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Abstract: Plain farmland areas without significant topographic slope exhibit microtopographic fea-
tures of different scales. Quantitative assessment of the effects of microtopography at different scales
on runoff generation in typical farmland areas is of great significance for regional water resources
management and flood disaster forecasting. The main objective of the study was to develop an event-
based rainfall–runoff model based on the layered Green–Ampt model (LGAM) with the consideration
of plot-scale microtopographic features in plain farmland areas. Our experimental field, located in
Taihu Lake Basin, was classified into three types of topographic subunits (i.e., main field, rill, and
ditch) according to the average elevation. To simplify the concentration process for three topographic
subunits, the average concentration time method was employed. Here, various experimental sce-
narios were simulated, including two classical unsteady rainfall events in homogeneous soil, one
ponding infiltration experiment, and two typical rainfall–runoff events in the experimental field.
We found that the multilayered setting showed higher accuracy than the homogeneous setting for
simulating infiltration in the ponding infiltration experiment in the field. The RMSE of simulated
ponding water depth reduced from 0.166 cm to 0.035 cm and NSE rose from 0.988 to 0.999. The
simulated hydrograph considering microtopography effects proved higher accuracy than that under
unified topography assumption. After classifying topography, the RMSE and NSE of simulated
hydrographs decreased and increased, respectively. The lower the topographic subunit, the earlier the
outflow occurred. At the early stage, the runoff mostly originated from the relatively low topographic
subunits. Infiltration-excess regime under saturated condition may initially dominate in the low-lying
ditch under intense rainfall, with extremely high runoff coefficient. Concentration process in the
plain farmland area was affected by both rainfall intensity and microtopography. The greater the
rainfall intensity, the shorter the average concentration time. The concentration velocity under heavy
rainfall was four times faster than that under light rainfall. The lower topographic subunit was
characterized by shorter concentration pathway and average concentration time. Ditches reduced the
peak flow and advanced the time to peak. This quantitative study provides new insights into effects
of microtopography on runoff generation in plain farmland area as well as an effective alternative for
plot-scale rainfall–runoff modeling.

Keywords: microtopography; runoff generation; layered Green–Ampt model; farmland; average
concentration time

1. Introduction

In plain farmland areas, surface runoff is an important process that affects the local
water balance and causes soil erosion and rapid solute transport [1,2]. It occurs ephemerally
as sheet flow and channel flow in microchannels [3]. As the topographic gradients of
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plain farmland areas can be negligible, microtopography becomes the essential element of
farmland field landscape.

There have been various definitions of ‘microtopography’ in previous studies. Thomp-
son [4] defined microtopography as millimeter to centimeter scales while Frei [5] thought of
it in larger scales (i.e., centimeters to meters). Chu [6] characterized surface microtopogra-
phy by depressions/pits/puddles, mounds/peaks, ridges, and channels, which covered a
wide scale range. Apples called these topographic features meso- and microtopography [7].
In this paper, we define ‘microtopography’ as centimeter to meter scale, including many
(ir)regular topographical features, such as surface depressions [8], rills [9,10], and small
drainage ditches [11,12]. These topographical features are usually induced by tillage [13]
or rainfall–runoff erosion [14].

Microtopographic characteristics have evident effects on surface connectivity [15],
infiltration volume [4,7], depression storage [13,16,17], runoff [18–20], concentration pro-
cesses [5,8,21,22], and even biogeochemical process activities [23]. Accordingly, micro-
topography is one of the critical factors that influence runoff generation processes in
plain farmland.

Several model-based studies have addressed the effect of different microtopography
scales on runoff dynamics. Some models were developed to quantify hydrological connec-
tivity of surface depressions at field scale [2,7,8,24,25], in which the puddle-to-puddle (P2P)
conceptual model [8,25] can simulate the entire hierarchical drainage network accounting
for surface depressions within an overland flow system. Additionally, other models were
developed considering the specific effect of rills [26,27] or drainage ditches [28–31]. How-
ever, few models have been used to quantify the effects of microtopography at different
scales on runoff generation in farmland areas.

Theoretically, Integrated Surface–Subsurface Hydrological Models (ISSHMs) can quan-
tify the effects of microtopography at different scales on runoff generation in plain farmland
areas. Frei [18] built a model in the HydroGeoSphereto explore the feedback among ground-
water levels, ponding, and surface runoff in a riparian wetland with a heterogeneous
microtopography. Nevertheless, such a complex model requires high grid resolutions to
capture relevant small-scale variations in topography at the range of centimeters to me-
ters [32]. High grid resolutions usually result in longer simulation times, especially if fully
integrated model approaches are used where the governing partial differential equations
for surface and subsurface flow are solved simultaneously [33]. To reduce computational
nodes while preserving important effects of microtopography on surface flow generation
and subsurface transport characteristics, Frei replaced the explicit microtopography with
spatially distributed rill/depression storage zones [5]. Even so, such a framework is still
too complex for plot-scale modeling.

Event-based models merely require data at the event scale and are easy to calibrate [34],
which are very suitable for runoff generation regime study [35–37]. An agricultural plot
with microtopography at different scales (i.e., surface depressions, rills, and small ditches)
can be considered as the smallest response unit in farmed landscapes [28,38]. Therefore, an
effective alternative for plot-scale rainfall–runoff modeling that considers effects of surface
microtopography at different scales in plain farmland is necessary.

In this study, a typical plain farmland field in Taihu Lake Basin plain was classified into
three kinds of topographic subunits. Two typical rainfall patterns in the experimental field
were selected to simulate, i.e., short-duration rainstorm and long-duration light rainfall.
The objectives of this study are (1) to propose a simple and effective event-based rainfall–
runoff model considering effects of surface microtopography at different scales for plain
farmland and (2) to evaluate the difference of spatial contribution rates of runoff in different
rainfall patterns. In this paper, the field experiments and the model structure are provided
in Section 2. The modeling results for typical cases are presented in Section 3. Several
significant points are discussed in Section 4. Conclusions are made in Section 5.
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2. Materials and Methods
2.1. Site, Instrument, and Soil Sampling

The study site is located in Hongqi polder, Jintan County in Taihu Lake Basin (Figure 1a),
which is characterized by a large number of plain farmlands. The region has a subtropical
monsoon climate with 723–1836 mm annual rainfall and 1041–1562 mm annual mean po-
tential evaporation. The landscape mainly consists of dry land and woodland interspersed
by rivers and ponds (Figure 1b). The selected area (N 31◦43′30”, E 119◦28′15”, Figure 1c)
was initially a rice–wheat rotation field that was converted into dry land in 2011. The
annual average phreatic water table depth is about 0.6 m. Soybean is planted from July
to September and oilseed rape is planted from November to May of the next year. A
previous study has shown that the variation of soil water content at this experimental field
is dependent on the comprehensive influence of soil hydraulic properties, meteorological
factors, and shallow groundwater [39]. Furthermore, Dunne overland flow was the dom-
inant mechanism responsible for the rapid runoff generation in this area due to shallow
groundwater [40].
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Figure 1. Information of the experimental field: (a) location of Hongqi polder; (b) land use of Hongqi
polder; (c) location of the experimental field.

The area of the field is 1008 m2, in which 4186 scattered elevation sample points were
collected. The average sampling density was about 4 points/m2 and the corresponding
sampling interval was 0.5 m. We adopted the Regularized Spline interpolation method to
obtain 0.1 m-resolution DEM of the field (Figure 2a). The elevations varied from 2.45 m
to 3.74 m with a mean of 3.14 m. Distinct layered characteristics can be seen from the
excavated soil profile in the field, i.e., 0–13 cm is plough layer(A), 13–22 cm is plow pan
(Ap), 22–47 cm is percogenic horizon(P), and below 47 cm is waterloggogenic horizon(W).
A meteorological station, a soil moisture profile (10 cm, 20 cm, 40 cm, 60 cm, 80 cm, 100 cm),
and a groundwater observation well has been set up in the field since 2011.
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Figure 2. (a) Topography (0.1 m−resolution DEM) and layout of the experimental field;
(b) three−dimensional view of the isolated catchment; (c) section shape of western ditch; (d) section
shape of eastern ditch.

The experimental field is surrounded by narrow banks to obstruct water. In order to
minimize the lateral leakage from banks, a waterproof barrier (1.5 m-depth) was inserted
into banks (Figure 2b). The contributing area inside the isolated boundary is about 912 m2

with an average length of 87 m and average width of 10.5m. Meanwhile, Ditch 1 and Ditch
2 are the two main artificial drainage pathways surrounding the main field. Ditch 1 collects
the outflow from the main field and Ditch 2 collects the lateral leakage flow from rice
fields outside. A 90◦ V-notch weir was set up to measure outflow discharge at the outlet of
Ditch 1.

The original size of the inner ditch section was trapezoidal with an upper width of
70 cm, a lower width of 40 cm, and a depth varying from 30 to 40 cm. However, due to
the rainfall erosion and runoff scouring for many years, the shape of the section gradually
changes. We measured seven sections of Ditch 1 in May 2017 and found that the bottom of
the ditch was 20–30 cm lower than the main field (Figure 2c,d).

Soil samples were collected at 0–10 cm, 10–20 cm, 20–40 cm, 40–60 cm, and 60–80 cm
depths in three profiles in the field. Grain composition, physical properties, and saturated
hydraulic conductivities were measured (Table 1). The soil above 60 cm is silty clay loam,
while the soil below 60 cm changes to silty clay. The dry bulk density (ρb) gradually
increases with depth while the average porosity (n) decreases with depth. The dry bulk
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densities of the soil below 20 cm are basically the same and much larger than those of the
upper soil. The average porosities of 0–10 cm and 10–20 cm are 0.55 and 0.50, respectively.
The average porosities of 20–80 cm decrease to 45%. The average saturated hydraulic
conductivity of 60–80 cm is much less than those of upper layers.

Table 1. Average values of grain composition, physical properties, and saturated hydraulic con-
ductivities of five depths in the experimental field. Range is in parentheses (minimum/maximum
values).

Depth (cm) Clay
(-)

Silt
(-)

ρb
(g/cm3)

n
(-)

Ks
(cm/min)

0–10
10–20
20–40
40–60
60–80

0.31 (0.27–0.34)
0.29 (0.26–0.34)
0.29 (0.26–0.32)
0.33 (0.30–0.35)
0.41 (0.38–0.43)

0.57 (0.53–0.62)
0.61 (0.58–0.64)
0.63 (0.61–0.67)
0.61 (0.58–0.64)
0.54 (0.53–0.58)

1.20 (1.10–1.28)
1.23 (1.05–1.50)
1.47 (1.41–1.50)
1.46 (1.35–1.53)
1.46 (1.41–1.50)

0.55(0.52–0.58)
0.50(0.43–0.60)
0.45(0.43–0.47)
0.45(0.42–0.49)
0.45(0.42–0.47)

0.07(0.02–0.25)
0.08(0.01–0.22)
0.07(0.02–0.13)
0.11(0.04–0.18)
0.03(0.01–0.05)

2.2. Model Structure

The Green–Ampt(G–A) model [41] is a simplified representation of the infiltration pro-
cess, which has been widely used in hydrology. Some modified version of the Green–Ampt
model has been widely used for simulating infiltration and rainfall–runoff processes [42].
After long-term farming and sedimentation, farmland soils present structured and stratified
layers [43,44], which may greatly change the soil physical as well as hydraulic proper-
ties [45,46]. The layered Green–Ampt model(LGAM) proposed by Liu [47] considered the
layered characteristics of soil and calculated ponding time, outflow time, and water budget
composition accurately. We modified this LGAM as the runoff generation module.

The module structure can be seen in Figure 3, in which UZT is unsaturated zone
thickness, N is the number of unsaturated soil layers, Di is thickness of each unsaturated
layer, WFD is wetting front depth, θi,0 is initial soil water content of ith layer, and θi,s is
saturated soil water content of ith layer. As the surface depressions can store a certain
amount of excess water on the soil surface [48], surface depression storage capacity Sc
is introduced on the top boundary. Once the ponding water depth h exceeds surface
depression storage capacity, the current overflowing runoff R(t) concentrates to the adjacent
drainage pathway. Moreover, groundwater discharge at the bottom boundary is also
considered. When the wetting front advances to the groundwater table, there is a stable
rate Qg recharging to groundwater.

According to topographic differences, the whole experimental field was classified into
three kinds of topographic subunits—i.e., main field, rill, and ditch—which represented
three microtopography scales, respectively (Figure 4a). The main field was the highest
part covered with surface depressions of the smallest scale. The rill was lower than the
surrounding main field with medium scale. The ditch was the lowest part with the largest
scale in the experimental field as well as the most important drainage pathway to the
outlet. Each kind of topographic subunit has an average surface elevation Hi. It could
been seen from the field rainfall–runoff event image that the experimental field presented
hierarchical concentration characteristics (Figure 4a). Specifically, the overflowing runoff
in the scattered small-scale surface depressions of the main field flowed into the adjacent
rill. These artificial rills were connected to the ditch. When the pondings of rill were filled,
the overflowing runoff flowed into the ditch. When the pondings of the ditch were filled,
runoff outflowed from the outlet. Here, we ignored underlying lateral subsurface flow
between each of the two topographic subunits to simplify the model structure.
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Based on the theory of concentration time [49], a simple method based on average
concentration/travel time [50,51] was used for concentration calculation. The overflowing
runoff in a time step was output to the outlet in equal time proportion during the following
average concentration time. Although the surface runoff in the whole area actually flowed
to the outlet through the ditch, we assumed the concentration process of each topographic
subunit was independent from each other, by which the differences of concentration
processes of three topographic subunits could be figured out clearly. Therefore, each
topographic subunit corresponded to an individual average concentration time (Figure 4b).
The discharge formula of each subunit was as follows:

Qi(t) =
n

∑
k=m

αi · Ri,k/Ti , i f tk < t < tk + Ti (m ≤ k ≤ n) (1)

where i is the serial number of each subunit, t is the current time, Qi(t) is the current
discharge,k is the number of runoff period which participating in the current outflow, αi is
the area ratio, Ri,k is the overflowing runoff during the kth period, tk is the ending time of
the kth period, and Ti is the average concentration time.
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Based on topographic statistics, main field was 547.2 m2 and the area ratio was 60%,
the rill was 136.8 m2 and the area ratio was 15%, and the ditch was 228 m2 and the area
ratio was 25%. The relative average elevation of the main field was set as 0 cm. Based on
the geometry of Ditch 1 and field investigation, the relative elevations of the rill and ditch
were −10 cm and −30 cm, respectively.

2.3. Model Performance

Root-mean-squared error (RMSE) and the Nash–Sutcliffe coefficient [52] (NSE) are
used to evaluate the model performance when the proposed model is applied to the
rainfall–runoff cases:

RMSE =

√
1
n

n

∑
i=1

(Si −Oi)
2 (2)

NSE = 1− ∑n
i=1 (Oi − Si)

2

∑n
i=1 (Oi −O)

2 (3)

where i is an index varying from one to n, Oi is the ith ordinate of the observed hydrograph,
O is the mean of the ordinates of the observed hydrograph, and Si is the ith ordinate of the
simulated hydrograph.

2.4. Modeling Cases

In order to verify the performance of this proposed model, two classical unsteady
rainfall events in Chu’s article [53] were simulated firstly, in which the soil matrix was set
as homogeneous. Secondly, we evaluated the influence of multilayered soil structure on
the infiltration process by comparing the results of homogeneous and multilayered soil
cases in a ponding infiltration experiment on the experimental field.

Finally, two typical rainfall–runoff events, i.e., short-duration rainstorm and long-
duration light rainfall in the experimental field, were modeled. The total rainfall amount of
the selected rainstorm event (20160808) was 23.7 mm and rainfall duration was 30 min. The
measured runoff was 4.77 mm and the initial groundwater depth was 51 cm. The typical
long-duration light rainfall event (20160406) was selected. The total rainfall was 47.9 mm,
the measured runoff was 11.2 mm, and the initial groundwater depth was 95 cm.

3. Results
3.1. Homogeneous Soil during Unsteady Rainfall

The surface storage capacity Sc was 0, effective saturated hydraulic conductivity Ks
was 1.42 cm/h, and the product of the effective suction (S) of the wetting front and the
initial soil water deficit (M) was 3.6 cm. When the rainfall intensity was larger than the
infiltration capacity, the infiltration-excess runoff occurred. The shift time was called the
ponding moment. Only one ponding moment occurred in the first case and three ponding
moments occurred in the second case. The infiltration-excess runoff ceased as rainfall
intensity was smaller than the infiltration capacity. The rainfall intensity and decreasing
infiltration capacity jointly controlled surface runoff generation. The calculated ponding
time, infiltration volume, and infiltration rate of this proposed model were all consistent
with Chu’s results (Figure 5).
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3.2. Ponding Infiltration Experiment on the Field

After the loose surface soil was cleaned, a plastic bucket of 14 cm-diameter was inserted
into the soil surface. The height of the lower edge in the soil was about 1.5 cm (Figure 6a).
Then, the Brilliant Blue solution was added into the bucket twice, 4.9 cm-depth for the first
time (T = 0 min) and 3 cm-depth for the second time (T = 82 min). The falling ponding
water depths in the bucket were recorded with a plastic ruler during the experiment.
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Figure 6. Ponding infiltration experiment on the field: (a) schematic diagram; (b) modeling results of
homogeneous and multilayered cases.

Firstly, we assumed the soil column was homogeneous. The height of the simulated
soil column was set as 60 cm. Each solution injection was simulated as a heavy rainfall
with very short duration (10 s). The effective suction S of the wetting front was set as 20
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cm based on soil textural classification [54,55]. Initial soil water deficit M was set as 0.17
according to the measured soil moisture data. The initial trial value of Ks was set as the
average value of Ks (0.07 cm/min) in 0–10 cm. However, the simulated ponding depths
were clearly overestimated. Then we increased the value of Ks by 15 percent of the last trial
value. The final effective saturated hydraulic conductivity Ks was 0.018 cm/min. (Table 2).

Table 2. Parameters of the ponding infiltration experiment case.

Homogeneous Case Multilayered Case
Depth (cm) M (-) S (cm) Ks (cm/min) Depth (cm) M (-) S (cm) Ks (cm/min)

0–60 0.17 20 0.018
0–13 0.17 20 0.022
13–47 0.14 20 0.015
47–60 0.12 20 0.012

The simulated ponding water depths after the first injection were larger than the
measured values because of the underestimated infiltration rates (Figure 6b), whereas
the simulated infiltration rates were slightly overestimated after the second injection.
The RMSE and NSE of the homogeneous case were 0.166 cm and 0.988, respectively.
Although the setting of homogeneous soil could describe the infiltration process generally,
the accuracy needed to be improved further.

From field investigation, the surface soil was much looser and drier than the deeper
soil. Therefore, the initial soil water deficit and effective saturated hydraulic conductivity
should decrease with depth. Based on the soil genetic horizon, the 60 cm-height soil
column was divided into three layers, i.e., 0–13 cm, 13–47 cm, and 47–60 cm. The calibrated
parameters were referred to the homogeneous case. Specifically, the effective suction S of
each layer was still set as 20 cm. Initial soil water deficit M of each layer was calculated
based on the measured soil moisture data. We calibrated Ks from top to bottom and the
initial trial value of each layer was set as 0.018 cm/min. The final calibrated parameters are
shown in Table 2. The simulated ponding water depths in the multilayered case were better
than that of the homogeneous case. The RMSE and NSE of the multilayered case was 0.035
cm and 0.999, respectively. By increasing the effective saturated hydraulic conductivity
of the topsoil, the simulated infiltration rate after the first injection in the multilayered
case became larger than that of the homogeneous case. Furthermore, when the wetting
front advanced to deeper soil, the multilayered settings of initial soil water deficit and
effective saturated hydraulic conductivity reduced the infiltration rate, which was more
reasonable. The homogeneous case would underestimate the final wetting front depth in
this experiment.

3.3. Rainfall–Runoff Events Simulation
3.3.1. Typical Short-Duration Rainstorm Event

In order to identify the range of parameters, we calculated the unified topography
case firstly.

a. Unified topography case
The thickness of the unsaturated zone was set as 51 cm based on the initial ground-

water depth. According to the measured soil moisture data at various depths and the
parameters derived from the previous infiltration experiment on the field, the unsaturated
zone was divided into 4 layers (Table 3). The total soil water deficit was 21.5 mm, surface
depression storage capacity Sc was 5 mm, Qg was 0.01 mm/min. Average concentration
time T was set as four levels, i.e., 0(direct outflow), 10, 13, and 15 min. The time step was
set as one minute.
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Table 3. Parameters of 20160808 runoff case using the multilayered G–A model.

Layer Number Depth (cm) M (-) S (cm) Ks (cm/min)

I 0–5 0.130 20 0.018
II 5–19 0.062 20 0.015
III 19–39 0.028 20 0.015
IV 39–51 0.006 20 0.008

The rainfall intensity exceeded the surface infiltration capacity at the beginning of the
second 10 min and ponding water started to appear on the surface (Figure 7). The final
wetting front depth was 33.5 cm, not yet reaching the groundwater table, which means
the soil water storage of the whole area was not saturated in the whole runoff process.
Therefore, infiltration-excess mechanism was dominant. The simulated hydrograph of
direct outflow (T = 0 min) was poor while the results of the other three cases were much
better. Specifically, the case of 10 min fitted best. Therefore, the average concentration
time in this rainfall event was approximately 10 min. The simulated runoff of 10 min
case was 4.45 mm, close to the measured value. The RMSE and NSE was 0.43 L/s and
0.910, respectively. However, even in the case of 10 min, the simulated peak flow was still
overestimated and the peak time lagged.

Water 2022, 14, x FOR PEER REVIEW 10 of 18 
 

 

Table 3. Parameters of 20160808 runoff case using the multilayered G–A model. 

Layer Number Depth (cm) M (-) S (cm) Ks (cm/min) 
I 0–5 0.130 20 0.018 
II 5–19 0.062 20 0.015 
III 19–39 0.028 20 0.015 
IV 39–51 0.006 20 0.008 

The rainfall intensity exceeded the surface infiltration capacity at the beginning of 
the second 10 min and ponding water started to appear on the surface (Figure 7). The 
final wetting front depth was 33.5 cm, not yet reaching the groundwater table, which 
means the soil water storage of the whole area was not saturated in the whole runoff 
process. Therefore, infiltration-excess mechanism was dominant. The simulated hydro-
graph of direct outflow (T = 0 min) was poor while the results of the other three cases 
were much better. Specifically, the case of 10 min fitted best. Therefore, the average con-
centration time in this rainfall event was approximately 10 min. The simulated runoff of 
10 min case was 4.45 mm, close to the measured value. The RMSE and NSE was 0.43 L/s 
and 0.910, respectively. However, even in the case of 10 min, the simulated peak flow 
was still overestimated and the peak time lagged. 

 
Figure 7. Simulated hydrographs of different concentration time in unified topography case in 
20160808 rainfall event. 

b. Classified topography case 
Based on the previous unified topography case, parameters of three kinds of topo-

graphic subunits were calibrated. Due to the initial shallow groundwater, we moved the 
bottom of each layer of the main field 5 cm down so that the average soil water deficit of 
this case could be close to the unified case. Then, the bottom of each layer of rill and 
ditch referred to that of main field (Table 4, Figure 8a). A soil layer number correspond-
ed to a specific set of Green–Ampt parameters. The concentration time of the ditch was 
the shortest while that of the main field was the longest. The concentration time of the rill 
was set as the average value, which was applied in the unified topography case. The av-
erage elevations of three topographic subunits were based on topographic statistics, in 
which the relative elevation of the main field was set as 0 cm. The time step was the 
same as in the unified topography case. 

Figure 7. Simulated hydrographs of different concentration time in unified topography case in
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b. Classified topography case
Based on the previous unified topography case, parameters of three kinds of topo-

graphic subunits were calibrated. Due to the initial shallow groundwater, we moved the
bottom of each layer of the main field 5 cm down so that the average soil water deficit
of this case could be close to the unified case. Then, the bottom of each layer of rill and
ditch referred to that of main field (Table 4, Figure 8a). A soil layer number corresponded
to a specific set of Green–Ampt parameters. The concentration time of the ditch was the
shortest while that of the main field was the longest. The concentration time of the rill was
set as the average value, which was applied in the unified topography case. The average
elevations of three topographic subunits were based on topographic statistics, in which the
relative elevation of the main field was set as 0 cm. The time step was the same as in the
unified topography case.
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Table 4. Parameters of three kinds of topographic subunits in 20160808 runoff case.

Parameters Main Field Rill Ditch

α (/) 0.6 0.15 0.25
H (cm) 0 −10 −30

Sc (mm) 5 4 3.5
T(min) 14 10 7

Layer(cm)

I (0–10) I (0–5) I (0–5)
II (10–24) II (5–14) II (5–14)
III (24–44) III (14–34) III (14–21)
IV (44–51) IV (34–41) -
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The simulated hydrograph of classified topography case fitted better compared with
the unified topography case (T = 10 min). The simulated runoff of this case was 4.86 mm,
slightly larger than the measured value. The RMSE and NSE was 0.33L/s and 0.94, respec-
tively. The discharge in 30–35 min was slightly overestimated (Figure 8b). The ponding
time of each subunit was almost the same. Notably, soil water storage of the ditch had
been saturated since the 22nd min, which was different from the results of the unified case.
Therefore, infiltration-excess mechanism under saturated condition was dominant in the
ditch since then. The peak discharge of the ditch was 3.0 L, accounting for 65% of the
corresponding total discharge. The simulated shallow groundwater discharge of the ditch
was about 0.19 mm.

The water balance items of three topographic subunits are shown in Table 5. The
higher the surface elevation was, the greater the infiltration was, while the smaller the
runoff was. The runoff of the ditch accounted for 51% of the total runoff, about twice of
its area ratio. The runoff contribution of main field was 0.32, only half of its area ratio.
The runoff contribution of rill was slightly larger than its area ratio. Therefore, massive
surface runoff was generated from the low-lying ditch during the infiltration-excess period
under saturated condition in this case, resulting in an advance in peak time and reduction
in flood peak.
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Table 5. Parameters of three kinds of topographic subunits in 20160808 runoff case.

Parameter Main Field Rill Ditch

WFD/UZT (cm) 23/51 36/41 21/21
Subunit infiltration (mm) 21.1 18.1 13.8

Subunit runoff (mm) 2.6 5.6 9.9
Area ratio (-) 0.60 0.15 0.25

Converted total runoff(mm) 1.54 0.84 2.48
Runoff ratio (-) 0.32 0.17 0.51

Runoff ratio/Area ratio (-) 0.5 1.1 2.0

3.3.2. Typical Long-Duration Light Rainfall Event

We calculated the unified topography case firstly to identify the parameters.
a. Unified topography case
The thickness of the unsaturated zone was set as 95 cm. Combining the infiltration

experiment case and measured multilayered soil moisture data, the unsaturated zone was
divided into 5 layers (Table 6). Sc was 5 mm and Qg was 0.01 mm/min. The concentration
time was set as 20, 30, and 40 min. Time step was set as one minute.

Table 6. Parameters of Layered G–A model for 20160406 rainfall–runoff event.

Layer Number Depth (cm) M (-) S (cm) Ks (cm/min)

I 0–5 0.094 20 0.018
II 5–19 0.029 20 0.015
III 19–34 0.035 20 0.015
IV 34–60 0.024 20 0.008
V 60–95 0.013 20 0.005

The case of 40 min showed the best-fitting results (Figure 9). Therefore, the average
concentration time could be close to 40 min. In contrast, this average concentration time was
four times the value of the previous short-duration rainstorm runoff case. It was inferred
that the runoff caused by light rainfall spent a much longer time reaching the outlet than
that caused by intense rainfall. The simulated runoff was 8.8 mm, less than the measured
value. Remarkably, the first stage of outflow occurring in period I (500–600th min), in
which the discharge was small, could not be simulated. It is obvious that topography
homogenization setting could not grasp such a relatively small outflow process in the early
stage. Furthermore, the simulated discharges of three cases in the early phase of period III
were all overestimated. Notably, the rain intensity was smaller than the smallest saturated
hydraulic conductivity (0.005 cm/min) during period II (lasting about 4 h). Therefore, the
ponding water in surface storage should recede gradually in this period, resulting in a
newly arising surface storage deficit. However, such process could not be represented in
this proposed model. We improved groundwater discharge rate to 0.05 mm/min in the
early phase of period III (860–900th min) temporarily in the case of 40 min to fill the newly
arising surface storage deficit. The hydrograph of 40 min after modifying was much better
in the early phase of period III. The NSE and RMSE of the simulated hydrograph of 40 min
after modifying between the 485th and 1205th min were 0.817 and 0.11 L/s, respectively.
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Figure 9. Observed and simulated hydrographs of unified topography cases of different concentration
times in 20160406 rainfall event.

b. Classified topography case
The parameters of different soil layers and calibrated concentration time of three kinds

of topographic subunits are shown in Table 7 and Figure 10a. The groundwater discharge
rates were 0.01 mm/min. The discharge rate for the rill and ditch were 0.06 mm/min
between the 860th and 900th min, and 0.04 mm/min for the main field. The surface storage
and other parameters were the same as the typical short-duration rainstorm case.

Table 7. Model parameters of three kinds of topographic subunits in 20160406 rainfall event.

Parameter Main Field Rill Ditch

T(min) 40 35 25

Layers(cm)

I (0–5) I (0–5) I (0–5)
II (5–19) II (5–9) II (5–10)

III (19–34) III (9–24) III (10–20)
IV (34–60) IV (24–50) IV (20–30)
V (60–95) V (50–85) V (30–65)

The outflow of three kinds of topographic subunits occurred at different moments
(Figure 10b). The lower the average elevation was, the earlier the outflow occurred. The
ditch outflowed first at the 484th min, the rill outflowed at the 544th min, and the main field
outflowed last at the 878th min. Clearly, only the ditch and rill were involved in the initial
outflow process (period I) and we called that period partial outflow. The partial outflow
process could be grasped after classifying topography and the whole simulated hydrograph
fitted quite well with the measured one. The simulated runoff increased to 9.6 mm. The
NSE between 485th and 1205th min increased to 0.916 and the RMSE decreased to 0.08 L/s.
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Although the main field was the last to outflow, it contributed half of the total runoff
(Table 8). The runoff rate of each subunit was basically the same as the area ratio. Therefore,
microtopography had a clear impact on initial partial outflow process while it had little
effect on runoff when the whole area was saturated. The topography classification method
could greatly improve simulation accuracy of the initial partial outflow process occurring
in the low-lying areas.

Table 8. Statistics of three kinds of topographic subunits in 20160406 runoff case.

Parameter Main Field Rill Ditch

WFD/UZT (cm) 95/95 85/85 65/65
Subunit infiltration (mm) 40.0 36.8 35.1

Subunit Runoff (mm) 7.9 11.1 12.8
Area ratio (-) 0.6 0.15 0.25

Converted total runoff (mm) 4.7 1.7 3.2
Runoff ratio (-) 0.49 0.18 0.33

Runoff ratio/Area ratio (-) 0.8 1.2 1.3

4. Discussion

In the typical short-duration rainstorm event (20160808), the ditch played a dominant
role. The runoff of the ditch accounted for 51% of the total runoff, about twice of its
area ratio. The runoff contribution of main field was 0.32, only half of its area ratio. It is
because the infiltration-excess regime under saturated condition was dominant in the ditch
and the runoff coefficient was extremely high during that period. However, neither the
main field nor rill were saturated during the rainfall; they were dominated by infiltration-
excess regime accompanied with considerable infiltration, which restricted the runoff
coefficients of these two topographic subunits. Ditch networks indeed accelerate runoff by
concentrating the flow and avoiding natural obstacles [28],which reduces the peak flow
discharge [56].

In the typical long-duration light rainfall event (20160406), the ditch and rill became
saturated successively and played a dominant role in the first runoff. Although the first
runoff was small (0.8 mm), it was an important period for nutrient exporting [57]. When
the highest main field was saturated, the whole area was dominated by saturation excess
regime and the main field with the largest area contributed the most runoff. Therefore, mi-
crotopography had a clear impact on initial partial outflow process while it had little effect
on runoff when the whole area was saturated, which agreed with Chen’s conclusion [22].
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We adopted the average concentration time method to simplify the concentration
process. The results of two typical rainfall events show that the method was effective and
applicable for plot scale without significant topographic slope. The average concentration
time was affected by both rainfall intensity and microtopography. The greater the rainfall
intensity, the shorter the average concentration time. The lower topographic subunit is
normally the man-made drainage channels corresponding to shorter concentration pathway
and shorter average concentration time.

Nevertheless, this proposed model cannot represent the receding surface ponding
water process during a long period of very light rainfall when soil water storage has
been saturated. Therefore, the layered G–A model considering redistribution of soil water
during intermittent rainfall needs to be expanded in later studies [58–60]. Additionally, the
lateral subsurface flow between each of the two topographic subunits was ignored in this
proposed model. However, the groundwater of low topographic subunit usually responds
rapidly to intense rainfall, which may cause regional groundwater head gradient and
lateral subsurface flow. Such phenomenon would influence temporal soil water shortage
and runoff of relatively high units. It is necessary to consider the influence of subsurface
flow in the future.

Furthermore, sensitivity and uncertainty analysis [61] as well as an automatic calibra-
tion module [62] are needed to acquire the parameters of three topographic subunits more
effectively and accurately.

5. Conclusions

An event-based rainfall–runoff model considering microtopographic features of plot
scale in plain farmland areas was proposed in this paper. Various experimental scenarios
were simulated, including two classical unsteady rainfall events in homogeneous soil, one
ponding infiltration experiment, and two typical rainfall–runoff events (i.e., short-duration
rainstorm and long-duration light rainfall) in the experimental field. The findings can be
summarized as follows:

(1) The multilayered setting showed higher accuracy than the homogeneous setting
for simulating infiltration. The RMSE of simulated ponding water depth in the ponding
infiltration experiment reduced from 0.166 cm to 0.035 cm and NSE rose from 0.988 to
0.999. The accuracy of simulated hydrograph using the proposed model considering
microtopography effects proved higher than that under unified topography assumption.

(2) The lower the topographic subunit, the earlier the outflow occurred. The runoff
mostly originated from the relatively low topographic subunits (i.e., ditch and rill) at the
early stage. Infiltration-excess regime under saturated condition may initially dominate in
the low-lying ditch under intense rainfall, with extremely high runoff coefficient.

(3) The concentration process in the plain farmland area was affected by both rainfall
intensity and microtopography. The intense rainfall corresponded to short average concen-
tration time. The average concentration velocity under heavy rainfall was four times faster
than that under light rainfall. The lower topographic subunit was characterized by shorter
average concentration time. Ditches reduced the peak flow and advanced the time to peak.
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