10

15

20

Multicriteria assessment framework of flood events simulated with

the vertically mixed runoff model in semiarid catchments in the
middle Yellow River

Dayang Li, Zhongmin Liang, Yan Zhou, Binquan Li, Yupeng Fu

College of Hydrology and Water Resources, Hohai University, Nanjing 210098, China

Correspondence to: Binquan Li (libinquan@hhu.edu.cn) ,

Abstract. Flood forecasting and simulation in semiarid regions are always poor, and a single criterion assessment provides

limited information for decision making. Here, we propose a multicriteria, assessment framework that combines the absolute /

relative error, flow partitioning and gonfidence interval estimated by the Hydrologic Uncertainty Processor (HUP) to assess

the most striking feature of an event-based flood; the peak flow. The vertically mixed runoff model (VMM) is compared with

three models, one physical-based model, the MIKE SHE and two conceptual models, the Xinanjiang model (XAJ) and the

Shanbei model (SBM). The flood events in the four catchments of the Yellow River aregnodeled over the period of 1983

2009. Our results show that the VMM has a better flood estimation performance than the other models, and under the

multicriteria, assessment framework, the average acceptance of flood events is improved. In addition, the framework can

provide reasonable flood early warning information for decision-makers.,,

1 Introduction

Arid and semiarid regions account for approximately one-third of the global land surface and half of China. A trend towards a

warmer climate has increased the global incidence,of intense precipitation events. Arid and semiarid regions, i.e., areas where

the annual rain is less than 250 and 250-500 mm/a, respectively, are particularly vulnerable to this change in climate (Khomsi
et al., 2016; Yatheendradas et al., 2008). More than 50% of flood-related casualties occur in these regions worldwide (Brito
and Evers, 2016).

Hydrological models play,an important role in flood simulation and forecasting (Devia et al., 2015). Many studies have
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focused on the jmprovement and estimation of hydrologic models in humid catchments, although, similar work for semiarid
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catchments is relatively few (Jiang et al., 2015). The runoff generation mechanism of semiarid catchments is complex and may

be simultaneously dominated by infiltration excess and saturation excess mechanisms (Beven, 1983; Beven and Freer, 2001).
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landscape characteristics (vegetation, soil, etc.) (Pilgrim et al., 1988). Compared with humid catchments, the rainfall of
semiarid catchments is characterized by a high intensity and short duration (Andersen, 2008). In certain areas with developing
economies and small populations, the network of rain gauges is generally sparse. Rainfall data are important inputs for
hydrologic models, and the high temporal-spatial rainfall variability combined with sparse rain gauges makes modeling runoff

more difficult (Hao et al., 2018; Li and Huang, 2017; Mwakalila et al., 2001).

Satellite technology has the possibility to solve the issue of low rain gauge densities, although the low spatial and temporal
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arcag(Young et al., 1999).

Literature on the subdaily modeling of rainfall yunoff is limited in semiarid catchments. Due to quick times-to-peak and
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catchment, and none of them were able to accurately simulate flood events. Mclntyre and Al-Qurashi (2009) analyzed 27 flood
events with three hydrologic models (the lumped IHACRES model, distributed IHACRES model, and a 2-parameter regression
model) in a catchment in Oman. The average absolute relative errors in the flow peak and flow volume were 53% and 36%,
respectively, for the best performing models. Under current technical conditions, it seems difficult to achieve an acceptable

simulation/forecasting result for flood events in semiarid catchments. Iherefore. determining how to useynodeling results with |

limited accuracy to provide guidance for flood early warning is important,,
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The improved Green-Ampt infiltration curve (Bao, 1993) is applied in the VMM as the infiltration capacity curve, and
the equation is as follows:

WM -Ww
FM=FC(1+K—)

Wi (€Y)

where FM is the average point infiltration capacity of the catchment, and the descriptions of WM, K, and F'C are shown in
Table 2.

FA is calculated by Eq. (2)5

PE
. _{FM—FM(l—W) PE < FMM @

FM PE = FMM

where
FMM = FM(1 + BF) 3)
in which FMM is the maximum point infiltration capacity of the catchment and BF is shown in Table 2.

The part that exceeds the average point infiltration capacity of the catchment FM forms RS. RS can be calculated by Eq.

.
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in which WMM is the maximum point tension water storage capacity of the catchment, /" is the ordinate of Fig, 2 (b), /
which represents the point tension water content capacity in the catchment, and B is shown in Table 2.

The outlet runoff R can be calculated as follows,

R=RS+RB (®)
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events, and for other periods, they were, available at a daily time step, Hence. the time step of simulation was daily between

flood events and hourly within, flood events.

3.3 Model calibration

To consider the spatial variation in rainfall, the subcatchments are divided,and the, VMM model is applied to each subcatchment.

Lue to the fact that, only one streamflow gauging station is available for each catchment, the spatial variation in each |

catchment’s parameters cannot be determined by calibration. Thus, the parameters are set uniformly in all subcatchments. The |
\

fourteen parameters (Table 2) of the VMM are calibrated by the global optimization algorithm SCE-UA (Duan et al., 1993). i\

The ranges of parameters are determined based on previous literature and prior knowledge (Bao and Zhao, 2014; Li et al., \

2018).

In semiarid catchments, due to the rapid rise and fall of floods (usually less than 24 h), accurate simulations of the full

hydrograph are,not needed and cannot be realized. The Nash-Sutcliffe efficiency (NSE; (Nash and Sutcliffe, 1970) is widely | \
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where E,, and E, are the average performances (in terms of absolute relative error) for peak flows and flow volumes in each
catchment, respectively; n is the number of events; the index i denotes each event; @, and (,,, are the simulated and
measured values of peak flow per event, respectively; and Q, and @Q,,, are the simulated and measured values of flow
volume per event, respectively.
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P; _ranges from 0 to 1. The closer P; is to 1, the more sensitive x; is. A P; equal to 1 indicates that x; has no effect
on the model. For more information about PAWN, please refer to Pianosi and Wagener (2015). In this study, as Pianosi and

Wagener (2018) suggested, the number of evaluations is set to 500.
3.7 Model validation

The modeling time step was hourly, and the modeling period was between 1983 and 2009. In the Qiushui River, 20 flood
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Table 1. Characteristics of the four catchments

. Mean annual Mean o
Area . Area . i Aridity
Catchment ,,  Outlet station ) precipitation evaporation .
(km (km?) index
(mm) (mm)
Qiushui River 1989 Linjiaping 1873 499 1150 231
Qingjian River 4080 Yanchuan 3468 451 1080 24
Tuwei River 3294  Gaojiachuan 2095 377 1050 2.78
Kuye River 8706  Wenjiachuan 8645 410 1010 2.46

* The area of the, catchment controlled by the outlet station in the table.
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Table 2. Calibrated parameters of the VMM

Symbol Definition Range”
KC Ratio of potential evapotranspiration to pan evaporation [0.5, 1.5]
WM Mean areal maximum possible soil moisture, mm [50, 200]
FC Stable infiltration capacity, mm/h [5, 100]

K Infiltration index related to soil permeability, /h [0.05, 1]
BF Index of the watershed infiltration capacity curve [0, 0.5]

B Index of the watershed water storage capacity curve [1, 2]

Kl Qutflow coefficient of interflow, d [0.1,0.5]
KG Outflow coefficient of groundwater, d [0.5, 2]
CS Confluence coefficient of surface flow [0.05, 0.9]
Cl Recession coefficient of interflow, d [0.5, 0.95]
CG Recession coefficient of groundflow, d [0.90, 0.99]
KE Residence time of Muskingum, h [0.5, 5]
XE Muskingum coefficient [0.01, 0.49]
IM Impermeable area [0, 1]

“In [a, b], a and b represent the lower and upper bounds of the parameters, respectively.
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Table 3. Performance (in terms of absolute relative error) for peak flow E, in each catchment in [Deleted: The

the four models Unit: %
. T I - P - - [ Deleted: p

Qiushui River  Qingjian River Tuwei River Kuye River Average

VMM 26.52 58.50 40.20 30.80 39.01

MIKE SHE 40.50 60.70 45.30 38.20 46.18

XAJ 56.60 66.61 60.20 52.30 58.93

SBM 38.14 55.82 35.50 45.2 43.15

"The average E, of the four catchments for each model
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Table 4 Lag time of the peak flow in the four catchments in the four models Unit: h T
Qiushui River Qingjian River ~ Tuwei River ~ Kuye River  Average” Deleted: The
VMM 2.20 3.02 3.46 3.50 3.05 [ Deleted: 1
MIKE SHE 2.50 3.50 4.20 3.90 3.53
XAJ 4.10 3.81 5.62 4.50 4.51
SBM 4.00 2.95 3.46 4.20 3.65
Yellow River Basin
“The average lag time in the four catchments for each model
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Figure 1: Location of the Qingjian River catchment, Qiushui River catchment, Tuwei River catchment and

Kuye River catchment.
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Figure 3: Boxplot of absolute relative errors of peak flows in the four catchments; Q1 and Q3 mean the first

quantile and third quantile, respectively; interquartile range (IQR) = Q3 — Q1;_and an outlier js defined as

an extreme value that exceeds the IQR.
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Figure 4: Sensitivity rankings of the VMM parameters based on the global sensitivity analysis method PAWN
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Figure 5: Observed peak flows (red asterisk) and simulated peak flows (solid ball and circle) with the VMM for each catchment

under the conditions C1, C2 and C3. Flood peaks conforming to the condition C1 is represented by a solid ball;

zones (low, medium and high flow zones) divided by the condition C2 are shown in gray, green and off-white,

68.3% confidence interval of peak flows estimated by the condition C3 isbetween the blue dashed line (81.45th percentile) and

e three flow

the red dashed-dotted line (15.85th percentile),
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