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Abstract: The rainstorm intensity formula and the design of rainstorm hyetographs are important
aspects in drainage design standards. Against the backdrop of climate change, in most cities in
Jiangsu Province of China, significant trends of increasing intensities of heavy rainfall are apparent.
The parameters of the rainstorm intensity formula are no longer applicable in the current context
of significantly stronger rainstorms. To adapt to this change, we first contrasted the fitting accuracy
of the Gumbel distribution, the exponential distribution, and the Pearson III distribution for the
rainstorm intensity formula in Jiangsu. It was found that the Gumbel distribution has the smallest
relative mean square error in most cities, proving that it provides the best estimation of rainstorm
intensity formula parameters. Therefore, the rainstorm intensity formula parameters for 13 cities
was revised using the Gumbel distribution based on the rainfall data from 1991 to 2020. Then, the
precipitation with a 100-year return period was calculated using the revised formula. Moreover, to
compensate for the lack of storm hyetographs that have been designed for Jiangsu, we designed
short-duration rainstorm hyetographs for 13 cities using the Chicago hyetograph method and the
Pilgrim and Cordery (PC) method. The results show that most of the short-duration rainstorms
lasted between 45 and 120 min and were dominated by single-peaked patterns, with the peak
position typically occurring in the first half of the rainfall cycle. The peak coefficient distribution
of short-duration rainstorms shows that short-duration rainstorms in the south reached their peak
rainfall intensity earlier than those in the north. On this basis, using the Chicago method and PC
method, short-duration storm hyetographs were designed, which could be used in the design of
drainage systems to provide support in effectively reducing urban flood threats. By comparing the
hyetographs with real short-duration rainstorm patterns, it was found that the precipitation process
designed using the PC method was most similar to the actual precipitation process. However, the
PC method was found to be highly dependent on local precipitation data, whereas only the rain
peak coefficient is required to design the Chicago rainstorm hyetograph. Therefore, we primarily
recommend hyetographs designed using the PC method for Jiangsu Province’s 13 major cities, while
we recommend the Chicago hyetograph for the surrounding areas of the 13 cities that have no
meteorological stations or lack data.

Keywords: short-duration rainstorm; design hyetograph; Chicago method; Pilgrim and Cordery method

1. Introduction

There are numerous causes of urban waterlogging. Among them, one of the main
causes of urban rainfall waterlogging disasters is a low design standard for rainwater
drainage [1,2]. The measurement of urban rainstorm intensity and the design of rain-
storm hyetographs are important aspects in drainage design standards. They serve as the
foundation for the scientific and rational planning and design of urban drainage systems,
providing scientifically precise design parameters and a theoretical foundation for mu-
nicipal construction, water affairs, and planning departments [3]. Against the backdrop
of climate change, regional severe rainfall events are becoming more frequent, more in-
tense, and longer lasting, increasing the risk of urban rainstorm waterlogging [4—6]. The
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parameters of the storm intensity formula are no longer appropriate for use with these
much stronger rainstorms. Previous urban drainage design requirements do not keep up
with modern growth [7]. To enhance a city’s flood management capacity, it is necessary
to rebuild urban drainage systems to accommodate for changes in rainfall frequency and
distribution [8,9]. Rainstorm hyetographs mainly formulate a rainstorm’s intensity and
design the pattern of a rainstorm. The rainstorm intensity formula is an expression of the
law that governs the amount of rain during the heaviest period, but it cannot reflect changes
in rainstorm intensity over time. Thus, in addition to determining the rainfall intensity
formula, features that cause variation in a rainstorm’s intensity need to be investigated.
Numerous studies have been conducted regarding the rainstorm intensity formula in the
past, but relatively few have studied rainstorm hyetographs [10-13]. A rainstorm pattern
is a time-dependent distribution of rainfall intensity that may provide a more precise
description of the creation and flow of surface runoff. Additionally, it is also essential in the
design of drainage systems for both rainfall flow rate estimation and road waterlogging
calculations [14-16]. A uniform hyetograph is often used in prior inference methods to
calculate minor watershed floods. However, uniform hyetographs are simplifications that
do not suit contemporary urban drainage planning requirements. Different rainstorm
patterns result in obvious differences in the rainfall runoff calculation results. If the rain
pattern is not suitable, it will result in significant errors [17].

As early as in the 1940s, the statistical study of rainfall data in Ukraine revealed seven
distinct types of rainfall and the existence of a small number of rainfall types with essentially
uniform intensity [18]. In 1957, Keifer and Chu developed the Chicago hyetograph method,
an uneven-design rainfall hyetograph based on the rainfall intensity—duration—frequency re-
lationship [19,20]. Following that, Huff, Pilgrim and Cordery, and Yen each presented their
respective methodologies for the design of rainfall hyetographs [20-23]. Deng used the rain-
fall hyetograph designed by Keifer and Chu to determine the volume of a storage tank [24].
On the basis of Beijing’s rainfall statistics, Wang et al. developed a rainfall hyetograph for
use in Beijing [25]. After significant modeling and statistical research, Cen discovered that
the Chicago hyetograph method was the simplest and most efficient [26]. According to
recent research, the majority of them use the Chicago hyetograph method or the Pilgrim
and Cordery (PC) method to conduct research on urban rainstorm pattern design [24].
Currently, the Chicago hyetograph method is widely used and recommended by the China
Meteorological Administration and the Ministry of Housing and Construction [27].

In recent years, cities in China have undergone dramatic changes as a result of rapid
urbanization. With the increasing urbanization of the population, new standards for
disaster prevention and mitigation have emerged [28-30]. The short-duration rainstorm
hyetograph serves as the foundation for drainage design and is instrumental in conducting
related research. There have been some relevant studies on the design of short-duration
storm patterns in Chinese cities [31-33]. The design of short-duration rainstorm patterns
requires a large amount of minute precipitation data. The majority of previous studies
on short-duration rainstorm design have only dealt with a single city using one or two
methods, but rarely for multiple cities or regions. It is necessary to carry out the design of
rainstorm patterns for multiple cities in a region. For example, by calculating the rainfall
peak coefficients for multiple cities in a region, one can determine the distribution of rainfall
peak coefficients across the region. Areas or cities that do not have enough precipitation
data can estimate rainfall peak coefficients by referring to the distribution of rainfall peak
coefficients within the region. Based on this, the design of short-duration rainstorms can be
conducted in cities without precipitation data.

In this study, an analysis of short-duration rainstorms was carried out for 13 cities in
Jiangsu. First, we analyzed the trend of the short-duration rainstorms in recent decades
and revised the rainstorm intensity formulas using the Gumbel, exponential and Pearson
III distribution. On the basis of the revised rainstorm intensity formulas, the distribution
of short-duration rainstorm intensity with a 100-year return period was calculated. Then,
we explored the temporal distribution and estimated the rainstorm peak coefficient for
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each city. The PC method and the Chicago hyetograph method were used to design short-
duration rainstorm hyetographs for each city. The distribution of rainfall peak coefficients
of short-duration rainstorms in Jiangsu Province was given. Finally, the analyses were
conducted on the applicability of the two methods. Based on this, the design of short-
duration rainstorms can be conducted not only in the 13 major cities, but also in areas
where no precipitation data are available in Jiangsu.

2. Materials and Methods
2.1. Data

The minute precipitation data were gathered from climatic data sets from 13 weather
observation stations in Jiangsu Province from 1961 to 2020. To revise the storm intensity
formula, the maximum precipitation for 11 durations (5 min, 10 min, 15 min, 20 min, 30 min,
45 min, 60 min, 90 min, 120 min, 150 min, and 180 min) from 1991 to 2020 were extracted
from the minute precipitation data.

To design the rainstorm hyetograph, independent rainfall events were extracted from
the minute rainfall data, with the interval between events defined by a 120 min period
without precipitation. According to the China Meteorological Administration, a rainfall
event with more than 16 mm of precipitation in one hour or 50 mm of precipitation in
one day is considered a rainstorm. Therefore, we further screened out rainfall events with
a total accumulation exceeding 16 mm, a rainfall intensity greater than 16 mm/h, and a
duration of no more than 3 h from the extracted independent precipitation events, defining
them as short-duration rainstorm events. The statistical samples that were set up met all of
the requirements in terms of reliability, consistency, representativeness, and independence.

2.2. Rainstorm Intensity—Duration—Frequency Formula

In China, research concerning simple urban rainstorm intensity calculations began in
the 1970s. Theoretically, the mathematical equation is:

_ 167A;(1+ ClgP)
N (t+b)"

)

where ¢ is the rainstorm duration (min); P represents the design return period (year); A1 and
C are the rainfall intensity parameter and intensity changing parameter, respectively, and
these two parameters reflect changes in intensity for different return periods of rainstorms,
which are positively related to rainstorm intensity; b and n are the rainfall duration cor-
rection parameter and rainstorm decay parameter, respectively, which reflect the changes
in decreasing intensity with duration and are inversely related to rainstorm intensity. To
design a rainstorm intensity formula, four parameters must be estimated, which can be
solved through analysis, the creation of diagrams, and calculation.

2.3. Chicago Hyetograph Method

As illustrated in Figure 1, rainstorm processes can be categorized into seven distinct
kinds. Figure la—c depict three distinct types of unimodal rainstorm distributions: frontal
unimodal, rear unimodal, and symmetrical, with corresponding rainfall peaks occurring in
the frontal, rear, and middle phases of the precipitation process. Figure 1d is an example
of a uniform type. Figure le—g illustrate bimodal rainfall patterns, which include a peak
and a previous primary peak. The properties of the rainfall have a strong correlation with
the rainfall duration analyzed. Currently, most previous studies focus on short-duration
rainstorms. Numerous studies have revealed that short-duration rainstorm hyetographs
are mostly unimodal. As a result, short-duration rainstorm hyetograph analysis techniques
are largely based on unimodal distribution.
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Figure 1. The seven types of rainfall patterns are (a) the first kind pattern, (b) the second kind pattern,
(c) the third kind pattern, (d) the fourth kind pattern, (e) the fifth kind pattern, (f) the sixth kind
pattern, and (g) the seventh kind pattern defined by Molokov [34].

In this study, the Chicago hyetograph method was used to create short-duration
rainstorm hyetographs for 13 cities throughout Jiangsu Province (Figure 2). The technical
procedure of the Chicago hyetograph method is depicted in Figure 2. The Chicago hyeto-
graph method consists of calculating various maximum rain intensities over a specified
return period, as well as calculating the comprehensive rainfall peak coefficient. The key
link in the technical process, according to the technical flow chart, is the calculation of the
rainstorm peak coefficient, which is then combined with the rainstorm intensity formula
for the short-duration rainstorm precipitation process.

samples of short-duration rainstorm rainstorm intensity formula

%

peak coefficient of each rainstorm

v 2

weighted average of all intensities in different periods
peak coefficients (before and after peak)

|

cumulative precipitation during
different periods

\2

average rainfall during different periods

2

rainstorm hyetograph

Figure 2. Flow chart of Chicago hyetograph method.

The rainfall precipitation value is collected every 5 min to calculate the peak coefficient
of the whole process:

t.
ri= fl 2)
1
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where r; is the rainfall peak coefficient, t; is the rainfall peak moment, and T; is rainfall
duration. The value of 7; is determined by weighted average according to the ratio of the
peak time of each rainfall with different durations to the whole duration and ranges from 0
tol.

The Chicago method is based on the rainstorm intensity formula, and the rainfall peak
moment of the rainstorm process is represented by the comprehensive precipitation peak
location coefficient r, which divides the rainstorm process into two parts: the pre-peak
period and post-peak period. The formula of rainstorm intensity is i = ﬁ ; then, the
expression of rainstorm intensity before and after the peak is:

r

i(ty) = —— (©)

() +e"

AUt 1]

—r

i(ta) = W 4)

where i(t) and i(t,) represent the instantaneous intensity before and after the peak, respec-
tively; t, and t, represent the rainfall duration before and after the peak, respectively. A, b,
and n are the parameters in the rainstorm intensity formula, and r is the comprehensive
rainfall peak coefficient. By substituting the peak coefficient r into Equations (3) and (4),
the rainstorm intensity and cumulative rainfall are obtained. Finally, the rainfall time
distribution hyetograph for different return periods can be derived.

AU 1]

2.4. Pilgrim and Cordery Method

The PC method locates the rainfall peak period at the position with the highest
probability of occurrence, and the proportion of the rain peak period in total rainfall is
calculated as the average of the proportions of the rain peaks in each field. The positions
and proportions of the subsequent periods are determined in a similar manner. The specific
procedure is as follows:

1. A sample with a prolonged rainstorm is selected. Multiple rainfall events with the
greatest amount of rainfall are selected; the more statistics, the clearer the statistical
significance;

2. The rain duration is divided into multiple time periods, the length of which are
determined by the distribution time step required, which is often as minimal as
possible. For instance, 120 min rainfall data were split every 5 min to infer a rainstorm
pattern. The rainfall chosen in step 1 is split into 24 segments;

3. The serial number of each time period is determined based on the rainfall from each
time interval for each selected rainfall. High rainfall values correlate to low numbers,
and the serial number of each time period is averaged. The values are ordered from
low to high in accordance with the sequence of rainfall intensity;

4. After sorting, the percentage of rainfall and total rainfall for each time period is
computed, and the percentages for each time period are averaged;

5. The time periods are ordered in accordance with the maximum possible order deter-
mined in the third stage and the distribution ratio determined in the fourth step to
create a rainfall process line.

3. Results
3.1. Interdecadal Variation in Rainfall Intensity

Figure 3 shows the maximum precipitation distribution of 60 min, 120 min, and
180 min from 1961 to 2020. As illustrated in Figure 3a, the 60 min maximum precipitation
is highest in the northeast and lowest in the southwest. The maximum value center is
located in Lianyungang, where the maximum precipitation in 60 min can reach 120 mm.
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The minimum value center is located in Nanjing, with a maximum precipitation of 65.6 mm
in 60 min. The eastern coastal cities receive more precipitation than the western cities,
averaging 90-120 mm. In other cities, the 60 min maximum precipitation basically changes
from 60 to 90 mm. The distribution of the 120 min maximum precipitation is similar to that
of the 60 min maximum precipitation (Figure 3b). Lianyungang and Changzhou receive the
most precipitation in 120 min, with an accumulation of up to 160 mm. Nanjing continues
to be the smallest center, with a maximum of just 82.2 mm. Figure 3c shows that the centers
of highest precipitation for 180 min rainstorms are located in Sugian and Changzhou, with
maximum values exceeding 180 mm. Additionally, the center of the minimum value is
located in Zhenjiang, which is less than 100 mm.

(a) Maximum 60-minute precipitation in 60 years (b) Maximum 120-minute precipitation in 60 years

35°Nq 35°Nq

33°Nq

33°Nq

31°N 310N

T T T T
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. .
60 80 100 120 140 160 180 (mm) 60 80 100 120 140 160 180 (mm)

(¢) Maximum 180-minute precipitation in 60 years
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Figure 3. Maximum precipitation distributions of (a) 60 min, (b) 120 min, and (c) 180 min rainstorms
from 1961 to 2020 in Jiangsu Province.

To gain a better understanding of the interdecadal variation in storm intensity in
Jiangsu Province, we analyzed the trends regarding the maximum precipitation in different
durations in each city over the last 60 years. Nanjing is used as an example, and Figure 4
illustrates the annual maximum precipitation in 60 min, 120 min, and 180 min rainstorms
from 1961 to 2020. As shown in the figure, the interannual variation in annual maximum
precipitation was relatively consistent for the three short-duration rainstorms, and all
three exhibited a distinct upward trend. From the 1960s to the early 1970s, maximum
annual precipitation showed a slow increasing trend; from the mid-1970s to the mid-1990s,
maximum annual precipitation showed a slight decreasing trend and was relatively low
during this period. The annual maximum precipitation increased significantly between
the mid-1990s and early 2000s, and then fluctuated upward until 2018, when it reached a
record-breaking 117 mm in 180 min.
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Figure 4. The linear trend of 60 min, 120 min, and 180 min maximum precipitation in Nanjing.

The linear trend distribution of maximum precipitation for 60 min, 120 min, and
180 min rainstorms in each city in Jiangsu Province over the last 60 years is depicted
in Figure 5. In comparison to Figure 5a—c, as shown in the figure, the linear trend of
maximum precipitation over the three rainstorm durations was positive in the vast majority
of cities, indicating that the intensity of rainstorms increased over the time period across
the province. This enhanced trend shows an overall distribution of strong rainfall on both
sides of the province and weak rainfall in the middle, and the enhanced intensity of heavy
rainfall is most obvious in Suqian in the north and Changzhou and Nantong in the south.
Additionally, rainstorm intensity was shown to increase slightly in Huai’an, Yancheng,
Yangzhou, and other central cities. As the duration of the rainfall grew, the tendency
toward increased rainfall intensity became more apparent. As a result, we can see that the
parameters of the storm intensity formula must be revised.

3.2. Revision of the Rainstorm Intensity Formula

From the previous analysis, rainstorms in various cities in Jiangsu Province have
shown certain changing trends in recent decades. Most of them present a relatively obvious
trend of enhancement. Therefore, it is necessary for the rainstorm intensity formula to be
revised for each city based on the rainstorm data from recent decades. In this study, we
revised the formula of rainstorm intensity based on the precipitation data from 1991 to 2020,
adopted the Pearson III distribution, exponential distribution, and Gumbel distribution to
fit the rainstorm distribution, and calculated the relative mean variance of the three methods.
The relative mean variance in rainstorm intensity fitted using these three methods is shown
in Figure 6. As can be seen from the table, the Gumbel distribution method produces the
minimum relative mean square errors for most cities.
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Figure 5. The linear trend distribution of maximum precipitation in (a) 60 min, (b) 120 min, and
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Figure 6. Relative mean square error of three fitting methods for rainstorm intensity.

To summarize, this demonstrates that the Gumbel distribution is the best fit for use
in the intensity of rainstorms in Jiangsu Province. As a result, we used the Gumbel
distribution method to calculate the rainstorm intensity formula parameters for various
cities throughout Jiangsu Province, as shown in Table 1.
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Table 1. Revised parameters of rainstorm intensity formula in 13 cities.

City A C b n
Xuzhou 12.37 0.889 13.241 0.683
Lianyungang 5.93 1.687 10.205 0.594
Suqian 5.28 1.057 5.681 0.529
Huai’an 14.78 2.283 18.662 0.836
Yancheng 57.09 1.276 32.762 1.033
Nanjing 10.31 0.854 12.989 0.691
Yangzhou 15.87 0.847 18.979 0.767
Taizhou 11.38 0.784 12.805 0.686
Zhenjiang 18.69 0.913 14.257 0.815
Nantong 14.13 0.811 11 0.735
Changzhou 8.36 0.875 11.655 0.586
Suzhou 20.57 1.652 19.384 0.856
Wuxi 8.87 0.675 4.649 0.648

Based on the revised rainstorm intensity formula for various cities, the short-duration
rainstorm intensity for different return periods of the whole province was obtained. Figure 7
depicts the intensity distribution of rainstorms every 100 years across the province.

(@) 60-minute precipitation with 100-year return period (b) 120-minute precipitation with 100-year return period

35°NA 35084

33°N+ 33°Nq

31°NA 31N

T T T T
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(C) 180-minute precipitation with 100-year return period

35°No

33°Nq

31°Nq
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.
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Figure 7. Precipitation distributions in Jiangsu Province for (a) 60 min, (b) 120 min, and (c) 180 min
rainstorms in 100-year return period.

The precipitation distributions for 60 min, 120 min, and 180 min rainstorms with
a 100-year return period are depicted in Figure 7a—c, respectively. As illustrated in Figure 7a,
the 60 min precipitation distribution shows a pattern of highs in the north and lows in the
south. The rainstorm intensity is greater in northern Jiangsu, and the 60 min precipitation
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with a 100-year return period can exceed 110 mm, with a maximum value of 120 mm in
Lianyungang. Except for Changzhou and Suzhou, southern Jiangsu only receives about
90 mm of precipitation. The 120 min and 180 min rainfall precipitation distributions are
essentially identical to the 60 min rainstorm precipitation distributions, but with a larger
magnitude increase. The 120 min precipitation in the south with a 100-year return period
can reach more than 140 mm, while the 120 min rainstorm in Nanjing and Wuxi has
relatively low levels of precipitation, with an accumulated precipitation of just 100-120 mm.
Lianyungang receives the maximum amount of precipitation in 180 min, reaching over
200 mm. In conclusion, for Jiangsu, the design intensity of short-duration rainstorms
shows an obvious distribution trend of strong rainfall in the north and weak rainfall in the
south, and this distribution trend becomes more obvious as the duration of the rainstorm
increases.

3.3. Rainfall Peak Coefficient of Short-Duration Rainstorm

According to the technical flow chart in Figure 2, a hyetograph can be designed using
the rainstorm intensity formula and the peak coefficient of rainfall. We have already revised
the parameters of the storm intensity formula; the next step is to calculate the rainfall peak
coefficients for short-duration rainstorms. To calculate the comprehensive peak coefficient,
we need to calculate the peak coefficient for each storm first and then weight the average
according to the duration of each rainstorm. Taking Nanjing as an example, Figure 8 shows
the frequency and duration of short-duration rainstorms over the last 60 years.

B Pre-peak period
180 Post-peak period

150

IS
S

Duration (min)
8

60

30

0 30 40
Short-duration rainstorms of Nanjing

Figure 8. Frequency and duration of short-duration rainstorms over the last 60 years in Nanjing.

Each color bar in Figure 8 represents a short-duration rainstorm event, and the length
of the color bar represents the short-duration rainstorm’s duration, with the green portion
representing the pre-peak period and the pink portion representing the post-peak period.
In Nanjing, the duration of short-duration rainstorms ranged from 35 to 180 min, with
the majority lasting between 45 and 120 min. Additionally, a comparison of the pre-peak
and post-peak periods revealed that the post-peak period is significantly longer than
the pre-peak period for the majority of short-duration rainstorms, indicating that the
majority of short-duration rainstorms reach their peak rainfall intensity shortly after the
start of precipitation.

The confluence time for the drainage system in urbanized areas is usually no more
than two hours. As a result, the research objects for rainstorm hyetographs are primarily
60 min and 120 min rainstorms. According to the duration of each rainfall event, we
selected all of the rainfall samples with a rainfall duration of 60 £ 15 min and 120 £ 15 min,
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respectively. For example, when analyzing the 60 min rainstorm pattern, we considered a
rainfall event that lasted 45 to 75 min to be a 60 min rainstorm.

We selected a total of 28 rainstorms that lasted about 60 min. As illustrated in Figure 9,
the nine processes with the highest precipitation were extracted for analysis. It can be seen
from the figure that only one of the nine 60 min rainstorms with the highest precipitation
has a double-peaked pattern, while the remaining eight have a single-peaked pattern. The
rain peak occurs approximately 1/3-1/4 of the way through the rainfall process. In terms
of precipitation intensity, the maximum amount of precipitation that can fall in five minutes
is 11 mm.

3-Point Moving Average 3-Point Moving Average 3-Point Moving Average
10 W S-min Precipitation 10 W S-min Precipitation 10 W S-min Precipitation

Precipitation (mm)

Precipitation (mm)

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

3-Point Moving Average 3-Point Moving Average 3-Point Moving Average
10 WSS S-min Precipitation 10 W S-min Precipitation 10 W S-min Precipitation

Precipitation (mm)
o
Precipitation (mm)

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

3-Point Moving Average 3-Point Moving Average
10 W S-min Precipitation 0 W 5-min Precipitation

Precipitation (mm)
Precipitation (mm)

°

20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (min) Time (min) Time (min)

Figure 9. Storm patterns of the 9 maximum rainfall events lasting about 60 min in Nanjing (a-i).

For the 120 min rainstorm, a total of 20 rainstorms from history was chosen. Similarly,
as illustrated in Figure 10, we extracted the nine rainstorms with the highest precipitation
for analysis. As illustrated in the figure, three of the nine 120 min rainstorms that produced
the most precipitation are bimodal, while six are unimodal. The unimodal rain pattern
continues to be the most prevalent. According to the location of the rain peaks, the entire
rainstorm process begins in the first half, and the maximum rain intensity occurs within
the first 30 min after the rainstorm begins. When all rainstorm processes are compared, the
maximum rain intensity can reach 16 mm every 5 min. The comprehensive peak coefficient
of 0.31 for Nanjing is obtained by taking the weighted average of these 69 rainstorm peak
coefficients.

As seen in Figure 11, the rainfall peak coefficients for different cities could be de-
termined by performing statistical analyses of rainstorm processes. As illustrated in the
figure, Jiangsu province’s short-duration rainstorm peak coefficient exhibits a north-south
distribution with a maximum in the north and a minimum in the south. The rainfall peak
coefficients of most southern cities are relatively small, with values always below 0.36. In
the majority of northern cities, the rainfall peak coefficients are relatively high, exceeding
0.38. Considering the cumulative rainfall and peak coefficient of a short-duration rainstorm,
even though the total precipitation in southern cities is less than in northern cities, the
rainstorm intensity increases rapidly and can reach a peak shortly after the rainstorm starts.
While short-duration rainstorm intensity changes relatively slowly in northern cities, the
peak time occurs later than that in southern cities. However, the total amount of rain that
falls in the process is higher.
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Figure 10. Storm patterns of the 9 maximum rainfall events lasting about 120 min in Nanjing (a-i).
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Figure 11. Peak coefficient distribution of short-duration rainstorm in Jiangsu Province.

3.4. Designing Hyetographs of Short-Duration Rainstorms

The hyetographs designed for 60 min rainstorms and 120 min rainstorms using the
Chicago and PC method, respectively, are shown in Figure 12. As illustrated in Figure 12a,
the locations of the 60 min rainstorm peaks derived using the two methods are consistent,
i.e,, the rain intensity peaks around 20 min after the rainstorm begins. Precipitation during
the rainfall peak period calculated using the PC method can account for close to 25% of
the total precipitation, whereas precipitation during the rain peak period calculated using
the Chicago method accounts for 20% of the total precipitation. Further comparison of the
two methods used to design hyetographs reveals that rainfall shown in the PC pattern is
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Proportion of precipitation (%)

Proportion of precipitation (%)

204

primarily concentrated in the pre-peak period, and the rainfall intensity increases rapidly
during the period. The rainfall intensity rapidly decreases after reaching the peak. The
pre-peak precipitation accounts for the majority of the rainfall. It accounts for more than
50% of the total precipitation process, whereas in the Chicago hyetograph, a relatively
small increase in rainstorm intensity is shown during the pre-peak period. Around 40%
of the total precipitation occurs during the pre-peak period, and the rainstorm intensity
declines relatively slowly during the post-peak period. There is a slight difference in the
position of the rain peak between the two 120 min rainstorm hyetographs in Figure 12b.
The PC hyetograph indicates that the rainstorm intensity reaches its maximum value
approximately 25 min after the precipitation begins, whereas the Chicago hyetograph
indicates that the rainfall intensity reaches its maximum value approximately 25 min after
the precipitation begins. The rain intensity reaches its peak in approximately 35 min,
and the difference in time between the two methods is ten minutes. By comparing the
precipitation during the pre- and post-peak periods, it is clear that the 120 min rainstorm
PC method produces precipitation that is primarily concentrated during the pre-peak
period, whereas the Chicago method produces precipitation that is primarily concentrated
during the post-peak period. In short, there are some distinctions between the PC and
Chicago methods in the design of hyetographs. The PC hyetograph’s rainstorm intensity
varies significantly, whereas the Chicago hyetograph displays a relatively small change in
rainstorm intensity.

(a) 60-minute rainstorm event
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W
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Chicago method
Pilgrim & Cordery method

5 10 15 20 25 30 35 40 45 50 55 60
Time (min)
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Figure 12. The storm patterns of rainstorms designed using PC method and Chicago method; (a) 60 min
rainstorm and (b) 120 min rainstorm.
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According to the revised rainfall intensity formula, the 60 min and 120 min rainstorm
precipitation in Nanjing is calculated to be 95 mm and 126 mm with a 100-year return
period. As seen in Figure 13, the cumulative rainfall pattern for these two rainstorms was
designed using the PC method and the Chicago method. The cumulative precipitation
at different time points throughout the 60 min rainstorm is depicted in Figure 13a. The
difference in precipitation between the two methods is minimal in the first 10 min, but
increases significantly between the 10th and 20th minute, with the cumulative precipitation
in the PC hyetograph reaching 55 mm in the first 20 min, compared to 38 mm in the Chicago
hyetograph. Then, as time passes, the cumulative precipitation increase for the two rain
types begins to decrease, the PC hyetograph decreases greatly, and the difference between
the two hyetographs gradually narrows until the entire precipitation process is complete.
Finally, both forms of rainstorm receive the same amount of precipitation. The cumulative
precipitation changes at various time points during the 120 min rainstorm are depicted
in Figure 13b. As with the 60 min rain process, the difference between the two rainstorm
hyetographs is minimal within the first 10 min. Between the 10th and 45th minute, the
cumulative precipitation given using the PC method is significantly greater than that
given using the Chicago method. The cumulative precipitation in the PC hyetograph
can exceed 100 mm within 40 min, while the cumulative precipitation in the Chicago
hyetograph can reach just 60 mm. However, after the 40th minute, the PC hyetograph’s
increase in cumulative precipitation decreases significantly, while the Chicago hyetograph’s
increase in cumulative precipitation remains relatively large, and the gap between the two
accumulated precipitations grows smaller and smaller until the process ends. In general,
the cumulative precipitation associated with the PC hyetograph increases rapidly in the
pre-peak period and rapidly declines in the post-peak period, whereas the cumulative
precipitation associated with the Chicago hyetograph increases slowly during the pre-peak
period and declines rapidly during the post-peak period.

(a) 60-minute rainstorm with 100-year return period
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Figure 13. The storm patterns of rainstorms designed using PC method and Chicago method.
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Figure 14 illustrates a comparison of 60 min rainstorm hyetographs obtained using the
PC method and the Chicago method for 13 cities in Jiangsu. As can be seen from the figure,
for the majority of cities, the rainfall peak period of rainstorms obtained by the PC method
is approximately five minutes earlier than the rainfall peak period of the Chicago method.
There is a significant difference between the intensity of rainfall during the pre-peak period
of the PC method and that of the Chicago method. The PC method’s pre-peak rainfall
intensity is much greater than that of the Chicago method. The precipitation designed
by the PC method is mainly concentrated during the pre-peak period, and the difference
between the pre-peak and post-peak rainfall is considerable, while the difference between
the pre-peak and post-peak rainfall from the Chicago rainfall pattern is not considerable.
In terms of maximum rainfall intensity, the maximum rainfall intensity of the PC method
is greater than the maximum rainfall intensity of the Chicago method, in all cities except
for Wuxi.
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Figure 14. The patterns of 60 min rainstorms in 13 cities designed using PC method and
Chicago method.

Additionally, when comparing the two designed rain patterns to the actual precipita-
tion process depicted in Figures 9 and 10, the rain pattern obtained using the PC method is
more accurate. However, the PC method is highly dependent on local precipitation data.
Without or with insufficient surrounding data, the PC method cannot be used to design rain
patterns, whereas the Chicago method only requires the rain peak coefficient to deduce rain
patterns. As a result, the PC method can be used to design rain types in 13 cities in Jiangsu,
while the Chicago method can be used to design rain types in the city’s surrounding areas.

4. Conclusions

This study established reliable statistical samples of short-duration rainstorms for
13 cities in Jiangsu Province over a 60-year period through data preprocessing. On this basis,
we conducted a statistical analysis of rainstorm intensity characteristics. Upon analyzing
the changes in rainstorm intensity and their trend over the last 60 years, it was discovered
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that most cities exhibit an increase in rainstorm intensity over time, with the increase being
more pronounced in the north and south and relatively weak in the central part.

We contrasted the fitting accuracy of the Gumbel distribution, the exponential distri-
bution, and the Pearson III distribution for the rainstorm intensity formula. By comparison,
the relative mean squared deviation of the Gumbel distribution fitting the rainstorm in-
tensity formula was found to be the smallest for most cities. The Gumbel distribution was
used to revise the storm intensity formula parameters for each city. Based on this, the
distribution of short-duration rainstorm intensity with a 100-year return period was given.
The result shows that short-duration rainstorm intensity is greater in northern Jiangsu,
and the 60 min precipitation with a 100-year return period can exceed 110 mm, with a
maximum value of 120 mm in Lianyungang.

Statistics on the duration of short-duration rainstorms found that most of the short-
duration rainstorms lasted between 45 and 120 min and were dominated by single-peak
rainfall patterns. The rainfall peak coefficient was found to be in a range of 0.30 to 0.44
and had a north-south distribution with a maximum in the north and a minimum in the
south. Then, short-duration rainstorm hyetographs for 13 cities were designed using the
Chicago hyetograph method and the PC method. For the majority of cities, the rainfall
peak period of rainstorms obtained by the PC method is approximately five minutes earlier
than the rainfall peak period obtained by the Chicago method. The PC hyetograph has a
stronger pre-peak rainfall intensity than the Chicago hyetograph, but a lower post-peak
rainfall intensity. In all cities except Wuxi, the PC hyetograph’s maximum rainfall intensity
is greater than the Chicago hyetograph’s. The PC hyetograph’s cumulative precipitation
was shown to increase rapidly in the pre-peak period and rapidly drop in the post-peak
period, whereas the Chicago hyetograph’s cumulative precipitation was shown to increase
slowly in the pre-peak period and rapidly decline in the post-peak period.

By comparing the precipitation values obtained using these methods with real pre-
cipitation values, we found that the PC hyetograph provided values closer to the values
shown in the real precipitation process. This method, however, is highly dependent on local
precipitation data. The PC method cannot be used to design rain patterns in areas that do
not have meteorological stations or lack data. To design the Chicago rain pattern, only the
rain peak coefficient is required. The rain peak coefficient can be compared to the rainfall
peak coefficient distribution shown in Figure 11. The distribution of rainstorm intensity
can be estimated in Figure 7. Based on this, the design of short-duration rainstorms can be
conducted not only in the 13 major cities, but also in areas where no precipitation data are
available in Jiangsu. The PC method rain pattern is primarily recommended for Jiangsu
Province’s 13 major cities, while the Chicago rain pattern is recommended for the 13 cities’
surrounding areas.
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