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Response characteristics of soil moisture to rainfall for a single grass
vegetation in the urban area

— A case of regional grassland in Yangzhou City

Jinbai Huang?!*, Jiawei Wen?, Diwen Luo?, Chaofan Zhu?!

(College of Hydraulic Science and Engineering of Yangzhou University, Yangzhou, Jiangsu,
China, 225009; College of Information Engineering of Yangzhou University, Yangzhou, Jiangsu,

China, 225127)

Abstract: A regional grassland with Bermudagrass in Yangzhou City was adopted as the study
location. Based on the analysis of the different rainfall events and soil water content data in the same
periods, the response characteristics of infiltration to rainfall were revealed in a certain degree. The
surface resistance parameters (s) are calibrated according to the soil water content at the depths of
a range for 0-30 cm and of the root layer (0-10 cm). Penman-Monteith (P-M) equation was adopted
to estimated the hourly evapotranspiration (ET) over the Bermudagrass lawn of the soil layers for
the depths of 0-30 cm (ET30) and 0-10 cm (ET1o), respectively. Applicability of HY DRUS-1D model
for simulating soil water content at different depths was validated. The results indicated that the
infiltration depth generally varies with the rainfall event grade, and on the whole, the infiltration
depth increases with the improvement of amount of rainfall; the response time for the soil water
content in root layer is much shorter with the less soil water content in the topsoil (0-5.5 cm); the
increase rate of soil water content raised with increasing of rainfall intensity in the state of
unsaturation; ET1o accounts for about 78% of ET3o, which demonstrates the water consumed by ET
is mainly provided by the soil water in the root layer. the rationality of the results of different rainfall
events and infiltration depth achieved by the analysis of the observed data were verified via

numerical simulation using Hydrus-1D.

Keywords: urban; grassland; rainfall; soil water; ET; Hydrus-1D; infiltration

1. Introduction
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Land use and land cover change widely occurs during urbanization (Zhang et al., 2020). Accelerated
urbanization continues to convert natural lands to impervious surfaces, resulting in serious impacts
to the environment, and affecting the growth of urban plants(Song et al., 2015). The process of
urbanization alters the hydrological performance of an area (Armson et al., 2013), urbanization
brings a range of environmental challenges as a direct result of the biochemical and physical changes
to hydrological systems(Fletcher et al., 2013; Zang et al., 2019). Decreases in the water retention
function of various artificial disturbed landform units caused by urbanization activities, compared
to original landform units, are the main factor that causes urban water and soil loss and the
aggravation of urban floods under certain rainfall conditions and specially designed drainage
network capabilities(Baek et al., 2015; Shi et al., 2016). Urban grasslands are expanding rapidly
along with urbanization, which is expected to increase at unprecedented rates in upcoming decades.
Grassland surface represented that compared with the impervious area, grassland was able to
effectively delay time to runoff(Liu et al., 2020). The large and increasing area of urban grasslands
and their impact on water justify the need for a better understanding (Duan et al., 2013). Grassland
is an indispensable part of urban green space ecosystem, plays an important role in improving
regional ecological environment, regulating hydrological cycle and reducing loss of soil and water
(Livesley et al.; 2010; Xiong et al., 2014; Xu and Cheng 2019; Yang et al., 2020). Soil moisture
plays a critical role in land surface-plant-atmosphere interactions, and direct impacts on food
security, human health and ecosystem function (Huang and Shao, 2019). Evapotranspiration (ET)
is an important hydrological process in the water cycle and plays a key role in the energy budget

and water balance of the earth-atmosphere system (Zhang and Shen, 2007; Zhao et al., 2018). It is

of great significance to study the change characteristics of soil moisture and ET of grassland
vegetation under the background of urbanization to improve the urban ecological environment and
enhance the construction level of sponge city. So many studies indicated that rainfall affects the
change of soil moisture. Wiekenkamp et al(2016) performed a research on spatial and temporal
occurrence of preferential flow in a forested headwater catchment used the preferential flow model
and found that rainfall had a great influence on soil moisture. Liu et al (2020) analyzed the variation
characteristics of soil moisture parameters in the process of rainfall, and proposed that rainfall

amount was the most prominent rainfall feature for controlling soil moisture response. Chen et al
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(2020) conducted a research on response of soil moisture to rainfall event in black locust plantations
at different stages of restoration in hilly-gully area of the Loess Plateau, China and found that rainfall
infiltration mainly occurred in the 0—60 cm soil depth, rainfall infiltration was mainly jointly
influenced by rainfall attributes and soil properties (etc). In order to reveal the response
characteristics of soil moisture of grassland vegetation to rainfall under the background of
urbanization, in the current study, an urban regional grassland was adopted as the study location.
Analysis of the infiltration characteristics for the different rainfall events were carried out, ET over
grassland in the study area was calculated and evaluated, and the infiltration depth for the different
rainfall events was verified via numerical simulation by using HYDRUS-1D. The results of the
current study are expected to provide the scientific basis for the further studies on soil moisture of
grassland for urbanization and the improvement of urban ecological environment based on the

development of grassland.

2. Materials and methods

2.1 General situations of the study area

Yangzhou City is located in the middle of Jiangsu Province, the southern of Jianghuai Plain. The climate
belongs to a subtropical humid monsoon. Annual average temperature is 16.1 °C. Annual average rainfall
is about 1000 mm while 67% of the total is concentrated in main rainy season from May to
September(Zhou et al., 2019). Yangzhou is one of the national ecological garden cites of China. There
are many green spaces and parks in the urban area, with the green coverage rate of 44.03%, which
plays an important role in improving water circulation and reducing waterlogging in Yangzhou
urban area.

A regional artificial lawn in Yangzijin Campus of Yangzhou University was chosen as the study
area, which is located in the southwest of Yangzhou City (Geographical coordinates of a control
point: 32 ©20'58 " N, 119 © 23'51" E; area: 340m?). The study area is covered with a single species
of grass-Bermudagrass, and the coverage is nearly 100% (Fig. 1). Bermudagrass is a perennial warm
season herb with the main growth period from May to September. It has the characteristics of
drought resistance, weed resistance and strong adaptability, with root depth of 8-10 cm. As a main

green grass, Bermudagrass has been widely planted in parks, communities and schools in southern
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China.
According to the field survey, the 0-60 cm soil in the study area is mainly silty loam, the
groundwater (phreatic water) level varies with seasons, about 2-5m from the ground. There are many

buildings and impervious pavement around the study area.

(@) (b)

Fig. 1 Grass cover (partial view) and field observations at the study area

2.2 Data acquisition

An automatic weather station (mode: U30-nrc-10-s100-000; Onset Company, USA) was set up in
the study area to record hourly temperature, rainfall, solar radiation, wind speed, and relative
humidity. The observation point elevation is 14 m, and the equipment height is 2 m (Fig. 1b). Soil
water contents were observed by using soil moisture meters (mode: H21-002; Onset Company, USA)
on two sites, the observation depth on one point (P1) is 10 cm, 25 cm and 40cm, while on another
point (P2) is 5 ¢cm, 15 cm, 30 cm and 60 cm, respectively.

To evaluate the response characteristics of soil moisture in root layer of Bermudagrass lawn to
different rainfall processes, soil simple experiment was carried out according to the weather forecast

information. The topsoil (0~5.5cm) of the soil water content on P1 was sampled and weighed

before each rainfall, and then weighed after drying to determine the initial water content of the
topsoil soil. Meanwhile, a tipping bucket rain gauge (mode: 7852M-L10, Onset Company, USA)
was used to measured rainfall by an interval of 10 min, while soil water content on P1 (10, 30, and
60cm) was measured every 10 min during the periods of 10min rainfall observation.

Additionally, the soil samples at different depths in the study area were collected. Laser particle



105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

size analyzer (model: Mastersizer 3000E; Malvern Copmpany, UK) was used to measure the
particle composition of soil samples, and the particle size distribution (percentage content of clay,

sand and silt) was obtained.

2.3 ET calculation

Penman-Monteith (P-M) equation (E.q 1) is adopted to calculate ET over grassland in the study

area, as it is widely used in the calculation of ET over various vegetation (Longobardi and Villani

2013; Hadi and Farah 2018; Djaman et al., 2019).

AR, ~G)+c,p &%)
ET= fs
|[A+}/(1+:—5)] (1

a

where, | is the latent heat of vaporization (MJ-kg™); ¢, is the specific heat of air at constant pressure

(1.0x103MJ kg - K-"); 4 is a slope of the saturation vapor-pressure at air temperature (kPa-K-'); R,
is the net radiation (MJ-m>-h'"); G is the soil heat flux (MJ-m2-h"); p is the air density at constant
pressure (kg-m); y is the psychometric constant (kPa-K™"); e, is the saturated vapor-pressure at air
temperature (kPa); e, is the actual vapor-pressure (kPa); r, and r, represent the aerodynamic
resistance and the surface resistance, respectively, (s-m™).

The calculation methods of each factor in equation (1) was introduced in Zhou et al (2019).
The surface resistance (rs), which controlled by soil water content for the soil layer depth of 0-30cm
(rs30) and for the root layer (depth about 10cm) was calibrated, respectively, according to Kumura
et al (2005) and Zhou et al (2019), the results were determined by equation (2) and equation (3),

respectively.

s = 26 498exp(—4.7846,, ) )

I = 21980exp(~1.2586,,) 3)

where, 63 is the average soil water content in the soil layer of 0-30cm (cm?-cm™); i is the soil

water content for the depth of 10cm (cm?-cm™).
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2.4 Hydrus-1D model development

2.4.1 Basic equations

Simulations of soil water content at different depths were performed with Hydrus-1D model to
validate the infiltrated depth for the different rainfall events. Richards’ equation was used in Hydrus-
1D numerically solves the soil moisture movement in variably saturated porous media (Narjary et
al., 2020; Fairouz et al., 2020). Richards’ equation (E.q 4) with water content as the dependent
variable is used to construct the water transport model.

%ZQ[D(Q)%}_M_S
ot oz oz oz

K(6)=K6, {1—(1—951)”‘} (4)

o =gma=[r ] mea-Loemas, sy

where, 0 represents the soil water content (cm?®-cm); ¢ is time factor (h); z is the vertical distance
from the ground (soil depth), the coordinate is positive downward (cm); D(0) is the soil water
diffusivity (cm?-h!); K(6) is the unsaturated hydraulic conductivity (cm-h™!); S'is the source (or sink)
of soil water, which represents the water absorption rate of crop root (cm-h™"); K; is the saturated
hydraulic conductivity (cm-h™); &, 0s, and 6: are the effective, saturated and residual water content
(cm?*-em?); « and n represent the empirical shape parameters, m = I-1/n; [ is a pore connectivity

parameter; 4 is soil matrix potential (cm).

2.4.2 Definite solution conditions

The initial condition is the observed value of soil water content at the beginning of calculation. The
upper boundary condition is set as the atmospheric boundary condition with surface layer which
includes hourly (1h series) rainfall and potential evapotranspiration (ETo). Hourly ETo was
estimated by Penman-Monteith model which recommended by FAO 56 (Allen et al., 1998). The
lower boundary is located in the unsaturated zone because it does not reach the phreatic layer, so it

is set as the free drainage boundary. The definite solution conditions are represented as equation (5).
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0(z,t)=6,(z),t=0
a—h+K(¢9)} =0, (t),t>0 (5)

{—D(@) x )

O(L,t)=6,(t),t>0

where, & is initial soil water content (cm?-cm); go (£) is soil water flux (cm-d!); L is the vertical

depth of the lower boundary (cm); @ (?) is soil water content at the lower boundary (cm?-cm).

2.4.3 Parameter calibration

According to the screening results of soil particle size achieved by the experiments of particle
composition of soil samples (Table 1), Rosetta module based on neural network is used to
preliminarily determine the parameters of saturated water content &, residual water content & and
saturated hydraulic conductivity Ks (etc)(Li et al., 2015). On this basis, comparisons between the
Hydrus-1D calculated results and the measured soil water contents at various depths (5, 15, 30,
60cm) were performed. Adjustment of each parameter values and repeated model calculation were
carried out to reduce the difference between the simulated results and the measured one, so as to

achieve the calibration of parameters (Table 1).

Table 1 The measured data of soil physical properties and main parameters obtained by combined using

Rosetta and model calculation

Sand grain Silt Clay
95 er a Ks
Soil depth % % % n |
cm’/cm®  cm’/cm? cm’! cm/min
50~2000pm 2~50pm <2um
0~10cm 27.10 65.71 7.19 0.35 0.045 0.0047 1.23 2.08 0.5
10~20cm 21.78 69.76 8.48 0.37 0.051 0.0046 1.23 2.33 0.5
20~40cm 17.72 74.05 8.24 0.36 0.056 0.0048 1.33 1.85 0.5
40~60cm 19.33 71.23 9.45 0.37 0.053 0.0045 1.42 1.43 0.5

3. Results and discussion

3.1 Response time of soil moisture in root zone to rainfall
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Six periods with rainfall events during April to June in 2019 were chosen to analyze the changes of
soil water content for different rainfall processes, and to estimate the response time of soil moisture
in root layer to rainfall. The response time of soil moisture in root layer refers to the time from the
beginning of rainfall to the beginning of soil water content change at the depth of 10 cm. The soil
water content in topsoil (5.5cm) and response time of the soil depth of 10 cm for each rainfall event

are shown in Table 2.

Table 2 Response times of the soil water content to the different rainfall events in the grass root zone

at the depth of 10cm
Soil water content before rainfall/cm?-cm
No. Response time / min
Topsoil / 5.5¢cm) Root zone /10cm
1 0.215 0.322 620<r<<630
2 0.021 0.201 <10
3 0.023 0.195 <10
4 0.045 0.254 <10
5 0.187 0.329 50<t<60
6 0.131 0.310 30<r<40

Note: the response time is expressed by a time interval of 10 minutes as the unit time of rainfall and soil water content

is set to 10 min.

The temporal process of each rainfall event and the change of soil water content at different
depths are shown in Figure 2. In a period from April 28" 13:00 to April 30 13:00, amount of rainfall
is 6.4 mm with the maximum intensity of 0.42 mm-min"!. The response time is more than 10 h due
to the frequent rainfall interruption, the short durations and small amount of periodic rainfall(Fig.
2a). Meanwhile, As Bermudagrass lawn with high coverage and dense, vegetation interception and
ET consume most of the rainfall, and there is no effective infiltration within a few hours after the
rainfall. After the soil water content at depth of 10cm (root layer) reached the peak, the soil water
content at depth of 25 cm increased slowly, while the soil water content at depth of 40 cm remained

relatively stable (Fig. 2a).
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Fig. 2 Changes of the soil water content under the different rainfall events

The change processes of the soil water content at the depths of 10, 25 and 40 cm in a period
from May 25th 21:00 to May 27" 17:00 were depicted in Figure 2b. A relatively concentrated
rainfall event occurred on May 26™ with the rainfall amount of 12.6 mm and the maximum intensity
of 0.20 mm-min‘'; the response time of root layer to rainfall within10 min, and the increase range
of soil water content in root layer is significantly affected by rainfall intensity; while the soil water
content at 25 cm and 40 cm remained stable. The main reasons are that the original soil water content
in topsoil was low before the beginning of rainfall (Table 2), and the soil water content in root zone
did not attain saturation after the end of rainfall, and the soil water content below 25 c¢m had not
gotten recharged from infiltration.

Figure 2¢ shows that a rainfall event occurred from June 5% 22:00 to June 6 11:00 with rainfall
mount of 30.4 mm and the maximum intensity of 0.46 mm-min-'; the water content in topsoil was
low before rainfall, and the response time to rainfall was less than 10 min; the soil water content in
root zone increased slowly when the rainfall intensity is small and the increase rate improved with
the increasing of rainfall intensity. Soil water content in root zone increased significantly during the
5:50-6:20 and 9:10-11:20 on June 6 as the maximum rainfall intensity reached 0.20 and 0.46
mm-10 min"! in these two periods, respectively, which indicates that rainfall intensity greatly
impacts on the change of soil water content in root zone. The soil water content at 25 cm began to
rise slowly from the time of the maximum rainfall intensity, while the soil water content at 40 cm
remained stable.

Figure 2d represents the temporal change process of the soil water content at the depths of 10,
25 and 40 cm from June 17 18:00 to June 18™ 22:00 and a rainfall event occurred in a period from
June 17% 20:00 to June 18" 9:00 with the rainfall amount of 14 mm and the maximum intensity of
0.14 mm-min’'; the response time of water content at the depth of 10 ¢m to rainfall is within 10 min,
and the soil water content at 25 cm increased slightly when the rainfall intensity reached the
maximum, while the soil water content at 40 cm remained stable.

A relatively concentrated rainfall event occurred on June 20% (14:00 to 20:00) with the rainfall
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amount of 8 mm and the maximum intensity of 0.08 mm-min'; The response time of water content
at 10 cm to rainfall is 50-60 min, the soil water content at 25 and 40 cm remained stable during the
process of this rainfall (Fig. 2e).

Figure 2f represents the temporal change process of the soil water content at the depths of 10,
25 and 40 cm from June 17% 18:00 to June 18" 22:00 and a rainfall event occurred in a period from
June 28" 22:00 to June 29" 7:00 with the rainfall amount of 14 mm and the maximum intensity of
0.48 mm-min’'; the rainfall duration is relatively short and the intensity is comparative large; the
response time of water content at 10 cm to rainfall is 30-40 min. The main reasons are that the initial
soil water content in topsoil and root zone were relatively higher before rainfall (Table 2), which
resulted in the infiltration rate decreased.

Sum up the above analysis, the response time of soil water content in root zone to rainfall is
affected by the actual rainfall process and underlying surface conditions. Generally, with the
increase of rainfall intensity, the response time of soil water content in root zone to rainfall is shorter.
Under the condition of the little difference of rainfall intensity, the lower the initial water content in
topsoil causes the shorter response time of root layer to rainfall, and the faster infiltration rate of
topsoil. The main reason is that the smaller water content of the soil results in the lower soil water
potential, and the suction of water increased, the infiltration rate improves. From beginning of
rainfall to a short time span after the end of rainfall, the water content below 25 ¢cm can not or can
only get a small amount of effective infiltration recharge, while the soil water content at 40 cm
remained relatively stable, which indicates that the grassland vegetation in the study area has a
strong interception function. Before the soil water content in root zone reaches saturation, soil water
content is significantly impacted by rainfall intensity, the bigger rainfall intensity causes the faster
increasing rate of soil water content. Yang et al. (2008) obtained the similar results in an another
research conducted on the Loess Plateau, China. However, due to the limitation of observed data,
quantitatively evaluation for the relationship between the change of rainfall intensity and the

increment of soil water content in root zone have not performed in the current research.

3.2ET

Hourly ET of the soil layer for the depth of 0-30cm (ET30) and of the root zone (ET1¢) were estimated
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by using the calibrated surface resistances of 7530 and 710, respectively. The estimated period is from
July 2018 to June 2019, which included the main growth period of grass, and the results can
represent the change process of ET over grassland (Bermudagrass lawn). ET30 and ET10 are shown
in Figure 3. The maximum ETio and ET30 are 1.04 and 1.11 mm, respectively, ET3 is higher than
that of ET o at the corresponding time. Whereas, the temporal change processes of ET 1o and ET3o
are similar, and the correlation coefficient is 0.99. Seasonal ET changes obviously, ET exhibits
comparatively high values in the main growth period of grass from June to September, while
exhibits relatively low levels in non-main growth period (January, February, December, etc).
Accumulated values of ET30 and ET1o are 396 and 309 mm, respectively, which accounted 39.6%
and 30.9 % of the rainfall in the same period. Accumulated value of ET1o is 78% of that of ET3o,

which indicates that soil water in the root zone provides the main part of the consumed water by ET.
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Fig. 3 Calculated results of hourly ET30 and ET1o

Figure 4 shows the randomly selected results of hourly ETo on 4 non-rainfall days in different
seasons. The maximum difference of ET;¢ between two adjacent hours is 0.10 mm on October 1%
2018, and daily ET)o is 0.41mm. on December 30" 2018, ETjo did not show obvious fluctuation
and its maximum difference between two adjacent hours is 0.03 mm, and daily accumulated value
is 0.28 cm. On April 7" 2019, ETjo exhibited fluctuations in different ranges, the maximum
difference value between two adjacent hours is 0.09 mm, and the daily accumulated vale was 0.49
mm. ETo fluctuated frequently on June 30™ 2019, the maximum difference value between two
adjacent hours was 0.37 mm, and daily accumulated value was 2.91mm. Daily ETo generally

increases from a certain time in the morning, then decreases gradually after reaching the peak, and
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approaches to 0 after a certain time in the evening. When the meteorological factors (such as
temperature and solar radiation), which significantly affect ETo, change obviously in a certain
period of daytime, ETio shows a fluctuating upward or downward trend. During the main growth
period from June to September, soil water content and the main meteorological factors, which
significantly affect ET, mostly maintain annual comparative high levels cause the relatively big

value of accumulated daily ET1o. Daily change of ET1 in winter is smaller than that in other seasons.
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Fig. 4 Daily change of ETy,

3.3 Amount of rainfall and infiltration depth
The 8 rainfall events and the observed soil water content on P2 (at depths of 5, 15, 30 and 60 cm)
in the same periods were chosen for the analysis to explore the relationship between amount of
rainfall and infiltration depth. The grades of 8 rainfall events are classified (Table 3), according to
the classification standard of China Meteorological Administration.

The maximum duration of the selected rainfall event is 23h. In order to ensure the sufficient

infiltration for each rainfall event, the periodic time of 4 day was adopted for analyzing each rainfall

event and infiltration. The amount of rainfall and the infiltration depth of each period are shown in

Table 3, the change of soil water content at different depths is shown in Figure 5.

Table 3 Index of the 8 rainfall events and infiltration depth

Grade of rainfall Rainfall Infiltration
The periodic time Rainfall concentrated time
event amount /mm depth / cm
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Heavy rain
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Rain storm
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Fig. 5 The change of soil water content at the depths of 5, 15, 30 and 60 cm during the selected 8 periods

Figure 5a shows the changes of soil water content at the 4 depths (5, 15 30 and 60 cm) during
the period from October 8% to October 11th in 2018. Rainfall mainly concentrated on October 9",
and amount of rainfall was 4.8 mm (Table 3). Soil water content at the 4 depths remained stable,
that is, the rainwater infiltration did not reach the depth of Scm. The main reason is that the
Bermudagrass lawn vegetation has a strong interception function that effective infiltration of this
rainfall event did not occur. A relatively concentrated rainfall event occurred in a period from 22:00

on May 30 to 7:00 on May 31* with rainfall amount of 8.9 mm. Soil water content at the depth of
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5 cm increased obviously due to rainwater infiltration, while soil water content of 15, 30 and 60 cm
remained stable during the 4 days (2018.05.30-06.02). The above two rainfall events belong to light
rain, the amount of rainfall of the second rainfall event (8.9mm) is more than that of the previous
one (4.8mm), and its infiltration depth is also greater than that of the previous one.

Two moderate rains happened on July 22" to July 23" and April 5" 2018 and amount of the
two rainfall events were 17.8, 24.0 mm, respectively. Soil water content at 5 and 15 cm rose
obviously due infiltration cause by the two rainfall events, whereas soil water content at 30 and 60
cm remained stable, that is, the infiltration depth was less than 30 cm (Fig. 2c, Fig. 2d).

Two heavy rainfall events occurred on August 13" 2018 and June 6™ 2019 with amount of
rainfall of 37.6 and 41.2 mm, respectively. Soil water content of 5, 15 and 30 cm increased in
different degree due to infiltration; soil water content at 60 cm remained relatively stable during the
rainfall occurrence and after the end of rainfall on August 13, 2018, which indicated that rainfall
infiltration did not reach 60 cm (Fig. 2¢). Due to infiltration effect of the rainfall event on June 6,
2019, soil water content of 60cm increased slightly (Fig. 2f), that is, the infiltration of this rainfall
event reached 60cm.

Two rainstorms occurred on May 24 to 25" 2018 and August 10th to 11th 2019 with rainfall
amount of 107 and 55 cm, respectively. Soil water content at 5, 15, 30 and 60 cm visibly increased
and the infiltration depth exceeded 60 cm.

The analysis results of randomly selected rainfall events (including but not limited to the above
8 rainfalls) and the change of soil water content in the same period indicated that the infiltration
depth generally varies with different amount of rainfalls. The more amount of rainfall generally
resulted in the greater infiltration depth. To the study area (Bermudagrass lawn), the infiltration
depth of light rain is generally less than 15c¢m, and that of moderate rain is mostly less than 30cm;
while the infiltration depth of heavy rain is generally more than 30cm (partial more than 60cm), and
the infiltration depth of rainstorm is even greater (> 60 cm). Such results are basically consistent

with those of Wu et al. (2018), which achieved by a similar research.

3.4 Validation of Hydrus-1D

Root mean square error (RMSE, E.q (6)) and Nash efficiency coefficient (NSE, E.q (7)) were
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combined used to evaluating the simulation error of Hydrus-1D. RMSE represents the average error
between the simulated result and the measured one, its value is much closer to 0, the error is smaller,

and the simulated results is much accurate. NSE characterizes the model efficiency, the model is

more reliable in case of its value is much closer to 1.
1 n 2 (6)
RMSE = —Z:(Si -0, )
Nz

NSE=1-‘“L — (7)

where, S; and O; represent the simulated value and the measured one; O, is average value of the

measured results.

Hourly series simulation of soil water content at the depths of 5, 15, 30 and 60 c¢m in a period
from April 4 2018 to September 19" 2019 (total 1281h) was carried out by using Hydrus-1D, the
results are shown in Figure 6. Figure 6 depicts that the simulated results of soil water content at
different depths appropriately reproduce the change process of the measured results. However, slight
differences exist in the simulated results of soil water content at different depths. The difference
between the simulated result and the measured value for the depth of Scm is periodically larger than
those of other 3 depths (Fig. 6). RMSE of the simulated result of 5 cm is the maximum (0.034
cm?-cm®) while NSE is the minimum (0.77) among the errors of the 4 depths (Table 4), which
indicates the simulation error of the 5 cm is the maximum. With the increase of depth, the simulation
accuracy increases (Table 4). Soil water content of Scm is significantly affected by rainfall
infiltration and ET, and the function of Hydrus-1D for soil water simulation is limited to the vertical
movement, and without calculation function of the horizontal diffusion. In the process of vertical
calculation of soil water, vegetation interception is regarded as partial ETy, which can not be
accurately estimated in the rainfall process (Sutanto et al., 2012). Because the root depth of
Bermudagrass is about 10 cm, with the increase of depth, the effect of ET and rainwater infiltration
on soil water content gradually decreases, and the accuracy of simulation results gradually increases.

Although the simulation error of Scm is the maximum among those of the 4 depths, however, the



353  simulated results are still with comparatively higher accuracy as NSE is approximately 0.80. The
354  results of error evaluation exhibit that Hydrus-1D is applicable to the simulation of soil water

355  content in the study area, and the simulation results have relatively high accuracy.
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369 (Sim: simulated result; Obs: observed value)
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Table 4 Index of the simulation errors

Depth S5cm 15 cm 30 cm 60 cm
RMSE 0.034 0.022 0.015 0.012
NSE 0.77 0.78 0.83 0.84

3.4 Model validation of infiltration depth

To verify the rationality of the results on the relationship between rainfall amount and
infiltration depth for different rainfall events based on the analysis of observation data (Fig. 5), the
observed results of 8 rainfall events (Table 2), the measured and simulated results of soil water
content at different depths in corresponding time of each rainfall concentrated period were extracted
and processed as shown in Figure 7.

Figure 7a depicts that during the light rain event on October 9, 2018, and before and after it,
the measured results of soil water content of 5cm remained stable, while the simulated results
slightly increased during the rainfall concentrated period. In the process of Hydrus-1D calculation,
rainfall caused water input at the model upper boundary and soil water content in the model
increased, which resulted in slight difference between the measured results and simulated one of
soil water content at depth of 5 cm. It thereby confirms that the Bermudagrass in the study area has
a strong interception effect. Figure 7b shows the change of soil water content during another light
rainfall event happened on May 30" to 315! in 2018, and before and after it. The measured value and
the simulated one of soil water content at 5 cm increased in a similar increment, whereas, the
measured and simulated results of soil water content at 15 ¢m remained stable, by which the
rationality of the relationship between amount of rainfall and infiltration depth for light rain (Fig.
Sb) is verified.

The simulated results of soil water content for the two moderate rainfall events (Table 3) show
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that soil water content at depth of 30 cm did not change, while obviously increased at the depth of
15 em (Fig. 7c, Fig. 7d). The simulated results are consistent with the analyzed results of relationship
between moderate rainfall and the infiltration depth (Table 3).

The simulated results of soil water content for heavy rain show that infiltration depth was less
60 cm for a heavy rainfall occurred on August 13" 2018 (Fig. 7e), while infiltration depth reached
60 cm caused by another heavy rain on June 6% 2019 (Fig. 7f). These results validate the relationship
between heavy rain and the corresponding infiltration depth (Table 3).

The simulated results of soil water content for the two rainstorms (Table 3) represent that soil
water content at different depths increased visibly (Fig. 7g, Fig. 7h), and the downward water release
occurred at the lower boundary (soil water flux is not 0 at depth of 60 cm) in the process of model
calculation, which indicates infiltration depth exceeded 60 cm. The rationality of infiltration depth
caused by rainstorm, which is thus verified.

According to the above analysis, Hydrus-1D can be used to accurately estimated the infiltration

depth for different rainfall events in case of absence of measured soil water content for the study

area.
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Fig. 7 The change processes of soil water content at the 4 measured depths for 8 rainfall events

(Sim: simulated result; Obs: observed value)

4. Conclusions

In the current research, a regional urban grassland with a single type of grass (Bermudagrass) was

chosen as the study location, the response characteristics of soil water to rainfall such as the
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relationship between rainfall intensity and response time of soil moisture in root zone, the
relationship between amount of rainfall and infiltration depth, and daily ET change characteristics
have been evaluated. Rationality of relationships between amount of rainfall and infiltration depth
obtained from data analysis has been validated via simulation by using Hydrus-1D. The achieved
main conclusions as follows:

(1) Initial soil water content in topsoil and rainfall intensity significantly impact response time of
soil water in root zone to rainfall. The lower soil water content in topsoil and the higher rainfall
intensity generally cause the shorter response time of soil moisture in root zone (depth of 10 cm) to
rainfall.

(2) Generally, infiltration depth increases with increasing of amount of rainfall; infiltration depth
of light rain is mostly less than 15 cm, infiltration depth of moderate rain is mostly less than 30 cm,
while mostly more than 30 cm for heavy rain and exceeds 60 cm for rainstorm.

(3) Soil water moisture in root zone provide main part (> 70% ) of the soil water consumed by ET.

(4) Hydrus-1D is validated that is applicable to simulation of soil water content at the study area,
the infiltration depth for different rainfall events can be accurately estimated by using Hydrus-1D

under the condition of lack measured soil water content for the study area.
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