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Abstract: The general unit hydrograph (GUH), recently established by Guo, represents the
most advanced hydrograph model today, but how to implement it with hydrologic data
is another story. In this work, an effective initial value-based method for estimating the
parameters in the GUH model is proposed and applied to the analysis of flood processes.
In contrast to the flood-rainfall united fitting method, which heavily depends on the
flood records and has a broad range of parameter variations, which makes it practically
intractable, the initial value-based method enables the calculation of model parameters
directly from the measured rainstorm data and greatly enriches the discharge dataset
so that more accurate prediction of flood processes becomes achievable. From the data
collected from several watersheds, we find that smaller-shape parameters usually indicate
a multi-peak flood process, and the rainfall patterns have a significant impact on flood
peaks. These results provide a reliable approach for the prediction of floods in streams with
scarce discharge data. Additionally, it is observed that the peak time lags have a notable
increase from the southwest to the northeast of Zhejiang.

Keywords: general unit hydrograph; flood processes; initial loss; rainfall; peak time lag

1. Introduction

According to the sixth assessment report of the Intergovernmental Panel on Cli-
mate Change (IPCC), human activities lead to significant changes in global and regional
climate [1]. Most of these changes are in the direction expected with warming tempera-
ture [2]. However, an intensified hydrological cycle with global warming is expected to
increase the intensity and frequency of extreme precipitation events [3]. Natural disasters,
such as rainstorms and floods, landfall typhoons, and super-alert storm surges, show an
upward or increasing trend [4,5], which result in loss of life, building destruction, beach
and dune erosion, and road and bridge destruction [6], causing huge impacts and losses to
human economic life. Rainstorm and flooding are among the most frequently occurring
disasters caused by extreme precipitation events, having caused great harm worldwide.
Therefore, the study of rainstorms and floods is of great significance. However, as the
number of hydrological stations is quite limited in practice, the lack of corresponding flood
data is a serious issue that impedes the understanding of flood processes.

On the other hand, while the rainfall data from rainfall stations are sufficient, the
impact of rainfall patterns on flood process is difficult to quantify. Furthermore, the
contribution of rainfall at each station to the flood event is often unclear, as one hydrological
station often corresponds to multiple rainfall stations. The purpose of this study is to
propose a new GUH-based method to address the aforementioned issues, namely to
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effectively predict flood processes based on rainfall data and to evaluate the contribution
from different rainfall stations.

1.1. Why GUH for Flood Process

To prevent flood disasters, the American Boston Civil Engineering Association [7] sug-
gested that “the process of instantaneous rainstorm generation can represent the charac-
teristics of the watershed”, which is named “instantaneous unit hydrograph (IUH)” later.
The IUH of natural watersheds was derived by Nash [8], based on equal cascades of linear
reservoirs (LR) with equal storage coefficients, K. This method has been widely used in
flood routing. Chow [9] believed that watershed confluence can be described as a dynamic
system, using the following linear differential equation:
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where Q(f) represents the flow process at the outlet section; h(t) is the net rain pro-
cess corresponding to the flow process at the outlet section; and the coefficient terms
ap,a1,...,am, by, b1, ..., by, are either constants or functions of time t.

In this context, many scholars have attempted to optimize UH or IUH. Such stud-
ies [10,11] comprise estimation of beta-distribution parameters, leading to a consider-
able simplification of the trial-and-error solution for UH. A new simple method [12] for
identifying IUH with two parameters outperforms the least squares and linear program-
ming approaches. A model [13] coupling the XA] model with geomorphologic instan-
taneous UH(GIUH) can further reduce the uncertainty in runoff simulation. Sulisty-
owati et al. [14] applied GIS to determine watershed’s physical parameter characteristic,
which is able to derive the unit hydrograph of the GIUH method with limited hydro-
logic data or unavailability of rainfall-runoff data. An evaluation [15] of the influence of
lumped and semi-distributed models on the applicability of Soil Conservation Service UH
(SCSUH) and Clark’s IUH (CIUH) for estimation of flood hydrographs. Ther eis also an
analysis [16] of the relative effects of time-area curve and storage coefficient on CIUH.

However, the above-mentioned UH methods have three shortcomings [17]. (1) For
different durations At, the interval UHF (¢, At) cannot predict direct runoff hydrograph
(DRH). (2) Zero initial conditions are not the true form of TUH u(t). (3) There is no
bridge that links the existing methods analytically. Guo [17,18] proposed the general
unit hydrograph, as a generalization of the IUH and interval UH, to overcome the above
shortcomings, accurately predicting flood hydrographs.

1.2. What Is GUH

The underlying assumption for the establishment of GUH is that water enters the same
watershed simultaneously but leaves at different times. The cumulative volume of water
at the outlet or S-hydrograph g(t) increases monotonically over time, and is expressed
as follows:

g(t) =1— {1+ mexp[u(t/t,—1)]} ", 2
where m is the shape parameter, t, is the peak time lag, and y is the growth constant at
the rising segment. Forming an S-shaped curve called the GUH, the cumulative volume is
shown on the time interval 0 < t < 10 in Figure 1a, where curves in different colors, from
blue to purple, correspond to different shape parameters: m =1/2,1, 2, and 4, the growth
constant y is fixed to be 4 and t, = 10/3.
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Figure 1. (a) GUH with different shape parameters; (b) IUH with different shape parameters; (¢) GUH
with different growth constants; (d) IUH with different growth constants.
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The instantaneous UH u(t) is the derivative of g(t), namely if we denote by
x(t) = exp[u(t/t, —1)], the interim variable expressing the exponential growth in
the rising segment, then

u(t) = p/tyx(1+ mx)” /M) 3)

which is the impulse response of a watershed or the flow rate at the outlet. From its derivative,

(4)

u/_yu/tp[l_mmx}

1+ mx

it can be seen that u achieves its maximum exactly at the peak time.

From a viewpoint of probability, if we consider the time ¢ as a random variable,
Equation (2) is a probability distribution function on the real line and the instantaneous
UH corresponds to the density function. IUH is plotted in Figure 1b with the same set of
parameters, where it is clear that u(¢) has a rising stage before the peak time and enters
the recessing stage afterwards. The shape parameter reflects the symmetry property of the
density. If m = 1, u(t) is symmetric with respect to t,; if m > 1, it is positively skewed; and
if 0 < m < 1, it is negatively skewed.

In the rising stage, g(¢) has exponentially fast growth, and the parameter p tells us
how fast the impulse grows. From Figure 1c,d, it can be seen that as the growth constant
becomes larger, the density becomes more concentrated around the peak time and the
S-hydrograph has a steeper slope. The larger the growth constant, the less cumulative
volume loss at the initial time ¢ = 0.

In application, the interval UH (or UH of duration At) h (¢, At) is more often used,
which is defined as the average slope of g(t) between t — At and ¢, namely

1 gt
(e, At = /tiAtu(T)dT. 5)
If one considers different time periods, the following expression for the runoff hydro-
graph can be obtained:
(t) = ZPAT(T)h(t —T,AT) = Pach(H)Q, (6)
T

where Pp(T) = I(T)AT is the volume of excess rainfall in duration A7, and h(t — 7, AT) is
the interval UH in duration AT, starting at t = T and ending at t = T 4 A7. Once the three
model parameters (t,, i, m) are obtained, Equation (6) is then used to predict future flood
discharges analytically.

1.3. Why Flood Processes in Zhejiang

Flood is the main natural disaster with the highest probability of occurrence, largest
impact range, and greatest losses. With the increase in population and socio-economic
development, the impact range and economic losses of floods are showing an upward trend
in China [19]. For example, the problems caused by urban flood disasters have become
increasingly serious since China entered a stage of rapid urbanization [20]. About 62% of
China’s 500 cities have experienced urban rainstorm and waterlogging disasters [21]. Dur-
ing the period from 2011 to 2018, 154 cities experienced floods with direct economic lossesof
CNY 222.1 billion per year. Floods in 2021 affected a total of 590.1 million people, causing
a direct economic loss of CNY 245.892 billion.

Having a land area that is almost one-third of Germany’s, Zhejiang’s hydrological
environment is representative in southeast China. With its GDP no less than that of the
Netherlands and its population close to Italy’s, the study of Zhejiang’s flood processes for
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reducing disaster caused losses is especially meaningful. Success in applying our method
to Zhejiang is a strong indication that it works in other lands as well.

2. Validation of GUH to Small Watersheds

2.1. Pre-Order Preparation
2.1.1. Data Sources

The data used in this study are collected from multiple basins in Zhejiang, including
the Fu Stream Basin, Dai Stream Basin, Beigang Basin, Huangze Basin, Shouchang Basin,
Mawang Stream Basin, and Ruo Stream Basin. The data are the actual rainfall and flood
measurement data from hydrological stations, such as Hongjiata from 1957 to 2021, Daitou
from 1956 to 2021, Daixi from 1964 to 2008, Huangze from 1979 to 2021, Yuankou from
1959 to 2021, Jiangjia from 1963 to 1990, Zhudaogang from 1983 to 2007, and surrounding
rainfall stations.

2.1.2. Performance Index

Performance index is an important basis for quantitative evaluation of model predic-
tions. The model performance index used and evaluated for each rainstorm event in this
article is the NSE (Nash-Sutcliffe efficiency coefficient), which is generally used to verify
the quality of hydrological model simulation results. NSE is defined as

. 2
NSE=1- Zﬁl(y—”%)z @)
(i —7)

where y; refers to the actual measured flow data and i; represents the corresponding data
predicted or simulated by hydrological models. ¥ is the average of all y;, and N is the
number of samples. NSE € [—oo, 1] and the closer NSE to 1 is the better the model that fits
the data.

2.1.3. Identifying GUH Parameters

The observed data on discharge and rainfall shown in Table 1 were taken at Hongjiata
station in the Fu Stream Basin with an area of 151 km?, from 10 to 11 July 1966. It is estimated
that the baseflow Qg = 25.10 m3/s and volume Py = %80 x 151 x 10° = 1,510,000 m>.

Table 1. Rainfall and discharge in the Fu Stream Basin from 10 to 11 July 1966.

Observed Calculated
Date Time Rainfall Discharge Interval ERH DRH
(mm) (m3/s) (h) (mm) (m3/s)

Col. 1 2 3 4 5 6
17:00
18:00 6 25.10 1 0

10 Jul. 19:00 30.1 25.10 2 25.9736
20:00 1.6 110.80 3 0 85.70
21:00 04 196.50 4 0 171.40
22:00 169.75 5 144.65
23:00 143.00 6 117.90
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Table 1. Cont.
Observed Calculated
Date Time Rainfall Discharge Interval ERH DRH
(mm) (m3/s) (h) (mm) (m3/s)
0:00 125.00 7 99.90
1:00 107.00 8 81.90
2:00 96.40 9 71.30
3:00 85.80 10 60.70
4:00 75.20 11 50.10
5:00 64.60 12 39.50
11 Jul. 6:00 59.55 13 34.45
7:00 54.50 14 29.40
8:00 49.45 15 24.35
9:00 44.40 16 19.30
10:00 41.40 17 16.30
11:00 38.50 18 13.40
12:00 35.50 19 10.40
13:00 33.22 20 8.12
14:00 30.94 21 5.84
15:00 28.66 22 3.56
16:00 26.38 23 1.28

Source: Data from Zhejiang New Hydrological Technology Development Co. (1966). Note: excess rainfall hyetograph
(ERH) = rainfall — empirical loss; direct runoff hydrograph (DRH) = observed discharge — baseflow Q.

Approach 1: Flood—rainfall united fitting

The model parameters (t,, 1, m) in GUH can be identified by fitting Equation (6) in
the previous text. The specific calculation steps are as follows.

Step 1: The ERH (excess rainfall hyetograph) is calculated according to the law of
conservation of mass. The total volume of flood produced by rainfall during this period is
Vi = (8570 +171.40 + ... + 3.56 + 1.28) x 3600 = 3,922,020 m?3 and the volume of water

produced by rainfall is V, = W x 151 x 10® = 5,753,100 m3. Then, the total

loss of rainfall is loss = (1‘5/,1;‘1/66) x 1000 = 12.1264 mm, which can be distributed to the four

intervals as 6, 12.1264 — 6 — 1.6 — 0.4, 1.6, and 0.4. Thus, ERHs are 0 mm, 25.9736 mm,
0 mm, and 0 mm.

Step 2: Rainstorm has four ERH coordinates in unit depth, which are converted into

volume by P = ERH x (drainagearea). For example, P; = 0 m3, P, = 2?‘80786 x 151 x
106 = 3,922,020 m® and P3 = 0m?, P, = 0 m? can be obtained.

Step 3: The observed interval time is set to be At = 1 h. DRH (direct runoff hydrograph)
is calculated by Equation (6) as

Q(t) = Pyh(t, 1) + Poh(t —1,1) + Psh(t —2,1) + Pyh(t — 3,1),

where h(t, At) is defined using Equation (5).

Step 4: Calculate using Equation (6) and the GUH parameters based on the data from
columns 4 to 6 in Table 1. These parameters are t, = 2.0946 h, u = 14.62, and m = 37.20.
The fitting curve with NSE = 0.9984 is shown in Figure 2.
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Figure 2. Application of GUH to storm at Hongjiata station (HJT) in July 1966.

Approach 2: Initial loss-based calculation

According to Section 1.2, #(0) is the unit hydrograph at the initial time, g(0) is the
initial loss as a percentage of total rainfall to be calculated, x(#) is an intermediate variable,
and x(0) is directly related to the parameter 1 by x(0) = exp(—pu).

In the rising phase of flood, u(t) = dg(t)/dt = %g(t). In the receding phase of the

flood, u(t) = dg(t)/dt = —mitp ¢(t), the following equations can be connected to solve u

{ u(0) = £.(0)

and m:
ty .
g(0) =1—[1+mexp(—p)] ™

When the flood process is unknown, only empirical values can be used to calculate

®)

losses. The empirical loss [22] of the rainstorm is 1.5 mm/h when the runoff is calculated in
Zhejiang. So, it can be calculated that g(0) = m = 0.039, and the flood event
parameters 1 = 3.06 and m = 8.05 in July 1966 can be obtained accordingly. ERHs are
4.5 mm, 28.6 mm, 0.1 mm, and 0 mm. ERH peak occurs when t = 2 h, and flood peak
occurs when t = 4 h, so the peak time lag t, = flood peak time — ERH peak time = 2 h.

The flood process is shown in Figure 3.

400 ——————————10 g
O HJT Data (Jul. 1966)| &
3501 = Approach 1 15 E
300 === Approach 2 E
30
o 250 ¢
~
5 200 Qo = 25.10m3/s

C 150t
100
50

0 ) L L L 1 1 1 1 L L
0 5 10 15 20 25 30 35 40 45 50

t (h)
Figure 3. The theoretical flood process at Hongjiata station (HJT) in July 1966.

The initial value-based method can directly obtain the model parameters through
calculation and does not need to fit the measured flood data. That is, even if the flood is
unknown, the flood process can still be found. In practical engineering applications, the
initial value-based method can directly calculate the flood process through rainfall, which
has high engineering application value.
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Although the theoretical flood process is closer to the real curve, there are still some
errors between the theoretical results and the measured ones for the following reasons:
Firstly, the loss value is a statistical value obtained according to history, which deviates from
the actual value. Secondly, the peak time lag is not accurate since there are discrepancies
between the time from the measured ERH peak to the flood peak and the real value.
The flood peak theoretical value, 199.53 m3/s, is slightly higher than the measured value
196.50 m3/s, and the flood peak occurs earlier than the measured one, which is safer in
practical application.

2.1.4. Predicting Flood Discharge with GUH

For the design rainstorm of four continuous ERHs, 10 mm, 40 mm, 20 mm, and 5 mm,
respectively, the discharge process Q(t) can be directly predicted from Equation (6) with
the above parameters as follows:

Q(t) = 1510000 x h(t, 1)
+6040000 x h(t —1,1)
3020000 x h(t —2,1)
4755000 x h(t —3,1) + 25.10.

©)

The flood process calculated from Equation (9) is represented by solid lines in Figure 4.
The peak discharge is 464.67 m? /s under the total rainfall 65 mm in 4 h, which can be used
as the design flow for river improvement in the Fu Stream Basin. The curve depicting
the entire process of flood, from rise to peak to fall, is called the flood hydrograph, and
the total amount of flowing-out water is called the total flood volume. According to
Figure 4, the duration of the flood is about 61 h, and integrating the curve yields a total
flood volume of approximately 4671.12 m3. The flood peak occurs at 4.01 h, which means
that the rising section of the flood accounts for 6.57% of the total duration, while the
integration shows that the total flood volume during the 0-4.01 h period is 946.66 m?,
accounting for 20.27% of the total flood volume. The average discharge in the rising section
of the flood process is 236.07 m? /s, while in the falling section of the flood process, the
value is 65.35 m3/s, which is about 361.24% lower than the rising section. From this, it
can be seen that disaster prevention and early warning in the rising stage of floods are
particularly important. If real-time rainfall data are applied in Equation (9), we can obtain
a real-time flood warning system for the Fu Stream Basin, which can significantly reduce
the destruction of flood disasters.

600 pupm
—— Design GUH|
500 f

o

(9,3 [N}
(e} W
Rainfall (mm)

0 ! ! L ! L ! ! L 1
0 5 10 15 20 25 30 35 40 45 50
t (h)

Figure 4. Design storm hyetograph and flood process for Hongjiata station.
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2.2. Verification of GUH

In addition to the above case, in this section, we also apply the GUH to 24 rainstorm
events from Hongjiata station in the Fu Stream basin with an area of 151 km?.

The relevant parameters, defined in Section 2.1.3, are listed in Table 2. Flood process is
calculated from Equation (6) by inputting 24 rainfall processes at Hongjiata station during
1969-2021. The actual value results are drawn as the blue solid line in Figure 5, while the
theoretical ones are represented as the purple solid line. The observed data on rainfall
process and flood discharge are also drawn in Figure 5 in the form of bar chart and scatter
points, respectively.

Table 2. Selected flood events and related parameters.

Flood Events Fit Parameters ( Q30 Pe: k NSE
t,(h) u m m°/s) (m°/s)
Jun. 1969 4.2652 17.03 63.97 4.56 45.10 0.9225
Jun. 1971 1.5040 16.70 40.63 20.90 198.00 0.9660
Aug. 1972 22713 484 14.49 7.70 633.00 0.9475
Jun. 1973 2.4323 497 6.99 32.40 257.00 0.9847
Aug. 1973 0.7998 1.65 7.98 2.18 234.00 0.9858
Aug. 1975 1.5822 9.36 21.44 23.80 535.00 0.9803
Aug. 1977 1.9411 9.07 22.45 452 959.00 0.9457
Sept. 1977 0.5020 6.87 72.56 14.40 1020.00 0.9514
Aug. 1981 1.8832 20.84 42.19 17.20 458.00 0.9608
Jul. 1982 2.2030 30.97 41.62 26.90 1040.00 0.9370
Jul. 1984 1.0532 13.53 68.83 18.00 354.00 0.9698
Sept. 1987 2.2578 5.15 7.53 18.00 611.00 0.9528
Sept. 1989 2.0991 3.23 3.19 25.60 344.00 0.9776
Sept. 1990 0.9187 2.21 494 22.60 863.00 0.9549
Aug. 1992 1.2073 21.20 35.33 38.00 1250.00 0.9724
Aug. 1994 3.4982 9.98 3.95 11.80 750.00 0.9569
Aug. 1997 0.6688 3.03 27.79 7.75 863.00 0.9822
Oct. 1999 1.5026 5.53 13.31 12.70 355.00 0.9657
Sept. 2004 2.2475 78.04 110.59 8.42 682.00 0.9670
Aug. 2009 2.4524 7.92 6.02 32.20 1600.00 0.9661
Aug. 2012 1.7374 6.09 11.34 11.80 1030.00 0.9333
Sept. 2015 1.6154 14.97 13.68 9.14 1330.00 0.9445
Aug. 2019 1.3500 10.62 32.71 8.48 805.00 0.9612
Sept. 2021 4.2936 13.92 12.60 4.80 722.00 0.9447

It can be seen in Figure 5 that the prediction of the flood discharge process by using the
GUH model agrees well with the observed data from each storm, with an NSE generally
higher than 95%. In addition, the following characteristics are present.

(a) As depicted in Figure 5, the prediction of peak occurrence time from the GUH is
well consistent with the actual situation, regardless of whether the rain pattern is single or
multi-peak. Additionally, most flood events can also be well-fitted by Approach 2 when it
comes to calculating flood peak size and flood peak occurrence time.

(b) The prediction of peak flood discharge from the GUH is accurate. The peak time
lag t,, reflects the response speed of flood to rainfall. The smaller peak time lag, the faster
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the flood responds and the more difficult it is to take prevention measures in advance.
Mountainous and hilly areas account for approximately 70.4% of the total area of Zhejiang.
The slopes within the river basins are large, leading to a fast confluence speed and a rapid
flood response speed with a small peak time lag.

140 ‘ : : 0§ 300 ; : ; ‘ 0 E
' L O HIJT Data (Jun. 1969) E -_r O HIT Data (Jun. 1971) E
120 1 = Approach 1 15 E 250 t = Approach 1 15 E,
- =~ Approach 2 .5 = Approach 2 .E
. '30"‘/\200— 130 &
S 807 =
=i Qo = 4.56m3/s g 150 Qo= 20.90m3/s
o O ® =
10! 100
@) » -
201 U
e}
0 : : : - 0 : : : ‘
0 10 20 30 40 50 0 10 20 30 40 50
t (h) t (h)
(a)
1200 ; : ‘ 0 g 500 : : 0 E
|H 'r- ' HJT Data (Aug. 1972)| | & O HJT Data (Jun. 1973) E
1050 —— Approach 1 115 E —— Approach 1 15 E
900 - —— Approach 2 R 400, =~ Approach 2 k=
30 & 30 &
@300
H Qo = 32.40m3/s
< 200 [
100
Ay
0 L 1 I L
100 0 10 20 30 40 50
t (h)
(b)
500 ‘ - : 0 g 1000 : ‘ ‘ 0 g
| ||| O HIT Data (Aug. 1973)] | E g9 ! O HIT Data (Aug. 1975)| | &
= Approach 1 1155 = Approach 1 11553
400 = Approach 2 E 800 = Approach 2 L‘é
130 2 700F 130 &
@ 3001 @ 600+
™ Qo =2.18m3/s g 500t Qo = 23.80m3/s
2001 > 400¢
300
100 200
100
0 L Q o 0 L T o — n
0 20 40 60 80 100 0 10 20 30 40 50
t (h) t (h)
(c)

Figure 5. Cont.
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Figure 5. (a) Application of GUH at Hongjiata station (HJT) during 1969-1971, (b) Application of
GUH at Hongjiata station (HJT) during 1972-1973, (c) Application of GUH at Hongjiata station (HJT)
during 1973-1975, (d) Application of GUH at Hongjiata station (HJT) during 1977, (e) Application
of GUH at Hongjiata station (HJT) during 1981-1982, (f) Application of GUH at Hongjiata station
(HJT) during 1984-1987, (g) Application of GUH at Hongjiata station (HJT) during 1989-1990,
(h) Application of GUH at Hongjiata station (HJT) during 1992-1994, (i) Application of GUH at
Hongjiata station (HJT) during 1997-1999, (j) Application of GUH at Hongjiata station (HJT) during
2004-2009, (k) Application of GUH at Hongjiata station (HJT) during 2012-2015, (1) Application of
GUH at Hongjiata station (HJT) during 2019-2021.

(c) The Qg is changeable for the same watershed at different rainfall process, due to
natural geographical conditions, meteorological conditions, human activities, and other fac-
tors. For instance, changes in temperature, massive extraction of agricultural irrigation, and
domestic water will cause changes in Qp. The June 1973 flood event had Qy = 32.40 m3/s
and peak = 257.00 m?3/s. In contrast, the flood event in Sept. 1977 had Qp = 14.40 m3/s
and peak = 1020.00 m?/s. Combined with other Qg values and peak values in Table 2, it
can be observed that the change in Q has a minimal impact on the flood peak value.

(d) The time it takes for a flood to rise from the baseflow to its maximum flow and
then fall back to the base flow is called the duration of the flood. The longest duration of
the flood process mentioned above was the event in June 1969, which lasted for 196.89 h,
while the shortest one happened in September 1989, which lasted for 40 h. More than 90%
of flood durations are between 40 and 90 h.

(e) The duration of the flood process is closely related to the rainstorm process, which
is reflected in that the events with long rainstorm durations also have long flood durations.
Subtracting the duration of rainstorm from the duration of floods yields a time difference,
with over 80% of the time difference being between 27 and 60 h. The peak time lag is the
response time of the flood to the rainstorm. The peak time lag takes value between 0.5 and
4.5 h in the above rainstorm events, which means that there will be flood feedback 0.5-4.5 h
after the rainstorm in the Fu Stream Basin.

(f) The m of all events is greater than 1, which leads to a positive skewness of the flood
process curve, having fast rise and slow discharge. It reflects the characteristics of fast flood
rise and slow flood discharge in the area. The larger the m value, the more time the flood
discharge process takes compared to the rise process. For single-peak flood processes, the
flood process in September 2004 had the highest m value of 110.59, with a rise time of 3.53 h
and a discharge time of 37.94 h, which is 10.85 times the rise time. The minimum m of the
flood process in June September 1989 was 2.25, with a rise time of 12.02 h and a discharge
time of 27.01 h, which is 2.25 times the rise time. It can be seen that the flood discharge time
in the area is 2.25-10.85 times the rise time.
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(g) The terrain of Zhejiang Province is on a slope, where mountainous areas cover the
west, hilly areas are in the middle, and alluvial plains are distributed along the coast in
the east. The floods within the province are mainly caused by plum rains and typhoon
rainstorms, often having multiple peaks. For multi-peak flood processes, the set of parame-
ters is the same for the computation of each peak. The time when the flood rises from the
baseflow to its maximum peak is considered the rising time, while the duration of the flood
minus the rising time is considered the discharge time. The discharge time is 1.1-7.3 times
the rise time, which is generally smaller than that of single-peak floods. This is mainly
because the multi-peak rainstorm is less concentrated compared to the single-peak one,
resulting in a longer rising process, so the ratio of the discharge time to the rising time
is smaller.

3. Prediction of Flood Peaks from GUH

Data on river discharges that are hard to acquire are often less abundant than those on
watershed rainfall. However, flood discharge data are fundamentally important to disaster
prevention. Therefore, applying GUH to calculate flood discharge according to rainfall
process is of great significance. We have collected data on watershed rainfall from 1962
to 2021, while the duration of discharge at Jiangjia hydrological station in the Mawang
Stream watershed (65.3 km?) is from 1963 to 1989. Likewise, the duration of rainfall data
are from 1957 to 2021, while the discharge at Zhudaogang hydrological station in the Ruo
Stream watershed (235 km?) is from 1983 to 2007. Jiangjia Station and Daitou Station are
located in the southwest of Zhejiang. Huangze Station and Yuankou Station are situated in
the central part, while Zhudaogang Station and Daixi Station are positioned in the northeast
of Zhejiang.

The actual values of (tp, i, m) can be calculated for multiple different river basins in
Zhejiang province over the years using the measured flood data. Table 3 presents the actual
values of the three parameters (f,, j1, m) obtained from the measured data of 60 flood events.

The peak time lag is the time interval from the ERH (excess rainfall hyetograph) peak
to the peak discharge, reflecting the runoff concentration speed. From Table 3, it can be seen
that the peak time lag has a steady increase from the southwest to the northeast of Zhejiang.
This is partly because the terrain of Zhejiang is on a slope, where the southwestern area is
mountainous with mountain peaks mostly over 1000 m above sea level and the northeastern
area is a low alluvial plain. The central part is hilly, with basins of various sizes scattered
all over this area. The steeper the slope is, the faster the runoff concentration speed is likely
to be, leading to smaller peak time lag.

Table 3. The selected rainstorm events and related parameters.

Location of

Fitting Parameters

Station Watershed Flood Events ) P - (m3(}s) NSE
Jun. 1965 3.0788 473 7.72 132 0.9926
Jul. 1966 1.7957 3.81 8.33 7.24 0.9640
Jun. 1967 1.7845 6.61 4116 201 0.9577
Jun. 1969 1.5048 28.56 126.15 17 0.9725
Jiangjia l\g?rv:aa;g Jun. 1970 1.6561 41.90 183.83 133 0.9772
Jun. 1971 2.0277 7.86 218 10.7 0.9923
May. 1973 3.3970 4.64 5.65 209 0.9723
Jun. 1974 2.4601 8.78 1713 16 0.9887
Jun. 1977 2.0038 9.03 29.73 6.69 0.9749

Jun. 1979 2.0158 59.22 168.80 13.7 0.9596
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Table 3. Cont.
LOSC :attiioor:lof Watershed Flood Events Fitting Parameters (m3(;s) NSE
t,(h) 7 m

Jun. 1997 1.3348 44.92 130.85 6.20 0.9349

Aug. 1997 2.8689 10.55 25.99 4150 0.9471

Sept. 1998 3.4981 7.23 2027 27.00 0.9517

Oct. 1999 3.4887 5.54 271 7.93 0.9691

Daitou Aojiang River Jul. 2000 2.0456 8.04 29.68 17.70 0.9538
Jun. 2001 2.0162 118.38 218.03 25.40 0.9350

Sept. 2002 2.8988 146.32 119.92 436 0.9485

Aug. 2006 1.1512 32.65 155.85 27.40 0.9584

Aug. 2007 1.4908 24.08 16.77 10.20 0.9303

Aug. 2009 1.6877 63.76 89.33 68.60 0.9491

Sept. 1981 2.3047 36.33 149.83 26.50 0.9368

Aug. 1990 47538 50.57 151.57 12.70 0.9595

Sept. 1992 2.7773 37.48 145.59 22.30 0.9593

Aug. 1994 6.2779 159.60 148.00 17.80 0.9461

Huangze Huangze River  Jun. 1999 6.6092 15.27 19.72 20.00 0.9614
Aug. 2004 6.3715 3.26 7.62 22.70 0.9723

Sept. 2005 6.6933 30.78 29.74 24.20 0.9973

Aug. 2009 3.6002 55.88 154.08 38.00 0.9329

Aug. 2012 3.2107 428 13.77 29.80 0.9539

Aug. 2015 6.6469 471 1142 22.90 0.9793

Aug. 1972 5.1709 204.18 314.92 26.80 0.9519

Sept. 1983 3.1062 27.41 125.58 13.60 0.9560

Jun. 1993 40335 17.47 1264 21.70 0.9948

Jun. 1996 4.8340 11.84 26.43 8.51 0.9563

Yuankou Sh(ﬁ;f,};?ng Jun. 1999 5.2294 137.60 211.72 22.40 0.9466
Jun. 2003 41400 15.41 31.68 34.20 0.9753

May.2008 3.3269 33.18 126.32 29.40 0.9773

Apr. 2009 7.5265 21.75 39.93 11.80 0.9582

May.2016 3.4963 14.19 33.48 27.00 0.9516

Jul. 2019 43069 15.16 22.30 20.90 0.9699

Sept. 1983 5.8405 11.11 33.82 103 0.9681

Jun. 1984 43582 144.88 122.70 6.46 0.9539

Jun. 1986 6.2174 9.37 8.75 112 0.9949

Jul. 1987 5.0351 469 199 318 0.9973

Z};;igo' Ruo Stream Sept. 1987 6.9328 13.92 1652 16.4 0.9888
Sept. 1989 6.3261 6.78 488 621 0.9734

Aug. 1990 3.8438 59.94 104.00 5.88 0.9302

Sept. 1992 44152 89.92 211.44 9.4 0.9649

Jun. 1999 6.3302 617 465 26.6 0.9831

Aug. 2005 5.0803 12.93 21.48 5.82 0.9653
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Table 3. Cont.
LOSC :atti?or;‘)f Watershed Flood Events Fitting Parameters (m3(;s) NSE
t,(h) 7 m

Jun. 1983 11.2116 490 0.32 12.00 0.9704

Jul. 1983 6.1915 479 4.46 11.00 0.9905

Jun. 1984 3.2479 3.29 496 12.00 0.9525

Sept. 1987 8.6747 8.49 6.97 12.80 0.9884

Daixi St?ef:m Sept. 1989 13.2488 10.44 2.99 17.00 0.9633
Aug. 1990 47420 61.01 165.01 6.06 0.9420

Sept. 1992 8.4181 23.93 29.43 7.00 0.9764

May. 1993 19.2449 8.71 151 7.30 0.9808

Jul. 1995 6.2231 10.15 12.79 8.00 0.9747

Jun. 1999 15.8958 427 321 35.00 0.9106

In Table 3, greater flood peaks mostly come from larger watershed areas. The maxi-
mum peak flood in the Mawang Stream is only 219 m?/s, with a watershed area of 65.3 km?.
The flood peak in Dai Stream is a result of 538 m®/s watershed area. The peak flood of the
Ruo Stream and Huangze River exceed 1000 m3 /s, with a catchment area of more than
200 km?. The maximum peak flood in the Shouchang River reaches a staggering 3160 m3/s,
with a watershed area of 687 km?. Although the area of the Beigang Basin is not as large
as the Huangze River, it has greater runoff with a peak value of over 2000 m3/s. This is
because the Beigang Basin comes from a strong tidal section, the Ao river, and is subject to
the two-way action of flood and tide.

3.1. Extension of Discharge Data

tp shows little variation in the same basin. Additionally, baseflow has little impact on
the flood peak. Hence, the median of the parameters in Table 3 is taken. The theoretical
values of u and m can be calculated from the rainfall data. The flood processes for rainfall
events lacking discharge data are predicted by GUH model with the parameters in Table 4.

Table 4. GUH model parameters for two watersheds.

GUH Model Parameters
Watershed Waterihegl Station 3
Area (km?) t,(h) Qp(m°/s)
Mawang Stream 65.3 Jiangjia 2.0098 13.50
Ruo Stream 235 Zhudaogang 5.4603 9.85

It can be seen from Figure 6 that the predicted flood process responds to the rainfall
process. In Figure 6a, the rainfall process in June 2003 had only one peak with maximum
heavy rain intensity of 27.1 mm/h, and so does the flood process that lasts 17 h, having
a peak discharge of 238.3 m3/s. In Figure 6b, there are two peaks during the rainfall
period, and the second peak is much higher than the first one, which is also reflected in the
predicted flood process. The maximum measured flood at Jiangjia station was 219 m3/s,
generated by a rainstorm in July 1966, lasting for 17 h. The maximum rain intensity reached
19.3 mm/h, the average rain intensity was 8.6 mm/h, and the total rainfall was 145.9 mm.

The peak floods are predicted by using GUH from the top five rainfall events with
a 24 h cumulative total rainfall amount, of which the maximum value is regarded as the
annual maximum flood. We used this method to predict the annual flood peak during
1962-2021, as listed in Table 5.
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Figure 6. (a) GUH at Jiangjia station; (b) GUH at Zhudaogang station.

Q (m*/s)

The observed data from 1963 to 1989 are compared with the predicted values in
Figure 7, where the abscissas of the points represent the observed values, while the ordinates
represent the predicted values. A point is on the solid line when the observed value is equal
to the predicted one. The predicted values are generally slightly smaller than the observed
ones, with a mean absolute percentage error of 4.83%. This means that GUH not only plays
a good role in predicting flood processes but also has good performance in peak prediction.
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Table 5. Prediction of annual flood peaks at Jiangjia station.
Year Flood Peak Year Flood Peak Year Flood Peak
(m3/s) (m®/s) (m*/s)
1962 133.9 1982 141.1 2002 97.7
1963 65.8 1983 156.4 2003 238.3
1964 69.7 1984 54.5 2004 110.9
1965 121.3 1985 48.5 2005 58.3
1966 2229 1986 65.0 2006 84.8
1967 108.9 1987 150.6 2007 170.8
1968 80.2 1988 166.5 2008 233.8
1969 126.6 1989 131.1 2009 91.2
1970 157.9 1990 96.0 2010 249.5
1971 186.1 1991 70.6 2011 96.0
1972 59.2 1992 98.8 2012 81.3
1973 97.7 1993 83.3 2013 62.3
1974 176.2 1994 86.8 2014 86.5
1975 76.4 1995 63.9 2015 165.9
1976 69.8 1996 71.3 2016 121.6
1977 133.1 1997 91.0 2017 87.2
1978 422 1998 219.9 2018 86.6
1979 137.2 1999 109.1 2019 119.0
1980 73.1 2000 121.4 2020 202.8
1981 48.7 2001 61.6 2021 220.5
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Figure 7. Comparison between observed and predicted values.

3.2. Flood Frequency Analysis

Flood frequency analysis is a theoretical basis for the planning, design, and operation

of hydraulic engineering. However, the available data of discharge are far less than those

of rainfall, which limits the accuracy of the flood frequency analysis. GUH is suitable for

predicting the missing flood peaks from the known rainstorms in order to improve the P-III

curve of the annual maximum discharge.
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Based on the annual maximum discharges measured at Jiangjia station during
1963-1989, the P-III distribution curve with NSE = 0.969 is shown in Figure 8. The
calculated discharge with the return period of 50 years is 241.0 %3, while the maximum
value in 27 years is 219.0 m3/s.
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Figure 8. P-III distribution of annual maximum discharges at Jiangjia station during 1963-1989.
The calculated P-III distribution of the annual maximum discharge during 1962-2021
is shown in Figure 9, where the NSE is raised to 0.982. According to the distribution in
Figure 9, the 50-year recurrence flood is 247.1 m3/s, with an increase of 2.53% compared to
that in Figure 8. The maximum value in 60 years is 249.5 m>/s.
450 : : .
3 | | i ; : == P_[II Distribution
4008 e A (DJiangjia Observation(

0 ] |
0.01 0.1 1 5 20 50 80 95 99 99.9 99.99
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Figure 9. P-III distribution of annual maximum discharge at Jiangjia station during 1962-2021.
Similarly, based on the annual maximum discharge at Zhudaogang station from
1983 to 2007, the P-III distribution with NSE = 0.989 is shown in Figure 10. The 50-year

recurrence flood discharge is 1115.0 m® /s while the return period of 88 years corresponds
to a maximum discharge of 1260 m? /s on the P-III curve.
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Figure 10. P-III distribution of annual maximum discharge at Zhudaogang station during 1983-2007.

After the duration of annual maximum discharge extended from 1957 to 2021, the P-III
distribution is calculated, as shown in Figure 11, where NSE is raised to 0.995. According
to the P-III distribution in Figure 11, the 50-year recurrence flood is 949.1 m?/s, with a
decrease of 15%. The maximum discharge 1260.0 m?/s corresponds to a return period of
256 years on the P-III curve.
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Figure 11. P-III distribution of annual maximum discharge at Zhudaogang station during 1957-2021.

In brief, it is found that after extending the data, the 50-year recurrence has changed
and the P-III distribution curve become more accurate.

With a more accurate frequency curve available for distribution fitting, the mathemati-
cal model for frequency-shifts by Sun et al. [23] can be employed to achieve a better estimate
and control of the gap between the predicted return period and the empirical return period
of the highest peaks. As a result, the frequency curve can be further improved, leading to
more reliable forecasting of extreme events.
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3.3. Relation Between Flood Peaks and Rainstorm Types

We propose seven types of rainstorms, each with a total amount of 270 mm over
24hand t, = 2 h, according to temporal distribution of rainstorm, to study the effect
of rainstorm process on flood peaks, as listed in Table 6. In Table 6, the 270 mm rainfall
is divided into four segments at 6 h intervals for each rain type. The time of the heaviest
rainstorm continuously moves from the first 6 h to the fourth 6 h in rainstorm types 1-4.
The maximum value of 120 mm for type 1 occurs in the first 6 h, while that for type 4
occurs in the fourth 6 h period. The maximum rainstorm of type 5 also occurs in the last
6 h, but the maximum values are different. The rainstorm of types 6 and 7 is symmetrically
distributed and, especially, type 7 is evenly distributed. Figure 12 shows the distribution
of rainstorms.

Table 6. Rainstorm types and the corresponding flood peaks.

Rainstorm Within 24 h (mm) Flood Peak
Type 0-6 h 6-12 h 12-18h 1824 h (m%/s)
1 120 75 50 25 250.41
2 50 120 75 25 281.10
3 25 75 120 50 300.52
4 25 50 75 120 305.87
5 25 25 25 195 402.28
6 25 110 110 25 306.29
7 67.5 67.5 67.5 67.5 213.72
Total rainfall (mm) 270

The flood peaks are predicted by the GUH model according to 24 h continuous
rainstorms in Table 6. It can be seen that flood peaks vary with different rainfall patterns
under the same amount of total rainfall.

The phenomena of rapid flood rise and slow recession commonly exist in small
watersheds throughout Zhejiang Province. It is found that the flood peaks continued to
increase from type 1 to type 4. As the rainstorm process continues, when the flood generated
by the rainstorm in the first 6 h is in the state of flood recession, the flood generated by the
rainstorm in the second 6 h starts to rise. The GUH of the two are accumulated, resulting in
a larger flood. When the maximum rainfall occurs in the fourth 6 h, the flood generated
by the rainstorm in the previous 18 h has not yet completed the recession process, which
results in a greater flood peak. When the maximum rainstorm occurs in the first 6 h, its
flood peak is only related to the rainstorm in the first period, so the flood peak is smaller.
Therefore, the later the peak rainstorm occurs, the greater the peak flood seems to be.

Types 6 and 7 are both symmetrically distributed, but the flood peak generated by
type 4 is much greater than that of type 7. The peak flood value also gradually increases
as the precipitation in the last hour of types 5 and 6 gradually increases. These reflect the
positive correlation between rainfall peak and flood peak values.

The maximum flood of 402.28 m?/s occurs in type 5, while the minimum value of
213.72m3/s appears in type 7, between which there is a difference of 46.9%. If rainstorm of
195 mm/6 h continues for 24 h, totaling 780 mm, the flood peak will be 591.92 m3/s, and
the disaster risk may reach one in ten thousand years.
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Figure 12. Rainstorm types 1-7.

4. Conclusions

The general unit hydrograph, recently established by Guo, is, in theory, superior to
precedent hydrograph methods, such as Nash and Chow’s UH. However, how GUH can
be put into use is another story. This research validates the feasibility of GUH in China and
contains a methodology improvement to GUH-based modeling.

In fact, if one does not have sufficiently large amount flood records, the flood-rainfall
united fitting method, originally suggested by Guo, is simply not enough. Instead, we
have proposed an initial loss-based method to enrich the flood data and to determine the
parameters in GUH. As a result, using merely rainstorm data collected from watersheds,
an accurate prediction of flood processes is achieved through establishing the relation
between flood processes and rainfall by GUH. The test results show that the simulated
flood processes agree well with the measured flood data from Zhejiang.
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This research also contains progress in understanding the hydrological features of
Zhejiang. Some discoveries about Zhejiang can be summarized.

(1) After fitting a total of 60 rainstorm-flood events at Jiangjia and Daitou in the south-
west, Huangze and Yuankou in the central, and Zhudaogang and Daixi in the northeast,
we find that the peak time lag of the GUH has a gradual increase from the southwest to the
northeast of Zhejiang.

(2) Floods in Zhejiang are mainly caused by plum rains and typhoon rainstorms,
which often lead to flood processes of multiple peaks. The shape parameter of multi-peak
floods is usually smaller than that of single-peak ones.

(3) The discharge data are extended, which makes the return period flood forecast more
accurate. After the data length at Jiangjia station was extended from 27 years to 60 years,
flood discharges with the return periods of 50 year increased by about 2.53%. However, the
return period flood decreased by about 15% after the length of data at Zhudaogang station
was extended from 25 years to 65 years.

(4) The impact of rain types is analyzed, and the flood process is predicted under the
same amount of rainfall within 24 h. It is found that the rainfall patterns have a significant
impact on flood peaks. The later the peak rainfall occurs, the greater the peak flood is.

The method of this research is expected to be useful in other regions as well, especially
in those where available data on floods are scarce. It gives scientific support for basin flood
prevention and mitigation and helps improve the discharge design and early-warning systems.
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