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Abstract: The study of runoff under the influence of human activities is a research hot spot in the
field of water science. Land-use change is one of the main forms of human activities and it is also the
major driver of changes to the runoff process. As for the relationship between land use and the runoff
process, runoff yield theories pointed out that the runoff yield capacity is spatially heterogeneous.
The present work hypothesizes that the distribution of the runoff yield can be divided by land use,
which is, areas with the same land-use type are similar in runoff yield, while areas of different land
uses are significantly different. To prove it, we proposed a land-use-based framework for runoff yield
calculations based on a conceptual rainfall-runoff model, the Xin’anjiang (XAJ]) model. Based on the
framework, the modified land-use-based Xin'anjiang (L-XAJ) model was constructed by replacing the
yielding area (f/F) in the water storage capacity curve of the XAJ] model with the area ratio of different
land-use types (L/F; L is the area of specific land-use types, F is the whole basin area). The L-XA]J
model was then applied to the typical cultivated-urban binary land-use-type basin (Taipingchi basin)
to evaluate its performance. Results showed great success of the L-XAJ] model, which demonstrated
the area ratio of different land-use types can represent the corresponding yielding area in the XAJ
model. The L-XAJ] model enhanced the physical meaning of the runoff generation in the XA] model
and was expected to be used in the sustainable development of basin water resources.

Keywords: runoff generation; saturation-excess runoff generation theory; yielding area; conceptual
hydrological model; land-use-based Xin’anjiang model (L-XA]J); cultivated—urban binary land-use-
type basin; sustainable development of water resources

1. Introduction

The sustainable development of water resources has intimate associations with the
quality of human life in modern society [1-3]. A runoff yield calculation is one of the
key components in basin water resource management, which plays an important role in
hydrologic processes [4-8]. In the past few decades, runoff yield models, which were
used for hydrological forecasting and water resources management, have been providing
decision-making services for basin management and planning [5,9-13]. Saturation-excess
runoff generation theory pointed out that runoff occurs when the soil water content in the
unsaturated zone exceeds the field capacity [14]. Based on this theory, numerous rainfall-
runoff models have been developed and applied extensively around the world over the
past century, which proved the effectiveness of the theory [15-19].

The runoff yield is closely related to the underlying surface condition [20,21]. In a
basin, the characteristics of runoff yield are spatially differentiated. Different hydrological
models invariably construct a curve to describe this difference in the runoff yield, e.g.,
the water storage capacity curve of the XAJ model, which has demonstrated widespread
utility in most natural basins of humid and semi-humid regions [22,23]. However, intensive
human activities are changing the natural basin deeply [24], which has a profound impact
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on the runoff yield. The natural distribution of the runoff yield and the original runoff yield
mechanism are changed along with these drastic land-use changes [25-27]. Zhu et al. [28]
and Zheng et al. [29] have found that land-use change is the strongest contributor to a
change in the runoff process and may be directly responsible for more than 70%. Studies
also found that hydrological models tend to underperform more in artificial basins than in
natural basins [25]. Some scholars pointed out that it is mainly due to the land-use changes,
which influence the runoff yield [30-32].

The effect of land use on the runoff yield was widely discussed in hydrology [33-35].
The basic consensus is that land-use change is the most important factor affecting the runoff
yield [24,36—44]. Among them, lots of studies concentrated on the relationship between
different land-use changes and runoff yield (e.g., vegetation [45-48], urbanization [49,50],
agricultural activities [51-53]). In general, afforestation will reduce the runoff yield, while
deforestation, urbanization and overgrazing will increase the runoff yield; furthermore,
the effect of agricultural activities varies with tillage practices [54-59]. Moreover, relevant
studies indicated that the land-use structure and spatial layout (e.g., land-use distribu-
tion [60,61], land-use pattern and landscape features [62,63]) also have a deep impact on
the runoff yield, runoff patterns and the runoff processes. These studies suggest that the
land-use type is closely related to the runoff processes, which may be the key factor to
determine the runoff yield.

Although many studies concerned the relationship between land-use change and
runoff [64-66], few of them took land use as a parameter to integrate into conceptual
hydrological models. Inspired by previous scholars, this paper assumes that the distribution
of the runoff yield can be divided by the land-use form, i.e., areas with the same land-use
form are similar in their runoff yield, while areas of different land uses are significantly
different. As for the XAJ model, it can be expressed by replacing the yielding area with
the area ratio of land use in the basin. The main objective of this study is to construct a
land-use-based Xin’anjiang (L-XAJ) model with the relationship between the yielding area
(f/F) and the area of different land uses (L/F) for better runoff generation simulation in a
typical cultivated—urban binary land-use-type basin, thus providing a better tool for the
sustainable development of water resources at the basin scale. This research is expected
to be used for flood management and the sustainable development of water resources in
the basin. The remainder of this paper was organized as follows: Section 2 describes the
methods and study area, Section 3 summarizes the research results and discussions and,
lastly, the conclusions are drawn in Section 4.

2. Materials and Methods
2.1. Runoff Yield in XA] Model

XAJ model is one of the most famous hydrological models in China, which is widely
used in humid and semi-humid areas [14]. XAJ model can be divided into four parts:
evapotranspiration, runoff generation, runoff sources partition and runoff concentration
(Figure 1). Runoff generation is one of the most important modules and the parabolic curve
is used to calculate the runoff yield, which can be represented by the following equation:

/ B
;:1<1V‘\’]\,7m> 1)
mm

where W1, is the storage capacity of a point in the basin (mm), f is the fraction of the basin
area for which the storage capacity is less than W1, F is the whole basin area, Wy, is the
maximum value of W), and B is the shape parameter of the storage capacity distribution.
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Figure 1. The framework of XAJ model. (Variables: P: precipitation; EM: potential evapotran-
spiration; E: actual evapotranspiration; RIM: runoff from the impervious area; RS: surface runoff;
RSS: interflow runoff; RG: groundwater runoff; TRS: outflows from the reservoirs of surface run-off
components; TRSS: outflows from the reservoirs of interflow run-off components; TRG: outflows
from the reservoirs of groundwater run-off components; QRS: surface runoff inflow to river network;
QRSS: interflow to river network; QRG: groundwater inflow to river network; s: water content in free
water store reservoir; FR: ratio of runoff-producing area; Upper layer, Lower layer and Deep layer
are the three soil layers for evapotranspiration; S: free water storage reservoir; UH: unit hydrograph;
WM: the average water storage capacity; Wi,: the water storage capacity; W/,,,: the maximum value
of W/;; EU, EL and ED are evaporation from the upper, lower and deepest layer, respectively; Q: the
discharge at the outlet of the basin; Parameters: the others are parameters and will be introduced in

Section 2.4).

Based on Equation (1), the average water storage capacity (WM) of the basin can
be obtained: .
f, W
5 =1 @
F’ 1+B

As shown in Figure 2a, there are two basic initial assumptions for the runoff generation
process: (1) the initial soil water content of the basin is W, and the maximum field storage
capacity is A; (2) the area of a proportion of &, over the basin is in saturation state and the
rainfall that falls on this area directly produces runoff, on the area of 1 — «, it does not.
Hence, the initial state of the basin is:

1
W, \ T+B
A=Wl * 1—( _\/\/1\0/[> 3)

1
WM:/ W d(
0

If rainfall is P and evapotranspiration is E, when evapotranspiration exceeds rainfall
(P — E <0), runoff is not generated; when rainfall exceeds evapotranspiration (P — E > 0),
then runoff is generated.
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Figure 2. (a) The water storage capacity curve; (b) Rainfall-runoff relationship.

If P — E + A < W}, for local runoff generation, the soil water storage is the LOSS part
in Figure 2a and the runoff yield R can be obtained by the following equation:

R=dPE — [P B — «)dw!,

4
=P — E+WM(1 — A%v‘;’——E)B“JrWO - WM @

Otherwise, the runoff yield R can be obtained by the equation:
R=P — E — (WM — W) 5)

The runoff generation process can be calculated by Equations (4) and (5). From
Equations (4) and (5), the rainfall-runoff relationship can be obtained as Figure 2b, which
indicates that runoff yield only is controlled by net rainfall P-E and soil moisture Wj,.

2.2. Runoff Yield in L-XA] Model

The XAJ] model provides an effective solution for runoff yield calculation but has no
clear physical meaning [67,68]. However, its parameters implicitly represent the influence
of underlying surface factors such as land use on runoff yield. To clarify the underlying
surface information of the model, we assumed that the distribution of runoff yield in a
basin can be divided by land-use form, i.e., areas with the same land-use form are similar
in runoff yield, while areas of different land uses are significantly different. L-XAJ] model
calculates the runoff yield under each land-use type by specific water storage capacity
value, accumulates the runoff yield of all land-use types as the basin’s runoff yield and
then goes into the free water storage reservoir for the partition of runoff sources (Figure 3).

As shown in Figure 4, land-use pattern can be obtained from remote sensing images.
This is assuming that the land use of the rectangle can be divided into four regions, A, B,
C and D, which is grassland, forest, urban and grassland, respectively. Though the water
storage capacity is spatially heterogeneous in this rectangle, it can be roughly distinguished
as the four regions. The water storage capacity values of regions A and D, are roughly at
the same level; while the values of regions A, B and C are at different levels. So, we can use
a mean value a to represent the average water storage capacity of region A and D, a mean
value b for region B and a mean value c for region C; a, b and c are not equal to each other.
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Figure 3. Flow chart of L-XA] model.

Figure 4. Picture of different land-use types (examples of different land-use types with water storage
capacity: (A): grassland, (B): forest, (C): urban and (D): grassland).

In this framework, water storage capacity is indeed different at different points within
the same land-use type. It is difficult to calculate the water storage capacity of each point,
but its statistical law is presented in the water storage capacity curve of XA] model. The
mean value of each land-use segment is used to represent its water storage capacity value.

To describe the land-use-based water storage capacity curve by clear mathematical for-
mulas, we assume that there are n different land-use types in a certain basin (Figure 5a) and
their area ratios over the basin are sy, s;. .. sp, respectively, as the abscissa in L-XA] model
by oy, such as (g, x1], (x1, 2] ... (@n—1, an], where o =0, oy — j_1 =i (1 <i<n)
(Figure 5b). The water storage capacity value of different land-use types are Wy, W, ... Wy,
representing the average value of the water storage capacity of different land-use types as
the ordinate in L-XA] model. As shown in Figure 6a, L-XA] model is a monotone increasing
piecewise function and each segment of the function represents one kind of land-use type in
the basin, including urban, surface water bodies, grassland, crops, forest, etc. In application,
land-use types can be adjusted based on the true condition of different basins. The area
of i-th (1 <i < n) land-use type is o — «;_; = s; and was reflected on the abscissa in
L-XAJ model. The water storage capacity value of the ith land-use type is Wj, reflecting
the ordinate in L-XAJ model, and the water storage capacity value within [eo_1, ;] is
always W;. Therefore, the average water storage capacity of the ith land-use type WS; can
be obtained:

WSi: Wi X ((Xi — oci_l): Wi X Si (1 <i< 1‘1) (6)
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Figure 5. (a) Schematic diagram of the area ratio of different land-use types in the basin; (b) relation-
ship between storage capacity value and land-use types. («1, a2, 3, a4, o5, 6 are the area ratio
sums of different land-use types; w1, w2, w3, w4, w5, wb are the average storage capacity values of
different land-use types, in which w1l < w2 < w3 < w4 < w5 < w6. L/F is the area ratio of different
land-use types; W;n is water storage capacity; six land-use types for examples).
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Figure 6. The construction of L-XAJ model (six land-use types for examples; (a) the lower water
storage capacity values are located in smaller area and higher are in bigger area; (b) left: the basin
state before rainfall for which soil moisture is Wy; right: the runoff process when the net rainfall is
P-E, set (3, «4] is m-th land-use type and (x4, «5] is (m + 1)th land-use type).

In addition, the average storage capacity, WM|_,j, of L-XAJ model can be calculated
as follows: N N
WM i = Y WS =) Wi x (o — 1) (1 <i<n) )
i=1 i=1

In the quantification, the shape of the L-XA] model is determined by certain constraints.
In this paper, the total water storage capacity of the same basin should be the same.
Therefore, there are two constraints of XA] model and L-XAJ model: (1) the maximum
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water storage capacity of the basin should be the same and (2) the average water storage
capacity also should be the same. So:

W/ n
WM =0 = WM|_yq = ) Wi X (o4 — o41) 8)
1+B i=1
Additionally,
Winm= Wh )

Here, W/, and B are the parameters of XA] model, which can be obtained by pa-
rameter calibration, n and o are the land-use parameters, which can be obtained from the
land-use analysis of the basin, Wj is the water storage capacity value of ith land-use type
and W, is the maximum water storage capacity value.

After the L-XA] model is constructed, it is necessary to further analyze the rainfall-
runoff relationship and calculate the runoff yield under different rainfall conditions. As
shown in Figure 6b, we assume that the basin soil moisture before rainfall is Wy, which
is distributed horizontally in L-XAJ model, the first m land-use types in the basin have
reached the saturation state, while the m + 1 land-use type has not reached or has just
reached it. In this case:

_Wo — Y% Wi x (o6 — i)

A
1 — oam

(10)

If rainfall is P, evapotranspiration is E. When evapotranspiration exceeds rainfall
(P — E <0), runoff is not generated. When rainfall exceeds evapotranspiration (P — E > 0)
then, if P — E + A > W, total runoff generation:

R=P - E — (WMI_Xaj - Wo) 11)

Otherwise, for local runoff generation, the soil water storage is the horizontal fill part
in Figure 6b and runoff yield R is:

b n
R=P —E) = Y (Wi — A)(o —ai-1) — Y. (P —E)( — 1) (12)
i=a i=b+1

where a and b satisfy the constraints:
Wa> AP —E+A>W, (13)

where a takes the smallest integer value that satisfies Equation (13) and b takes the largest
integer value.

So, the runoff yield of L-XAJ model can be calculated by Equations (11) and (12)
and the rainfall-runoff interactions can be studied. When set, the soil moisture content is
5i (Sg = 0) and at the same time, the soil moisture is just enough to make the land-use type
i reach the storage-full state. In this condition, the rainfall-runoff relationship (Figure 7)
is different to XAJ model; it is segmented form, but there is continuity between adjacent
segments. When Wy = Sy, the line is n segments with different slopes, which in turn are
1/ai (1 <i < n); when Wy =5y, the line is n — 1 segments with different slopes, which in
turn are 1/ai (2 <i < n), and so on. When S;_;1 < Wy < S;, the segment is similar to the
Wy = S5;_1, but the position will be changed. When Wy = WM,_,;;, then R =P — E and
the line which is straight line from the origin with slope is 1, which means all rainfall
generated runoff yield. So, the L-XAJ model satisfies the principle of the saturation-excess
runoff mechanism.
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2.3. Study Area and Data Set

In the piecewise-function-described L-XAJ] model, the more diverse the land-use types
of the basin are, the more segments the curve is divided into and the more accurate it is
to describe the water storage capacity with a continuous curve. As a result, a basin with
simple land-use form and homogeneous soil is more suitable to verify the L-XAJ] model.
Therefore, Taipingchi basin was chosen as the study area.

W0 =S¢
W =51

P-E

Y

W0 =WMl-xaj

> R
Figure 7. Rainfall-runoff relationship in L-XAJ] model.

Taipingchi basin, located in northeast China (Figure 8a), has an area of 1706 km?.
Two tributaries, the Wengke River and the Xinkai River, flow into the mainstream of
Taipingchi (Figure 8b). The elevation of the whole basin from the northwest to the southeast
gradually increases, from 178 m to 552 m, with gentle fluctuations (Figure 8a). The main
landform type in the basin is valley plains. Taipingchi basin is a typical human activity-
dominated basin. Almost all of the basin has been built into towns or reclaimed as farmland.
Urban and agricultural land account for above 95% of the total area of the basin (urban
about 10% and agricultural land about 85%). According to the L-XA] model, we guess the
continuous water storage capacity curve would not be accurate enough to describe the real
situation accurately as possible and the XA] model would not perform well in this basin.

The basin is dominated by a typical semi-arid and semi-humid climate. The average
annual temperature in the basin is about 4.9 °C. The annual average precipitation is
515.7 mm. Seventy percent of rainfall is in the summer from July to September. In the main
flood season, July and August are prone to short-term heavy rainfall, which can easily
lead to heavy flood disasters. The inter-annual variability of precipitation is large and the
distribution is extremely uneven during the year. The annual average evaporation in the
basin is about 947 mm.

The hydrological data mainly include the 21 flood events of 12 hydrological obser-
vation stations in the Taipingchi basin from 2009 to 2012 and 1 runoff observation station
(Figure 8b), including average rainfall and runoff data (At = 6 h).

Based on 30 m Landsat TM image data (the data set is provided by Geospatial
Data Cloud site, Computer Network Information Center, Chinese Academy of Sciences
(http:/ /www.gscloud.cn, (accessed on 24 February 2022))) and in consideration of the
impact of land characteristics on runoff, the supervised classification method (by the maxi-
mum likelihood classification in ArcGIS) was adopted to classify the land-use types into
five categories: forest, crops, grassland, surface water bodies, and urban (Figure 9). See
Table 1 for statistical information.

2.4. Modeling Set

In this study, 21 flood events from 2009 to 2012 that took place in the Taipingchi
basin were used for model calibration and verification at a 6-h time step. Fifteen flood
events were chosen to calibrate the model parameters and six events to verify the model.
Calibration and optimization of XA] model parameters were based on the parameter
estimation algorithm (PEST) with MATLAB environment [69]. Thirteen parameters related
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to evapotranspiration, runoff generation, runoff source partition and runoff routing (Table 2)
were calibrated. There are three main factors to consider in the calibration process: the
lower and upper boundaries [23], the objective function and termination condition. The
objective function can be updated as below:

n

OF =} (Q, — Q) (14)

i=1

where OF is objective function, i is the time order, n is the time step, Q; is the simulated
discharge and Q, is the observed discharge.

S°PL L IMFE LKL 120°E 130FPE

J = ’
| T g 2 i -
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KFE  9WE IHFE 11FFE IZ(;“E 130F F . . ‘M
0 600 1,2 ——— el
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‘fa*lu AFquang
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Kai
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Tributaries
Basin
A Precipitation gauging station
. Stream gauging statiom 0 5 10 ztim
— —

(b)

Figure 8. Study area information ((a): geographical location and DEM; (b) mainstream, branch and
hydrological stations network).

Table 1. Area of different land-uses during the studied years.

2009 2010 2011 2012
Land-Use Type Area Ratio Area Ratio Area Ratio Area Ratio
(km?) (%) (km?) (%) (km?) (%) (km?) (%)
Urban 341.33 19 352.28 20 386.65 22 353.42 21
Crops 1308.77 77 1301.01 76 1267.46 74 1301.07 75
Grassland 4.64 1 4.01 1 3.52 1 3.11 1
Forest 234 1 21.7 1 21.6 1 21.71 1
Surface water 28.53 2 27.67 2 27.44 2 27.36 2

bodies
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Figure 9. Land-use map in the Taipingchi basin.
Table 2. The Parameters of XAJ and the L-XA]J.
XAJ L-XAJ
Parameters Value Physical Meaning Parameters Value Physical Meaning
WUM 15.2 Avera.ged soil moisture storage Wy 0 Urban land 5911 moisture
capacity of the upper layer storage capacity
WLM 78.6 Avera.ged soil moisture storage W, 153.3 Cultivated lar}d soil moisture
capacity of the lower layer storage capacity
WDM 29.5 Avera.ged soil moisture storage Ral 0.2 Area ratio of urban land
capacity of the deep layer
B 0.35 Expongntlal of the dISt.r ibution Ra2 0.8 Area ratio of cultivated land
to tension water capacity
K 071 Conversmn. coefficient K ) .
of evaporation
C 0.2 Coefficient of the deep layer C - -
IMP 0.02 Percentage of impervious and IMP ) .
saturated areas in the basin
SM 05 Areal mean free water capacity SM ) .

of the surface soil layer
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Table 2. Cont.

XAJ L-XAJ

Parameters

Value

Physical Meaning Parameters Value Physical Meaning

EX

1.02

Exponent of the free water
capacity curve influencing the
development of the

saturated area

EX - -

KG

0.06

Outflow coefficients of the free
water storage to KG - -
groundwater relationships

KSS

0.11

Outflow coefficients of the free
water storage to KSS - -
interflow relationships

KKG

0.98

Recession constants of the

groundwater storage KKG i i

KKSS

0.71

Recession constants of the lower

interflow storage KKSS i )

Note: represent the parameters of L-XA] are the same as XA]J.

L-XAJ model and XA] model are slightly different in the parameter calibration pro-
cess of runoff yield module: the WUM, WLM, WDM and B are the parameters by the
XA]J, however, these parameters are replaced by the area ratios of specific land-use type
(Ral and Ra2) and their corresponding water storage capacity values (W1 and W») in
L-XA]J. The remaining parameters are the same in both XAJ and L-XA]. See Table 2 for
parameter results.

2.5. Statistical Criteria

According to the accuracy standard for hydrological forecasting in China, the results
were evaluated by three statistical criteria including the Nash-Sutcliffe efficiency coefficient
(NSE), the flood volume error (FVE) and the flood peak error (FPE). The detailed equations
are expressed as follows:

2
NSE=1 - = Qo= Q) (QO_%)Z (15)
E (QO - Qo)
_2 Qs B Z Qo %,
BVE === x100% (16)
~ MAX(Q,) - MAX(Q,) ...
FPE = MAX(Q,) x100% (17)

where Q, is the observed discharge (m3/s), Q is the simulated discharge (m3/s), Q, is the
mean value of the observed discharge (m>/s), MAX(Q,) is the simulated peak discharge
and MAX(Q,) is the observed peak discharge.

According to the accuracy standard, when NSE exceeds 0.9, it is considered to meet
standard A and when 0.7 < NSE < 0.9, it meets standard B.

3. Results and Discussions
3.1. Simulated Results and Global Analysis

Both the L-XA] model and XA] model were applied in the Taipingchi basin. From
2009 to 2012, a total of 21 flood events occurred in the Taipingchi basin and they were all
simulated by these two models. The performances of the two models were tested by the
statistical indicators (NSE, FVE, FPE) mentioned in Section 2.5, and showed in Table 3.
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Table 3. Simulation results by the XAJ and L-XA] model.
. Flood L-XA]J XAJ
Period  poontID Date NSE  FVE(%) FPE(%) NSE  FVE(%) FPE(%) T
1 28 May 2009 0.81 5.36 16.33 0.74 —4.55 —29.16 +
2 28 June 2009 0.92 —15.13 —19.38 0.80 —23.46 —25.92 +
3 16 July 2009 0.93 4.66 10.84 0.83 26.27 23.04 +
4 27 August 2009 0.84 —17.14 -10.73 0.74 —19.49 —23.56 +
5 3 May 2010 0.82 —18.23 —-9.75 0.66 —27.99 —19.87 +
6 1 July 2010 0.84 —5.41 —11.15 0.71 -7.37 —24.68 +
Calibration 7 19 July 2010 0.87 —3.73 —13.15 0.85 —6.59 —16.68 O
8 4 August 2010 0.76 14.25 —5.30 0.75 18.92 5.25 O
9 10 October 2010 0.69 5.49 10.49 0.69 5.10 11.01 @)
10 11 November 2010 0.84 417 6.53 0.68 6.54 10.69 +
11 18 May 2011 0.79 3.11 5.52 0.69 2.52 —12.39 +
12 29 May 2011 0.91 1.62 —12.19 0.82 —-12.93 —17.57 +
13 30 June 2011 0.88 10.07 7.90 0.81 17.32 18.48 +
14 20 July 2011 0.89 -7.57 9.73 0.70 —-9.45 26.95 +
15 30 July 2011 0.91 3.79 9.38 0.85 2.87 16.85 +
16 29 June 2012 0.88 —19.48 —17.83 0.80 25.28 20.26 +
17 22 July 2012 0.93 —-3.32 —13.45 0.88 3.18 —18.04 +
Validation 18 18 August 2012 0.86 15.42 —8.02 0.64 24.97 16.41 +
19 27 August 2012 0.92 —-947 19.09 0.91 -12.83 17.01 O
20 27 September 2012 0.88 9.74 7.42 0.62 18.20 28.31 +
21 10 November 2012 0.89 9.20 8.82 0.61 18.75 20.22 +

Note: P is a sign of whether L-XA]J is better than XAJ, + represents that L-XA]J is better than XAJ] model and
O isnot.

As shown in Table 3, the NSE of the L-XAJ model ranged from 0.69 to 0.93, with the
average being 0.86. Meanwhile, the NSE of the XAJ model ranged from 0.61 to 0.91, with
the average being 0.75. For the FVE and FPE, all 21 flood events of the L-XAJ] model were
within 20% and the qualified rate was 100%. However, there were only 12 flood events
within 20% of the FPE in the XA] model and the qualified rate only was 57.14%. The L-XA]
model reduced the average FPE from 19.16% to 11.10% and the FVE from 14.03% to 8.87%.
Overall, only 10 flood events were simulated accurately in the XA] model, while all flood
events were accurately simulated by the L-XA] model; the simulation results of the L-XA]J
model were better than the XA] model under all the three statistical criteria. This showed
that the L-XA] model was successfully used in the Taipingchi basin.

The distributions of the FVE, FPE and NSE statistics for all simulations (both calibration
and validation events) were showed in Figure 10. The NSE of the L-XAJ] model was higher
than the XAJ model (except 20101010) and the FPE and FVE distribution of the L-XA]J
model was lower than the XAJ model. This showed that the performance of the L-XA]
model in the Taipingchi basin was comprehensively better than that of XA] model.

Several rainfall-runoff processes were shown in Figure 11. The discharge process of
the XAJ model and the L-XA] model were basically similar and there was only a certain
difference in the flood volume, indicating that the two models had the same runoff sources
partition and runoff concentration and differ only in the runoff generation. The discharge
processes of the two models were similar with the observed discharge (OBQ), indicating
that the two models can reflect the runoff process.

Focusing on the calibration period, as the parameters of the XA] model were calibrated
by these 15 floods, it should be expected to perform well in this period. However, none of
the NSE achieved standard A and three flood events of FVE and four flood events of FPE
exceeded 20%, which indicates that the XAJ model is not accurate enough to reproduce
the rainfall-runoff process. This is in line with our prediction in Section 2.3. In contrast,
the L-XAJ model performed well during the calibration period, though its parameters
were calibrated by the XAJ] model. The NSE of four flood events achieved standard A
and all the FVE and FPE are within 20%. The results indicated that the L-XAJ] model
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could reflect the rainfall-runoff process more accurately; or more precisely, the land-use-
based water storage capacity curve is more accurate in illustrating the runoff yield in the
Taipingchi basin. Furthermore, it indicated that the land-use area ratio (L/F) is substantially
associated with the yielding area (f/F) of the XAJ] model, which validates the hypothesis of
a corresponding relationship between the different land-use types and the yield area.

, Distribution Curse | XAJ Box —A— | -XAJNSE
Of XAJ RE - e - XAJNSE
—— ® |-XAJRE
Distribution Curse T
L-XAJ Box
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Figure 10. Comparison of the simulation results with XAJ] model and L-XAJ model (the number is the
order of the flood event, open circles are calibration events and filled circles are validation events).

As for the validation period, the NSE of the L-XAJ] model had two flood events for
standard A and four for standard B in all of the six floods, while all the FVE and FPE were
within 20%. The validation results performed well.

Generally, the performance of the XAJ model in the Taipingchi basin is mediocre,
which indicated that the XA] model would not perform well in a simple land-use basin. On
the other hand, the L-XA] model outperformed in 17 of 21 floods, not only in the validation
period, but also in the calibration period. This indicated that the L-XAJ model is more
suitable for simulating the hydrological process of the Taipingchi basin than the XAJ] model
or that the land-use-based water storage capacity curve can describe the runoff yield more
accurately than the original water storage capacity curve of the XA] model.

3.2. Simulation Results in Different Yielding Area

During severe rainfall events or high-intensity rainfalls, the runoff yield is not synchro-
nized everywhere in the basin [70]. Generally, an impervious surface usually yields earlier
than the other areas; farmland with low vegetation usually has less interception than forests
with tall vegetation, so it yields earlier than the forest area. Under the same underlying
surface type, the higher the soil moisture is, the earlier the flow is produced. That is to say,
in different flood events, the actual yielding area and yielding process are different.
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On the other hand, a rainfall-runoff model ignoring the underlying surface would
perform differently from a model based on land-use form. This difference would be
changed by the yielding area and can be shown in Figure 12. As the urban area takes up
about 20% of the basin area and crops take up above 70%, the total yielding area (Figure 12a)
can be separated easily from each other, such as (0, 0.2) (Figure 12b), [0.2, 0.7] (Figure 12c)
and (0.7, 1] (Figure 12d). The larger the yielding area, the smaller difference of the NSE
between the XA] model and L-XA] model (Figure 12a): when the yielding area was small
(Figure 12b), the basin was relatively dry and the impact of 20% of the urban area on the
runoff generation was reflected in the L-XAJ] model, which can make up for the artificially
intercepted rainfall, so the NSE is higher; when the yielding area increases (Figure 12c), the
basin was relatively humid and the level of 70% crops was reflected. At this stage, although
the NSE of L-XA]J has been improved relative to XAJ, the improvement effect is not as
obvious as the previous stage (dry stage). This is because the urban and crops worked
together on the runoff yield and the difference in the runoff calculation between XAJ and
L-XA]J is not as large as that in the dry stage (Figures 2a and 6b); when the basin was in a
near-saturated state (Figure 12d), there was almost no difference between the two models
and both are simulated well. These were expected due to the mechanism of land use on
runoff generation [71]. These results explained the effect of different land uses on rainfall
redistribution when the basin was in different stages. Hence, correspondence between the
yield area (in XAJ) and land-use type (in L-XAJ) is characterized.
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Figure 12. The NSE in partial yielding area ((a): all yield area; (b): 0 < yield area < 0.2;
(c) 0.2 <yield area < 0.7; (d): yield area > 0.7).

Figure 13 showed the FVE under different yielding areas. Under the control of the
urban area, the FVE of the XAJ] model was very large and the flood volume was always
smaller than observed, while the L-XA] model not. It was closely related to the influence
of the urban area on the runoff yield [72]. While under the control of the crops, the flood
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volume was always larger than observed, which was because crops had an impact on the
runoff yield [73]. The water storage capacity of crops in the Taipingchi basin was relatively
large, so the runoff yield in this part was low, but the XAJ] model did not consider it.

The Relative Error In Difference Yielding Area (Land use) XAJ sl
L] L} —xA'

6 4 14 10 15 9 13 3 21 16 18 17 19 20 8 Y4

U-r‘ban " - Crops Other Land
fIF(L/F)

Figure 13. The relative error in different yielding area (different land-use types dominated, the
number at the top are flood event ID).

In conclusion, the land-use form influences the runoff process. It could be found that
the area of different land types and its storage capacity value correspond to the yielding
area of XA] model. Hence, we verified that f/F corresponds to L/F and that the research
objectives that were discussed in the introduction of this paper were met.

3.3. Simulation Results in Different Flood Types

In order to study the sensitivity of the XAJ] model and L-XAJ] model to the flood
magnitude, 21 flood events were divided into three levels: large, medium and small,
according to the peak discharge. There were three large flood events, seven medium flood
events and eleven small flood events. The NSE and the FVE in different flood levels were
shown in Figure 14.

It could be seen from Figure 14a that the NSE of the L-XA] model was greatly improved
compared with the XA] model in small and medium floods, especially for small floods.
The major reason for this was that the runoff of small floods is more easily affected by
land use [71,74]. However, the third flood (circled in red in Figure 14a) had not been
improved. After analysis, this might be due to the yielding area which was around 0.2 and
the difference between the L-XAJ] model and XAJ] model was not significant.

The FVE of the different flood levels were shown in Figure 14b: for small floods, the
FVE was smaller, but compared to the XA] model, the L-XA] model had higher accuracy;
for medium floods, the FVE of the XA] model was relatively large. This was because most
of the seven medium floods were at the beginning of each year or after the flood season. At
this time, for crop growth, many ponds had been artificially established in the basin to store
rainfall [75] (Figure 15), which had a significant impact on the runoff yield, however, the
runoff yield calculated by L-XAJ is more than that of XA]J at this stage (Figures 2a and 6b),
so the store rainfall can be partially offset in L-XAJ. How to consider the rainfall interception
in L-XAJ is the main direction of our in-depth research. For big floods, the larger accuracy
indicated a better performance of both models, which is in agreement with the relevant
literature [71].
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Figure 14. Comparison of NSE and FVE under different flood levels ((a): NSE; (b) FVE; the green

-40

To further analyze the performance of the L-XA] model compared to XA]J, the im-
proved accuracy of the L-XAJ model relative to the XAJ] model was analyzed and the
improved results were shown in Figure 16. For the NSE, compared with the XAJ] model,
the L-XAJ] model had a significant improvement of small and medium floods, but almost
no improvement for large floods. For the FPE and FVE, in small floods, the FVE increased
by 16.57% on average and the FPE by 44.76%; in medium floods, the FVE increased by
38.25% on average and the FPE by 43.42. In large floods, the FVE increased by 31.42% on
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average and the FPE by 2.66%. Therefore, it was further proved that the L-XA] model can
significantly improve the performance of flood simulation.

Figure 15. The artificial pond for storing rainfall (the red dotted line is the change of pond area; upper
right is before crops growth and lower is after crops growth).

120
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Figure 16. The improvement of L-XAJ] model compared to XA] model (the number of flood events:
small: 11, medium: 7, big: 3; NSE: (L-XAJ] — XAJ)/XAJ*100%; FVE/FPE: (AV(XA]) — AV(L-
XAJ))/ AV(XAJ)*100%, AV: absolute value).

Based on the results in Section 3.2, this change can be easily explained: the runoff yield
usually occurs in part of the basin in small floods and medium floods, while the runoff
yield of big floods generally occurs in the entire basin.
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4. Conclusions

Effective basin water resource management is of significant importance for the basin’s
sustainable development. The main objective of this research is to study the relationship
between the yielding area (f/F) and the area of different land uses (L/F) for better basin
flood resource management. The L-XAJ model was constructed by integrating the land-use
information into the runoff generation of the XAJ model and the model is shown to improve
the performance of the runoff in a typical cultivated—urban binary land-use-type basin: the
Taipingchi basin. The major findings of this paper were summarized as follows:

(1) The distribution of the runoff yield can be divided by the land-use form, which is,
the areas with the same land-use form are similar in runoff yield, while areas of different
land uses are significantly different. In the XAJ model, particularly, that is to say, the
yielding area of the XA] model, (f/F) is determined by the area ratio of different land-use
types (L/F) (Section 3.2).

(2) The L-XAJ model can be well used in a rainfall-runoff simulation (Table 3 and
Figure 10). It performed better than the XAJ] model in a simple land-use-form basin (mean
NSE: 0.86 > 0.75, FVE: 8.87% < 14.03%, FPE: 11.10% < 19.06%).

(3) The L-XAJ model can well improve the simulation accuracy of small and medium
floods compared to large floods (Figure 16).

Although our preliminary test demonstrated the relationship between the runoff yield
and land use, we still know little about the calculation of the runoff yield for specific
areas. Ongoing research could focus on analyzing the effect of vegetation type, soil type,
topography and other remotely-sensed data on the runoff yield. How to establish an
index that integrates various factors to further enhance the physical meaning of the runoff
generation in the XA] model to obtain better results is worthy of further study.

5. Patents

The patent “A method and system for determining runoff yield of artificial watershed”
(patent number: CN 202011611825.9) resulted from the work reported in this manuscript.
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