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Abstract: This paper investigates the diurnal variations of summer precipitation in Shanghai by using the city's hourly
precipitation data over a span of 35 years. The result shows that the precipitation peaks twice, i.e., in the morning and
in the afternoon. Precipitation in the morning is characterized by light to moderate rain, and that in the afternoon by
heavy to super heavy rain. The peak of short-duration precipitation is mostly found in the afternoon and at dusk, and
that of long-duration precipitation in the morning. Most of the precipitation events in Shanghai are of a short duration of
2-3 hours. Basically, the precipitation is spatially distributed in three areas: the eastern coastal and central urban area,
where the precipitation peaks mostly in the afternoon, the southern coastal area, where the precipitation peaks both in
the afternoon and during the night, and the western area, where long-duration precipitation accounts for a much larger

proportion than the other two areas.
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1 INTRODUCTION

Diurnal variations of precipitation are an important
metric to describe regional climate pattern. Scholars have
conducted numerous studies on the global and regional
patterns of precipitation such as frequency, intensity and
persistence! . Using the precipitation data automatically
collected for the period from 1991 -2004 by
meteorological stations across China, Yu et al.”>¥ became
the first to analyze the diurnal variations of summer
precipitation in the Chinese mainland. The analysis
revealed that the diurnal variations of summer
precipitation in China vary significantly by region: the
precipitation of the middle reaches of the Yangtze River
peaks in the early morning, and that of the Jianghuai and
Huanghuai areas peaks twice, i.e., in the morning and in
the afternoon. Their study also concluded that
precipitation persistence is the key factor for
distinguishing the two diurnal variation phases of
precipitation in east China. Zhou et al. ™ validated this
conclusion by using the metrics of precipitation frequency
and intensity, while finding that satellite data can only be
used to capture the afternoon peak of the diurnal cycle of
precipitation in the Jianghuai region. In their recent study
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on the diurnal variations of precipitation in eastern China
during the warm season (from June to September), Yuan
et al." found that the change in the early morning peak is
closely associated with how the east Asian summer
monsoon rainband changes.

Further researches have been conducted on the
diurnal variations of precipitation in different regions of
China. Li et al.™ found that Beijing experienced a sharp
decrease in long-duration precipitation and a continued
increase in short-duration precipitation over the period
from 1961 to 2004. In their analysis of the summer
precipitation of the same period in the Hai River basin,
Yin et al. ™ presented that short-duration precipitation
accounted for an increasingly large proportion of the total
precipitation in this areca. Based on the metrics of
precipitation amount, intensity and frequency, Zhou et
al.™™ analyzed the diurnal temporal and spatial variations
of summer precipitation in Shandong from 1996 to 2008.
Similar methods were applied by Tang et al.™ and Dai et
al.[> !9 to study diurnal variations of precipitation at the
regional scale. These studies can be a helpful addition to
the future research of diurnal variations of precipitation
and their formation mechanisms. Because of the accuracy
and continuity of the data, these works are limited in the
study of urban-scale climate which requires higher spatial
resolution and longer time.

Surrounded by the East China Sea to the east and the
Hangzhou Bay to the south, Shanghai is located at the
estuary of the Yangtze River and joins the other parts of
the Chinese mainland to the west. An economically
developed city, Shanghai has been the No.l GDP
contributor in China in past 10 years. As the largest
estuarine city along the coastline of China, Shanghai has
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been significantly impacted by the urban heat island
effect as a result of rapid urbanization. Meanwhile, the
action of the land-lake breeze from the Taihu Lake and
the sea-land breeze puts the city under a special zonal
secondary circulation system, which renders the
distribution of precipitation largely uneven in Shanghai.
This paper studies the diurnal variations of summer
precipitation in Shanghai using the city's hourly
precipitation data across a span of 35 years. The aim is to
provide deeper insights into the diurnal variations of
precipitation at a city level, and to support improvements
in numerical models. The conclusions are expected to
inspire the development of design and construction
standards for urban roads and drainage networks in
Shanghai.

2 DATA AND METHODS

Data used in the study comes from the Shanghai

meteorological observation network, which was first
established in the 1950s and completed in around 1960 to
cover all the 11 districts and counties of Shanghai.
Specifically, the study employs the hourly precipitation
data collected in the form of reports from the 11
meteorological stations of this observation network over a
35-year period from 1981-2015 for season June-August.

Figure 1 shows the distribution of mean summer
precipitation in 1981 -2015 and the 11 meteorological
stations. As shown in the figure, the mean summer
precipitation across Shanghai over the 35-year period is
501.8 mm, with a maximum value of 556.5 mm reported
by the Xujiahui station, and a minimum value of 459.6
mm, 96.9 mm less than the former, by the Jinshan station.
There is a distinct “rain island” in the central urban area.
The precipitation is the highest in the central urban area
and goes on a decline when moving farther into the
surrounding suburban areas.
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Figure 1. Distribution of mean summer precipitation and the 11 meteorological stations in Shanghai.

For the purpose of this paper, an effective
precipitation hour is defined as an hour with no less than
0.1 mm of water falls. Precipitation events are classified
by duration, ranging from 1 to 72 hours. A precipitation
event must not have a one-hour or longer pause,
otherwise it is counted as two separate precipitation
events.

It is necessary to standardize precipitation events of
different durations and intensities in order to compare
them™:

“ Ra(h) 1|
— 24
D"(h)_\ ii Rai)

where Ra(h) represents the total precipitation of a type of

events at the hour h, i the standard time of the studied
area, and Da(h) the standardized precipitation.

3 BASIC CHARACTERISTICS OF HOURLY
PRECIPITATION

Figure 2a illustrates diurnal variations of the mean
hourly amount and frequency of summer precipitation in
Shanghai. The figure shows markedly varying
precipitation amounts and frequencies at different times
of the day. Firstly, the maximum in the diurnal cycle of
precipitation occurs between the afternoon and the
evening (15:00-18:00), which accounts for 22.4% of the
total precipitation. The early morning (5:00-8:00) is also
a period with relatively high precipitation, which accounts
for 16.2% of the total precipitation. On average,
precipitation is the lowest at midnight (23:00 -2:00),
which is approximately 180 mm, accounting for 12.8% of
the total. The precipitation frequency peaks twice, in the
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afternoon and the early morning, with the peak value of
the former higher than that of the latter. From the diurnal
variation trend of precipitation, it can be inferred that
summer precipitation in Shanghai is dominated by light
rain in the early morning and short-duration heavy rain in
the afternoon.

There are also significant interdecadal variations in
the afternoon peak of hourly precipitation in Shanghai.
According to the historical precipitation data from 1981

to 2015, the characteristics of precipitation afternoon
peak are the most significant in the mid-1980s, the late
1990s to the early 21st century and the 2010s. Affected by
climate change and urbanization around the 2010s, the
peak characteristics of afternoon precipitation (both of
amount and frequency) prolonged significantly which
may be related to the increase of urban heat capacity (Fig.
2b and Fig. 2c¢).
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Figure 2. The diurnal cycle of amount and frequency in average (a) and in each year (b, ¢) from 1981-2015.

To further verify the above inference, according to
the hourly precipitation amount, the events are classified
into four categories: light to moderate rain (0.1 -0.9
mm/h), moderate to heavy rain (1-2.4 mm/h), heavy
rain to rainstorm (2.5-9.9 mm/h) and heavy rainstorm
(>10 mm/h). Fig. 3 presents the diurnal variation patterns
of precipitation of different intensities in Shanghai from
1981-2015. The charts show notable differences among
the diurnal variations of precipitation of different
intensities. Light to moderate rains mostly fall at the first

half of the night (20:00 -01:00), with precipitation
accounting for 7.95% of the total (Fig. 3a). Moderate to
heavy rains are relatively well-distributed except for a
trough in the afternoon. The maximum value occurs
around midnight. Precipitation of this intensity accounts
for 22.5% of the total (Fig. 3b). Rainstorm peaks in the
morning and reaches the highest at around 8:00, and the
trough period lasts from the evening to the early
morning. Rainstorm accounts for 37.3% of the total
precipitation (Fig. 3c¢). Heavy rainstorm mostly falls in
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the afternoon. This may be related to the strong solar
radiation during this time of the day, which can lead to
convection and thus trigger a rainstorm. This type of
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precipitation contributes to up to 60.6% of the total (Fig.
3d).
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Figure 3. Curves for diurnal variations of precipitation of (a) 0.1-1 mm/h, (b) 1-2.5 mm/h, (¢) 2.5-10 mm/h and (d) >10 mm/h.

4 CHARARTERISTICS
LONG DURATIONS

OF SHORT AND

Yu et al.? pointed out that, in eastern China, the
diurnal cycle of long-duration precipitation (>6 hours)
exhibits an early morning maximum and that of
short-duration precipitation (1-3 hours) an afternoon to
evening maximum. As for the summer in Shanghai (see
Fig. 4), short-duration precipitation events lasting for 2-3
hours are the mainstream among precipitation events of
various durations. Cumulative precipitation of this
duration can reach approx. 570 mm throughout the
summer. Cumulative precipitation of events lasting for 4—
5 hours is about 450 mm. During the study period, the
cumulative precipitation of each duration decreases with
the increase of precipitation duration.

Based on Fig. 4, according to the duration of
precipitation events, all precipitation events are classified
into four categories: 1-3h, 4—6h, 7-12h and > 13h. The
differences of these four types of precipitation events in
different times are further analyzed. Fig. 5 demonstrates
the standardized curves of precipitation events of different
durations in Shanghai. As shown in the figure, the shorter
the duration of a precipitation event is, the higher its
afternoon maximum and the lower its early morning
maximum. The precipitation of 1 -3h events peaks at
around 16:00 with the maximum value twice the average
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Figure 4. Distribution of cumulative precipitation of different
durations (“41” represents the cumulative precipitation of events
lasting for more than 40 hours).

precipitation of events of the same duration throughout
the day. Maximum precipitation of 4—6h events occurs at
around 18:00, 1.5 times the daily average precipitation of
the same duration, but with a lower intensity than that of
1-3h duration events. As for long-duration events of 7—
12h and >13h, the precipitation reaches its greatest in the
early morning. Moreover, the longer the duration is, the
higher the early morning maximum and the lower the
afternoon maximum.
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Figure 5. Standardized curves of precipitation events in different duration categories.

5 SPATIAL DISTRIBUTION OF SHORT AND
LONG DURATIONS

To study the spatial distribution of summer
precipitation events in Shanghai, we worked out the
percentage share of precipitation of each duration in the
total precipitation and the time of the day when maximum
precipitation occurs using the data provided by the 11
meteorological stations from 1981 to 2015 (see Fig. 6).

Generally, the proportion of short- and long-duration
precipitation does not show much difference among
different parts of the city. The city center and coastal
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areas are dominated by short-duration precipitation (see
Fig. 6a). Short-duration events observed at the Xujiahui
and Pudong stations each account for over 50% of the
total. The inland area and the Chongming Island in the
north are dominated by long-duration precipitation (see
Fig. 6b), with the highest proportion being 54.5% ,
observed at the Qingpu station. In terms of the time when
precipitation reaches a peak, short-duration precipitation
has an afternoon to evening maximum, whereas
long-duration precipitation roughly shows an early
morning maximum, which, as observed at the stations,
occurs slightly later in the west than it does in the east.
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Figure 6. Percentage share of precipitation of different durations in total summer precipitation and the time of the day when maximum

precipitation occurs (a: 1-6h, and b: 7-12h).
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Here we divide the 11 meteorological stations of
Shanghai into three types based on the percentage share
of precipitation of different durations in the total
precipitation. Chongming, Jiading, Qingpu and Songjiang
are type | stations that represent the western area.
Fengxian and Jinshan are classified as type II stations to
represent the southern coastal area. Type III stations
include Baoshan, Minhang, Xujiahui, Pudong and
Nanhui, representing the central urban and eastern coastal
area. Analyses are performed on the diurnal variations of
precipitation of different durations for each of the three

types of stations (see Fig. 7). As for 1-6h short-duration
events, an afternoon maximum is observed at all the three
types of stations and higher maximum values are reported
from type I and III stations. 7—12h long-duration events as
well as 13h and 13h+ super-long-duration events show an
early morning precipitation maximum, which is the most
apparent at type II stations. The precipitation proportion
of super long events is slightly larger in the inland area
(type 1) than in the central urban and eastern coastal area

(type IID).
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Figure 7. Standardized precipitation curves of precipitation events of different durations as observed at three types of stations (a: type

1, b: type I, and c: type I1I).

6 CONCLUSIONS AND DISCUSSION

This paper investigates the diurnal variations of
summer precipitation in Shanghai by using the city's
hourly precipitation data over a 35-year period from
1981-2015.

Generally, both the precipitation amount and
frequency in Shanghai show an afternoon maximum, but
the frequency also reaches a significant peak in the early
morning. From the perspective of precipitation intensity,
small to moderate rains often fall from midnight to the
early morning. As the intensity increases, the precipitation
peak occurs at an increasingly late time of the day. For
example, violent rains reach a precipitation peak at
around 14:00. As far as duration is concerned,

short-duration events usually reach a precipitation peak in
the afternoon and in the evening, while long-duration
precipitation mostly peaks in the early morning. Spatial
variations take on three main patterns. The precipitation
in the eastern coastal and central urban area reaches a
peak in the afternoon. The precipitation in the southern
coast peaks twice, at night and in the afternoon. Super
long precipitation accounts for a larger proportion in the
western area than in the other two areas.

Yu et al's works ™ ¥ revealed that short-duration
precipitation events occurring in the afternoon and around
the evening are closely related to solar radiation heating.
Due to the diurnal variations of solar radiation heating,
the lower atmosphere tends to reach an unstable state in
the afternoon and the evening, bringing out zonal moist
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convection that results in short-term precipitation.
However, the precipitation peak in the early morning has
much more complicated formation mechanisms. Some
scholars suggest that precipitation peaks occurring at
night result from stratiform precipitation, which is
enhanced by the instability caused by radiative cooling
near the cloud top at nighttime . Others believe that the
accumulation of water vapor in the lower layer of the
atmosphere  promotes the nocturnal convection
significantly 9.

On the other hand, there are great spatial
discrepancies in the precipitation patterns of Shanghai
despite its relatively small geographical span. Further
studies are required to discuss whether this precipitation
diversity results from the special geographical location of
Shanghai, a city backed by the continent and surrounded
by water on three sides. One factor to consider, for
example, would be the increased urban surface roughness
due to intense urbanization in the central urban area. The
focus should be put on whether this factor leads to
increased regional convergence ", higher sensible heat
flux, and decreased instability of the boundary layer 2,
and whether these issues add to the impact of
urbanization on large-scale environments to cause the
diurnal variations of precipitation in Shanghai.
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