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1. Motivation

Classification of rivers in terms of size

= Ditches and streams: contributing area < 200 km?

= Medium and small rivers: 200 km? < contributing area < 3000 km?

= Large rivers: contributing area = 3000 km?

China has more than 9900 medium and small rivers!
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1. Motivation

Flooding and water-logging are one of the most severe natural

hazards in China:

» Since 2010, annual property loss is about 200 billion RMB

> 1In 2010, 2016 and 2020, 30 provinces suffered floods and water-
logging and 100+ rivers experienced historical floods, causing a direct
economic loss of 350+ billion RMB
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1. Motivation

» Flooding and water-logging hazards frequently occur in medium
and small rivers of China

» Caused a large number of losses in lives and properties

» Becomes the major part of water-hazards losses in China
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1. Motivation

Hard for flood forecasting in China’s medium and small river watersheds

» Flood forecasting qualified ratio is relative high in the south, up to 70% or above

» Flood forecasting qualified ratio in the north is only between 40-60%
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1. Motivation

Main reasons of low flood forecasting accuracies for medium and
small rivers in the northern regions: limited knowledge on the
runoff generation and concentration processes in these regions

Semi-arid and semi-humid
(SASH) regions > 35% of
China’s territory
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1. Motivation

Other important reasons for low flood forecast accuracy in the
medium and small rivers:
» Poor precipitation monitoring & forecasting capabilities

» Human activities (hydraulic structures construction and groundwater
overexploitation) largely altered the land surface conditions

Low precipitation forecasting Impacts of hydraulic Groundwater
& monitoring capability structures overexploitation
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1. Overarching aim and research framewor

To enhance flood forecasting capability for medium & small rivers through:

» Combination of fine-scale modelling with multi-source remote sensing
» Accounting for human activities impacts both above and below ground

Improve flood forecasting for medium & small rivers

Precipitation
multi-source

merging and
forecasting

Forcings

Accurate
estimation of

initial
watershed
states

Initial states

Better
modelling of
human
disturbances
on hydrological
processes

Better
understanding

of runoff yield
under different
conditions

Model improvement



2. Multi-source precipitation merging

: Accurate at site/point level and No observations over
Ground Observation .
true ground value oceans/remote regions
Large (global) coverage, all- Relative low accuracy (esp.
Satellite QPE weather. condition, anq good for snovyfall) and c.;oarse
spatial representation spatial resolution
High spatiotemporal resolutions Limited coverage and
Radar QPE 9n sp . P . impacted by complex
and real-time detection :
terrains
. Relative low quality and poor
Model QPF Good spatial coverage and skill at predicting convective/

temporall ntin : PR
Sl oIl A ILACL 1 fine-scale precipitation

Multi-source precipitation merging has become a popular approach for
obtaining high quality precipitation products.

References: Beesley et al., 2009; Hughes, 2006; Adler et al., 2003; Shen et al., 2010



2. Multi-source precipitation merging

A three-step multi-source (satellite/radar/gauge) precipitation merging
approach based on mixed geographically weighted regression (MGWR)

EEE’E Radar Satellite
‘ \g_ ";_ F;ﬂ i » Mixed geographically weighted regression
kﬁ/" KO o ; nq nop
. | Vi = Z ajpxi(a) + Z byxi (b) + 6
Terrains with \1' =1 =1
h'g_h I’eiguthmS Step1: Downscale coarse gridded data
% by s o5 . . . .
L s — l » Spatial weighting functions
1 dij <D
Wind speed (—> Step2: MGWR to estimate gridded biases v Threshold Yi =)o dij>D

\‘ | l v Inverse distance =~ Wwij =1/dij

Step3: Correct biases based on precipit-

ation merging v Gauss wij=exp(-(dj; /b))

[1-(d;j/b)*)*  dy <

v Bi-square Wij =1, dii>
ij

References: Chao, tZhang, et al. (2018), Geographically Weighted Regression Based Methods For Merging
Satellite and Gauge Precipitation Journal of Hydrology, 558, 275-289.



2. Multi-source precipitation merging

Original CMORPH satellite QPE Merged precipitation
(20130523 event) (20130523 event)
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References: Chao, tZhang, et al. (2018), Geographically Weighted Regression Based Methods For
Merging Satellite and Gauge Precipitation Journal of Hydrology, 558, 275-2809.



2. Multi-source precipitation merging

Application of multi-source precipitation merging in the flood forecasting by
the WRF-Hydro model based on land-atmosphere coupling
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Black line: simulated hydrograph driven by WRF precipitation forecasting

Red line: simulated hydrograph driven by ground-model merged precipitation

References: Chao, Zhang, et al. (2020). Improving flood simulation capability of the WRF-Hydro-RAPID model
using a multi-source precipitation merging method, Journal of Hydrology, 592, 125814.



3. Remote sensing of watershed states
Soil moisture remote sensing

Satellites Operating Period Resolutions

SMAP 1.41 GHz 2015.03-present 36 km

SMOS 1.413 GHz 2010.06-present 25 km

Fengyun (FY) 10-36 GHz 2011.07-present 25 km
AMSR?2 10-89 GHz 2012.07-present 10 & 25 km

SMOS




3. Remote sensing of watershed states
Soil moisture remote sensing

1 80°N

SMOS
(2015-06-01)

SMAP
(2015-06-01)
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AMSR2
(2015-06-01)

FY3B
(2015-06-01)
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> None of these satellites can provide seamless observations of T, globally and across China;

b

» Retrieval algorithms of these satellite SWC products differ among each other.

References: Zhang, et al. (2019). Using multi-satellite microwave remote sensing observations for retrieval of daily
surface soil moisture across China, Water Science and Engineering, 12(2): 85-97.



3. Remote sensing of watershed states
Soil moisture remote sensing

Brightness LST & Other
Step 1: Retrieval Temperature Data

v

T,-emissivity conversion

v

Modeling Vegetation &

Roughness Effects
v

Inversion of dielectric constant

y

Solution of SWC

Algorithm
Calibration

Microwave Retrieval Model

References: (1) Zhang, et al. (2019). Using multi-satellite microwave remote sensing observations for retrieval of daily surface soil
moisture across China, Water Science and Engineering, 12(2): 85-97.
(2) China Inventions Patent: A multi-source satellite soil moisture retrieval method, No. ZL.201810473645.5



3. Remote sensing of watershed states

Soil moisture remote sensing

‘ Satellite Precipitation

Step 2: Downscaling s 2
SWBM Model

Famiglietti-Wood SWC
Percolation

VIC Infiltration

SWC exchange
between soil layers

Doorenbos-Pruitt ET

Hillslope Infiltration &
Routing

Data Fusion &
Downscaling

Daily nation-wide 0.05°SWC
across China

SWC calculation

Daily nation-wide
0.25°SWC across China

References: (1) Zhang, et al. (2019). Using multi-satellite microwave remote sensing observations for retrieval of daily surface soil
moisture across China, Water Science and Engineering, 12(2): 85-97.
(2) China Inventions Patent: A multi-source satellite soil moisture retrieval method, No. ZL201810473645.5



3. Remote sensing of watershed states
Soil moisture remote sensing

Site-level validation Seasonality of retrieved SM from 2000-2020
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*Zhang, Chao, Wang, et al. (2019). Using multi-satellite microwave remote sensing observations for retrieval of
daily surface soil moisture across China, Water Science and Engineering, 12(2): 85-97.

Liu, R., K. Zhang, et al. (2017). Analysis of spatiotemporal characteristics of surface soil moisture across China
based on multi-satellite observations, Advances in Water Science, 28(4), 479-487.



3. Remote sensing of watershed states
Remote sensing of hydraulic structure water storage

Extraction of reservoir water body

Removal of hill/mountain shadows ~-—~—~-—~~""~="===-=-=----- .
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A >
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up from horizon  vertical from North

Hiishade = (cos(Zemth rad) * cos(Slope rad)) + (sm(Zenlth rad) * sm(Slope rad) * cos(Azimuth_rad — Aspect rad))

Delineation of boundary buffer zone ==~ ===========--
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Fan et al. (2021). Optimal extraction of reservoir water body from remote sensing images based on
iterative inter-class variance maximization method, Water Resources Protection, 37(3), 50-55+60.



3. Remote sensing of watershed states

Soil moisture remote sensing

Delineation of water body boundary: we developed an iterative inter-class
variance maximization method based on Otsu’s inter-class variance
maximization method
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Fan et al. (2021). Optimal extraction of reservoir water body from remote sensing images based on
iterative inter-class variance maximization method, Water Resources Protection, 37(3), 50-55+60.



4. Modelling of runoff yield and concentration
Runoff yield modes

Improvement on infiltration-excess model

Green-Ampt model

The Green-Ampt rainfall-runoff model is an infiltration-excess
rainfall-runoff model based on the Green-Ampt infiltration equation.

The Green-Ampt infiltration equation is written as: - 3
— H
/AN
fo=k[1+% ) T
F(1) H“i: Zs
‘ v

£ (t) — infiltration capacity;
K — the saturated hydraulic conductivity; T+

Y —the wetting front capillary pressure head;

A6 — the change of soil water content across the wetting
Green-Ampt model

front;

F () — the cumulative infiltration,



4. Modelling of runoff yield and concentration
Runoff yield modes

Improvement on infiltration-excess model

Empirical (conceptualized) infiltration
capacity distribution curve

B
s

PURPOSES : I

Consider the spatial heterogeneity of infiltration  #¢ f.

capacity J

ISSUE : T oA ;

1. Is the real infiltration curve a parabola? The distribution curve of infiltration

_ capacity for the Green-Ampt
2. Is the shape of the curve fixed? rainfall-runoff model.



4. Modelling of runoff yield and concentration

Runoff yield modes

Improvement on infiltration-excess model

"Close to reality” infiltration capacity

distribution curve

The values of the parameters for the Green-Ampt model
relate to the soil type, including total porosity, effective

porosity, wetting front capillary pressure head, and

saturated hydraulic conductivity.

Legend
@ Hydrological station
— River
| Loam A
B oan B

[ Sandy loam A 025 5 10 15 20
km

- Loamy sand A —C—
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0 a/A 1

The physically based
infiltration distribution curve

Huo, TLi, TZhang, et al.(2020). GA-PIC: an improved Green-Ampt rainfall-runoff model with a physically
based infiltration distribution curve for semi-arid basins, Journal of Hydrology, 586, 124900.



4. Modelling of runoff yield and concentration

Improvement on infiltration-excess model

» Comparison of two Infiltration curves in
the Caoping Watershed
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4. Modelling of runoff yield and concentration
Runoff yield modes

Spatial combination computing models
A watershed is divided into SED and IED sub-watersheds using the CN-T| method.

» Curve number (CN) is the only parameter of the SCS-CN model that characterizes the
tendency of infiltration-excess runoff generation. Larger CN value means high likeliness of

infiltration-excess

» Topographic Index (TI) acts as a quantitative measure of topography impact on saturation-
excess runoff generation. Larger Tl value indicates higher probability of saturation-excess

[ DEM map ] [Landusemap ]——[ Soil map J

Hydrology tool

CN [table

Stream : :
! SED sub- IED sub-
ArcHydro tool i WatefShEd watershed

Topographic Index Sub-watweshed Curve number .

Zonal [tool Zon

Mean Tl of sub-watershed Mean CN of sub-watershed

IED sub- SED sub-
watershed watershed

Results of sub-watershed delineation

Liu, 'Zhang, 'Li, et al.(2020). A hybrid runoff generation modelling framework based on spatial combination
of three runoff generation schemes for semi-humid and semi-arid watersheds, Journal of Hydrology, 290,

125440.



4. Modelling of runoff yield and concentration

Runoff yield modes
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Spatial combination computing models (SCCMs)

Three classical runoff generation schemes were selected, including the Xinanjiang saturation-
excess scheme, Green-Ampt, and Xinanjiang-Green Ampt scheme. Based on the given types of
sub-watersheds, the combination of the three schemes can lead to six valid combinations that
are referred to as the SCCMs.

Original model Valid combinations Model structure of SCCMs

_____________

(a) Pl £

SED sub-
watershed

“SED sub-watershed - “IED sub

SCCM-1,

Pl TE

—

IED sub-
watershed

I
1
|1
1
|

Liu, *Zhang, 'Li, et al.(2020). A hybrid runoff generation modelling framework based on spatial combination of
three runoff generation schemes for semi-humid and semi-arid watersheds, Journal of Hydrology, 290, 125440.



4. Modelling of runoff yield and concentration
Model Integration

O Dual anthropogenic aboveground and underground regulation

» Account for the spatial impacts of human activities based on water conservancy project and
groundwater depth distribution

» Quantify the reduction effects of water conservancy projects and groundwater
overexploitation on runoff by introducing spatial and temporal storage reservoirs
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three layers
? ? ? evapotranspiration
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Interflow
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Surface
runoff 1

Runoff concentration
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of lower layer

surface
cells

Impermeable
surface cells

¢—I—¢

Channel Slope w
runoff runoff J
|

[l'ension water storage
of deepest layer

Cell to cell
muskingum
method

Linear reservoir

calculate Slope

runoff concentration

______________________________________________________________________________________________________________

Zhang et al. (2021). Gridded Xin’anjiang-dual anthropogenic aboveground and underground regulation distributed
hydrological model, Water Resources Protection, 37(5), 94-101



4. Modelling of runoff yield and concentration
Model Integration

O Dual anthropogenic aboveground and underground regulation
—underground regulation
e i Underground anthropogenic regulation ~ ----------+

S is the "threshold" that affects the underground runoff in the water
source division. Only when the free water depth in the soil is greater than

Sy, groundwater runoff occurs. _ll’i—y
» This structure is equivalent to the increase of free water storage reservoir — —, "

capacity (S, + S,), which reduces the surface runoff

—————————————————————————————————————————————————————————————————

Z river =~ Z, impervious > Zgroundwater A river > Zgroundwater >Z impervious Zgroundwater > 7 river

layer layer
So = (Z.river -7 impervious) Xn So = (Z river Zgroundwater) Xn SO =0
layer
) ) river water level river water level river water level
impervious . groundwater > o /| groundwater___| o ,
layer —> 7 L/\ level /Kﬂ/\ level -
A7 . .
groundwater impervious -
level layer

Huang et al., JMS, 2017; Zhang et al, Water Resources Protection, 2021



4. Modelling of runoff yield and concentration
Case study

O Overview of the Qingshui River Watershed

» Watershed area: 1650km?
» Multi-year average annual precipitation: 457.1mm

» Multi-year average annual runoff: 29 million m3 (176 mm/yr) (1971-2010)

Location and station distribution of the Qingshui River Watershed




4. Modelling of runoff yield and concentration
Case study

O Underlying surface conditions
» DEM, landcover, soil ( 0-30cm, 30-100cm ) . topographic index, cumulative

catchment area
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4. Modelling of runoff yield and concentration
Case study

O Hydrological data

Hydrological Time period Number of Temporal resolustion
element the station

Precipitation 1966-2018 daily, hourly
Evaporation 1966-2018 1 daily

Discharge 1966-2018 1 daily, hourly

Soil moisture 2010-2019 ) every 10 days

Groundwater level 2010-2018 13 daily
River water level 2010-2018 1 daily
Water temperature 2010-2018 1 daily
Vapor pressure 2010-2018 1 daily
Wind speed 2010-2018 1 daily

Groundwater level Hydrograph
. 39.22

= 490 A

YRS (T G | SN S B




4. Modelling of runoff yield and concentration
Case study

O Overview of water conservancy projects

» One Medium-sized reservoir: Longtan Reservoir in the upper reaches of
Qingshui River

» Seven small reservoirs: Xixiankou Reservoir, Beigucheng Reservoir,
Nangucheng Reservoir, etc, in Tang County

» One pond : Shuitou Reservoir
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4. Modelling of runoff yield and concentration
Case study

O Water body extraction of the Longtan Reservoir e

» Extract water information based on Landsat satellite using
the iterative in-class variance maximization method

» Gain the latest reservoir water body images of 12 flood

events  —

Non-water body Water body
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4. Modelling of runoff yield and concentration

Case study

O Basic information of groundwater

» A total of 13 groundwater level monitoring stations in and around the watershed.
» Groundwater level across this watershed is high in the west and low in the east,

since groundwater exploitation more happened in the eastern plain

— Groundwater level monitoring stations
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4. Modelling of runoff yield and concentration
Case study

O Typical flood comparison

» Original simulation by gridded infiltration- and saturation-excess
combination model (GIS, in orange), which is much larger than the
observations (in blue)

- Observed Simuated B Observed Simuated
Precipitation hyqrograph  hydrograph Precipitation hydrograph  hydrograph
-] :

I I
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I I
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4. Modelling of runoff yield and concentration
Case study

O Typical flood comparison
» Simulations by the GIS + aboveground regulation module ( )

v' The simulated flood peak and flood volume are reduced to some extent

v The model only considers the interception effect of water conservancy

projects on surface runoff, and cannot fully reflect the impact of human

activities
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4. Modelling of runoff yield and concentration

Case studx

O Typical flood comparison

» GIS + underground regulation (in purple)

v" The simulation accuracy of flood volume and peak is significantly improved,

and the simulated flood process is basically consistent with the observed ones.

v" The groundwater funnel plays a dominant role on the retention of runoff.
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4. Modelling of runoff yield and concentration

Case studx

O Typical flood comparison

» GIS + dual regulation (in green)

v" The model shows similar performance to the GIS+underground storage

model.

v" The model structure can more completely reflect the runoff generation
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mechanism under the influence of human activities.
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4. Modelling of runoff yield and concentration
Case study

O Comparison of the qualification rate

Model Flood Flood NSE>0.5
volume peak

Emperical model / 40% /
XAJ model 75% 42% 17%

XC model 83% 50% 0
GXAJ model 40% 45% 30%
GIS + aboveground regulation 40% 45% 30%
GIS + underground regulation 92% 15% 60%
GIS + dual regulation 92% 75% 60%




5. Conclusions

» Medium and small rivers are widely distributed in space, making their
runoff yield modes dynamical and different with each other

» Human activities have imposed large impacts on watershed
hydrological processes, which must be accounted in the model to
achieve better flood forecasting accuracy

» Introducing the spatial combination of saturation-excess and
infiltration-excess mechanisms, and the method to account for the
aboveground and underground human regulation makes the model’'s
predictive capability largely improved

» New technologies such as remote sensing, data fusion, and data
assimilation are promising for enhancing the performance of process-
based models



Thank you !




