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Abstract: Conflicts between humans and land use in the process of using water and conflicts between
humans and water resources in the process of using land have led to an imbalance between natural
ecosystems and socio-economic systems. It is difficult to understand the impact of the processes of
water production and consumption on land patches and their ecological effects. A grid-type, basin-
distributed hydrological model was established in this study, which was based on land-use units and
coupled with groundwater modules to simulate the water production and consumption processes
in different units. By combining land use and net primary productivity, the runoff coefficient and
the water use efficiency (NPP/ET) of different land units were used as indicators to characterize the
interaction between water and land resources. The results showed that the average runoff coefficients
of cultivated land, forest land and grassland were 0.7, 0.5 and 0.9, respectively. Moreover, the
average runoff coefficients of hills, plains and basins were 0.7, 0.7 and 0.8, respectively. The NPP
produced by the average unit, evapotranspiration, in cultivated land, forest land and grassland was
7 (gC/(m2•a))/mm, 0.7 (gC/(m2•a))/mm and 0.2 (gC/(m2•a))/mm, respectively. These results
provide quantitative scientific and technological support in favor of the comprehensive ecological
management of river basins.

Keywords: distributed hydrological model; water and land resources; evapotranspiration; runoff
coefficient; Sihe River Basin

1. Introduction

Water and land resources are essential for humanity’s survival and development. With
the continuous acceleration of urbanization, the urban population is growing rapidly, the
scale of infrastructure construction is increasing, and the human demand for water and
land resources is gradually increasing [1,2]. Because of the limited supply of water and land
resources, the imbalance between water and land use among departments and industries
has become increasingly prominent. The failure to coordinate our use of water and land
resources has led to a series of natural disasters, which have affected human development
and the ecosystem’s health [3,4]. Extreme rainfall and prolonged droughts can affect plant
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growth, which affects soil water content, which, in turn, affects soil biomass [5,6]. Therefore,
identifying the relationship between water and land resources is of great significance in
improving the utilization efficiency of water and land resources and in alleviating the
conflict between social development and water and land resources.

Scholars have conducted research into the interaction between water and land re-
sources through field experiments, laboratory experiments, remote sensing interpretation
and hydrological model simulations. From the perspective of hydrological models, the
most commonly used hydrological models include the SWAT model [7], which can be used
in the cost-effective management of water resources in river basins, and CLM [8], which is
a land surface process that can be used to assess the impact of land on vegetation. However,
these models are insufficient in the simulation of groundwater processes. Further models
include HYDRUS [9], which produces better simulations of soil movement processes, and
MODFLOW [10], which is good at simulating underground movement processes. However,
these models are not able to simulate surface water processes. VIC [11] is a large-scale,
semi-distributed hydrological model, which can be used for drought assessments; however,
it focuses on vertical simulation and lacks horizontal simulation. MIKE [12] produces a
better simulation of river flow processes and can be used to assess the inundation effects
of floods on river channels; however, its simulations of slope hydrological processes are
insufficient. WEP [13] is used for watershed hydrological simulations and can be used to
study the impact of land-use changes on the water cycle process; however, its simulation
of soil water and groundwater processes need to be improved. Of course, there are many
other hydrological models. The aforementioned models are representative of the types of
models available. Each model has its own advantages, but regarding the simulation of the
whole process of the water cycle in river basins, they are all insufficient in the simulation of
one or more hydrological processes.

Therefore, in view of the above research status, in this study, we drew on the advan-
tages of various numerical models and established a new watershed-distributed hydro-
logical model based on a land-use type grid. The interaction laws of the water and land
resources in each land unit were analyzed, which have provided technical support in favor
of the rational allocation of water and soil resources and the comprehensive management
of river basins. The main research contents of this paper are as follows: (1) the Python
language was used to compile the new hydrological model; (2) the law of interaction
between water and soil resources was observed and studied using this model.

2. Materials and Methods

Runoff is a direct manifestation of water resources, and net primary productivity is a
direct manifestation of land productivity. Therefore, the runoff coefficient was selected to
reflect the impact of land resources on water resources, and the ratio of evapotranspiration
to NPP (net primary productivity) was selected to reflect the impact of water resources on
land resources so that we could study the interaction mechanisms between water and land
resources. The technical route is shown in Figure 1.

2.1. Study Area

The Sihe River is a first-order tributary of the Huaihe River, which is located in the
north–south transitional zone of China, with a watershed area of 2613.73 km2. The Sihe
River starts from the west foot of Taipingding, Tai’an city, Shandong Province, in the north,
and, finally, flows into Nanyang Lake. The watershed is high in the east and low in the
west, with an average elevation of 136.9 m. The location and topography of the Sihe River
Basin are shown in Figure 2.
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Figure 2. Location map of the study area.

The Sihe River Basin is located in a semi-humid, warm, temperate climate zone, with
four distinct seasons and significant climate change. The annual average temperature in
the river basin is 13~14 ◦C, and the number of annual average sunshine hours is 2180.
According to statistics from meteorological stations, the annual precipitation in the Sihe
River Basin in 2015 was 602.87 mm. The main land-use type in the Sihe River Basin is
cultivated land, with an area of 1726.3 km2, accounting for 66.05% of the river basin. Resi-
dential/industrial land and grassland have areas of 384.8 km2 and 275.7 km2, respectively,
accounting for 14.72% and 10.55%, respectively. The total area covered by forest, water and
unused land accounts for 8.68%. Forest and grassland areas are mainly distributed in the
northern and southern mountainous regions of the river basin, and the rest is cultivated
land. The details are shown in Figure 3. The national land use classification standards are
shown in Table 1.
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Table 1. National land use classification standard.

Land Use Type Contents

Cultivated land

Refers to land for planting crops, including mature cultivated land, newly reclaimed
wasteland, leisure land, rotation land and grassland rotation land; agricultural fruit,

mulberry and agricultural and forestry land mainly used for planting crops; tidal land and
tidal flats that have been cultivated for more than three years.

Forest land Refers to growing trees, shrubs, bamboos, coastal mangroves and other forestry land.

Grassland
Refers to all kinds of grasslands with a coverage of more than 5% mainly composed of

growing herbs, including shrub grasslands dominated by grazing and sparse forest
grasslands with a canopy closure of less than 10%.

Water Refers to natural land waters and land for water conservancy facilities.

Residential industrial land Refers to urban and rural settlements and industrial, mining and transportation land other
than counties and towns.

Unused land Refers to land that has not been used at present, including land that is difficult to use.

2.2. Model Construction

The model was based on the actual spatial distribution of land units to form a refined
simulation unit, with independent land-use types. It coupled the distributed hydrological
model of the watershed with the groundwater model to build a new watershed model, and
it was written in Python. The structure and diagram of the model are shown in Figure 4.
The land in the grid was divided according to the current national land use classification
system. Each grid unit had an independent land-use type, and the corresponding water
cycle process was simulated for the different land-use types. For cultivated land, forest land
and grassland, it needed to consider elements such as vegetation interception, depression
retention, soil thickness, vegetation transpiration and soil evaporation. The three land types
considered the same elements as in the water cycle simulation; however, the parameters
involved in the simulated hydrological elements were different due to different factors as
follows: different land types have different values; water areas and residential construction
sites directly generate runoff; and unused land is treated as bare land. If the amount of
water infiltrated into the soil exceeds the field capacity, the excess water will recharge the
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groundwater. This model coupled surface and groundwater process simulations, simulated
the hydrological process of each grid and provided technical support for the analysis of
spatial hydrological laws.
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2.2.1. Model Structure

The model consisted of a vertical and horizontal structure.
The land-use types in the grid were assigned according to the current national land-

use classification system. Each grid unit had an independent land-use type, and the
corresponding water cycle process simulation was adopted for the different land-use types.
It produced a hydrological cycle simulation of cultivated land, forest and grassland, as the
underlying surface needed to consider factors such as vegetation interception, depression
storage, soil thickness, vegetation transpiration and soil evaporation. The cultivated land,
forest land and grassland considered the same elements as in the water cycle simulation,
but the parameters involved in the simulated water cycle elements had different values
depending on the land type. Water areas and residential industrial land directly generate
runoff, and unused land is regarded as bare land. If the amount of water infiltrated into the
soil exceeds the filed capacity, the excess water will recharge the groundwater. A schematic
diagram of the water cycle is shown in Figure 5.
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Figure 5. Schematic diagram of the water cycle.

The horizontal process included three aspects: slope confluence, river confluence and
groundwater flow. The runoff of each grid was obtained through the vertical process,
and then the confluence calculation was performed based on the grid flow direction. The
calculation sequence was from upstream to downstream, and from slope to river. The
horizontal structure of the model is shown in Figure 6.
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2.2.2. Simulation Elements and Equations

The model’s simulation process included six main aspects in accordance with the
water cycle process: evapotranspiration, infiltration, runoff, soil flow, groundwater and
confluence. The calculation formula and key parameters of the simulation process are
shown in Table 2.

Table 2. Hydrological model’s simulation elements, calculation formulas and key parameters.

Elements Content Formula Key Parameter

Evapotranspiration

Vegetation transpiration Penman–Monteith [13] Plant community resistance, root layer
thickness and aerodynamic resistance.

Vegetation interception
evaporation Penman [14] Vegetation coverage, leaf area index and

maximum vegetation interception.

Water evaporation Penman Aerodynamic impedance and net radiation.

Bare soil evaporation Revised Penman [15] Field capacity and evaporation
efficiency coefficient.

Urban surface evaporation Penman
Maximum depression storage capacity,
depression storage capacity and area ratio of
urban buildings in impervious areas.

Infiltration Vertical infiltration Green–Ampt [16]
Infiltration capacity, hydraulic conductivity,
saturated water content, soil layer thickness
and capillary suction.

Runoff

Infiltration excess runoff yield Horton slope runoff Maximum depression depth and soil
infiltration capacity.

Saturation excess runoff yield Saturated slope runoff

Maximum depression storage depth, soil
infiltration capacity, soil hydraulic
conductivity, vegetation coverage, soil layer
thickness and saturated soil moisture content.

Soil runoff Soil water movement Product of the
hydraulic conductivity

Soil hydraulic conductivity and thickness of
unsaturated soil layer.

Groundwater Groundwater movement Darcy formula
Groundwater level, storage coefficient,
hydraulic conductivity, high aquifer bottom
and aquifer thickness.

Confluence Slope/river confluence Motion wave equation
Manning coefficient, hydraulic radius, unit
ground surface or river slope and length of
river channel.
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(1) Confluence raster calculation

Both the slope confluence and river confluence were calculated using the kinematic
wave model. Based on the river network system generated by DEM, the topological re-
lationship and calculation sequence of the slope grid and river grid were determined by
confluence and were calculated first. Next, the river confluence was calculated. The water
balance (Equation (2)) in the grid was constructed using Equation (1)—the continuity equa-
tion. We substituted the Manning formula (Equation (3)) and the river section (Equation (4))
into the water balance equation to digitize the motion wave equation. In this study, the
river channel was generalized into a rectangular channel, and the slope confluence was
generalized into a wide and shallow channel. The water balance in the grid is shown
in Figure 7.
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Continuity equation:
∂A
∂t

+
∂Q
∂x

= qL (1)

Water balance equation:

(Qin − Q1 + Q2
2

)× ∆t = (A2 − A1)× dx (2)

The Manning formula:

Q =
A
n

R2/3S1/2
0 (3)

River section equation:
A = b × h (4)

Here, A1 and A2 are the cross-sectional areas of the grid at the beginning and end of
the period, respectively; Qin is the upstream inflow of the grid; Qside is the lateral inflow;
Q1 and Q2 are the grid outflows at the beginning and the end of the period, respectively; n
is the Manning roughness coefficient; R is the hydraulic radius; S0 is the slope gradient; b is
the width of the river channel; and h is the water depth.

(2) Refined simulation

Traditional hydrological simulation units are dominated by contour zones or large-
scale grids. The proportion of the land-use area is often used as a representation of
the change in the underlying surface conditions in the unit. This research was based
on the actual spatial distribution of land units to form a refined simulation unit with
independent land-use attributes. For the convenience of model preparation and precise
simulation, we compiled the model based on the country’s current land-use classification
method. Different land-use types corresponded to different hydrological parameters
and hydrological processes. Each simulation unit had a set of independent hydrological
parameters and an independent vertical hydrological cycle simulation process. In this
way, we calculated the hydrological process of each simulation unit and then conducted
further research.
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(3) Coupled simulation of surface and underground water processes

This paper adopted the groundwater simulation method used in the MODFLOW
model [17], which produces a better groundwater simulation. Based on Darcy’s formula,
the groundwater layer was subjected to three-dimensional finite difference, and the basic
equation was as Equation (5). In the model, the spatial resolution of the surface and
subsurface was kept the same (90 m × 90 m). In the time resolution, the simulation scale
of the surface was days, and the simulation scale of groundwater was months due to the
slow movement of groundwater. When all the grid daily scale simulations were completed,
a variable was used to accumulate the groundwater recharge, and the groundwater was
simulated once at the end of each month, and the variable was reset to zero at the same time.
In the calculation of soil water, it was judged whether the soil was saturated by setting
the soil saturation moisture content. Soil water content is closely related to runoff. During
the rainfall process, the soil may be saturated. At this time, part of the water is surface
runoff, and the other part is recharged to the groundwater at the rate of the saturated
infiltration rate.

∂

∂x
(Kxx

∂h
∂x

) +
∂

∂y
(Kyy

∂h
∂y

) +
∂

∂z
(Kzz

∂h
∂z

)− W = Ss
∂h
∂t

(5)

where K is the permeability coefficient in each direction; h is the groundwater level; W is
the amount of water flowing into or out of the grid; Ss is the unit water release coefficient;
and ∂h/∂t is the change rate of the groundwater level over time; x, y, z represents the
three-dimensional direction.

The connection between the surface and the groundwater was mainly reflected in the
variable W. W contained incoming water from six directions (front, back, up, down, left and
right), including infiltration recharge, water extraction from mining, evaporation consump-
tion, etc. In the simulation process, the groundwater level changed in real time due to the
change in W, which realized the coupling between the surface and the underground water.

2.2.3. Data Input and Preparation

Four types of data were used in this model: topography, meteorology and hydrology,
and underlying surface and river channels. The data details are shown in Table 3.

Table 3. List of data required for the model.

Category Data Year Data Resource

Topographic DEM / http://www.gscloud.cn

Meteorological

Precipitation

1953–2015 http://www.nmic.cn
Temperature
Wind speed
Sunshine time
Relative humidity

Hydrological Hydrological station runoff 1953–2015
Hydrology Department

Groundwater Groundwater level 2005–2015

The topographic data were based on DEM, ArcGIS was used for the hydrological anal-
ysis, and the results were converted into ASCII files for the model input. The meteorological
data included daily precipitation, temperature, wind speed, sunshine time and relative
temperature. The hydrological data comprised the monthly runoff data from hydrological
observatories. The groundwater level data were taken from groundwater observation wells.
The river channel data included the length, width and depth. The parameters involved in
the model were soil pre-water content, depression storage, vegetation coverage, leaf area
index, aquifer water storage rate, etc. The relevant parameters were distributed across the
space through the existing data and soil vegetation characteristics and then converted into

http://www.gscloud.cn
http://www.nmic.cn
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ASCII files, which were used as the input files of the model to realize the distribution of the
parameters. The input file formats in the model were text files and ASCII files. The tools
used to prepare the data were ArcGIS, MATLAB, etc.

This paper collected daily data from over 53 years—between 1963 and 2015—across
five weather stations and seven rainfall stations in the Sihe River Basin and surrounding
areas. The Thiessen polygon of the weather stations and the rainfall stations were calculated
by ArcGIS and converted into ASCII files, which were used as the model input files. The
Thiessen polygon of the weather stations and rainfall stations is shown in Figure 8.
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According to the requirements of model verification, combined with the information
available, the Shuyuan Hydrological Station was selected to calibrate and verify the model.
The data sequence was taken from the years between 1958 and 2015. The location of the
hydrological station, its catchment area and the location of the groundwater observation
wells are shown in Figure 9.

Water 2023, 15, x FOR PEER REVIEW 10 of 19 
 

 

According to the requirements of model verification, combined with the information 
available, the Shuyuan Hydrological Station was selected to calibrate and verify the 
model. The data sequence was taken from the years between 1958 and 2015. The location 
of the hydrological station, its catchment area and the location of the groundwater obser-
vation wells are shown in Figure 9. 

 
Figure 9. The location of Shuyuan Hydrological Station and groundwater observation wells. 

The underlying surface data included land-use data and soil type data. According to 
the land-use database (1:100,000), the four phases of the land-use data in the Sihe River 
Basin in 1985, 1995, 2005 and 2014 were extracted, as shown in Figure 10. In the model 
simulation, the land-use data were used in stages (the land-use data from 1985 were used 
for the simulation before 1990; the land-use data from 1990 were used for the simulation 
from 1990 to 2000; the land-use data from 2005 were used for the simulation from 2000 to 
2010; and the land-use data from 2014 were used for the simulation after 2010). 

  

Figure 9. The location of Shuyuan Hydrological Station and groundwater observation wells.

The underlying surface data included land-use data and soil type data. According to
the land-use database (1:100,000), the four phases of the land-use data in the Sihe River
Basin in 1985, 1995, 2005 and 2014 were extracted, as shown in Figure 10. In the model
simulation, the land-use data were used in stages (the land-use data from 1985 were used
for the simulation before 1990; the land-use data from 1990 were used for the simulation
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from 1990 to 2000; the land-use data from 2005 were used for the simulation from 2000 to
2010; and the land-use data from 2014 were used for the simulation after 2010).
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We extracted the soil types in the Sihe River Basin range from the national soil type
database (1:100,000). The soil types were divided into four categories in the model, so
the soil type data were reclassed, forming the soil type required for the model simulation.
By reviewing the Chinese soil database (http://vdb3.soil.csdb.cn/), we found the soil
classification belonging to the soil, which was in agreement with the other soil types in the
model. This newly classified soil type was converted to an ASCII file. The soil types in
the river basin are shown in Figure 11. The soil-related parameters included the following:
porosity, wilting coefficient, field moisture capacity, saturated water capacity, etc. These
parameters were used to determine the soil’s empirical value based on the soil type.
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2.2.4. Model Usage

The prepared data were unified into the input folder. The start and end dates of
the model simulation were set. Some of the parameters in the model were commonly
used parameters, but others were specific to the study area. The default parameters in the
model were replaced by the parameters that were specific to the study area, but the default
parameters were used for those not collected. The spatial resolution of the surface and
subsurface was kept the same (90 m × 90 m). In the time resolution, the simulation scale of
the surface was days, and the simulation scale of groundwater was months due to the slow
movement of groundwater. The model’s running process is shown in Figure 12.

Water 2023, 15, x FOR PEER REVIEW 12 of 19 
 

 

subsurface was kept the same (90 m × 90 m). In the time resolution, the simulation scale 
of the surface was days, and the simulation scale of groundwater was months due to the 
slow movement of groundwater. The model’s running process is shown in Figure 12. 

  
Figure 12. Schematic diagram of the model’s running process. 

2.3. Recognition Method for the Interaction Mechanisms between Water and Land Resources 
Since the 20th century, water resources and land resources have undergone profound 

changes due to the combined effects of “natural and artificial” processes. The continuous 
warming of the global climate, population growth, economic development, and the in-
creasing demand for water and land resources by humans have led to an increase in the 
conflict between the supply and demand of water and land resources [1,18]. Therefore, 
studying the interaction mechanisms between water and land resources plays an im-
portant role in alleviating the conflict between the supply and demand of water and land 
resources. 

In this study, the hydrological model compiled by the authors was used as a tool to 
simulate the water cycle processes in each grid and to study their interactions with the soil 
and land resources. Different underlying surface conditions had different effects on the 
runoff generation. The runoff coefficient in each grid unit was used to study the effects of 
land resources on water resources, and the NPP per unit of evaporation was used to study 
the effects of water resources on land resources. 

3. Results 
3.1. Model Calibration and Verification 

After debugging the relevant parameters of the hydrological model, the monthly run-
off in the Shuyuan Hydrological Station simulation was compared with the actual natural 
runoff process, and the relevant simulation index indicators were calculated, as shown in 
Table 4. The runoff process is shown in Figure 13. The typical groundwater simulation 
results are shown in Figure 14. The maximum relative error was approximately 40%, and 
the average relative error was 15%. The results of the basin evaporation simulation are 
shown in Figure 15. The correlation coefficient was 0.93, and the relative error was 3.9%. 

Table 4. Monthly runoff simulation effect indicator of Shuyuan Hydrological Station. 

 
Annual Average Runoff (108 m3) Relative Error 

(%) 
Nash  

Coefficient 
Correlation 
Coefficient Observed Simulation 

Calibration (1968~1995) 2.34 2.34 0.28 0.62 0.80 
Validation (1996~2015) 2.58 2.51 −2.98 0.64 0.85 

Note: The simulation time was 1953–2015, excluding the 5-year warm-up period, so the time for 
calibration and verification was 1968–2015. 

Figure 12. Schematic diagram of the model’s running process.

2.3. Recognition Method for the Interaction Mechanisms between Water and Land Resources

Since the 20th century, water resources and land resources have undergone profound
changes due to the combined effects of “natural and artificial” processes. The continuous
warming of the global climate, population growth, economic development, and the increas-
ing demand for water and land resources by humans have led to an increase in the conflict
between the supply and demand of water and land resources [1,18]. Therefore, studying
the interaction mechanisms between water and land resources plays an important role in
alleviating the conflict between the supply and demand of water and land resources.

In this study, the hydrological model compiled by the authors was used as a tool to
simulate the water cycle processes in each grid and to study their interactions with the soil
and land resources. Different underlying surface conditions had different effects on the
runoff generation. The runoff coefficient in each grid unit was used to study the effects of
land resources on water resources, and the NPP per unit of evaporation was used to study
the effects of water resources on land resources.

3. Results
3.1. Model Calibration and Verification

After debugging the relevant parameters of the hydrological model, the monthly
runoff in the Shuyuan Hydrological Station simulation was compared with the actual
natural runoff process, and the relevant simulation index indicators were calculated, as
shown in Table 4. The runoff process is shown in Figure 13. The typical groundwater
simulation results are shown in Figure 14. The maximum relative error was approximately
40%, and the average relative error was 15%. The results of the basin evaporation simulation
are shown in Figure 15. The correlation coefficient was 0.93, and the relative error was 3.9%.
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Table 4. Monthly runoff simulation effect indicator of Shuyuan Hydrological Station.

Annual Average Runoff (108 m3)
Relative Error (%) Nash

Coefficient
Correlation
CoefficientObserved Simulation

Calibration (1968~1995) 2.34 2.34 0.28 0.62 0.80
Validation (1996~2015) 2.58 2.51 −2.98 0.64 0.85

Note: The simulation time was 1953–2015, excluding the 5-year warm-up period, so the time for calibration and
verification was 1968–2015.
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3.2. The Effect of Land Resources on Water Resources in Sihe River Basin

The spatial distribution of the runoff coefficient is shown in Figure 16. The runoff
coefficients of the mountainous areas in the north and south were smaller than those in
the central plains. From the 1980s to the present day, the runoff coefficient in mountainous
areas has been decreasing, and the runoff coefficient in the plain areas first decreased and
then started to increase. From the perspective of land-use types, the runoff coefficient of the
grassland areas was greater than that of the cultivated land and woodland areas. From the
perspective of topography, basins had the largest runoff coefficients, and hills and plains
had similar runoff coefficients. From a time perspective, the runoff coefficients after the
year 2000 were higher than they were before the year 2000.
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3.3. The Effect of Water Resources on Land Resources in the Sihe River Basin

The spatial distribution of the ratio of NPP to evapotranspiration is shown in Figure 17.
The ratios in the north and south were smaller than those in the middle. From the 1980s to
the present day, the ratio of the river basin between 2000 and 2010 was higher than in other
periods. From the perspective of land-use types, the NPP produced per unit of evaporation
in the cultivated land was larger than that in the forest areas, the construction site area was
larger than that in the grassland areas, and the cultivated land was approximately 10 times
larger than that in the forest land. From the perspective of landform types, basins were
larger than plains and hills. From the perspective of time, the average time after 2000 was
lower than before 2000.
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4. Discussion
4.1. Model’s Performance Evaluation

A complete model evaluation was conducted for the entire period, and the results
are shown in Table 4 and Figures 13–15. The dividing time period between the calibration
period and the verification period was 1995. The simulated value of the peak surface runoff
at the calibration period appeared later than the observed value, and the simulated peak
value during the verification period was close to the observed value, which resulted in
the correlation coefficient during the calibration period being smaller than that during the
verification period. Under the same rainfall conditions, the runoff during the verification
period was greater than it was during the calibration period. This resulted in a relative
error during the verification period that was greater than it was during the calibration
period. Circa 1990, the distribution of rainfall during the flood season (between June and
September) changed. Before the 1990s, the multi-year average percentages of June, July,
August and September of the total rainfall during the flood season were 18.2%, 42.5%, 24.7%
and 14.5%, respectively. However, after the 1990s, the multi-year average percentages of
June, July, August and September of the total rainfall during the flood season were 16.6%,
37.6%, 32.4% and 13.3%, respectively. The change in the distribution of rainfall during the
flood season is one of the reasons for the change in the relationship between the rainfall
and runoff [19,20]. In addition, after the 1990s, the rapid development of urbanization
and the intensification of human activities led to huge changes in the underlying surface.
From the 1980s to the present day, cultivated land in the river basin has decreased by
3.2%, forest land has decreased by 0.7% and grassland has decreased by 2.7%, whilst
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water bodies have increased by 1.4%, and residential/industrial land has increased by 5%.
This is another important reason for the changes in the relationship between rainfall and
runoff [21]. Compared with previous studies, the simulation results for the total runoff in
this study were better, but the correlation coefficient and Nash coefficient were lower [22].
Therefore, there is room for further improvement in this model.

The refined distributed hydrological model devised in this study has three advantages.
First, it was classified according to the data reprocessing. Second, the hydrological cycle
models of the different underlying surface types were compiled, which can be used to
study the water cycle processes of different underlying surface types. Third, each grid unit
had its own vertical water cycle process, which can be used to study the spatial law of the
water cycle.

In this study, the coupling between the simulations of the surface and underground
water processes were considered while compiling this model. Absorbing the advantage of
the WEP model and the MOFLOW model, a new set of models were rewritten to make the
model simulation elements more comprehensive, the simulation method more complete
and the simulation results more reasonable.

4.2. The Impact of Land Resources on Water Resources

Due to the combined effects of human activities and the environment, the types and
functions of land use are constantly changing [23]. These changes also profoundly affect
the water cycle processes in river basins [24]. This study simulated and calculated the
spatial distribution of runoff coefficients. The results showed that the runoff coefficient
was as follows: residential/industrial land > grassland > forest land > cultivated land.
This is because the soil infiltration capacity of cultivated land is greater than that of other
land-use types [25]. From the perspective of vegetation coverage and the leaf area index,
residential/industrial land was the smallest, while forest land, grassland and cultivated
land showed seasonal changes, which led to different effects on evapotranspiration and
rainfall interception [26]. The runoff coefficient of the basin was greater than that of the hills
and plains, mainly because most of the residential/industrial land and water bodies are
distributed in the basin, and the direct runoff method is dominant in residential/industrial
land [27]. Human activities and climate change are leading to extreme rainfall and are
affecting runoff coefficients [28,29]. Science in the 20th century and the continuous de-
velopment of farming technology (e.g., subsoiling, etc.) has improved the landforms of
farmland areas. Furthermore, the infiltration capacity and the water storage capacity of the
soil have also been improved, resulting in a reduction in the runoff coefficient [18]. Forest
and grassland areas have a strong water-holding capacity; however, due to rainwater being
intercepted by leaves and litter, the precipitation is mostly returned to the atmosphere in
the form of evaporation [30]. In the process of runoff generation, the main runoff method
on cultivated land is infiltration excess runoff, while in forest and grassland areas it is
saturation excess runoff. Moreover, evapotranspiration in forest and grassland areas is
higher than it is on cultivated land, which makes the runoff coefficient of cultivated land
higher than that of the forest and grassland areas.

4.3. The Impact of Water Resources on Land Resources

NPP refers to the total amount of organic carbon that has been fixed by vegetation
through photosynthesis (per unit area and unit time), with its own respiration consumption
for plant growth deducted [31]. Different types of land grow different types of vegetation,
which leads to different levels of photosynthesis, which, in turn, affects the production
efficiency of the land [32]. The land-use pattern is the main factor that affects NPP [33],
and water is the main factor that affects photosynthesis [34]. NPP reflects the ability of
plants to accumulate organic matter during growth [35], but it does not reflect the efficiency
of water resources. In this study, the ratio of NPP to evapotranspiration was used to
study the impact of water resources on land resources. The NPP per unit area was as
follows: forest > cultivated land > residential/industrial land > grassland. However, the
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evapotranspiration per unit area was as follows: forest > grassland > residential/industrial
land > cultivated. The results showed that the highest NPP per unit of evapotranspiration
was in cultivated land, which was approximately 10 times that of forest land. This showed
that, from the perspective of the impact of water resources on the productivity of land
resources, the efficiency of cultivated land was the highest. Imhoff et al.’s research also
showed that the occupation of cultivated land in the process of urbanization leads to
a decrease in NPP [36]. Weinhold’s research in the Amazon region showed that land
productivity declines when forest land is converted to cultivated land [37]. Similarly,
scholars have studied the water use efficiency of ecosystems through the ratio of the
photosynthetic CO2 assimilation rate to the ET rate [38]; the ratio of net ecosystem carbon
exchange to the ET (NEE/ET) [39]; and the ratio of the gross primary productivity to the
ET (GPP/ET) [40]. The results showed that forest land is larger than grassland, which is
consistent with the research results of this study.

5. Conclusions

In this study, we attempted to couple surface water and groundwater cycle simulations
and to write a hydrological model in Python. The monthly runoff and annual groundwater
level tests showed that the model was effective for surface water simulations, but that the
groundwater station simulation needs to be further improved. For this paper, we studied
the spatial distribution of the surface runoff coefficient and the mutual influence of water
and land resources.

The results showed that forest land had an obvious effect on runoff regulation. The
main reason for this was the influence of the soil water content and evapotranspiration.
Among the topographical factors, slopes had a greater influence on runoff generation. The
NPP produced by the average unit of evapotranspiration in cultivated land and basins
was the largest. This showed that units’ water resources showed the greatest efficiency
in cultivated land. Hills showed the least water efficiency, mainly because they are not
suitable for production and planting due to the influence of the terrain.

In the process of compiling the hydrological model used in this study, the underground
simulation did not consider the exchange relationship between the river channel and
the soil vadose zone, nor did it consider the influence of groundwater recharging and
evaporation. In addition, the influence of vegetation growth and root changes on water
absorption was not considered in the process of the soil water cycle simulation. In the
future, to improve the model, it will be necessary to further strengthen the research into
these physical mechanisms through field experiments and indoor simulations.
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