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Abstract: Climate change has led to non-stationarity in recorded floods all over the world. Although
previous studies have widely discussed the design error caused by non-stationarity, most of them explored
basins with closed catchment areas. The response of flood level to nonstationary inflow floods and high
tidal levels in deltas with a dense river network has hardly been mentioned. Delta areas are extremely
vulnerable to floods. To establish reliable standards for flood protection in delta areas, it is crucial to
investigate the response of flood level to nonstationary inflow floods and high tidal levels. Pearl River
Delta (PRD), the largest delta in South China, was selected as the study area. A theoretical framework
was developed to quantify the response of flood level to nonstationary inflow floods and the tidal level.
When the non-stationarity was ignored, error up to 18% was found in 100-year design inflow floods and
up to 14% in 100-year design tidal level. Meanwhile, flood level in areas that were <22 km away from the
outlets mainly responded to the nonstationary tidal level, and that >45 km to the nonstationary inflow
floods. This study will support research on the non-stationarity of floods in delta areas.
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1. Introduction

Since the early twentieth century, climate change has altered hydrological cycles all over the world.
Flood records are no longer stationary [1-5]. In particular, delta areas have experienced intensified flooding
due to the combined impacts of the inflow floods from the upstream watershed and the rising high tidal
level induced by sea-level rise (SLR). Meanwhile, livable climate and convenient sea transportation have
contributed to increasing population and economy in delta areas around the world [6,7]. Thus, delta zones
have become extremely vulnerable to floods. It is important to understand the response of flood level to
nonstationary inflow floods and high tidal levels in delta areas, especially ones with a dense river network.

There were some previous studies discussing the variation in design tidal levels under the impact
of SLR. Trends in recording series, as well as the correlation between these trends and other climate
factors, were explored using sophisticated extreme value analysis methodology [8]. To calculate
reliable at-site frequency of the increasing tidal level, many previous researchers generated a stationary
series before carrying out frequency analysis. Some restored the stationary time series by removing the
increment caused by SLR [9-11], while some tried to generate stationary samples by duplicating the
characteristics of historical tidal processes, which were assumed to be stationary [12]. Other researchers
assumed that the rate of high tidal levels was time-dependent, and conducted frequency analysis on
the recorded series with a time-correlated variable [8-13].
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Design flood levels in delta areas were also analyzed by statistical methods in past studies.
Joint distribution was the most widely used approach to statistically estimate flood levels in delta
areas, which was simultaneously affected by multiple forcing factors like rainstorms, storm surges,
upstream floods, and high tides. To take non-stationarity caused by environmental changes into
concern, joint distribution incorporated the nonstationary characteristics of changing factors into
marginal distribution functions. However, in this way, both the difficulty of parameter estimation
and the uncertainty of results were significantly increased [14]. Another commonly used method for
delta flood protection is to first calculate two design flood levels, under the impact of either the inflow
floods or the high tidal level, and choose the higher one as the design value [15]. This method is simple
and convenient, but it neglects the interconnection between inflow floods and high tides.

This research aims to estimate the response of flood level to the impact of inflow floods and downstream
tidal level, when the time series of these two factors are both nonstationary. To achieve this purpose, Pearl River
Delta (PRD) in South China was selected as the study area. This paper is arranged as follows. In Section 2,
a brief introduction of the study area, dataset and methodology is provided. In Section 3, the response of the
flood level to the nonstationary inflow floods and the high tidal level is estimated, and its spatial pattern is
discussed. Conclusions are made in Section 4. The investigation in PRD can be used as reference for estimations
of the flood level response in other delta areas with similarly complicated environmental conditions.

2. Study Area and Methods

2.1. Study Area and Dataset

Pearl River Delta, which covers an area of 39,380 km?, is the largest delta in South China (Figure 1).
It has a humid subtropical climate. The monsoon period in this area lasts from April to September.
Due to the terrain altitude, the dense river network develops from the northwest to the southeast.
Water flow in PRD comes from West River and North River, and all the water in the delta flows into
Pearl River Estuary through multiple outlets. Based on its source of inflow floods water, PRD area can
be further divided into a West River sub-delta, and a North River sub-delta. Floods in two upstream
river basins mainly occur between June and August. Meanwhile, extreme tides in the estuary, induced
by typhoons or storm surges, mainly occur around September [16].
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Figure 1. Map of Pearl River Delta and locations of gauge stations: (a) location of Pear] River Delta on
the map of China; (b) gauge stations of upstream rivers; (c) a closer view of Pearl River Delta.

PRD is the megaregion where Macao is located [17]. In 2014, the population of cities in PRD
surpassed that of Chicago and it was ranked in the top 30 in the world [18]. In 2015, the total income
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of only two cities in PRD, i.e., Guangzhou and Foshan, reached $20.6 million [19]. With its fast growth
in economy and population, PRD is extremely vulnerable to flood risk.

In this research, recorded peak flood volumes in the flood season, i.e., from June to August, in
Wuzhou and Shijiao were used. So were the high tidal levels in seven outlet stations (Figure 1, Table 1).
All the data were collected during the period from 1958 to 2011.

Table 1. Gauge stations and trend detection.

River Basin No. Gauge Station Channel Name Mann-Kendall
. 0 Gaoyao - -
West River 1 Wuzhou - Upward (z = 1.66)
North River 2 Shijiao - No (z =0.38)
3 Sanshakou Humen No (z = 1.43)
4 Nansha Jiaomen No (z = —0.37)
5 Wanginshaxi Honggimen No (z=1.57)
Pearl River Delta Outlets 6 Hengmen Hengmen Upward (z = 2.96)
7 Denglongshan Modaomen Upward (z = 1.96)
8 Huangjin Jitimen Upward (z = 2.65)
9 Xipaotai Hutiaomen Upward (z = 2.44)

Note: When |Z| > 1.65, the trend is 90% significant.

2.2. Methodology

In this research, a methodology was developed to estimate the impact of the nonstationary inflow
floods and the high tidal level on flood level. First, a time-varying moments (TVM) model was applied
to evaluate the design inflow floods from the upstream river basins and the high tidal levels around
the delta estuaries. Then, the influence of the nonstationary inflow floods and the high tidal level on
flood level was estimated through a one-dimensional hydrodynamic model using the TVM-estimated
design inflow floods and the high tidal level as its inputs. Four scenarios were created by combining the
nonstationary inflow floods and the high tidal level, and then the nonstationary water level in PRD was
estimated under these scenarios. The whole schedule of this combined methodology is shown in the
flowchart presented in Figure 2. All the parts that are considered nonstationary are highlighted in blue.
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Figure 2. Flow chart of the methodology. Parts highlighted in blue considered non-stationarity in time series.
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2.2.1. Time-Varying Moments Estimating Nonstationary Inflow Floods and High Tidal Levels

The time-varying moments method, which has been widely applied in the statistical estimation of
nonstationary peak flood volume, was used in this investigation to calculate the nonstationary design
value of inflow floods and high tidal level [20]. In this method, to incorporate the non-stationarity,
the first two moments of the time series were initially assumed to have trends that are either linear (L)
or parabolic (P) [21,22].

Four conditions were generated by assembling the L or P trend in the first two moments, labeled
A to D [22]: (1) when only the first moment, i.e., the mean of the time series, is time-dependent,
whether the trend is L or P, the condition is named A; (2) when only the second moment, i.e., the
standard deviation of the time series, is time-dependent, whether the trend is L or P, the condition is
named B; (3) when both the mean and the standard deviation have time-dependent trends in, and the
standard deviation is a product of, the mean and a constant value, i.e., the coefficient of variation (Cv),
the condition is named C; (4) when both the first two moments have trends, but they are not directly
correlated, the condition is named D. By combining Scenarios A-D and two types of trends, i.e., L and
D, eight time-trend models were generated. All models are listed in Table 2, where m’ represents the
mean of the nonstationary time series that is defined in relation to both the mean of a stationary time
series, m, and time, t. Likewise, ¢’ denotes the nonstationary standard deviation and is considered to
be associated with both the stationary standard deviation ¢ and time, . In all functions, a,, 4, by, and
b, denote the constants.

Table 2. Time trend models of the first two moments.

Probabili . Time-Varyin:
Distribution Flzction Time Trend Model Modg, ® " v

AL P3-AL m' =m+ayt =0
BL P3-BL m =m o =0 +agt
CL P3-CL m' = m+ ayt o' =Cym

P3 DL P3-DL m' = m+ayt o =0 +agt
AP P3-AP m = m+ ayt + by t? =0
BP P3-BP m =m 0 =0+ agt+ bet?
CP P3-CP m = m+ ayt + by t? o =Cym
DP P3-DP m' = m+ amt + by t? o =0+ agt + byt?

Note: P3 denotes the Pearson type IIL

According to studies carried out in the 1990s, Pearson type III performs the best among all
commonly used probability distribution functions for either the flood flow or the high tidal level in
PRD [23-30]. Therefore, Pearson type III was selected as the probability density function (PDF) used in
design value estimation in this research. Based on the eight time trend models, parameters of Pearson
type III were all defined to be time-dependent variables. All these parameters were estimated by
the maximum likelihood method, where t was used as a variable. The goodness of fit of PDFs, i.e.,
Pearson type III with parameters of different time trend models, was tested by the Akaike Information
Criterion (AIC).

2.2.2. One-Dimensional River Network Hydrodynamic Model

The one-dimensional hydrodynamic model has been widely used in flood level estimation. It is
comparatively more accurate in representing the cross-sectional area of channels and requires only a
small amount of field data to set up the model. Also, it can be quickly set up, and the computation is
fast [31]. Therefore, the one-dimensional hydrodynamic model was chosen as the basic tool to estimate
the flood level in this research.
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1. Model Setup and Input Data

The one-dimensional hydrodynamic model used in the present study was developed from
the one created by the Center for Water Resources and Environment (2015), and the whole model
was set up in Fortran [32]. This model adopted the Saint-Venant continuity equation and the
longitudinal momentum balance equation as the governing equations. The implicitly weighted
four-point Preissmann scheme [33] was used to solve these governing equations.

The model set the time-step as 10 min, and a space lag from 500 to 2500 m. In all, the model
included 196 channels and 144 nodes (Figure 3). The upstream inflow from Gaoyao (West River) and
Shijiao (North River), as well as the tidal levels in seven outlets (Figure 1, Table 1), were set as its
boundaries, and the recorded data in these stations were used as the input to run the model.
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Figure 3. Overview of the simplified one-dimensional hydrodynamic model of PRD.

Conducting simultaneous field survey over a large basin like PRD region is extremely time-consuming
and expensive. Meanwhile, although large-scale field measurement has been carried out by the Guangdong
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Hydraulic Bureau every five years, the data are beyond our access. Owing to the limitations of survey data,
this research applied the topographic data collected in the flood season of 1998 to develop a 1D model.
All topographic maps were obtained from the Guangdong Hydraulic Bureau, in a measuring scale of
1:5000. The hourly flood flow and water level were simultaneously detected at 40 stations during a typical
flood in PRD. Data collected from 12:00 p.m. on 25 June 1998 to 12:00 p.m. on 28 June 1998 at hydrological
stations in Gaoyao and Shijiao were used to drive the model and calibrate the parameters. The fluvial
water level at each sampling frequency was linearly interpolated to the model time-step.

2. Model Validation

The hydrodynamic model was validated before estimating the flood level at PRD stations. The coefficient
of riverbed roughness was first set between 0.016 and 0.035 [33]. Next, after the model had been running for
30 days, the parameters were updated by the results obtained on day 30. The aforementioned procedures
were repeated more than 10 times before the simulation results stabilized. The model parameters were finally
set when the difference between the simulation results of day 1 and day 30 remained within 1%.

To assess the performance of the model, measured and model-estimated amplitudes for eight
constituents were compared in six stations, i.e., Makou, Sanshui, Tianhe, Baijiao, Xiaheng, and Shaluowei, and
the result was shown in Figure 4. Difference bands were both plotted at +-0.025 and +0.05 m, with an overall
RMSE of 6.87 cm. For each of these six stations, recorded and estimated flood levels were also compared.
The average absolute errors in the six stations were below 0.05 m, with a minimum of 0.001 m at Baijiao.
To further measure the model efficiency, an index (&) was applied, was calculated by the following equations:

/ J—
r'l- = Z ZO X 100(%) (l = 1/ 2/ 3/ ey 72) (1)
VA
0 (5<r)
A = 2
! { 1 (1’,‘ < 5) ( )
YA o
= S 100%, 3)

where Z’ is the estimated flood level; Zj, the recorded flood level; and i, the number of hours. When
o > 75%, the simulation of the model was predicted to be valid. The value of o is 95% in Makou, 83%
in Sanshui, 90% in Tianhe, 92% in Baijiao, 81% in Xiaheng, and 92% in Shaluowei. All s are above
80%, and the model has been proved to be valid.
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Figure 4. Comparison of harmonic constituent amplitudes, with difference bands located at 0.025 and 0.05 m.
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3. Results and Discussion
3.1. Non-Stationarity in the Inflow Floods and the Downstream Tidal Level

3.1.1. Increasing Inflow Floods

Trends in the inflow floods of PRD were estimated by Mann-Kendall method [34,35]. As is shown
in Table 1, inflow floods from West River had significantly increased since 1958. Since 1950, global
warming and atmosphere circulation abnormities have led to fewer but more intense tropical cyclones
in West River [36-38]. Meanwhile, the extreme precipitations (over 99 percentile) in West River have
increased by more than 45 mm since 1959 [39]. As a result, the flood flow in lower West River became
significantly higher in the flood season [40].

Based on the trend test results, design flood in West River was estimated by TVM, and CL was
detected to be the best-fit time-trend model for the increasing inflow floods (Table 2). Thirty-year
simple moving mean and standard deviation of annual peak flood flow series in West River was
analyzed and displayed in Figure 5. Since the first two moments of the flood series both had linear
trends, the results of AIC test were proven to be reliable.
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Figure 5. Trends in the first two moments of Wuzhou: (a) simple moving mean; (b) simple moving
standard deviation.

The 100-, 50-, and 20-year design flood flow in West River in 2050 were then estimated. To compare
the design volumes with and without taking non-stationarity into consideration, the relative difference

E was calculated as follows:
Xt — Xp

E:
Xo

x 100%, 4)
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where X7 denotes the nonstationary design value, and X, denotes the stationary one. The gap between
a 100-year and a 20-year Xtis AXt, and the difference between a 100-year and a 20-year Xy is AXj. Both
AXt and AX( were calculated and compared. The greater the value of AXTt or AX), the steeper the slope
of the upper tail (and the greater the pressure in flood protection. (The “upper tail” here specifically
refers to the part of the flood frequency curve with an exceedance probability lying between 1% and 5%.)

Results showed that by ignoring the increasing tendency, the 100-year peak flood flow was
underestimated by 17.51% (9825 m3/s) (Table 3). Meanwhile, the relative underestimation (E) was
augmented when the exceeding probability reached 5%, i.e., by 17.91% (9417 m3/s) for the 50-year
flood, and by 18.52% (8809 m3/s) for the 20-year flood. In addition, AXt (9553 m3/s) was larger than
AXp (8537 m3/s), indicating that non-stationarity in the flood had contributed to a steeper upper tail.

Table 3. Comparison of design flood.

] . T =100 T =50 T=20
Station Unit

Xt Xo E (%) Xt X0 E (%) Xt X0 E (%)
Wu-zhou m3/s 65,926 56,101 17.51 61,990 52,573 17.91 56,373 47,564 18.52
Heng-men 2.93 2.68 9.33 2.83 2.57 10.12 2.69 242 11.16
Denglong-shan m 3.00 2.63 14.07 2.88 2.50 15.20 2.70 2.31 16.88
Huang-jin 3.65 3.20 14.06 3.50 3.00 16.67 3.28 2.73 20.15
Xipao-tai 3.18 3.34 —4.79 3.06 3.12 —1.92 2.90 2.83 2.47

Note: T is the return period.

3.1.2. Varied High Tidal Level

High tidal levels in seven outlets were tested, and tidal levels in all outlets but Nansha had
upward tendencies. Somehow, only the tendencies in Hengmen, Denglongshan, Huangjin, and
Xipaotai reached a significance of 90% (Table 1). Rising sea-level rise at the Pearl River Estuary pushed
up the high tidal levels, and severe sand excavation and channel regulation from the 1980s to the early
21st century around the upstream of Nansha neutralized the rising trend [41].

Nonstationary estimations were carried out in the six outlets that had significant trends. In each
station, best-fit models was detected, and the nonstationary design value was compared with the
stationary one (Tables 2 and 3). Results showed that, whether the return period was 100, 50, or
20 years, design levels were all underestimated in Hengmen, Denglongshan, and Huangjin, and
the increase in the return period had led to a greater underestimation, which was displayed in the
value of E. Meanwhile, the 100-, 50-, and 20-year Es ranged from 9.33% (0.25 m) to 11.16% (0.27 m) in
Hengmen, 14.07% (0.37 m) to 16.88% (0.39 m) in Denglongshan, and 14.06% (0.45 m) to 20.15% (0.55 m)
in Huangjin. Both Xt and Es decreased along the coastline from the southwest to the northeast, i.e.,
from Huangjin and Denglongshan to Hengmen. Furthermore, since AXt reached 0.24 m in Hengmen,
0.30 m in Denglongshan, and 0.37 m in Huangjin, it is easy to conclude that the slope of upper tail was
steeper in the southwest (Huangjin) than in the northeast (Hengmen).

The direction of the ocean current affected the impact of SLR on the tidal level. Based on this
criteria, Wu [42] divided the PRD outlets into three groups. In the first group, to which Huangjin
belonged, high tides in outlet were mainly influenced by the current from the Indian Ocean. In the
second group, to which Denglongshan belonged, high tidal levels were affected by a substantial impact
of ocean currents from both the Pacific Ocean and the Indian Ocean. In the third group, to which
Hengmen belonged, high tidal levels were solely influenced by the Pacific Ocean current.

The surrounding environment of all these outlet stations affected the ocean current impact as
well. Take Huangjin as an example: since it was located in a bay surrounded by tiny islands, the tidal
vibration affected by the current impact was amplified. In Hengmen, conversely, the tidal vibration
induced by the current effect was reduced, due to the land lying to the east of Pearl River Estuary [42,43].
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3.2. Response of the Design Flood Level to Nonstationary Inflow Floods and the High Tidal Level

Design flood levels in 22 stations were estimated under six scenarios, combining nonstationary
inflow floods and nonstationary high tidal level (Table 4, Figure 6). The design flood level estimated
with these nonstationary inputs was called the nonstationary flood level, whereas the one without
considering non-stationarity was named the stationary flood level. For all 22 stations, nonstationary and
the stationary flood levels were compared under Scenarios 1 and 4.

Water area

0 510 20
e wmmm Kilometers

Figure 6. Locations of the 22 gauging stations in Pearl River Delta.

Table 4. Scenarios employed.

Return Period

Scenario
Flood Flow Extreme Tidal Level
1 100a 100a
2 100a 50a
3 50a 100a
4 50a 50a

3.2.1. Response of Flood Level at a Single Spot

In 21 out of 22 stations, the nonstationary flood level was higher than the stationary. Only in Hengshan
was the stationary flood level higher. This is because Hengshan was located just 18 km away from the
outlet at Xipaotai, and its flood level was highly affected by the nonstationary design tidal level in
Xipaotai. Due to the result in Table 1, the nonstationary design tidal level in Xipaotai was lower than the
stationary one. Therefore, the stationary flood level in Hengshan was higher than the nonstationary one.

To further assess the response of flood level to the nonstationary inflow floods and high tidal
level in PRD, the 22 stations were divided into three groups by the K-means clustering method, based
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on the absolute difference between their nonstationary and stationary flood levels (Table 5). Among the
three groups, Group 1 had the highest mean value, and Group 3 the lowest. If a station belonged to
the same group under both scenarios, it was marked in blue (Table 5).

Table 5. K-means clustering results.

Scenario Number Group 1 Group 2

Group 3

Baiqing, Da’ao, Lianyao, Baijiao, Ganzhu, Lanshi,

1 Makou, Sanshui, Nanhua, angql,
Zhuvin, Zhuzhou Sanduo, Tianhe,
vy Xiaolan, Zidong

Banshawei, Fengmamiao,
Hengshan, Jiangmen,
Ma’an, Sanshanjiao

Baijiao, Baiqing, Da’ao,
Lianyao, Sanduo,
Sanshui, Zhuzhou,
Zhuyin, Zidong

Ganzhu, Lanshi, Makou,
Ma’an, Ronggi, Xiaolan

Banshawei, Fengmamiao,
Jiangmen, Hengshan, Nanhua,
Sanshanjiao, Tianhe

Under both scenarios, five stations, i.e., Baiqing, Da’ao, Lianyao, Zhuyin, and Zhuzhou, belonged
to the first group. These five stations were located between 25 and 42 km away from the delta outlets,
and their flood levels were similarly affected by the high tidal levels. Meanwhile, the responses in
Banshawei, Sanshanjiao, and Fengmamiao stations were the lowest under both scenarios. The distance
between these stations and their outlets was within the area of 15-33 km. Outlets of these stations, i.e.,
Wangingshaxi and Sanshanjiao, exhibited no significant trend in the high tidal level.

When the scenario changed from 1 to 4, stations located in the West River sub-delta, i.e., Makou,
Baijiao, Jiangmen, Nanhua, and Tianhe, fell from groups with higher mean values to ones with lower
mean values. Meanwile, the stations in the North River sub-delta, i.e., Zidong and Sanduo stations,
jumped from the group with lower mean (Group 2) to the group with a higher one (Group 1). Alteration
in geometries in the upstream river channel increased the flood flow distribution ratio in the North
River sub-delta. Under Scenario 1, the flow distribution ratio in Sanshui, i.e., the income of the North
River sub-delta, was 0.7% (300 m3/s), higher than under Scenario 4 (Table 3). In other words, the
increase in the upstream flood flow in the North River sub-delta was greater under Scenario 4, while
the increment of income flood flow in the West River sub-delta dropped by 300 m3/s.

3.2.2. Response of the Flood Level along the River Channel

The flood level in each station along the same river channel was connected into a flood line, and
the 100-year nonstationary flood line was compared with the stationary one in two representative
river channels (Figures 6 and 7). Makou—Zhuyin channel was located in the West River sub-delta,
where there were five stations along the way, i.e., Makou, Tianhe, Jiangmen, Da’ao, and Zhuyin.
Sanshui-Sanshanjiao channel was located in the North River sub-delta, and Sanshui, Sanduo, and
Sanshanjiao were located along the river channel from the delta income to the outlet.

(a)

— @ = 100-year Stationary —8— 100-year Nonstationary

Makou

Tianhe

Jiangmen Daao .
Zhuyin

Design high water level (m)

0 20 40 60 80 100 120 140
Distance along the channel (km)

Figure 7. Cont.
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Figure 7. Flood line difference in river channels: (a) difference in Makou-Zhuyin Channel; (b) relative
difference in Makou-Zhuyin Channel; (c) difference in Sanshui-Sanshanjiao Channel; (d) relative
difference in Sanshui-Sanshanjiao Channel.

In either channel, the nonstationary flood line was higher than the stationary one, and the
absolute gap between two flood lines gradually narrowed from the delta incomes to the outlets
(Figure 7a,b). The relative difference E in the two channels varied dramatically in the spot 60 km away
from the outlet (Figure 7c,d). When it came around the area that was 60 km away from the outlet,
E kept dropping along the Sanshui-Sanshanjiao channel, while it increased sharply in Makou-Zhuyin
channel. In Sanshui-Sanshanjiao channel, since the high tidal level in the outlet displayed no significant
upward trend (Table 1), the increase in the design flood line mainly responded to the upstream floods’
increment. Thus, the impact of the nonstationary inflow floods decreased smoothly along the channel
solely due to the reduction in the elevation. On the contrary, however, the increment of the 100-year
tidal level reached 14.07% in the outlet of Makou-Zhuyin channel (Table 3). Affected by the interactive
impact of increasing inflow floods and high tidal level, the relative difference between flood lines
increased in the area that was 60 km away from the outlet.

Both the absolute and the relative difference between the nonstationary and stationary flood
line declined sharply in Jiangmen, caused by the flow distribution ratio variation in its upstream,
i.e., the node where Tianhe and Nanhua parted. A large portion of the flood flow (45.53%) from
Makou went through Tianhe, located 13 km away from Jiangmen. However, the width—depth ratio
in Tianhe was only half that in Makou [44]. Therefore, the relative gap between nonstationary and
stationary flood level in Tianhe increased. Nevertheless, the width—depth ratio in Jiangmen is 2.4 times
that in Tianhe [44]. Thus, the relative gap between the nonstationary and the stationary design level in
Jiangmen was narrowed abruptly from Tianhe.
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3.3. Leading Factors of Non-Stationarity and the Flood Level Response

Nonstationary flood levels under different scenarios were further calculated and compared.
To compare the response of the flood level to nonstationary inflow floods and that to the nonstationary
tidal level, index X was developed and calculated by the following equation:

N4 -2Z30/Z _ |2 - Z4
Z1 = 2o|/ 21 |21 — 2o

X ©)
where Z; (i = 1, 2, 3) is the nonstationary design flood level simulated under scenario i. When X < 0.5,
the flood level in PRD mainly responded to the nonstationary high tide, whereas when X > 5, the
flood level mainly responded to the nonstationary inflow floods.

In general, X in each station was positively correlated to the distance between this station and the delta
outlet (Figure 8). Xs of stations that were less than 22 km away from the PRD outlet were all below 0.5.
Meanwhile, when the distances between stations and the delta outlet were more than 45 km, all Xs were
above 5. It can be deducted that in PRD, in stations that are more than 45 km away from the outlets, the
flood level was mainly influenced by the nonstationary inflow floods. Furthermore, flood levels in stations
that are located within 22 km of the delta outlets were strongly affected by the nonstationary high tidal level.
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with 0.5 < X < 5.

As for the flood level in stations lying between 22—45 km from delta outlets, their response to
either nonstationary inflow floods did not increase when they became farther away from the delta
outlets. Take Zhuzhou, for example; though it is located 39 km away from the outlet, its X was the
same as that of Banshawei, which was 33 km away from the outlet. Since the impact of extreme
tides decreased when the distance between the station and delta outlets increased, X in Zhuzhou was
supposed to be higher than that in Banshawei. On the other hand, however, Zhuzhou was much
farther away from the entrance of PRD than Banshawei (Figure 8). Therefore, the impact of upstream
change decreased to a greater extent in Zhuzhou than in Banshawei. Moreover, the outlet of Zhuzhou
had a more severe upward tendency than Banshawei (Table 1). Thus, the non-stationarity of the high
tidal level in the outlet of Zhuzhou exerted a more severe impact on the flood level in Zhuzhou.

Although Rongqi was located 2 km farther from the delta outlet than Xiaolan [44], X in Ronggi
was the same as in Xiaolan (Figure 8). Simply according to the distance between stations and the
delta outlets, X in Rongqi was supposed to be higher than in Xiaolan. However, the estimated X
was inconsistent with our assumption. This was due to the impact of a dense river network and the
directions of the development of river channels [37,44]. Rongqi was located on a river way almost
parallel to the latitude. Since the channel was in accordance with the direction of the reduction of the
elevation, flow speed in this channel slowed down. Meanwhile, the region where Rongqi was located
had a higher density of river networks than other spots in PRD, and the complexity of river channels
further weakened the impact of nonstationary high tidal levels, whose effect decreased from the outlets
to the incomes. Based on Xs in Zhuyin and Sanshanjiao, it was concluded that the estimated water
level in Sanshanjiao was more affected by non-stationarity in the upstream flood flow. Somehow, their
distance to the delta outlets was almost the same, i.e., 25 km for Zhuyin and 24 km for Sanshanjiao.
As was mentioned in Section 3.1.1, there was an increase in the upstream flow in the North River
sub-delta with the rising input flood flow in the West River. Meanwhile, Sanshanjiao was closer to the
income station than Zhuyin. The impact of nonstationary inflow floods was thus maintained. Likewise,
although the distances from Lanshi and Ma’an to their outlets were both 27 km, Lanshi had an X much
higher than that of Ma’an. Since Ma’an was located at the downstream of a node where the flood from
both Makou and Sanshui joined, the variance in the upstream flood change exerted little impact. The
distance between the station and the income station was the main cause.
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4. Conclusions

Here, the response of flood level in a dense river network to nonstationary inflow floods and
high tidal level was studied. Pearl River Delta (PRD) in South China was selected as the study area.
Non-stationarity in inflow floods and tidal level was first evaluated by statistical methods such as
that of Mann—Kendall, and the design value was further calculated by the time-varying moment
method. The flood level estimated with nonstationary input was calculated under six scenarios in
a one-dimensional hydrodynamic network model. The flood level estimated with nonstationary inputs
was compared with that with stationary inputs, and the response of the flood level to non-stationarity
was studied. The methodology utilized in this research for estimating the flood level response
to non-stationarity can be used as a reference to investigate the design flood level change in other
deltas with a dense river network. It was found that the flood level response was highly affected by
nonstationary inflow floods and the high tidal level induced by environmental changes.

In PRD, not considering the non-stationarity in incoming flood flow would have resulted in
an 18% underestimation of the 100-year flood level, and an underestimation up to 14% (0.37 m) in
the 100-year tidal levels among the multiple outlets. The underestimation of incoming flood flow or
downstream high tidal level would have further caused underestimation of flood level along river
channels. This situation will not only challenge the existing standard for the local flood protection
but also lead to a higher degree of loss in both economy and life. For deltas that have endured
intense environmental changes just like PRD, the design flood level needs to be updated by taking the
non-stationarity of hydrological inputs into account.

In this paper, the spatial pattern of the flood level response was discovered. The flood level in
places located 25-42 km away from the outlets in the West River sub-delta responded the most to the
non-stationarity in both inflow floods and high tidal level. Meanwhile, in the North River sub-delta,
places lying 15-33 km away from delta outlets had the minimum response to the nonstationary inflow
floods and the high tidal level. Due to the change in the geometries of upstream river channel, the
North River sub-delta had a greater distribution ratio of inflow floods. This resulted in a greater
increase in the flood level in the North River sub-delta, with a rise in the nonstationary flood and tidal
level of a smaller return period. The site in the West River sub-delta situated 60 km away from the
outlet was an anomalous spot since the at-site flood level merely responded to the non-stationarity.

Based on the leading factor that the flood level responded to, PRD was divided into three regions.
In general, regions within 22 km of delta outlets responded the most to the increasing tidal level
induced by sea level rise, and spots that were located more than 45 km away from outlets were more
affected by increasing inflow floods than by increasing high tidal levels. Stations that were located
22-45 km away from the delta outlets were influenced by both the sea level rise and the inflow increase.
As for these stations, distance to the income stations, river network density, and the directions of river
channels could all affect the extent of flood level response to the mutual impact of the nonstationary
inflow floods and high tidal level. How these factors affect the water levels and their extents at different
stations remains to be studied further. Meanwhile, the boundary of the incoming flood impact or that
of the tidal level in other deltas can be detected in the same way:.

Acknowledgments: The research was financially supported by the National Natural Science Foundation of China
(Grant No. 91547202, 51210013, 51479216, 51379223, 51479217), the Chinese Academy of Engineering Consulting
Project (2015-DA-07-04-03), the Public Welfare Project of Ministry of Water Resources (Grant No. 200901043-03),
and the Project for Creative Research from Guangdong Water Resources Department (Grant No. 2016-07, 2016-01).

Author Contributions: Yihan Tang and Xiaohong Chen conceived and designed the experiments; Chengjia Su
performed the experiments; Yihan Tang analyzed the data with the help of Qizhong Guo; Yihan Tang,
Xiaohong Chen and Chengjia Su contributed data and analysis tools; Yihan Tang wrote the paper with the
help of Qizhong Guo and Xiaohong Chen.

Conflicts of Interest: The authors declare no conflict of interest.



Water 2017, 9, 471 15 of 16

References

1.  Trenberth, K.E. Conceptual Framework for Changes of Extremes of the Hydrological Cycle with Climate
Change. In Weather and Climate Extremes; Springer: Dordrecht, The Netherlands, 1999; pp. 327-339.

2. Groisman, PY.;; Knight, RW.,; Karl, T.R; Easterling, D.R.; Sun, B.; Lawrimore, ] H. Contemporary Changes
of the Hydrological Cycle over the Contiguous United States: Trends Derived from In Situ Observations.
J. Hydrometeorol. 2004, 5, 64-85. [CrossRef]

3. Foley, J.A.; DeFries, R.; Asner, G.P; Barford, C.; Bonan, G.; Carpenter, S.R.; Chapin, ES.; Coe, M.T.; Daily, G.C.;
Gibbs, HK.; et al. Global Consequences of Land Use. Science 2005, 309, 570-574. [CrossRef] [PubMed]

4. Piao, S, Ciais, P; Huang, Y.; Shen, Z.; Peng, S.; Li, ].; Zhou, L.; Liu, H.; Ma, Y,; Ding, Y.; et al. The impacts of
climate change on water resources and agriculture in China. Nature 2010, 467, 43-51. [CrossRef] [PubMed]

5. Schaller, N.; Kay, A.L.; Lamb, R.; Massey, N.R.; Van Oldenborgh, GJ.; Otto, EE.; Sparrow, S.N.; Vautard, R.;
Yiou, P; Ashpole, I; et al. Human Influence on Climate in the 2014 Southern England Winter Floods and
Their Impacts. Nat. Clim. Chang. 2016, 6, 627-634. [CrossRef]

6.  Nicholls, R.J.; Cazenave, A. Sea-Level Rise and Its Impact on Coastal Zones. Science 2010, 328, 1517-1520.
[CrossRef] [PubMed]

7. Neumann, B.; Vafeidis, A.T.; Zimmermann, J.; Nicholls, R.J. Future Coastal Population Growth and Exposure
to Sea-Level Rise and Coastal Flooding—A Global Assessment. PLoS ONE 2015, 10, 1-34. [CrossRef]
[PubMed]

8.  Menéndez, M.; Woodworth, P.L. Changes in extreme high water levels based on a quasi-globaltide-gauge
data set. J. Geophys. Res. 2010, 115, 234-244. [CrossRef]

9. Xu, S.; Huang, W. Frequency Analysis for Predicting 1% Annual Maximum Water Levels in Florida Coast.
Hydrol. Process. 2008, 22, 4507-4518. [CrossRef]

10. Xu, S.; Huang, W. Effects of sea level rise on frequency analysis of 1% annual maximum water levels in the
coast of Florida. Ocean Eng. 2013, 71, 96-102. [CrossRef]

11.  Chen, YM.; Huang, W.R.; Xu, S.D. Frequency Analysis of Extreme Water Levels Affected by Sea-Level Rise
in East and Southeast Coasts of China. J. Coast. Res. 2014, 68, 105-112. [CrossRef]

12.  Zhong, H.; van Gelder, PH.A.J.M.; van Overloop, PJ.A.T.M.; Wang, W. Application of a fast stochastic storm
surge model on estimating the high water level frequency in the Lower Rhine Delta. Nat. Hazards 2014, 73,
743-759. [CrossRef]

13. Méndez, EJ.; Menéndez, M.; Lucefio, A.; Losada, L]. Analyzing monthly extreme sea levels with a
time-dependent GEV model. J. Atmos. Ocean. Technol. 2007, 24, 894-911. [CrossRef]

14. Zheng, F.; Leonard, M.; Westra, S. Application of the design variable method to estimate coastal flood risk.
J. Flood Risk Manag. 2015. [CrossRef]

15.  U.S. Army Corps of Engineers. Flood Risk Management Planning Workshop; Ocean County Community College:
Toms River, NJ, USA, 2016.

16. Hydrology Bureau of Guangdong Province. Report of Flood Control Planning in Pearl River Basin; Zhujiang
River Commission: Guangzhou, China, 2007.

17.  Vidal, J. UN Report: World’s Biggest Cities Merging into ‘Mega-Regions’. Available online: guardian.co.uk
(accessed on 13 March 2010).

18. United Nations, Department of Economic and Social Affairs, Population Division. World Urbanization
Prospects: The 2014 Revision; United Nations: New York, NY, USA, 2014.

19. Cox, W. The World’s Ten Largest Megacities. The Huffington Post, 2016. Available online: http://www.
huffingtonpost.com/wendell-cox/the-worlds-ten-largest-me_b_6684694.html (accessed on 19 Feburary 2016).

20. Khalig, M.N.; Ouarda, T.B.M.].; Ondo, J.C.; Gachon, P.; Bobée, B. Frequency analysis of a sequence of
dependentand/ornon-stationary hydro-meteorological observations: A review. . Hydrol. 2006, 329, 534-552.
[CrossRef]

21. Strupczewski, W.G.; Singh, V.P,; Mitosek, H.T. Non-stationary approach to at-site flood frequency modelling.
III. Flood analysis of Polish rivers. |. Hydrol. 2001, 248, 152-167. [CrossRef]

22.  Strupczewski, W.G,; Singh, V.P.; Feluch, W. Non-stationary approach to at-site flood frequency modelling. I:
Maximum likelihood estimation. |. Hydrol. 2001, 248, 123-142.

23. Hydrology Bureau of Guangdong Province (HBGP). Report on the Flood Control Plan of Pearl River Basin;

HBGP: Guangzhou, China, 1998.


http://dx.doi.org/10.1175/1525-7541(2004)005&lt;0064:CCOTHC&gt;2.0.CO;2
http://dx.doi.org/10.1126/science.1111772
http://www.ncbi.nlm.nih.gov/pubmed/16040698
http://dx.doi.org/10.1038/nature09364
http://www.ncbi.nlm.nih.gov/pubmed/20811450
http://dx.doi.org/10.1038/nclimate2927
http://dx.doi.org/10.1126/science.1185782
http://www.ncbi.nlm.nih.gov/pubmed/20558707
http://dx.doi.org/10.1371/journal.pone.0118571
http://www.ncbi.nlm.nih.gov/pubmed/25760037
http://dx.doi.org/10.1029/2009JC005997
http://dx.doi.org/10.1002/hyp.7051
http://dx.doi.org/10.1016/j.oceaneng.2013.01.013
http://dx.doi.org/10.2112/SI68-014.1
http://dx.doi.org/10.1007/s11069-014-1104-9
http://dx.doi.org/10.1175/JTECH2009.1
http://dx.doi.org/10.1111/jfr3.12180
guardian.co.uk
http://www.huffingtonpost.com/wendell-cox/the-worlds-ten-largest-me_b_6684694.html
http://www.huffingtonpost.com/wendell-cox/the-worlds-ten-largest-me_b_6684694.html
http://dx.doi.org/10.1016/j.jhydrol.2006.03.004
http://dx.doi.org/10.1016/S0022-1694(01)00399-7

Water 2017, 9, 471 16 of 16

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Li, K,; Li, G.S. Calculation of return period for storm surge in the Pearl River Delta Region. Prog. Geogr. 2010,
29, 433-438.

Chen, Z.S.; Liu, Z.M.; Lu, J.E. Flood Joint Probability Distribution of the Xijiang River and Beijiang River in
Guangdong Province. Acta Sci. Nat. Univ. Sunyatseni 2011, 50, 110-115. (In Chinese)

Wu, Z.Y;; Lu, G.H,; Liu, Z.Y. Trends of Extreme Flood Events in the Pearl River Basin under Climate Change.
Prog. Inquisitiones Mutat. Clim. 2012, 8, 403-408. (In Chinese)

Liu, Z.M.; Qin, G.H.; Chen, Z.S. Study on the correlation of the water level of the tidal river with upstream
flood and estuary tide level. Shuili Xuebao 2013, 44, 1278-1285. (In Chinese)

Liu, Y;; Guan, S. Study on the Characteristic of Multiply Events of Drought and Flood Probability in the
Pearl River Basin based on Copula Function. Pearl River 2017, 38, 12-17. (In Chinese)

Liu, J.; Chen, H.; Wang, ].X. Comparison among Theoretical Frequency Distributions of P-III, Log P-IIT and
GL. J. China Hydrol. 2013, 33, 1-4. (In Chinese)

Guan, S.; Zha, X.N.; Ding, B. Wetness-Dryness Encountering of Runoff of the Pearl River Basin Based on
Copula Functions. Trop. Geogr. 2015, 35, 208-217. (In Chinese)

Degond, P.; Markowich, P.A. On a one-dimensional steady-state hydrodynamic model for semiconductors.
Appl. Math. Lett. 1990, 3, 25-29. [CrossRef]

Preissmann, A. Propagation of translatory waves in channels and rivers (original in French “Propagation des
intume scences dans les canaux et riviéres”). In Proceedings of the first Congress of the French Association
for Computation (AFCALTI) September, Grenoble, France, 14-16 September 1961; pp. 433—442.

Center for Water Resources and Environment. One-Dimensional Hydrodynamic Model of the Pearl River Delta,
Project Report (Part B); Sun Yat-sen University: Guangzhou, China, 2015; pp. 20-25.

Kendall, M.G. (Ed.) Rank Correlation Methods; Hafner: New York, NY, USA, 1975.

Mann, H.B. Non-parametric test against trend. Econometrica 1945, 13, 245-259. [CrossRef]

Tang, Y.H.; Xi, S.F,; Chen, X.H.; Lian, Y.Q. Quantification of Multiple Climate Change and Human Activity
Impact Factors on Flood Regimes in the Pearl River Delta of China. Adv. Meteorol. 2016. [CrossRef]

Zhang, Q.; Gu, X.H.; Singh, V.P.; Xiao, M.Z. Flood frequency analysis with consideration of hydrological
alterations: Changing properties, causes and implications. |. Hydrol. 2014, 519, 803-813. [CrossRef]

Zhao, Y.F; Zou, X.Q.; Cao, L.G.; Xu, X. Changes in precipitation extremes over the Pearl River Basin, southern
China, during 1960-2012. Quat. Int. 2014, 333, 26-39. [CrossRef]

Gemmer, M.; Fischer, T.; Jiang, T.; Su, B.; Liu, L.L. Trends in Precipitation Extremes in the Zhujiang River
Basin, South China. J. Clim. 2010, 24, 750-761. [CrossRef]

Zhang, S.R.; Lu, X.X. Hydrological responses to precipitation variation and diverse human activities in a
mountainous tributary of the lower Xijiang, China. Catena 2009, 77, 130-142. [CrossRef]

Wu, X.M.; Deng, ].Q.; Cheng, R.L.; Wu, T.S. A super-large tidal physical model for the Pearl River Estuary.
Presented at International Conference on Estuaries and Coasts, Hangzhou, China, 9-11 November 2003.
He, H.J. Analysis of the Storms and Typhoons in the Pearl River Estuary. Ren Min Zhujiang 1981, 4, 34-51.
(In Chinese)

Ni, P. Project Report: Water and Sediment Characteristics and the Riverbed Evolution in the Pearl River
Delta, 2.1.2; Institute of Water Resources and Hydropower Research of Guangdong Province (IWRHG):
Guangzhou, China, 2014. (In Chinese)

Chen, X.H.; Zhang, L.; Shi, Z. Study on spatial variability of water levels in rivernet of Pearl River delta.
J. Hydraul. Eng. 2004, 10, 36—42. (In Chinese)

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/0893-9659(90)90130-4
http://dx.doi.org/10.2307/1907187
http://dx.doi.org/10.1155/2016/3928920
http://dx.doi.org/10.1016/j.jhydrol.2014.08.011
http://dx.doi.org/10.1016/j.quaint.2014.03.060
http://dx.doi.org/10.1175/2010JCLI3717.1
http://dx.doi.org/10.1016/j.catena.2008.09.001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Study Area and Methods 
	Study Area and Dataset 
	Methodology 
	Time-Varying Moments Estimating Nonstationary Inflow Floods and High Tidal Levels 
	One-Dimensional River Network Hydrodynamic Model 


	Results and Discussion 
	Non-Stationarity in the Inflow Floods and the Downstream Tidal Level 
	Increasing Inflow Floods 
	Varied High Tidal Level 

	Response of the Design Flood Level to Nonstationary Inflow Floods and the High Tidal Level 
	Response of Flood Level at a Single Spot 
	Response of the Flood Level along the River Channel 

	Leading Factors of Non-Stationarity and the Flood Level Response 

	Conclusions 

