amount. How-

ever, the diurnal phase of intensity often differs from

that of frequency over the sites having weak diurnal

amplitudes. For the reliability of the satellite products,

over the eastern periphery of the Tibetan Plateau and

southern China, the diurnal intensity pattern from sat-

ellite products is in agreement with rain gauges (Figs.

6g–i). However, the consistency is not as good as the

frequency over most areas. The spatially coherent pat-

tern is more obvious in satellite products.

Besides JJA, we have also examined the spatial struc-

tures of the precipitation diurnal cycle for other seasons

(figures not shown). The main rainband is located to

the south of 35°N during December–February. An

early morning peak is seen in South China. The diurnal

TABLE 3. The amplitude (% of daily mean) of rainfall diurnal cycle and the corresponding daily mean values (units: mm day�1 for

amount, % for frequency, and mm h�1 for intensity) derived from rain gauge measurements and satellite products over different

regions. Here, Ampl � Amplitude, S � Station, P � PERSIANN, and T � TRMM 3B42. Bold numbers indicate that the amplitude

of the satellite measurement is larger than that of the rain gauge measurement.

Regions

Amount Frequency Intensity

S P T S P T S P T

Reg1 Ampl. 57 45 36 34 18 13 30 28 25

Daily mean 5.3 5.7 5.9 19.2 24 24.6 1.16 0.93 1.0

Reg2 Ampl. 32 57 23 15 40 30 15 20 22

Daily mean 5.5 4.5 5.8 14.7 18.5 17.2 1.56 1.0 1.41

Reg3 Ampl. 64 115 86 41 73 64 21 31 15

Daily mean 7.0 5.6 7.8 16.7 21.3 20.2 1.72 1.02 1.57

Reg4 Ampl. 42 41 45 21 42 41 19 18 19

Daily mean 2.8 2.4 3.1 8.2 13.7 10.3 1.39 0.69 1.24

Reg5 Ampl. 15 59 38 11 40 41 9 23 11

Daily mean 4.3 3.3 4.7 10.1 16.1 14.5 1.77 0.81 1.36

TABLE 2. Correlation coefficients between the diurnal cycles of precipitation derived from rain gauge observations and satellite

products shown in Figs. 3–5. Also shown is the bias of daily mean values derived from satellite products relative to rain gauge

measurement (units: mm h�1 for amount, % for frequency, and mm h�1 for intensity).

Region Variable

Temporal correlation Bias of daily mean

PERSIANN TRMM PERSIANN TRMM

Reg1 Amount 0.74 0.60 0.016 0.025

Frequency 0.54 �0.23 4.8 5.3

Intensity 0.89 0.92 �0.23 �0.13

Reg2 Amount 0.33 0.55 �0.038 0.018

Frequency 0.38 0.26 3.8 2.7

Intensity 0.43 0.74 �0.57 �0.13

Reg3 Amount 0.92 0.82 �0.058 0.026

Frequency 0.93 0.81 4.6 3.4

Intensity 0.81 0.72 �0.71 �0.19

Reg4 Amount 0.84 0.73 �0.019 0.014

Frequency 0.86 0.30 5.5 2.1

Intensity 0.17 0.86 �0.70 �0.15

Reg5 Amount 0.44 0.2 �0.041 0.012

Frequency 0.41 �0.11 6.0 4.5

Intensity 0.40 0.80 �0.96 �0.44
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TABLE 4. The phase of rainfall diurnal cycle derived from rain gauge measurements and satellite products over different regions, as

well as the percentage variance of the precipitation amount diurnal variation accounted for by frequency (intensity). Here, Phs � Phase

(LST), Var � Variance (%) of the diurnal cycle of precipitation amount explained by frequency and intensity, A � Amount, F �

Frequency, and I � Intensity. Bold numbers indicate the larger contribution. Only the phase of major peak is shown.

Regions

Station PERSIANN TRMM 3B42

A F I A F I A F I

Reg1 Phs (LST) 2 2 2 3 2 2 2 2 2

Var (%) 95.0 94.5 90.3 93.3 49.0 80.2

Reg2 Phs (LST) 7 17 14 7 15 15 6 7 8

Var (%) 71.5 71.0 83.6 60.8 48.3 9.5

Reg3 Phs (LST) 18 17 17 17 16 17 18 17 17

Var (%) 96.3 85.2 97.1 90.2 96.7 60.5

Reg4 Phs (LST) 16 17 17 17 15 14 17 23 17

Var (%) 91.0 84.8 83.4 28.6 74.0 40.7

Reg5 Phs (LST) 17 18 17 17 16 17 17 19 17

Var (%) 89.0 80.1 89.6 73.8 79.1 30.9

FIG. 6. Spatial distributions of the amplitude (colors) and phase (arrows; LST, see phase clock) of the diurnal (24 h, S1) harmonics

of the 2000–04 mean JJA (a), (b), (c) precipitation amount; (d), (e), (f) frequency; and (g), (h), (i) intensity from (a), (d), (g) rain gauges;

(b), (e), (h) PRESIANN; and (c), (f), (i) the TRMM product. The diurnal harmonics were estimated by using least squares fitting. The

amplitude was normalized by the daily mean.
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phase also varies eastward along the Yangtze River val-

ley, with a midnight maximum in the upper reaches and

a morning maximum in the middle and lower valley.

During the spring and fall (i.e., March–May and Sep-

tember–November), the spatial structure of the diurnal

phase is relatively noisy, and no coherent large-scale

pattern is observed. The midnight maximum over the

eastern periphery of the Tibetan Plateau persists

throughout four seasons.

5. The mean semidiurnal (12 h) harmonic of

precipitation

A previous study of Dai (2001b) found that while the

diurnal harmonic dominates the daily variations on

most land locations, the semidiurnal harmonic is signif-

icant in the oceanic area. Above analyses show that the

24-h cycle predominates over 12 h and shorter time

scale variations in most of eastern China. Figure 7 com-

pares the spatial distributions of the amplitudes and

phases of the semidiurnal (12 h, S2) harmonics of the

multiyear mean JJA precipitation amount, frequency,

and intensity from rain gauges as well as PERSIANN

and TRMM products. The 12-h, semidiurnal cycle of

precipitation is generally weak over most of eastern

China, with amplitudes of less than 15% of the daily

mean. Over part of southeastern China and the regions

between the Yangtze and Yellow Rivers and northern

China, the amplitude of S2 is larger than 40% in pre-

cipitation amount (Figs. 7a–c). A moderate semidiurnal

variation is observed over the middle Yangtze River

valley. Both the PERSIANN and TRMM products re-

semble the rain gauges in producing the S2 amplitude

center over southeastern and northern China, but they

fail in deriving the center over the regions between the

Yangtze and Yellow Rivers. The pattern of S2 phase is

coherent over eastern China, with the time of maxi-

mum around 0300 LST in the northern part and 0500

FIG. 7. Same as Fig. 6, but for the 12-h harmonic.
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LST in the southern part. A similar phase pattern is

seen in frequency maps (Figs. 7d–f). The frequency has

a smaller amplitude than the amount does. The pattern

of intensity is relatively noisy over eastern China, par-

ticular in rain gauge measurements (Figs. 7g–i).

In addition, we have reconstructed the curve of pre-

cipitation amount based on the amplitude and phase of

a 12-h harmonic for the regional average between the

Yangtze and Yellow Rivers. The result indicates that

the semidiurnal cycle accounts for 74.2% of the total

variance (figure omitted), confirming the result shown

in Fig. 3e.

6. Summary and concluding remarks

a. Summary

Characteristics of East Asian summer monsoon pre-

cipitation, including spatial patterns in JJA mean pre-

cipitation amount, frequency, and intensity as well as

the diurnal and semidiurnal cycles, are analyzed by

comparing the high-resolution PERSIANN and

TRMM products with rain gauge measurements. The

focus is the typical summer monsoon domain of eastern

China. The comparison provides a reference for the

reliability of satellite products over eastern China dur-

ing 2000–04, and the results should be helpful in evalu-

ating the significance of diurnal variations of precipita-

tion over eastern Asia. The major conclusions are sum-

marized below.

1) The spatial patterns of JJA precipitation amount,

frequency, and intensity for PERSIANN and

TRMM data are comparable to rain gauge measure-

ments over most of eastern China, as indicated by

high pattern correlation coefficients for five subre-

gions ranging from 0.66 to 0.94. The pattern corre-

lation of rainfall amount (0.79 for PERSIANN and

0.94 for TRMM) is higher than that of frequency

(0.71 for PERSIANN and 0.77 for TRMM) and in-

tensity (0.66 for PERSIANN and 0.76 for TRMM)

over contiguous China. The TRMM product has a

better resemblance with rain gauge measurements

in terms of both pattern correlation and RMSE

value. The frequency (intensity) of satellite prod-

ucts, especially the PERSIANN data, is higher

(weaker) than that of rain gauge measurements. The

qualities of satellite products are poor over the

middle Yangtze River valley in measuring spatial

patterns of rainfall frequency and intensity.

2) The diurnal harmonic dominates daily variations of

precipitation over most of eastern China. The diur-

nal variations of summer precipitation amount, fre-

quency, and intensity differ from place to place. A

late-afternoon maximum over southeastern and

northeastern China and a near-midnight maximum

over the eastern periphery of the Tibetan Plateau

are seen in rain gauge measurements. The diurnal

variation of rainfall amount over eastern China is

dominated by both frequency and intensity, as evi-

denced by both the percentage contribution to the

diurnal variance of precipitation amount by fre-

quency and intensity and the relative similarity in

the composite diurnal curves for amount, frequency,

and intensity, although the contribution of fre-

quency is slightly larger than that of intensity in

terms of fractional variance. The diurnal phases of

frequency and intensity are similar to that of rainfall

amount in most regions.

3) The satellite products overestimate frequency but

underestimate intensity of rainfall over eastern

China. This is revealed by both the normalized am-

plitude and daily mean value. The contribution of

frequency to the diurnal cycle of rainfall amount is

generally overestimated in the satellite products.

The nocturnal peak of precipitation amount over

the eastern periphery of the Tibetan Plateau and the

late-afternoon peak in southern China and north-

eastern China are captured in both satellite prod-

ucts, except with bias in amplitudes.

4) A robust semidiurnal harmonic for precipitation is

seen at the regions between the Yangtze and Yellow

Rivers. The diurnal variation of rainfall in this area

has two peaks in rain gauge data, with one in the

early morning and the other in the late afternoon.

The satellite products succeed in measuring the ma-

jor late-afternoon peak but fail in estimating the sec-

ondary early morning peak. The quality of satellite

products in the middle Yangtze River valley is also

poor.

b. Discussion

Previous studies showed that a stable diurnal cycle

may be obtained with just several years of data (Dai et

al. 2007). We have compared the results of the 2000–04

mean with those of the 2003–04 mean. While broad

features of diurnal variation are the same, some differ-

ences were found; for example, the semidiurnal varia-

tion over the regions between the Yangtze and Yellow

Rivers is different for 2003–04, because the strongest

peak appeared in the early morning rather than in the

later afternoon as seen in the 2000–04 mean (figure not

shown). This indicates an interannual variation of the

diurnal cycle.

One interesting feature of the precipitation diurnal

cycle over eastern China is the two peaks in the area

between the Yangtze and Yellow Rivers. While both
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rain gauge and satellite measurements show a major

late-afternoon peak, the secondary early morning maxi-

mum appears mainly in the rain gauge data but not in

the satellite data (Figs. 3–5). The physical processes

behind this feature warrants further study. As a begin-

ning for this kind of endeavor, we present a discussion

on the possible causes. The late-afternoon maximum

can be explained by surface solar heating, which results

in maximum low-level atmospheric instability and thus

moist convection in the afternoon (Dai et al. 1999; Yu

et al. 2007a). The mechanism of the nocturnal or early

morning peak is more complex. Lin et al. (2000) men-

tioned that the nocturnal maximum is a result of strati-

form rainfall enhanced by instability due to nocturnal

cooling at cloud top. While the nocturnal radiative

cooling of clouds might partly contribute to the noctur-

nal rainfall at the eastern periphery of the Tibetan Pla-

teau due to the existence of an unique continental stra-

tus cloud (Yu et al. 2004; Li et al. 2005), it is not clear

whether this can explain the early morning peak ob-

served in the area between the Yangtze and Yellow

Rivers. A recent analysis indicates that the early morn-

ing peak mainly comes from long-duration rainfall

events (i.e., an event that lasts longer than 6 h), while

the late-afternoon peak mainly comes from rainfall

events lasting less than 3 h (Yu et al. 2007b), implying

the importance of stratiform or shallow convections

(deep convections) to the early morning (later after-

noon) peak. Because the microwave sensing is mainly

good for deep convective rainfall (Kummerow et al.

2001), the unsuccessful measurement of the secondary

early morning peak in satellite products might be due to

the dominance of warm-front cloud or shallow convec-

tions over this region. In addition, because this area is

partly covered with continental stratus clouds, the low-

altitude stratus clouds associated with precipitation are

hard to detect with satellites (Yu et al. 2004). The rela-

tively weak diurnal variations over this area also make

it harder to detect the secondary peak with satellites.

The diurnal cycle has been serving an observational

metric for evaluating model physics. Because the num-

ber of rain gauges over China is not enough to provide

a complete picture of the rainfall diurnal cycle, satellite

products have been regarded as one supplementary

data source. Although one motivation for this study is

to establish an objective measure for evaluating perfor-

mances of cumulus parameterizations and other model

physics in weather and climate models over eastern

Asia and especially China, limitations of satellite prod-

ucts in measuring the diurnal cycle of rainfall over east-

ern China cast a shadow on this purpose. Nevertheless,

the resemblances of satellite products with rain gauge

observation in measuring the diurnal cycle over some

typical regions, such as the eastern periphery of the

Tibetan Plateau and southeastern China, should shed

light on the improvements of satellite precipitation al-

gorithms over East Asian monsoon regions.
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