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Abstract
Based on the hourly gauge-satellite merged precipitation product with the horizontal resolution of 0.1° latitude/longitude dur-
ing 2008–2014, diurnal variations of the summer precipitation amount (PA), frequency (PF), and intensity (PI) with different 
duration time over the regions east to Tibetan Plateau have been systematically revealed in this study. Results indicate that 
the eight typical precipitation diurnal patterns identified by the cluster analysis display pronounced regional features among 
the plateaus, basins, plains, hilly and coastal areas. The precipitation diurnal cycles are significantly affected by the sub-grid 
terrain fluctuations. The PA, PF and PI of the total rainfall show much more pronounced double diurnal peaks with the sub-
grid topography standard deviation (SD) decreased. Meanwhile, the diurnal peaks of PA and PF (PI) strengthen (weaken) 
with the sub-grid topography SD enhanced. Over the elevated mountain ranges, southeastern hilly and coastal regions, the 
PA and PF diurnal patterns of the total rainfall generally show predominant late-afternoon peaks, which are closely associated 
with the short-duration ( ⩽ 3 h) rainfall. Along the Tibetan Plateau to its downstream, the diurnal peaks of PA, PF and PI for 
the total rainfall all exhibit obvious eastward phase time delay mainly due to the diurnal evolutions of long-duration (> 6 h) 
rainfall. However, the 4–6 h rainfall leads to the eastward phase time delay of the total rainfall along the Taihang Mountains 
to its downstream. Further mechanism analysis suggests that the midnight to morning diurnal evolution of the long-duration 
rainfall is closely associated with the diurnal variations of the upward branches of thermally driven mountain-plain solenoids 
and the water vapor transport associated with the accelerated nocturnal southwesterly winds. The late-afternoon peak of the 
short-duration PA over the southeastern hilly and coastal regions is ascribed to the strong local thermal convections due to 
the solar heating in afternoon, while the early-evening peak of the short-duration PA over the elevated mountain ranges is 
significantly contributed by the upward warm-moist wind from the surrounding low-lying basins or plains.

1 Introduction

Diurnal variation of precipitation, as a response to the evo-
lution of synoptic and climatic systems and local forcing, 
is an important aspect of the local climate and takes a sig-
nificant feedback on certain thermal and dynamical condi-
tions (Sorooshain et al. 2002). Due to the inhomogeneous 
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underlying surface, monsoon systems, western Pacific 
subtropical high, and the nocturnal low-level jet, precipita-
tion diurnal cycles present distinct regional and seasonal 
characteristics (Higgins et al. 1997; Wang et al. 2000; Yang 
and Smith 2005; He and Zhang 2010). Revealing the spa-
tiotemporal features of precipitation diurnal cycles are not 
only helpful to understand the physical processes in the rain-
fall formation but also necessary to evaluate and improve 
precipitation parameterization schemes in climate models 
(Betts and Jakob 2002; Dai and Trenberth 2004; Demott 
et al. 2007).

In recent years, with the rapid development of the hourly 
gauge observed and satellite retrieved precipitation dataset, 
diurnal variability of precipitation has been extensively 
examined over East Asia. Yu et al. (2007a) revealed that 
diurnal variations of summer precipitation exhibit consider-
able regional features among five regions in the contiguous 
China. Whereafter, Yu et al. (2007b) further demonstrated 
that precipitation diurnal features over the central eastern 
China during the warm season are quite different between 
the short-duration and long-duration rainfall. Generally, 
short-duration rainfall peaks in the late afternoon, which is 
closely related to the thermally driven convection induced 
by surface solar heating (Dai et al. 1999; Yuan et al. 2012), 
while long-duration rainfall usually peaks during the period 
from midnight to early morning. This may be explained by 
the interactions between the local atmospheric conditions 
and the large-scale background circulations (Zhuo et al. 
2014; Yin et al. 2009), e.g. nocturnal radiative cooling at 
cloud top (Lin et al. 2000; Li et al. 2004, 2008), the evolu-
tion of mesoscale convective systems (Carbone et al. 2002; 
Nesbitt and Zipser 2003; Jiang et al. 2006), and the large-
scale monsoon circulations (Chen et al. 2009b, 2010; Yuan 
et al. 2010). Moreover, Chen et al. (2010) pointed out that 
the nocturnal long-duration precipitation shows an eastward 
phase time delay along the Yangtze River Valley due to the 
diurnal clockwise rotation of the low-tropospheric circu-
lation, especially the accelerated nocturnal southwesterly 
winds. This close diurnal-scale correlation between precipi-
tation and wind fields was further validated by Chen et al. 
(2012a, b) and Yuan et al. (2014a).

The regions east to the Tibetan Plateau (20–40°N, 
110–125°E) is characterized by complex terrain, which con-
sists of highly different landscapes including the elevated 
plateaus, Sichuan Basin, Loess Plateau, Taihang and Qin-
gling-Wushan Mountains, the North China and Jianghuai 
Plain, and southeastern hilly and coastal areas (Fig. 1). At 
a large scale, the eastern plain areas can be regarded as the 
‘valley’ relative to the plateaus in the west and as the land 
relative to the ocean in the east (Yu et al. 2014). Hence, 
precipitation diurnal variations over the regions east to the 
Tibetan Plateau are significantly influenced by the large-
scale mountain-valley winds and land-sea breeze (Wu et al. 

2007; Huang et al. 2010a, b; Yuan et al. 2012). Meanwhile, it 
is also of great sense to reveal the distinct regional and local 
topographic impacts on precipitation diurnal variations over 
the plateaus, valleys, mountainous, inland hilly and plain 
regions east to the Tibetan Plateau. Although many previous 
studies have made some progress in revealing the observed 
rainfall features over eastern China, most studies mainly 
focused on PA and scarcely discuss the features of the pre-
cipitation intensity (PI) and frequency (PF) with different 
duration time. Moreover, subject to the limited numbers of 
meteorological stations or the relatively coarse resolution of 
satellite data, the regional and local features of the precipita-
tion diurnal cycles affected by complex topography have not 
been revealed in detail. In this study, we utilize the gauge-
satellite merged precipitation product with very high tem-
poral (hourly) and spatial resolutions (0.1° × 0.1°) to detect 
the diurnal variations of rainfall with different duration time 
over the regions east to the Tibetan Plateau. Revealing the 
detailed rainfall features corresponding to the terrain fluc-
tuation can provide a useful observation basis for climate 
model verification.

The rest of this paper is organized as follows. The data 
and methods are described in Sect. 2. The spatiotemporal 
distributions of PA, PF and PI diurnal peaks of precipitation 
with different duration time are compared in Sect. 3.1. Sec-
tion 3.2 presents the spatial distributions of eight typical PA, 
PF and PI diurnal patterns based on the cluster analysis. The 
regional features of the diurnal variations in precipitation 
with different duration time and the associated atmospheric 
circulations are discussed in Sect. 3.3. Finally, the summary 
and discussions are given in Sect. 4.

2  2. Data and methods

2.1  Data

The precipitation dataset used in this study is the hourly, 
0.1° × 0.1°, gauge-satellite merged precipitation product 
during 2008–2014, which can be obtained from the National 
Meteorological Information Center of China (available at 
http://data.cma.cn/search/keywords.html). This product is 
developed through a two-step merging algorithm of proba-
bility density function-optimal interpolation (PDF-OI) meth-
ods (Yu et al. 2013; Pan et al. 2012) by combining the qual-
ity-controlled rain gauge precipitation records at more than 
30,000 automatic weather stations (AWS) with the Climate 
Precipitation Center Morphing (CMORPH) satellite pre-
cipitation estimates (Joyce et al. 2004). Hence, this gauge-
satellite merged precipitation product synthesizes the advan-
tages of gauge observed and satellite retrieved precipitation 
datasets. Compared to the previous limited and sparsely 
distributed hourly rain-gauge records or 3-h, 0.25° × 0.25° 

http://data.cma.cn/search/keywords.html
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TRMM3B42 dataset, it provides a better opportunity for 
revealing the much more detailed spatiotemporal variations 
of rainfall with different duration time. The cross-validation 
results obtained by Shen et al. (2013, 2014) further indi-
cate that this hourly precipitation product with 0.1° × 0.1° 
horizontal resolution shows much smaller systematic and 
random biases, root mean square errors and higher spatial 
correlation compared with both the AWS or CMORPH data 
and original PDF-OI derived precipitation product. Moreo-
ver, this dataset also shows good performance in capturing 
the varying features of hourly precipitation in heavy weather 
events over China.

The other datasets adopted in this study are listed as fol-
lows: (1) the ERA Interim data during 2008–2014 with the 
horizontal resolution of 0.25° at 00UTC, 06UTC, 12UTC 
and 18UTC (http://apps.ecmwf.int/datasets/data/interim-
full-daily/). Variables used in current study include zonal 
wind (u), meridional wind (v), vertical velocity (w) and 
specific humidity (q) at 27 pressure levels ranging from 
1000 to 100 hPa. (2) The Global Topographic Elevation 
data (GTOPO30) with a horizontal resolution of 30  s 
(~ 1 km) (available at the website https://lta.cr.usgs.gov/
GTOPO30).

Fig. 1  Spatial distributions 
of a terrain height (m) and b 
sub-grid topography standard 
deviation (m) over the regions 
east to Tibetan Plateau. The 
Yangtze River and Yellow River 
are indicated by the dark curve 
lines

http://apps.ecmwf.int/datasets/data/interim-full-daily/
http://apps.ecmwf.int/datasets/data/interim-full-daily/
https://lta.cr.usgs.gov/GTOPO30
https://lta.cr.usgs.gov/GTOPO30
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2.2  Methods

In this study, the total rainfall amount, frequency and inten-
sity during summer are calculated by adopting a threshold of 
0.1 mm h−1 for each hour of a day at each grid box (Dai et al. 
1999). Subsequently, following Zhou et al. (2008), the summer 
averages of precipitation amount (PA, the accumulated meas-
urable precipitation divided by the total hours in summer), 
frequency (PF, the percentage of total precipitating hours with 
the measurable precipitation ⩾ 0.1 mm h−1 to the total hours 
in summer), and intensity (PI, the accumulated measurable 
precipitation averaged over the total precipitating hours with 
the measurable precipitation ⩾ 0.1 mm h−1 in summer) during 
2008–2014 for each hour of a day at each grid are obtained. 
In addition, the number of hours between the start and the 
end of an event without any intermittence during which the 
rainfall is less than 0.1 mm h−1 are regarded as the duration 
time (Yu et al. 2007b). Based on different duration time, we 
further define the long-duration (> 6 h) and short-duration ( ⩽
3 h) rainfall events (Yu et al. 2007b; Li et al. 2008).

To compare the rainfall events with different duration 
time over different regions, the diurnal variations of PA, PF 
and PI are normalized by the their daily mean according to 
D(h) = (R(h) − Rm)/Rm (Yu et al. 2007b), where h ranging from 
0 to 23 indicates the Beijing Time (BJT). Rm =

1

24

∑h=23

h=0
R(h) 

is the daily mean of PA, PF and PI.
In addition, we adopted the harmonic analysis (Angelis 

et al. 2004; Roy and Balling 2005; Yin et al. 2009; Zhang et al. 
2017) on the normalized 24-h time series of PA, PF and PI The 
first three harmonic components are retained to represent the 
precipitation diurnal cycle and given by:

where P̂(h) is the estimate of PA, PF and PI in each hourly 
interval, h = 1, 2,… , 24 indicates BJT expressed by the hour 
of a day ranging from 00:00 to 23:00 BJT. P is the daily 
mean value. m ranging from 1 to 3 denotes the first three 
harmonics. The residual is the higher order harmonics of 
precipitation diurnal variations. Cm is the amplitude and �m is 
the phase for the mth harmonic. Pvar represents the variance 
of the 24-h PA, PF and PI time series. em indicates the con-
tribution of the mth harmonic to the total daily variance and 

(1)P̂(h) = P +

m=3
∑

m=1

Cm cos

(

2k𝜋

24
− 𝜎m

)

+ residual

(2)em =
0.5C2

m

Pvar

(3)Fm =
0.5C2

m
× (24 − 2 − 1)

(Pvar − C2
m
) × 2

is used to reveal how much of the diurnal variations can be 
explained by the mth harmonic. Fm can be obtained according 
to Eq. (3). The F-test is used to determine the significance 
of the harmonics by comparing Fm with the inverse of the 
F distribution function with 2 and 21 degrees of freedom at 
significance level of 90% (Benedetto 1996; Yin et al. 2009). 
The purposes of the harmonic analysis are not only to obtain 
the valid data size but also to improve the statistical signifi-
cance for the cluster analysis (Fujibe 1999).

Different from the other cluster methods, the Fuzzy c 
mean cluster analysis, exhibits some advantages in obtain-
ing a small number of representative patterns from the 
voluminous data (Fujibe 1989; Chen et al. 2009a; Zhang 
et al. 2017), allows for partial membership to all clusters 
and ascertains the major patterns by selecting the maxi-
mum memberships at grids. Following Zhang et al. (2017), 
if the sum of the first three harmonics contributes more 
than 70% to the total daily variance and at least one of 
the first three harmonics passes the statistical significance 
level of 90%, these data (diurnal cycles of PA, PF and 
PI) are picked out for the Fuzzy c mean cluster analysis 
(Fujibe 1989, 1999). Then, we conduct the cluster analy-
sis on the normalized 24-h time series of PA, PF and PI 
for the rainfall with different duration time. The degrees 
of membership to the eight cluster centers are calculated 
based on the method in current study. According to the 
maximal partial memberships at grids, we can obtain the 
spatial distributions of eight typical patterns and synthe-
size the corresponding precipitation diurnal cycles at the 
grids belonging to a given cluster. Detailed descriptions 
of Fuzzy c mean cluster analysis can be found in Fujibe 
(1989, 1999). Meanwhile, the standard deviations of PA, 
PF and PI among the grids corresponding to a given clus-
ter at each hour of day are used to show how the robustness 
of the cluster analysis is.

To reveal the relation between the spatial distribution 
of the gauge-satellite merged precipitation and that of the 
sub-grid terrain fluctuation which can be reflected by the 
sub-grid topography standard deviation (SD) (Fig. 1b) at 
each grid of the gauge-satellite precipitation data, based 
on the GTOPO30 terrain height with the horizontal reso-
lution of 30 arc s, the sub-grid topography SD at a given 
grid (i, j) of the gauge-satellite merged precipitation can 
be calculated by:

where ah is the regional mean GTOPO30 terrain height in 
the region across the 169 points within the grid ( i, j ) of the 
gauge-satellite merged precipitation, h(i1, j1) is the terrain 
height at the grid ( i1, j1 ) of the GTOPO30 data. i1 and j1 
indicate the GTOPO30 grid number for the west–east 

(4)SD(i, j) =

√

1

169

∑i1,j1=6

i1,j1=−6
(h(i1, j1) − ah)2
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direction and south-north direction respectively. The reso-
lution of the gauge-satellite precipitation is 0.1°, so the total 
grids of the GTOPO30 with the resolution of 30 arc seconds 
within the given grid ( i, j ) of the gauge-satellite precipita-
tion should be 169 (13 by 13).

3  3. Results

3.1  Spatial distribution of the summer precipitation 
diurnal cycles

Figure 2 gives the spatial distributions of PA, PF and PI diur-
nal peaks (hereafter PPA, PPF and PPI) and their occurrence 
time. From Fig. 2a, the PPA of total rainfall with the inten-
sity above 0.6 mm h−1 is located over the south peripheries 
of Yungui Plateau, eastern flanks of the Tibetan Plateau, 

Fig. 2  Spatial distributions of the diurnal peaks (shadings) of the total 
(the left panel), short-duration (the middle panel), and long-duration 
(the right panel) precipitation amount, frequency and intensity in 

summer averaged over 2008–2014 and their occurrence time (arrows 
indicate BJT, see phase clock)



4292 Y. Wu et al.

1 3

southeastern hilly and coastal regions, where the PPF of 
the total rainfall usually exceeds 30% (Fig. 2d). Over the 
southeastern hilly and coastal regions, the PA and PF of the 
total rainfall show coherent late-afternoon peaks (Fig. 2a, d), 
while they usually occur during midnight to early morning 
over the eastern peripheries of Tibetan Plateau to Sichuan 
Basin and some sub-regions in the North China Plain. Dif-
ferent from the distributions of the large PPA and PPF 
centers in Fig. 2a, d, the PPI of the total rainfall with the 
intensity above 3.2 mm h−1 is mainly situated in valleys, 
riparian, or coastal plains (Fig. 2g). This may be ascribed 
to the abundant moisture fluxes carried by the accelerated 
low-level southwesterly jet due to the boundary layer fric-
tion and decreased turbulent mixing at night (Higgins et al. 
1997; Carbone and Tuttle 2008; He and Zhang 2010; Bao 
et al. 2011).

From Fig. 2b, the PPA of short-duration rainfall with 
the intensity exceeding 0.15 mm h−1 mainly occurs in the 
elevated mountainous regions, such as eastern peripheries 
of Tibetan and southeastern Yungui Plateau, and the south-
eastern hilly and coastal regions, where the PPF is usually 
more than 12% (Fig. 2e). The PA and PF of short-duration 
rainfall show a leading late-afternoon peak and usually occur 
earlier over southern regions than over northern regions. 
From Fig. 2b, e, h, although the PPF of the short-duration 
rainfall is below 6% in the North China Plain, the PPA is 
over 0.15 mm h−1 and greater than that over the Taihang 
Mountains due to the strong PPI exceeding 3.2 mm h−1.

It is notable that the PPA, PPF and PPI of the long-dura-
tion rainfall all exhibit an obvious clockwise diurnal phase 
time delay along the eastern Tibetan Plateau peripheries 
to the middle-lower reaches of the Yangtze River Valley 
(Fig. 2c, f, i). In addition, the spatial correlation coefficients 
between the total rainfall and long-duration rainfall shown in 
Fig. 2 for the PPA, PPF and PPI are over 0.83 which is statis-
tically significant at the 99% confidence level, indicating that 
the PPA, PPF and PPI of the total rainfall over most parts of 
the study region are mainly contributed by the long-duration 
rainfall in summer, this is consistent with the findings of Yu 
et al. (2007b).

3.2  Results of the cluster analysis

To give detailed typical patterns of the summer rainfall diur-
nal variations over the regions east to the Tibetan Plateau, 
we conducted the cluster analysis as described in Sect. 2.2 
on the normalized 24-h time series of the PA, PF and PI 
for the total rainfall and the rainfall with different duration 
time, respectively. Figures 3, 4 and 5 show the eight typical 
diurnal patterns of PA, PF and PI for the total rainfall based 
on the Fuzzy c mean cluster analysis. The colored regions 
in Figs. 3a, 4a and 5a denote the first three harmonics pass-
ing the F test at 90% significant confidence level and jointly 

contributing more than 70% to the total daily variance. As 
implied in the red (black) lines derived from synthetic (origi-
nal) data (Figs. 3b, 4b, 5b), the raw data can be well reflected 
by the harmonic analysis in all typical patterns.

From Fig. 3a, the PA diurnal patterns exhibit very dis-
tinct regional features. As shown in Fig. 3a, b, the rainfall 
with the typical diurnal patterns k = 6–8 over the Loess Pla-
teau, Taihang Mountains, Qinling-Wushan Mountains, most 
southeastern Yungui Plateau, southeastern hilly and coastal 
regions peaks in late afternoon. This late-afternoon PPA is 
mainly attributed to the low-level atmospheric instability 
triggered by surface solar heating (Yuan et al. 2010; Luo 
et al. 2013). Specifically, the late-afternoon precipitation 
over the coastal regions in southern China is also related 
to the orographic lifting effect and more water vapor trans-
ported by the sea breeze during the monsoon break period 
(Yu et al. 2009; Yuan et al. 2012; Chen et al. 2014). Mean-
while, it can be noted that the PA diurnal cycles over most 
regions typically show eastward phase time delay, i.e., over 
the regions north to 35°N, the PA patterns k = 6–8 with 
late-afternoon (16:00–19:00 BJT) peaks over Loess Plateau 
and Taihang Mountains shift to the patterns k = 1–3 with 
early evening to early morning (20:00–06:00 BJT) peaks 
over the downstream plains. Over the areas between 26°N 
and 32°N, the PA patterns k = 1–5 with nocturnal to early-
morning (00:00–08:00 BJT) peaks over the east peripheries 
of Tibetan and Yungui Plateau, and Sichuan Basin change 
to the PA patterns k = 6–8 with late-afternoon peaks over the 
hilly and coastal areas in the east. However, the PA diurnal 
cycles over the tropical regions located in the areas south to 
24°N display very weak eastward phase time delay. Com-
pared to the PA pattern k = 1, the diurnal peaks of the PA 
patterns k = 2–4 get strengthened during 04:00–08:00 BJT 
with a relatively larger value exceeding 0.30 mm h−1 over 
the downstream of highlands, such as Sichuan Basin and 
the North China Plain. This can be ascribed to the increased 
moisture supply carried by the nocturnal accelerated low-
level southwesterly winds (Fig. 10a vs. b).

Compared to the PA of the total rainfall, the PF diur-
nal cycles of the total rainfall over most parts of eastern 
China can be well explained by the first three harmonics 
(80.52 versus 92.12%). Hence, we can observe a more 
pronounced regional distribution of PF patterns and corre-
sponding rainfall diurnal cycles. The PF pattern k = 1 with 
an early-evening peak locates over the elevated mountainous 
regions of Taihang mountains and Tibetan Plateau. Com-
pared with the distributions of PA patterns k = 2–4 for the 
total rainfall (Fig. 3), the PF patterns k = 2–4 for the total 
rainfall (Fig. 4) over the downstream of the Taihang moun-
tains and patterns k = 2–5 over the eastern flanks of Tibetan 
and Yungui Plateau show more apparent eastward phase 
time delay features. Additionally, the diurnal peaks of the 
PF patterns k = 2–5 weaken gradually during 02:00–08:00 
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BJT. The PF pattern k = 7 located over most Yangtze-Huai 
River Valley shows a weak early-morning peak and a rela-
tively strong late-afternoon peak. The PF patterns k = 6 and 
8 with strong late-afternoon peaks mainly located over the 
southeastern peripheries of Yungui Plateau, Loess Plateau, 
Wushan Mountains, southeastern hilly and coastal regions 
show relatively larger diurnal amplitude compared to the 
other PF diurnal patterns.

Different from PA and PF, the PI diurnal cycles of the 
total rainfall over approximate half of the study region can-
not be appropriately depicted by the diurnal and semidiurnal 

cycles (Fig. 7a). Along the eastern peripheries of Tibetan 
Plateau to the downstream areas between 100°E and 110°E, 
the PI patterns k = 2–6 for the total rainfall show a mid-
night to early-morning phase time delay. Moreover, the 
PPI enhances gradually during 02:00–08:00 BJT. Over the 
regions east to 110oE, the PI pattern k = 7 is characterized 
by a morning peak, while the PI pattern k = 8 shows two 
comparable peaks around 10:00 and 18:00 BJT.

As the cluster analysis of the PF for the total rainfall can 
give a better clarity between different rainfall patterns com-
pared to PA and PI mentioned above, Figs. 6, 7 and 8 further 

Fig. 3  a Spatial distributions 
of summer PA patterns and b 
corresponding diurnal cycles 
averaged over 2008–2014 along 
with the standard deviation of 
the PA among the grids belong-
ing to a given cluster (shaded 
in yellow). The markers of 
patterns K in a are labeled at 
b, accompanied by the ratio to 
the colored region that can be 
well explained by the first three 
harmonics. The red (gray) lines 
show the diurnal cycles of PA 
with (without) Fourier analysis
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give the cluster analysis results on the PF of the rainfall 
events with different duration time. From Fig. 6, the long-
duration PF diurnal patterns k = 1–5 show clear eastward 
phase time delay during 02:00–08:00 BJT along the east 
peripheries of Tibetan Plateau to the downstream lowlands 
and the amplitude of the corresponding diurnal cycle weak-
ens gradually, which is highly consistent with the spatiotem-
poral variations of the PF patterns k = 2–5 in the total rain-
fall (Fig. 4). However, the long-duration PF patterns k = 3–6 
with early-morning peaks dominate the Taihang mountains 
and North China Plain, while the PF patterns k = 1–4 of the 

total rainfall over there show apparent eastward phase time 
delay in Fig. 4. Despite of the long duration time, the PF 
patterns k = 7 and 8 still show a very weak late-afternoon 
diurnal peak over the southeastern hilly and coastal regions. 
This is also in accord with the late-afternoon PPF of long-
duration rainfall (Fig. 2f). From Fig. 7, the short-duration 
PF patterns k = 1–8 all show consistent late-afternoon diur-
nal peaks during 17:00–18:00 BJT. Specifically, the short-
duration PF patterns k = 5–8 with diurnal peaks at 17:00 
BJT mainly locate over the southeastern hilly and coastal 
regions, where the dominant mode is the PF pattern k = 8 

Fig. 4  Same as in Fig. 3, but for 
the PF of the total rainfall
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with a strong late-afternoon peak exceeding 11%. However, 
the short-duration PF patterns k = 1–4 mainly locate over the 
Loess Plateau, Taihang mountains, eastern peripheries of 
Tibetan and Yungui Plateau and usually peak at 18:00 BJT.

In the central northern China, Yuan et al. (2014b) regards 
the rainfall with the duration time ≤ 6 h as the crucial fac-
tor for the eastward propagation from Taihang mountains to 
North China Plain, ascribing it to the topographic modula-
tion on the low-level temperature, moisture and wind fields. 
In this study, the short-duration PF patterns k = 1 and 2 with 
dominant late-afternoon peaks at 18:00 BJT are confined to 

the Taihang Mountains’ ranges. Additionally, the PF patterns 
k = 3–5 of the long-duration rainfall exhibit early-morning 
peaks during 07:00–09:00 BJT over the North China Plain. 
No apparent eastward propagation can be found in both 
short-duration and long-duration rainfall to explain the 
eastward phase delay of the total rainfall diurnal peaks over 
there. Hence, we further give the cluster results on the PF 
of the rainfall with 4–6 h duration in Fig. 8. The midnight to 
early-morning PF patterns k = 1–4 share similar spatial dis-
tribution to the long-duration rainfall in the eastern periph-
eries of Tibetan and Yungui Plateau. However, along the 

Fig. 5  Same as in Fig. 3, but for 
the PI of total rainfall
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Taihang mountains to the North China Plain, the PF patterns 
k = 1–4 for the 4–6 h rainfall lead to the eastward phase time 
delay in the PPF of the total rainfall. Over the southeastern 
hilly and coastal regions, the PF patterns k = 7 and 8 of the 
rainfall with the duration time of 4–6 h are characterized by 
a leading late-afternoon peak similar to those of the short-
duration rainfall. These unique spatiotemporal features of 
the rainfall with 4–6 h duration are firstly shown by the clus-
ter analysis and the fine-scale data.

According to the cluster analysis mentioned above, 
the spatial patterns of PA, PF and PI for the rainfall with 

different duration time vary regionally among plateaus, 
basins, plains, hilly and coastal areas. To detect the rela-
tions between the PA, PF and PI patterns with the sub-grid 
topography fluctuations, we further give the diurnal pre-
cipitation cycles varying with different sub-grid topog-
raphy SD in Fig. 9. The PA and PF diurnal cycles of the 
total rainfall with the sub-grid topography SD below 200 m 
show a weak early-morning peak and a relatively larger 
late-afternoon peak at 17:00–19:00 BJT (Fig. 9d, h). This 
late-afternoon PPA and PPF of the total rainfall is mainly 
contributed by the short-duration rainfall in Fig. 9a, e. With 

Fig. 6  Same as in Fig. 3, but 
for the PF with long-duration 
rainfall
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the sub-grid topography SD increased from 200 to 700 m, 
the early-morning PPA and PPF of the total rainfall enhance 
gradually and change to strong midnight to early-morning 
type, which is similar to the sub-grid topography SD-time 
variations of the long-duration rainfall between 00:00–09:00 
BJT in Fig. 9c, g. From Fig. 9k, l, the PI of the total and 
long-duration rainfall show a weak late-afternoon peak and 
a strong midnight to early-morning peak. While the PI of 
the short-duration and 4–6 h rainfall exhibit a much stronger 
late-afternoon peak (Fig. 9i, j), indicating that the midnight 
to early-morning PI peaks in the total rainfall mainly result 

from those of the long-duration rainfall. Overall, the sub-
grid terrain fluctuations show significant impacts on the 
precipitation diurnal cycles. With the sub-grid topography 
standard deviation (SD) decreased, the PA, PF and PI of the 
total rainfall tend to show much more pronounced double 
diurnal peaks. Meanwhile, the diurnal peaks of PA and PF 
(PI) strengthen (weaken) with the sub-grid topography SD 
enhanced.

To indicate the overall precipitation diurnal evolution 
features over eastern China in summer, Fig. 10 further 
gives the spatial distribution of the climatic mean PA 

Fig. 7  Same as in Fig. 3, but 
for the PF with short-duration 
rainfall
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averaged every 3 h. From Fig. 10a–d, large 3-h mean rain-
fall with the intensity exceeding 0.4 mm h−1 during mid-
night to early morning is located over the south peripher-
ies of Yungui Plateau and the eastern flanks of Tibetan 
Plateau. Specifically, large PA centers over the south 
peripheries of the Yungui Plateau develop gradually since 
23:00 BJT, reach the maximal intensity above 0.6 mm h−1 
during 02:00–07:00 BJT and then shift towards recession 
after 10:00 BJT. The maximal nocturnal rainfall can be 
explained by the enhanced warm-moist southerlies blow-
ing against the Yungui and Tibetan Plateau (Fig. 10a), 

which carry more water vapor and interact with the local 
orographic convergence and ascending motions. Along 
the lee side of Tibetan Plateau, Sichuan Basin, Qinling-
Wushan Mountains and the adjacent lowlands, the PA 
shows remarkable eastward propagation tendencies. This 
is consistent with the diurnal clockwise rotation of the 
occurrence time of long-duration PPA in Fig. 2 and the 
coherent eastward phase time delay of both total and 
long-duration rainfall between 26°N and 32°N revealed 
by the cluster analysis (Figs. 3, 4, 5, 6). Besides the above 
two large PA centers, there also exists a relatively weaker 

Fig. 8  Same as in Fig. 3, but for 
the PF with the duration time 
of 4–6 h
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midnight to morning (02:00–10:00 BJT) rainfall pattern 
over the middle-lower reaches of the Yangtze River Val-
ley. Compared with the PA propagation in the eastern 
peripheries of Tibetan Plateau, the rainfall systems in 
the middle-lower reaches of the Yangtze River seem to 

begin developing locally since 02:00 BJT, accompanied 
by the initiation of the low-level convergence and the 
acceleration of the anomalous southwest moisture flux 
(Fig. 11a, b). Moreover, although the rainfall over the 
regions north to 35°N is below 0.2 mm h−1, it can also be 

Fig. 9  The sub-grid terrain SD-
time cross section of the hourly 
summer mean PA, PF and PI of 
the total, short-duration, 4–6 h 
and long-duration rainfall aver-
aged over 2008–2014

Fig. 10  Spatial distribution of the 3-h mean summer PA (mm) east to the Tibetan Plateau averaged over 2008–2014
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noted that the rainfall over the Taihang Mountains during 
17:00–22:00BJT prorogates southeastward to the down-
stream plains during 23:00–09:00 BJT.

As shown in Fig. 11, contrary to the atmospheric circu-
lations at 02:00 BJT (Fig. 11a), the anomalous ascending 
motion centers at 14:00 BJT are located over the eastern 
slopes of the Tibetan Plateau, Yungui plateau, Qingling-
Wushan Mountains, Taihang Mountains, southeastern 
hilly and coastal regions (Fig. 11c). Meanwhile, indicated 
by the northwestern moisture flux anomaly, the back-
ground southerly humidity fluxes are confined to south-
eastern hilly and coastal regions, which further lead to the 
PA maximal exceeding 0.5 mm h−1 between 14:00–19:00 
BJT (Fig. 10f, g). At 20:00 BJT, the anomalous circula-
tion is almost a complete reversal to that at 08:00 BJT 
due to the differential heating properties among the pla-
teaus, highlands, plains and oceans, favoring afresh the 
late-evening to midnight rainfall formation on the eastern 
slopes of Tibetan Plateau and coastal regions.

3.3  Regional features of the diurnal variations 
of the precipitation with different duration time

Above results demonstrate that the diurnal variations of PA, 
PF and PI show distinct features over regions with contrast-
ing terrain complexities such as plateaus vs. basins, moun-
tains vs. valleys, and land vs. sea. Considering the similar 
step-like terrain and eastward-delayed diurnal phase of rain-
fall over the northern regions (35–40°N, 110–125°E) and 
southern regions (26–32°N, 110–125°E). Figures 12 and 13 
further present the meridionally averaged sub-grid topog-
raphy SD and the diurnal cycles of the PA for rainfall with 
different duration time along 100–125°E.

From Fig. 12, the short-duration rainfall over the land 
regions along 100–120°E displays intensively late-afternoon 
diurnal peaks (Fig. 12c), while the long-duration rainfall 
along 100–125°E shows prevailing midnight to morning 
diurnal peaks (Fig. 12e). The PA with the duration time 
of 4–6 h displays early-afternoon to early-evening peaks 

Fig. 11  Spatial distribution of 
the anomalous 850 hPa vertical 
motion (colored, cm s−1) and 
the moisture flux (vectors, 
kg m−1 s−1) vertically integrated 
from the ground surface to 
300 hPa derived from the ERA 
Interim analyses at a 02:00, b 
08:00, c 14:00, and d 20:00 BJT 
relative to the daily mean
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along 100–113°E and midnight to morning peaks along 
113–125°E (Fig. 12d). The diurnal PA peaks of the total 
rainfall in Fig. 12b are determined by the relative strength 
among the diurnal PA peaks of the rainfall with different 
duration time. Overall, the PA of the total rainfall over 
the regions along 107–113°E displays two diurnal peaks 
(Fig. 12b). However, corresponding to the regions with rela-
tively larger sub-grid terrain SD contrast in Fig. 12a, the PA 
of the total rainfall (Fig. 12b) tends to peak in midnight to 
morning (early evening to early morning) along 100–107°E 
(113–125°E). It is worth noting that the eastward-delayed 
diurnal phase of total rainfall during 00:00–09:00 BJT along 
the Tibetan Plateau to its downstream is closely related to 
the long-duration rainfall, while the eastward-delayed diur-
nal phase of total rainfall during 20:00–06:00 BJT along 
the Taihang mountains to North China Plain is mainly con-
tributed by the rainfall with 4–6 h duration (Fig. 12b, d, 
e). As mentioned by a large number of previous studies, 
the enhanced nocturnal southwesterly, the mountain-plain 

solenoids and the coherent eastward migrating mesoscale 
convective systems may contribute to the eastward phase 
time delay of the PA diurnal cycle (Carbone et al. 2002; 
Tian et al. 2005; Jiang et al. 2006, 2017; Sun and Yang 
2008; Chen et al. 2010; Huang et al. 2010a; Bao et al. 2011). 
However, the underlying processes still remain as an open 
question and the significant impact of 4–6 h rainfall on the 
eastward-delayed diurnal phase of total rainfall should be 
deeply revealed in the future work.

The southern parts of the study region exhibit great 
mountain-valley contrast between the Tibetan Plateau and 
Sichuan Basin, between Qinling-Wushan Mountains and 
the middle-lower reaches of Yangtze River Valley, and 
between the hilly areas and the ocean in the east (Fig. 1). 
Similar to the situations over the northern parts of the study 
region (Fig. 12c), the PA of the short-duration rainfall along 
100–122°E mainly displays coherent late-afternoon diur-
nal peaks (Fig. 13c). The PA with the duration of 4–6 h 
presents an eastward phase time delay during 18:00–09:00 

Fig. 12  a Sub-grid topography SD (m) and time-longitude cross section of the normalized diurnal variation of the 7-year (2008–2014) mean a 
total, b short-duration, d 4–6 h and e long-duration PA averaged along 35°N–40°N in summer
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BJT along 100–106°E and a coherent late-afternoon peak 
over the regions between 100 and 122°E (Fig. 13d). How-
ever, the long-duration PA (as well as PF and PI, figures 
not shown) displays obvious eastward diurnal phase time 
delay during 00:00–18:00 BJT along 100–122°E, which 
contributed greatly to the eastward-delayed diurnal phase 
of total rainfall along the Tibetan Plateau to its downstream 
(Fig. 13b, e). In addition, compared to the faster eastward 
propagation speed of the total rainfall along the Tibetan Pla-
teau to its downstream regions (100°E–110°E), the PA of 
the total rainfall over the regions between 110°E and 120°E 
with much smaller sub-grid terrain SD contrast (Fig. 13a) 
manifests a relatively slower propagation speed due to the 
meso-synoptic forcing associated with the monsoon system, 
such as the diurnal clockwise rotation of moisture fluxes 
related to the nocturnal accelerated low-level southwesterly 
jet in Fig. 11a, b (Chen et al. 2004, 2010; Wang et al. 2004; 
Ding and Chan 2005; Yuan et al. 2010).

Figures 12 and 13 vividly reveal the regional distribu-
tions of nocturnal, early-morning and late-afternoon rainfall 

patterns during summer. The short-duration rainfall usually 
peaks in late afternoon. The long-duration rainfall gener-
ally shows nocturnal or morning diurnal peaks. Over the 
eastern peripheries of the plateaus, the long-duration rainfall 
exhibits a similar propagation tendency to the total rainfall 
from late evening to morning. This may indicate the devel-
opment, propagation and regeneration processes of convec-
tions with longer life cycles during summer (Carbone et al. 
2002; Nesbitt and Zipser 2003; Wang et al. 2004; Jiang 
et al. 2006). On one hand, the thermal circulation caused 
by local mountain-valley thermal contrast may lead to the 
propagation of rainfall events over the regions downstream 
of the elevated regions, such as the Rocky Mountains, 
Tibetan Plateau and the Taihang Mountains (Koch et al. 
2001; Carbone et al. 2002; He and Zhang 2010; Bao et al. 
2011; Bao and Zhang 2013). On the other hand, large-scale 
monsoon systems, including the western Pacific subtropical 
high, the upper-level background westerlies, the low-level 
southwesterly jet and the Mei-yu front, also exert important 
modulating effects on the development of convection and 

Fig. 13  a Sub-grid topography SD (m) and time-longitude cross section of the normalized diurnal variation of the 7-year (2008–2014) mean a 
total, b short-duration, d 4–6 h and e long-duration PA averaged along 26°N–32°N in summer
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the corresponding eastward diurnal phase time delay. As 
revealed in Fig. 11a, b, the moisture transportation induced 
by the nocturnal southwesterly exhibits distinct diurnal vari-
ations. When coupled with the ascending motions provided 
by the mountain-plain solenoids, convective rainfall during 
midnight to early morning is easily triggered over North 
China Plain, Sichuan Basin and the middle-lower reaches 
of Yangtze River Valley (He and Zhang 2010; Huang et al. 
2010a; Bao et al. 2011; Bao and Zhang 2013). During the 
active monsoon period, precipitation diurnal variations over 
the middle-lower Yangtze River Valley are characterized by 
the eastward phase time delay in the long-duration rainfall 
(Chen et al. 2010, 2012a; Yuan et al. 2010). Compared with 
the much faster eastward propagation speed along the east-
ern flanks of Tibetan Plateau to the downstream regions, the 
weaker solenoidal circulation associated with the weaker 
thermal contrast cannot adequately explain the much slower 
eastward propagation speed along Wushan Mountains to the 
downstream low-lying plains in Fig. 13b, e. However, it is 
worth noting that the southwesterly moisture transporta-
tion during 02:00–08:00 BJT exhibits a diurnal clockwise 
rotation and enhancement process over the middle-lower 
Yangtze River Valley (Fig. 11a, b). The warm and moist 
flow will further converge and rise along the Mei-yu front 
therein, leading to the formation and propagation of long-
lived meso-scale convective rainfall in the warmer frontal 
regions (Chen et al. 2004, 2012a; Wang et al. 2004; Geng 
and Yamada 2007; Sun and Zhang 2012; Luo et al. 2014).

As discussed by Bao et al. (2011), the mountain-plain 
solenoids initially triggered by differential heating between 
complex terrains play an important role in the rainfall evolu-
tion over the regions east to Tibetan Plateau. Focused on the 
southern areas along 26–32°N, the meridionally averaged 
deviations of the vertical motion, circulations and meridi-
onal winds relative to the daily mean, and the correspond-
ing normalized diurnal PA with different duration time are 
shown in Fig. 14. At 02:00 BJT, due to the mountain-valley 
and land–ocean thermal contrast, there exist three anoma-
lous ascending motions located over Sichuan Basin, Yangtze 
River Valley and ocean. Meanwhile, the abundant moisture 
fluxes carried by the nocturnal accelerated southwesterly 
(Fig. 11a) lead to the increases of atmospheric precipitable 
water and relative humidity, which favors the formation and 
development of the midnight to early-morning convective 
systems over there. As a result, the total and long-duration 
rainfall (purple and green lines in Fig. 14a, respectively) 
show large normalized deviations of PA over the Sichuan 
Basin where the anomalous ascending motion is especially 
strong due to the largest mountain-valley thermal contrast.

Indicated by the stronger positive anomaly of meridional 
wind at 08:00 BJT (Fig. 14b), the low-level southwesterly 
jet exhibits an enhancement process over the middle-lower 
reaches of Yangtze River Valley due to the nighttime decrease 

of boundary friction and turbulence diffusion over flatlands 
(Chen et al. 2010; Bao et al. 2011). As revealed in Fig. 11b, the 
regions with strong water vapor transport shifted to the regions 
east to 110°E, corresponding to the diurnal clockwise rotation 
of the anomalous low-tropospheric monsoon circulation. Col-
located with the lifting effect of the mountain-plain solenoid’s 
upward branch widely spreading along 112–118°E (Fig. 14b) 
and the strong quasi-stationary Mei-yu front (Wang et al. 2004; 
Chen et al. 2012a; Luo et al. 2014), the long-duration rainfall 
with a relatively larger diurnal normalized deviation around 
0.4 is widely distributed over the middle-lower reaches of 
Yangtze River Valley. Meanwhile, the short-duration rainfall at 
02:00 and 08:00 BJT (pink lines in Fig. 14a, b) is largely sup-
pressed and can only be caught by a weak signal over ocean.

Contrary to the nocturnal circulations at 02:00 BJT 
(Fig. 14a), the upward branches of the mountain-plain sole-
noids move to the plateau-highland slopes, hilly and coastal 
regions at 14:00 BJT (Fig. 14c). In addition, the daytime 
anomalous northerlies and northwesterly moisture fluxes are 
also reversals of the nighttime situation (Fig. 14c vs. a, Fig. 11c 
vs. a). Consequently, the rainfall is substantially suppressed at 
14:00 BJT and there only exists a low PPA around 118°E due 
to the strong local thermal convections. The normalized diur-
nal deviation of the short-duration rainfall at 14:00 BJT over 
the southeastern hilly regions increases with the development 
of thermal convections compared with that at 02:00 and 08:00 
BJT (Fig. 14a, b), indicating the following intensive outbreak 
of short-duration rainfall during 15:00–19:00 BJT depicted in 
Fig. 10f, g when the ERA Interim data is not available.

The strong large-scale mountain-plain solenoid circula-
tion with the upward branch over the eastern slopes of the 
Tibetan Plateau and the sinking branch over the lowlands 
and ocean at 20:00 BJT (Fig. 14d) is a reversal of the situ-
ation at 08:00 BJT in Fig. 14b. The large-scale anomalous 
descending motions dominate the regions between 110 and 
120°E and further suppress the long-duration precipita-
tion. However, in the coastal areas east to 120°E, the early-
evening PPA for the total, short-duration, and long-duration 
rainfall can be ascribed to the favorable thermal dynamical 
conditions provided by the anomalous upward motion and 
the water vapor transport associated with the sea breeze. Due 
to the abundant warm-moist air from the low-lying basins, 
the short-duration rainfall is extensively distributed over the 
east slopes of Tibetan Plateau until the anomalous circula-
tion reverses at 02:00 BJT (Figs. 11a, 14a).

4  Summary and discussion

In this study, the satellite-gauge merged precipitation 
product at 1-h interval and 0.1° latitude by 0.1° longi-
tude grid spacing during 2008–2014 is utilized to sys-
tematically reveal the diurnal characteristics of summer 
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Fig. 14  Height-longitude cross section of the 7-year (2008–2014) 
summer averaged vertical motion (shaded, cm s−1), the vertical circu-
lation vectors (zonal winds and 100 times of vertical velocity) and the 
meridional winds (contours, m s−1; solid blue, positive; dashed, nega-

tive) deviations relative to the daily mean from the ERA Interim data, 
and the normalized PA diurnal cycles averaged along 26°N–32°N at a 
02:00, b 08:00, c 14:00, and d 20:00 BJT. The gray areas denote the 
terrain height avraged along 26°N–32°N
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precipitation over the regions east to the Tibetan Plateau. 
The major findings are summarized as follows:

The PPA, PPF and PPI of the total, short-duration 
and long-duration rainfall show distinct regional differ-
ences over eastern China during summer. In general, large 
PPA and PPF of the total rainfall mainly locate over the 
southern peripheries of Yungui Plateau, eastern flanks of 
Tibetan Plateau, Qinling-Wushan Mountains, and south-
eastern hilly and coastal regions. Differently, relatively 
strong PPI happens easily in Sichuan Basin, middle-lower 
reaches of the Yangtze River Valley, North China Plain 
and coastal plains in southern China. The PA and PF of 
the short-duration rainfall show coherent late-afternoon 
peaks over the elevated mountain ranges, southeastern 
hilly and coastal regions, while the large PPI only locates 
over the North China Plain. The long-duration rainfall is 
the major contributor to the total rainfall over most parts 
of the study region. Moreover, the PPA, PPF and PPI of 
the long-duration rainfall consistently exhibit a diurnal 
clockwise rotation from the eastern plateau slopes to the 
middle-lower reaches of Yangtze River Valley.

Eight typical diurnal patterns of the PA, PF and PI in 
summer identified by the cluster analysis further show obvi-
ous regional features among the plateaus, basins, plains, 
hilly and coastal regions. The PA of total rainfall displays 
late-afternoon patterns over Loess Plateau, southeastern 
hilly and coastal regions, early-evening patterns over the 
Tibetan Plateau and Taihang Mountains, and the midnight to 
early-morning patterns over the downstream basins or plains 
of the elevated regions. Over the regions along the elevated 
Tibetan Plateau and Taihang mountains to their downstream 
lowlands, the PA diurnal patterns of the total rainfall shows 
an apparent eastward phase time delay during 22:00–08:00 
BJT. These regional-scale differences and eastward phase 
time delay in the total rainfall are much clearer in the cluster 
results of PF. All of the eight typical PF diurnal patterns 
in the short-duration rainfall show a leading late-afternoon 
diurnal peak. The long-duration PF patterns with midnight 
to early-morning peaks are widely distributed over the areas 
east to Tibetan and Yungui Plateaus between 100 and 110°E, 
meanwhile, a relatively weak late-afternoon diurnal peak of 
the long-duration PF can be found over the Loess Plateau, 
Taihang mountains, Qinling-wushan mountains and south-
eastern hilly and coastal regions.

Additionally, the analysis of the relations between pre-
cipitation diurnal cycles and sub-grid terrain SD indicate 
that precipitation diurnal variations over the regions east 
to Tibetan Plateau are significantly affected by the sub-
grid topography fluctuations. The PA, PF and PI of the 
total rainfall display much more pronounced diurnal peaks 
with the sub-grid topography SD decreased. Meanwhile, 
with the sub-grid topography SD increased, the diurnal 

peaks of the PA and PF (PI) for the rainfall with different 
duration time strengthen (weaken).

The diurnal cycles of the total rainfall over most eastern 
China exhibit eastward phase time delay. The eastward-
delayed diurnal phase of the total rainfall along the Tibetan 
Plateau to its downstream is mainly due to the long-dura-
tion (> 6 h) rainfall. However, the eastward-delayed diur-
nal phase of the total rainfall along the Taihang Mountains 
to North China Plain is mainly contributed by the rainfall 
with 4–6 h duration. Further mechanism analysis indicates 
that the eastward phase time delay of the long-duration 
rainfall is closely related to the diurnal variations of the 
upward branches of thermally driven mountain-plain sole-
noids and the moisture fluxes carried by the accelerated 
nocturnal southwesterly winds. The late-afternoon peaks 
of the short-duration rainfall occur intensively over the 
southeastern hilly and coastal regions due to the strong 
local thermal convections. However, the early-evening 
peaks of the short-duration rainfall over the elevated 
mountain ranges are significantly affected by the upward 
warm-moist wind from the surrounding low-lying basins 
and plains.

At present, we merely consider the comprehensive 
impacts of the local topography and large-scale circula-
tions on the diurnal variations of the total, short-duration 
and long-duration rainfall during summer. In fact, the 
intraseasonal movements of the summer monsoon systems, 
including the position and strength of western Pacific sub-
tropical high, the associating variations of the tropospheric 
upper-level jet streams, and the corresponding prevailing 
winds at lower troposphere, also exert great impacts on the 
diurnal precipitation features (Ding and Chan 2005; Geng 
and Yamada 2007; Chen et al. 2009a, b; Yin et al. 2009; 
Yuan et al. 2010; Jiang et al. 2017). Therefore, future 
studies should focus on examining the combined effect of 
complex topography and monsoon climate in modulating 
the precipitation diurnal variability by using much higher 
spatiotemporal resolution data and numerical simulations.
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