
Response characteristics of soil moisture to rainfall for a single grass 1 

vegetation in the urban area 2 

— A case of regional grassland in Yangzhou City 3 

Jinbai Huang1*, Jiawei Wen2, Diwen Luo1, Chaofan Zhu1 4 

(College of Hydraulic Science and Engineering of Yangzhou University, Yangzhou, Jiangsu, 5 

China, 225009; College of Information Engineering of Yangzhou University, Yangzhou, Jiangsu, 6 

China, 225127) 7 

Abstract: A regional grassland with Bermudagrass in Yangzhou City was adopted as the study 8 

location. Based on the analysis of the different rainfall events and soil water content data in the same 9 

periods, the response characteristics of infiltration to rainfall were revealed in a certain degree. The 10 

surface resistance parameters (rs) are calibrated according to the soil water content at the depths of 11 

a range for 0-30 cm and of the root layer (0-10 cm). Penman-Monteith (P-M) equation was adopted 12 

to estimated the hourly evapotranspiration (ET) over the Bermudagrass lawn of the soil layers for 13 

the depths of 0-30 cm (ET30) and 0-10 cm (ET10), respectively. Applicability of HYDRUS-1D model 14 

for simulating soil water content at different depths was validated. The results indicated that the 15 

infiltration depth generally varies with the rainfall event grade, and on the whole, the infiltration 16 

depth increases with the improvement of amount of rainfall; the response time for the soil water 17 

content in root layer is much shorter with the less soil water content in the topsoil (0-5.5 cm); the 18 

increase rate of soil water content raised with increasing of rainfall intensity in the state of 19 

unsaturation; ET10 accounts for about 78% of ET30, which demonstrates the water consumed by ET 20 

is mainly provided by the soil water in the root layer. the rationality of the results of different rainfall 21 

events and infiltration depth achieved by the analysis of the observed data were verified via 22 

numerical simulation using Hydrus-1D.  23 
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1. Introduction 25 



Land use and land cover change widely occurs during urbanization (Zhang et al., 2020). Accelerated 26 

urbanization continues to convert natural lands to impervious surfaces, resulting in serious impacts 27 

to the environment, and affecting the growth of urban plants(Song et al., 2015). The process of 28 

urbanization alters the hydrological performance of an area (Armson et al., 2013), urbanization 29 

brings a range of environmental challenges as a direct result of the biochemical and physical changes 30 

to hydrological systems(Fletcher et al., 2013; Zang et al., 2019). Decreases in the water retention 31 

function of various artificial disturbed landform units caused by urbanization activities, compared 32 

to original landform units, are the main factor that causes urban water and soil loss and the 33 

aggravation of urban floods under certain rainfall conditions and specially designed drainage 34 

network capabilities(Baek et al., 2015; Shi et al., 2016). Urban grasslands are expanding rapidly 35 

along with urbanization, which is expected to increase at unprecedented rates in upcoming decades. 36 

Grassland surface represented that compared with the impervious area, grassland was able to 37 

effectively delay time to runoff(Liu et al., 2020). The large and increasing area of urban grasslands 38 

and their impact on water justify the need for a better understanding (Duan et al., 2013). Grassland 39 

is an indispensable part of urban green space ecosystem, plays an important role in improving 40 

regional ecological environment, regulating hydrological cycle and reducing loss of soil and water 41 

(Livesley et al.; 2010; Xiong et al., 2014; Xu and Cheng 2019; Yang et al., 2020). Soil moisture 42 

plays a critical role in land surface-plant-atmosphere interactions, and direct impacts on food 43 

security, human health and ecosystem function (Huang and Shao, 2019). Evapotranspiration (ET) 44 

is an important hydrological process in the water cycle and plays a key role in the energy budget 45 

and water balance of the earth–atmosphere system (Zhang and Shen, 2007; Zhao et al., 2018). It is 46 

of great significance to study the change characteristics of soil moisture and ET of grassland 47 

vegetation under the background of urbanization to improve the urban ecological environment and 48 

enhance the construction level of sponge city. So many studies indicated that rainfall affects the 49 

change of soil moisture. Wiekenkamp et al(2016) performed a research on spatial and temporal 50 

occurrence of preferential flow in a forested headwater catchment used the preferential flow model 51 

and found that rainfall had a great influence on soil moisture. Liu et al (2020) analyzed the variation 52 

characteristics of soil moisture parameters in the process of rainfall, and proposed that rainfall 53 

amount was the most prominent rainfall feature for controlling soil moisture response. Chen et al 54 



(2020) conducted a research on response of soil moisture to rainfall event in black locust plantations 55 

at different stages of restoration in hilly-gully area of the Loess Plateau, China and found that rainfall 56 

infiltration mainly occurred in the 0−60 cm soil depth, rainfall infiltration was mainly jointly 57 

influenced by rainfall attributes and soil properties (etc). In order to reveal the response 58 

characteristics of soil moisture of grassland vegetation to rainfall under the background of 59 

urbanization, in the current study, an urban regional grassland was adopted as the study location. 60 

Analysis of the infiltration characteristics for the different rainfall events were carried out, ET over 61 

grassland in the study area was calculated and evaluated, and the infiltration depth for the different 62 

rainfall events was verified via numerical simulation by using HYDRUS-1D. The results of the 63 

current study are expected to provide the scientific basis for the further studies on soil moisture of 64 

grassland for urbanization and the improvement of urban ecological environment based on the 65 

development of grassland. 66 

2. Materials and methods 67 

2.1 General situations of the study area 68 

Yangzhou City is located in the middle of Jiangsu Province, the southern of Jianghuai Plain. The climate 69 

belongs to a subtropical humid monsoon. Annual average temperature is 16.1 oC. Annual average rainfall 70 

is about 1000 mm while 67% of the total is concentrated in main rainy season from May to 71 

September(Zhou et al., 2019). Yangzhou is one of the national ecological garden cites of China. There 72 

are many green spaces and parks in the urban area, with the green coverage rate of 44.03%, which 73 

plays an important role in improving water circulation and reducing waterlogging in Yangzhou 74 

urban area.  75 

A regional artificial lawn in Yangzijin Campus of Yangzhou University was chosen as the study 76 

area, which is located in the southwest of Yangzhou City (Geographical coordinates of a control 77 

point: 32 ° 20'58 " N, 119 ° 23'51" E; area: 340m2). The study area is covered with a single species 78 

of grass-Bermudagrass, and the coverage is nearly 100% (Fig. 1). Bermudagrass is a perennial warm 79 

season herb with the main growth period from May to September. It has the characteristics of 80 

drought resistance, weed resistance and strong adaptability, with root depth of 8-10 cm. As a main 81 

green grass, Bermudagrass has been widely planted in parks, communities and schools in southern 82 



China.  83 

According to the field survey, the 0-60 cm soil in the study area is mainly silty loam, the 84 

groundwater (phreatic water) level varies with seasons, about 2-5m from the ground. There are many 85 

buildings and impervious pavement around the study area. 86 

    87 

(a)                           (b) 88 

Fig. 1 Grass cover (partial view) and field observations at the study area 89 

2.2 Data acquisition 90 

An automatic weather station (mode: U30-nrc-10-s100-000; Onset Company, USA) was set up in 91 

the study area to record hourly temperature, rainfall, solar radiation, wind speed, and relative 92 

humidity. The observation point elevation is 14 m, and the equipment height is 2 m (Fig. 1b). Soil 93 

water contents were observed by using soil moisture meters (mode: H21-002; Onset Company, USA) 94 

on two sites, the observation depth on one point (P1) is 10 cm, 25 cm and 40cm, while on another 95 

point (P2) is 5 cm, 15 cm, 30 cm and 60 cm, respectively.  96 

To evaluate the response characteristics of soil moisture in root layer of Bermudagrass lawn to 97 

different rainfall processes, soil simple experiment was carried out according to the weather forecast 98 

information. The topsoil (0～5.5cm) of the soil water content on P1 was sampled and weighed 99 

before each rainfall, and then weighed after drying to determine the initial water content of the 100 

topsoil soil. Meanwhile, a tipping bucket rain gauge (mode: 7852M-L10, Onset Company, USA) 101 

was used to measured rainfall by an interval of 10 min, while soil water content on P1 (10, 30, and 102 

60cm) was measured every 10 min during the periods of 10min rainfall observation. 103 

Additionally, the soil samples at different depths in the study area were collected. Laser particle 104 



size analyzer (model: Mastersizer 3000E; Malvern Copmpany, UK) was used to measure the 105 

particle composition of soil samples, and the particle size distribution (percentage content of clay, 106 

sand and silt) was obtained. 107 

2.3 ET calculation 108 

Penman-Monteith（P-M）equation (E.q 1) is adopted to calculate ET over grassland in the study 109 

area, as it is widely used in the calculation of ET over various vegetation (Longobardi and Villani 110 

2013; Hadi and Farah 2018; Djaman et al., 2019).  111 
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 112 

where, l is the latent heat of vaporization (MJ∙kg-1); cp is the specific heat of air at constant pressure 113 

(1.0×10-3 MJ·kg-1·K-1); Δ is a slope of the saturation vapor-pressure at air temperature (kPa∙K-1); Rn 114 

is the net radiation (MJ∙m-2∙h-1); G is the soil heat flux (MJ∙m-2∙h-1); ρ is the air density at constant 115 

pressure (kg∙m-3); γ is the psychometric constant (kPa∙K-1); es is the saturated vapor-pressure at air 116 

temperature (kPa); ea is the actual vapor-pressure (kPa); ra and rs represent the aerodynamic 117 

resistance and the surface resistance, respectively, (s∙m-1). 118 

The calculation methods of each factor in equation (1) was introduced in Zhou et al (2019). 119 

The surface resistance (rs), which controlled by soil water content for the soil layer depth of 0-30cm 120 

(rs30) and for the root layer (depth about 10cm) was calibrated, respectively, according to Kumura 121 

et al (2005) and Zhou et al (2019), the results were determined by equation (2) and equation (3), 122 

respectively. 123 

 30 3026 498exp 4.784sr                           (2) 124 

 10 1021980exp 1.258sr                            (3) 125 

where, θ30 is the average soil water content in the soil layer of 0-30cm (cm3·cm-3); θ10 is the soil 126 

water content for the depth of 10cm (cm3·cm-3). 127 



2.4 Hydrus-1D model development 128 

2.4.1 Basic equations 129 

Simulations of soil water content at different depths were performed with Hydrus-1D model to 130 

validate the infiltrated depth for the different rainfall events. Richards’ equation was used in Hydrus-131 

1D numerically solves the soil moisture movement in variably saturated porous media (Narjary et 132 

al., 2020; Fairouz et al., 2020). Richards’ equation (E.q 4) with water content as the dependent 133 

variable is used to construct the water transport model. 134 
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where, θ represents the soil water content (cm3·cm-3); t is time factor (h); z is the vertical distance  135 

from the ground (soil depth), the coordinate is positive downward (cm); D(θ) is the soil water 136 

diffusivity (cm2·h-1); K(θ) is the unsaturated hydraulic conductivity (cm·h-1); S is the source (or sink) 137 

of soil water, which represents the water absorption rate of crop root (cm·h-1); Ks is the saturated 138 

hydraulic conductivity (cm·h-1); θe, θs, and θr are the effective, saturated and residual water content 139 

(cm3·cm-3); α and n represent the empirical shape parameters, m = l-1/n; l is a pore connectivity 140 

parameter; h is soil matrix potential (cm). 141 

2.4.2 Definite solution conditions 142 

The initial condition is the observed value of soil water content at the beginning of calculation. The 143 

upper boundary condition is set as the atmospheric boundary condition with surface layer which 144 

includes hourly (1h series) rainfall and potential evapotranspiration (ET0). Hourly ET0 was 145 

estimated by Penman-Monteith model which recommended by FAO 56 (Allen et al., 1998). The 146 

lower boundary is located in the unsaturated zone because it does not reach the phreatic layer, so it 147 

is set as the free drainage boundary. The definite solution conditions are represented as equation (5). 148 
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where, 0 is initial soil water content (cm3·cm-3); q0 (t) is soil water flux (cm·d-1); L is the vertical 150 

depth of the lower boundary (cm); L(t) is soil water content at the lower boundary (cm3·cm-3). 151 

2.4.3 Parameter calibration 152 

According to the screening results of soil particle size achieved by the experiments of particle 153 

composition of soil samples (Table 1), Rosetta module based on neural network is used to 154 

preliminarily determine the parameters of saturated water content s, residual water content r and 155 

saturated hydraulic conductivity Ks (etc)(Li et al., 2015). On this basis, comparisons between the 156 

Hydrus-1D calculated results and the measured soil water contents at various depths (5, 15, 30, 157 

60cm) were performed. Adjustment of each parameter values and repeated model calculation were 158 

carried out to reduce the difference between the simulated results and the measured one, so as to 159 

achieve the calibration of parameters (Table 1).  160 

Table 1 The measured data of soil physical properties and main parameters obtained by combined using 161 

Rosetta and model calculation 162 

Soil depth 

Sand grain  

 % 

50~2000μm 

Silt 

% 

2~50μm 

Clay 

% 

<2μm 

θs 

cm3/cm3 

θr 

cm3/cm3 

α 

cm-1 

n 

Ks 

cm/min 
l  

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 163 

3.1 Response time of soil moisture in root zone to rainfall 164 



Six periods with rainfall events during April to June in 2019 were chosen to analyze the changes of 165 

soil water content for different rainfall processes, and to estimate the response time of soil moisture 166 

in root layer to rainfall. The response time of soil moisture in root layer refers to the time from the 167 

beginning of rainfall to the beginning of soil water content change at the depth of 10 cm. The soil 168 

water content in topsoil (5.5cm) and response time of the soil depth of 10 cm for each rainfall event 169 

are shown in Table 2. 170 

Table 2 Response times of the soil water content to the different rainfall events in the grass root zone 171 

at the depth of 10cm 172 

No. 

Soil water content before rainfall/cm3·cm-3 

Response time / min 

Topsoil / 5.5cm) Root zone /10cm 

1 0.215 0.322 620<t≤630 

2 0.021 0.201 t≤10 

3 0.023 0.195 t≤10 

4 0.045 0.254 t≤10 

5 0.187 0.329 50<t≤60 

6 0.131 0.310 30<t≤40 

Note: the response time is expressed by a time interval of 10 minutes as the unit time of rainfall and soil water content 173 

is set to 10 min. 174 

The temporal process of each rainfall event and the change of soil water content at different 175 

depths are shown in Figure 2. In a period from April 28th 13:00 to April 30th 13:00, amount of rainfall 176 

is 6.4 mm with the maximum intensity of 0.42 mm·min-1. The response time is more than 10 h due 177 

to the frequent rainfall interruption, the short durations and small amount of periodic rainfall(Fig. 178 

2a). Meanwhile, As Bermudagrass lawn with high coverage and dense, vegetation interception and 179 

ET consume most of the rainfall, and there is no effective infiltration within a few hours after the 180 

rainfall. After the soil water content at depth of 10cm (root layer) reached the peak, the soil water 181 

content at depth of 25 cm increased slowly, while the soil water content at depth of 40 cm remained 182 

relatively stable (Fig. 2a).  183 
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（a）04.28 13:00～04.30 13:00                （b）05.25 21:00～05.27 17:00 185 
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（c）06.05 21:00～06.07 1:00                （d）06.17 18:00～06.18 22:00 187 
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（e）06.20 11:00～06.21 9:00                （f）06.28 22:00～06.29 7:00 190 

Fig. 2 Changes of the soil water content under the different rainfall events 191 

The change processes of the soil water content at the depths of 10, 25 and 40 cm in a period 192 

from May 25th 21:00 to May 27th 17:00 were depicted in Figure 2b. A relatively concentrated 193 

rainfall event occurred on May 26th with the rainfall amount of 12.6 mm and the maximum intensity 194 

of 0.20 mm·min-1; the response time of root layer to rainfall within10 min, and the increase range 195 

of soil water content in root layer is significantly affected by rainfall intensity; while the soil water 196 

content at 25 cm and 40 cm remained stable. The main reasons are that the original soil water content 197 

in topsoil was low before the beginning of rainfall (Table 2), and the soil water content in root zone 198 

did not attain saturation after the end of rainfall, and the soil water content below 25 cm had not 199 

gotten recharged from infiltration. 200 

Figure 2c shows that a rainfall event occurred from June 5th 22:00 to June 6th 11:00 with rainfall 201 

mount of 30.4 mm and the maximum intensity of 0.46 mm·min-1; the water content in topsoil was 202 

low before rainfall, and the response time to rainfall was less than 10 min; the soil water content in 203 

root zone increased slowly when the rainfall intensity is small and the increase rate improved with 204 

the increasing of rainfall intensity. Soil water content in root zone increased significantly during the 205 

5:50-6:20 and 9:10-11:20 on June 6th as the maximum rainfall intensity reached 0.20 and 0.46 206 

mm·10 min-1 in these two periods, respectively, which indicates that rainfall intensity greatly 207 

impacts on the change of soil water content in root zone. The soil water content at 25 cm began to 208 

rise slowly from the time of the maximum rainfall intensity, while the soil water content at 40 cm 209 

remained stable. 210 

Figure 2d represents the temporal change process of the soil water content at the depths of 10, 211 

25 and 40 cm from June 17th 18:00 to June 18th 22:00 and a rainfall event occurred in a period from 212 

June 17th 20:00 to June 18th 9:00 with the rainfall amount of 14 mm and the maximum intensity of 213 

0.14 mm·min-1; the response time of water content at the depth of 10 cm to rainfall is within 10 min, 214 

and the soil water content at 25 cm increased slightly when the rainfall intensity reached the 215 

maximum, while the soil water content at 40 cm remained stable. 216 

A relatively concentrated rainfall event occurred on June 20th (14:00 to 20:00) with the rainfall 217 



amount of 8 mm and the maximum intensity of 0.08 mm·min-1; The response time of water content 218 

at 10 cm to rainfall is 50-60 min, the soil water content at 25 and 40 cm remained stable during the 219 

process of this rainfall (Fig. 2e). 220 

Figure 2f represents the temporal change process of the soil water content at the depths of 10, 221 

25 and 40 cm from June 17th 18:00 to June 18th 22:00 and a rainfall event occurred in a period from 222 

June 28th 22:00 to June 29th 7:00 with the rainfall amount of 14 mm and the maximum intensity of 223 

0.48 mm·min-1; the rainfall duration is relatively short and the intensity is comparative large; the 224 

response time of water content at 10 cm to rainfall is 30-40 min. The main reasons are that the initial 225 

soil water content in topsoil and root zone were relatively higher before rainfall (Table 2), which 226 

resulted in the infiltration rate decreased. 227 

Sum up the above analysis, the response time of soil water content in root zone to rainfall is 228 

affected by the actual rainfall process and underlying surface conditions. Generally, with the 229 

increase of rainfall intensity, the response time of soil water content in root zone to rainfall is shorter. 230 

Under the condition of the little difference of rainfall intensity, the lower the initial water content in 231 

topsoil causes the shorter response time of root layer to rainfall, and the faster infiltration rate of 232 

topsoil. The main reason is that the smaller water content of the soil results in the lower soil water 233 

potential, and the suction of water increased, the infiltration rate improves. From beginning of 234 

rainfall to a short time span after the end of rainfall, the water content below 25 cm can not or can 235 

only get a small amount of effective infiltration recharge, while the soil water content at 40 cm 236 

remained relatively stable, which indicates that the grassland vegetation in the study area has a 237 

strong interception function. Before the soil water content in root zone reaches saturation, soil water 238 

content is significantly impacted by rainfall intensity, the bigger rainfall intensity causes the faster 239 

increasing rate of soil water content. Yang et al. (2008) obtained the similar results in an another  240 

research conducted on the Loess Plateau, China. However, due to the limitation of observed data, 241 

quantitatively evaluation for the relationship between the change of rainfall intensity and the 242 

increment of soil water content in root zone have not performed in the current research. 243 

3.2 ET 244 

Hourly ET of the soil layer for the depth of 0-30cm (ET30) and of the root zone (ET10) were estimated 245 



by using the calibrated surface resistances of rs30 and rs10, respectively. The estimated period is from 246 

July 2018 to June 2019, which included the main growth period of grass, and the results can 247 

represent the change process of ET over grassland (Bermudagrass lawn). ET30 and ET10 are shown 248 

in Figure 3. The maximum ET10 and ET30 are 1.04 and 1.11 mm, respectively, ET30 is higher than 249 

that of ET10 at the corresponding time. Whereas, the temporal change processes of ET10 and ET30 250 

are similar, and the correlation coefficient is 0.99. Seasonal ET changes obviously, ET exhibits 251 

comparatively high values in the main growth period of grass from June to September, while 252 

exhibits relatively low levels in non-main growth period (January, February, December, etc). 253 

Accumulated values of ET30 and ET10 are 396 and 309 mm, respectively, which accounted 39.6% 254 

and 30.9 % of the rainfall in the same period. Accumulated value of ET10 is 78% of that of ET30, 255 

which indicates that soil water in the root zone provides the main part of the consumed water by ET.  256 
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Fig. 3 Calculated results of hourly ET30 and ET10 258 

Figure 4 shows the randomly selected results of hourly ET10 on 4 non-rainfall days in different 259 

seasons. The maximum difference of ET10 between two adjacent hours is 0.10 mm on October 1st 260 

2018, and daily ET10 is 0.41mm. on December 30th 2018, ET10 did not show obvious fluctuation 261 

and its maximum difference between two adjacent hours is 0.03 mm, and daily accumulated value 262 

is 0.28 cm. On April 7th 2019, ET10 exhibited fluctuations in different ranges, the maximum 263 

difference value between two adjacent hours is 0.09 mm, and the daily accumulated vale was 0.49 264 

mm. ET10 fluctuated frequently on June 30th 2019, the maximum difference value between two 265 

adjacent hours was 0.37 mm, and daily accumulated value was 2.91mm. Daily ET10 generally 266 

increases from a certain time in the morning, then decreases gradually after reaching the peak, and 267 

http://dict.cn/accumulated%20value
http://dict.cn/accumulated%20value


approaches to 0 after a certain time in the evening. When the meteorological factors (such as 268 

temperature and solar radiation), which significantly affect ET10, change obviously in a certain 269 

period of daytime, ET10 shows a fluctuating upward or downward trend. During the main growth 270 

period from June to September, soil water content and the main meteorological factors, which 271 

significantly affect ET, mostly maintain annual comparative high levels cause the relatively big 272 

value of accumulated daily ET10. Daily change of ET10 in winter is smaller than that in other seasons. 273 
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Fig. 4 Daily change of ET10  275 

3.3 Amount of rainfall and infiltration depth 276 

The 8 rainfall events and the observed soil water content on P2 (at depths of 5, 15, 30 and 60 cm) 277 

in the same periods were chosen for the analysis to explore the relationship between amount of 278 

rainfall and infiltration depth. The grades of 8 rainfall events are classified (Table 3), according to 279 

the classification standard of China Meteorological Administration.  280 

The maximum duration of the selected rainfall event is 23h. In order to ensure the sufficient 281 

infiltration for each rainfall event, the periodic time of 4 day was adopted for analyzing each rainfall 282 

event and infiltration. The amount of rainfall and the infiltration depth of each period are shown in 283 

Table 3, the change of soil water content at different depths is shown in Figure 5. 284 

Table 3 Index of the 8 rainfall events and infiltration depth 285 

Grade of rainfall 

event 

The periodic time Rainfall concentrated time 

Rainfall 

amount /mm 

 Infiltration 

depth / cm 



Light rain 

2018.10.08～10.11 10.09 14:00～16:00 4.8 <5 

2018.05.30～06.02 05.30 22:00～05.31 7:00 8.9 5～15 

Moderate rain 

2018.07.21～07.24 07.22 11:00～07.23 3:00 17.8 

15～30 

2018.04.04～04.07 04.05 12:00～23:00 24.0 

Heavy rain 

2018.08.12～08.15 08.13 00:00～17:00 37.6 30～60 

2019.06.05～06.08 06.06 1:00～14:00 41.2 >60 

Rain storm 

2019.08.09～08.12 08.10 2:00～08.11 1:00 55.0 >60 

2018.05.23～05.26 05.24 22:00～5.25 20:00 107.0 >60 

             286 

（a）                                   （b） 287 

             288 



（c）                                   （d） 289 

              290 

       （e）                                    （f） 291 

             292 

（g）                                   （h）                     293 

Fig. 5 The change of soil water content at the depths of 5, 15, 30 and 60 cm during the selected 8 periods  294 

Figure 5a shows the changes of soil water content at the 4 depths (5, 15 30 and 60 cm) during 295 

the period from October 8th to October 11th in 2018. Rainfall mainly concentrated on October 9th, 296 

and amount of rainfall was 4.8 mm (Table 3). Soil water content at the 4 depths remained stable, 297 

that is, the rainwater infiltration did not reach the depth of 5cm. The main reason is that the 298 

Bermudagrass lawn vegetation has a strong interception function that effective infiltration of this 299 

rainfall event did not occur. A relatively concentrated rainfall event occurred in a period from 22:00 300 

on May 30th to 7:00 on May 31st with rainfall amount of 8.9 mm. Soil water content at the depth of 301 



5 cm increased obviously due to rainwater infiltration, while soil water content of 15, 30 and 60 cm 302 

remained stable during the 4 days (2018.05.30-06.02). The above two rainfall events belong to light 303 

rain, the amount of rainfall of the second rainfall event (8.9mm) is more than that of the previous 304 

one (4.8mm), and its infiltration depth is also greater than that of the previous one. 305 

Two moderate rains happened on July 22nd to July 23rd and April 5th 2018 and amount of the 306 

two rainfall events were 17.8, 24.0 mm, respectively. Soil water content at 5 and 15 cm rose 307 

obviously due infiltration cause by the two rainfall events, whereas soil water content at 30 and 60 308 

cm remained stable, that is, the infiltration depth was less than 30 cm (Fig. 2c, Fig. 2d). 309 

Two heavy rainfall events occurred on August 13th 2018 and June 6th 2019 with amount of 310 

rainfall of 37.6 and 41.2 mm, respectively. Soil water content of 5, 15 and 30 cm increased in 311 

different degree due to infiltration; soil water content at 60 cm remained relatively stable during the 312 

rainfall occurrence and after the end of rainfall on August 13th, 2018, which indicated that rainfall 313 

infiltration did not reach 60 cm (Fig. 2e). Due to infiltration effect of the rainfall event on June 6th, 314 

2019, soil water content of 60cm increased slightly (Fig. 2f), that is, the infiltration of this rainfall 315 

event reached 60cm. 316 

Two rainstorms occurred on May 24th to 25th 2018 and August 10th to 11th 2019 with rainfall 317 

amount of 107 and 55 cm, respectively. Soil water content at 5, 15, 30 and 60 cm visibly increased 318 

and the infiltration depth exceeded 60 cm.    319 

The analysis results of randomly selected rainfall events (including but not limited to the above 320 

8 rainfalls) and the change of soil water content in the same period indicated that the infiltration 321 

depth generally varies with different amount of rainfalls. The more amount of rainfall generally 322 

resulted in the greater infiltration depth. To the study area (Bermudagrass lawn), the infiltration 323 

depth of light rain is generally less than 15cm, and that of moderate rain is mostly less than 30cm; 324 

while the infiltration depth of heavy rain is generally more than 30cm (partial more than 60cm), and 325 

the infiltration depth of rainstorm is even greater (> 60 cm). Such results are basically consistent 326 

with those of Wu et al. (2018), which achieved by a similar research. 327 

3.4 Validation of Hydrus-1D 328 

Root mean square error (RMSE, E.q (6)) and Nash efficiency coefficient (NSE, E.q (7)) were 329 



combined used to evaluating the simulation error of Hydrus-1D. RMSE represents the average error 330 

between the simulated result and the measured one, its value is much closer to 0，the error is smaller, 331 

and the simulated results is much accurate. NSE characterizes the model efficiency, the model is 332 

more reliable in case of its value is much closer to 1. 333 
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where, Si and Oi represent the simulated value and the measured one; iO is average value of the 334 

measured results.  335 

Hourly series simulation of soil water content at the depths of 5, 15, 30 and 60 cm in a period 336 

from April 4th 2018 to September 19th 2019 (total 1281h) was carried out by using Hydrus-1D, the 337 

results are shown in Figure 6. Figure 6 depicts that the simulated results of soil water content at 338 

different depths appropriately reproduce the change process of the measured results. However, slight 339 

differences exist in the simulated results of soil water content at different depths. The difference 340 

between the simulated result and the measured value for the depth of 5cm is periodically larger than 341 

those of other 3 depths (Fig. 6). RMSE of the simulated result of 5 cm is the maximum (0.034 342 

cm3·cm-3) while NSE is the minimum (0.77) among the errors of the 4 depths (Table 4), which 343 

indicates the simulation error of the 5 cm is the maximum. With the increase of depth, the simulation 344 

accuracy increases (Table 4). Soil water content of 5cm is significantly affected by rainfall 345 

infiltration and ET, and the function of Hydrus-1D for soil water simulation is limited to the vertical 346 

movement, and without calculation function of the horizontal diffusion. In the process of vertical 347 

calculation of soil water, vegetation interception is regarded as partial ET0, which can not be 348 

accurately estimated in the rainfall process (Sutanto et al., 2012). Because the root depth of 349 

Bermudagrass is about 10 cm, with the increase of depth, the effect of ET and rainwater infiltration 350 

on soil water content gradually decreases, and the accuracy of simulation results gradually increases. 351 

Although the simulation error of 5cm is the maximum among those of the 4 depths, however, the 352 



simulated results are still with comparatively higher accuracy as NSE is approximately 0.80. The 353 

results of error evaluation exhibit that Hydrus-1D is applicable to the simulation of soil water 354 

content in the study area, and the simulation results have relatively high accuracy. 355 

 356 

 357 

（a）5cm  358 
 359 

 360 

（b）15cm  361 
 362 

 363 

（c）30cm  364 
 365 

 366 

（d）60cm  367 

Fig. 6 The simulated results of soil water content for 4 measured depths of the study area 368 

（Sim: simulated result; Obs: observed value） 369 



 370 

 371 

 372 

Table 4 Index of the simulation errors 373 

Depth 5 cm 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 374 

To verify the rationality of the results on the relationship between rainfall amount and 375 

infiltration depth for different rainfall events based on the analysis of observation data (Fig. 5), the 376 

observed results of 8 rainfall events (Table 2), the measured and simulated results of soil water 377 

content at different depths in corresponding time of each rainfall concentrated period were extracted 378 

and processed as shown in Figure 7.  379 

Figure 7a depicts that during the light rain event on October 9, 2018, and before and after it, 380 

the measured results of soil water content of 5cm remained stable, while the simulated results 381 

slightly increased during the rainfall concentrated period. In the process of Hydrus-1D calculation, 382 

rainfall caused water input at the model upper boundary and soil water content in the model 383 

increased, which resulted in slight difference between the measured results and simulated one of 384 

soil water content at depth of 5 cm. It thereby confirms that the Bermudagrass in the study area has 385 

a strong interception effect. Figure 7b shows the change of soil water content during another light 386 

rainfall event happened on May 30th to 31st in 2018, and before and after it. The measured value and 387 

the simulated one of soil water content at 5 cm increased in a similar increment, whereas, the 388 

measured and simulated results of soil water content at 15 cm remained stable, by which the 389 

rationality of the relationship between amount of rainfall and infiltration depth for light rain (Fig. 390 

5b) is verified.  391 

The simulated results of soil water content for the two moderate rainfall events (Table 3) show 392 



that soil water content at depth of 30 cm did not change, while obviously increased at the depth of 393 

15 cm (Fig. 7c, Fig. 7d). The simulated results are consistent with the analyzed results of relationship 394 

between moderate rainfall and the infiltration depth (Table 3). 395 

The simulated results of soil water content for heavy rain show that infiltration depth was less 396 

60 cm for a heavy rainfall occurred on August 13th 2018 (Fig. 7e), while infiltration depth reached 397 

60 cm caused by another heavy rain on June 6th 2019 (Fig. 7f). These results validate the relationship 398 

between heavy rain and the corresponding infiltration depth (Table 3). 399 

The simulated results of soil water content for the two rainstorms (Table 3) represent that soil 400 

water content at different depths increased visibly (Fig. 7g, Fig. 7h), and the downward water release 401 

occurred at the lower boundary (soil water flux is not 0 at depth of 60 cm) in the process of model 402 

calculation, which indicates infiltration depth exceeded 60 cm. The rationality of infiltration depth 403 

caused by rainstorm, which is thus verified. 404 

According to the above analysis, Hydrus-1D can be used to accurately estimated the infiltration 405 

depth for different rainfall events in case of absence of measured soil water content for the study 406 

area. 407 

   408 

（a）2018/10/9 12:00～24:00                   （b）2018/5/30 17:00～5/31 16:00 409 



   410 

（c）2018/7/22 17:00～7/23 8:00                 （d）2018/4/5 8:00～4/6 7:00 411 

   412 

（e）2018/8/12 21:00～8/13 20:00                   （f）2019/6/6 00:00～23:00 413 

   414 

（g）2019/8/10 3:00～8/11 8:00                  （h）2018/5/24 20:00～5/25 1:00 415 

Fig. 7 The change processes of soil water content at the 4 measured depths for 8 rainfall events 416 

（Sim: simulated result; Obs: observed value） 417 

4. Conclusions 418 

In the current research, a regional urban grassland with a single type of grass (Bermudagrass) was 419 

chosen as the study location, the response characteristics of soil water to rainfall such as the 420 



relationship between rainfall intensity and response time of soil moisture in root zone, the 421 

relationship between amount of rainfall and infiltration depth, and daily ET change characteristics 422 

have been evaluated. Rationality of relationships between amount of rainfall and infiltration depth 423 

obtained from data analysis has been validated via simulation by using Hydrus-1D. The achieved 424 

main conclusions as follows: 425 

(1) Initial soil water content in topsoil and rainfall intensity significantly impact response time of 426 

soil water in root zone to rainfall. The lower soil water content in topsoil and the higher rainfall 427 

intensity generally cause the shorter response time of soil moisture in root zone (depth of 10 cm) to 428 

rainfall. 429 

(2) Generally, infiltration depth increases with increasing of amount of rainfall; infiltration depth 430 

of light rain is mostly less than 15 cm, infiltration depth of moderate rain is mostly less than 30 cm, 431 

while mostly more than 30 cm for heavy rain and exceeds 60 cm for rainstorm.  432 

(3) Soil water moisture in root zone provide main part (> 70% ) of the soil water consumed by ET.  433 

(4) Hydrus-1D is validated that is applicable to simulation of soil water content at the study area, 434 

the infiltration depth for different rainfall events can be accurately estimated by using Hydrus-1D 435 

under the condition of lack measured soil water content for the study area. 436 
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