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Abstract

:

In the flat lowland agricultural areas of subtropical climate zones, the runoff process has a great influence on the regional water quantity and quality. In this study, field data about rainfall, evapotranspiration, soil moisture, groundwater table, and surface water dynamics were collected in two different experimental sites in the Taihu Basin, China. Results showed that densely distributed ditches contributed to shallow groundwater depths and persistent near-saturation soil. A correlation analysis was conducted to improve the understandings of runoff generation in humid lowland areas of the Taihu Basin. It was found that a Dunne overland flow was the dominant mechanism responsible for the rapid runoff generation. The total rainfall and runoff expressed a good linear relationship with an R2 of 0.95 in the Hongqiwei test site. The initial groundwater depth was considered as the indicator of the antecedent soil moisture estimation for the close relationship. The depression storage was suggested in a range from 4.72 to 8.03 mm for an estimation based on the water balance analysis for each rainfall event, which proves that the depression storage should not be neglected when calculating the runoff generation process in humid lowlands.
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1. Introduction


About 30% of the Taihu Basin, a typically humid lowland region in China, are lowland polders [1] which can be characterized by a flat terrain, shallow water table, and extensive river networks [2]. These water-rich areas have dense populations [3,4] and intensive agricultural activities [5,6] which are also vulnerable to flooding and are easily polluted [7,8,9]. Therefore, there is a clear and urgent need to focus on hydrological behavior in humid lowland areas which aims to provide a solid scientific basis for regional risk assessment and water resources management [10,11].



Runoff generation is the key component of the terrestrial hydrological cycle [12], which is important for the prediction of water quantities and water quality of specific areas [13]. Typical runoff generation mechanisms include Hortonian overland flow [14], which occurs when rainfall exceeds the infiltration rate of the unsaturated soil, Dunne overland flow [15], which occurs when the soil is saturated, and subsurface flow [16]. In addition to basic influencing factors such as antecedent conditions [17,18] and rainfall characteristics [19,20], strong interactions between groundwater and surface water are important for the water cycle in lowland areas [21]. It was highlighted that ephemeral water storage in depressions [22,23] contributes to higher variability in low-gradient terrain than upland watersheds [24,25]. Besides, human activities such as artificial drainage building, land development, and agricultural practices significantly changed the hydrological conditions in the flat plain [26,27]. Runoff generation processes were especially difficult to generalize for the lowlands [28] and showed great variabilities for the combined effects of soil antecedent conditions, rainfall characteristics, human activities, and the interactions between groundwater and surface water [29,30]. Studies were conducted in typical lowland areas of the Netherlands [31], the United States [32], Germany [33], and other places [34,35,36] to contribute to our understanding of runoff generation mechanisms. However, the amounts and dynamics of runoff generation in flat lowland agricultural areas in the Taihu Basin of China are still poorly understood and research on specific runoff influencing factors are prerequisites for informing better management practices for water resources conservation.



Field experiments provide direct insights into processes and are critical to developing suitable runoff generation calculation methods [37,38]. Water balancing based on measurements is a commonly used method [39] for estimating the unmeasured hydrologic variables. However, this method can only be used under the condition of one unmeasured term, which means the method is more suitable for relatively hydrologically isolated regions. Based on the advances in measurement technologies collecting different sets of data [40], van den Eertwegh et al. [41] attempted to determine the balances of water and nutrients for a catchment in the Netherlands, and the water balance was calculated to quantify the water budgets of different land-use types in an irrigation district [42]. Based on an analysis of the monthly soil water balance, the frequency and variability of the hydrological response were evaluated at the annual and seasonal time-scale in a Mediterranean catchment [43]. This method is considered as a powerful tool to analyze regional hydrology [44] within a specific time-scale.



This study aims to explore the runoff generation process in humid lowland areas in the Taihu Basin, China. Field experiments were conducted in two typical lowland plots located in Jintan, Changzhou, Jiangsu Province, China. Based on the analysis of water balance during rainfall events, the amount of depression storage was evaluated for its role in runoff responses in the area. A Pearson correlation analysis was performed to figure out the rainfall–runoff relationship and the linkage between the runoff generation and the influencing factors.




2. Materials and Methods


2.1. Study Area


The Taihu Basin is located in eastern China, which is a lake basin with a total area of 3.69 × 104 km2. It is known as one of the most densely populated and economically developed regions in this country. By the end of 2010, this area, which covered no more than 0.4% of the country’s land, created 10.8% of the national GDP, with the average population density and the per capita GDP about fifty times and 2.5 times the national average, respectively [45]. It is also one of the most urbanized areas in China, with an average urbanization rate of 74.7% in 2010.



The overall topography of this basin is dish-shaped. Taihu Lake, which is the third largest freshwater lake in China, is located in the center depression area of this basin. The landforms are mainly of two types: hills and plains. The vast plains in the central and eastern regions account for about 80% of the total area, with criss-crossed river networks and numerous lakes. It has a subtropical monsoon climate, and natural vegetation is mainly distributed in the hilly and mountainous areas in the western parts of this basin. Affected by climatic conditions, the vegetation’s species composition and type gradually became more complicated from north to south, and evergreen tree species gradually increased [46].



The two experimental fields are located in Jintan, Changzhou, Jiangsu Province, China. The region has a subtropical monsoon climate with a mean yearly temperature of 15 ℃. Mean precipitation and mean evaporation are about 1070 mm/year and 1283.1 mm/year, respectively. The average elevation is 5.2 m above sea level. The rocks are made up of 30 m Quaternary deposits [47], mainly characterized by marls and calcareous mudstones. The field experiments are conducted in two hydrologically isolated test sites which are both typical flat lowlands surrounded by ditches in the Taihu Basin.



2.1.1. Hongqiwei Field Experiment


The Hongqiwei field (HQW) is located in Zhulin, Changzhou, Jiangsu, China (31.725° N, 119.471° E) with a flat area of 1008 m2 (Figure 1a). The surface elevation ranges from 2.4 to 3.8 m (Figure 1b) and the nearest river is approximately 20 m away. Ditches surrounding the field are 0.5–0.6 m deep.



The field has been used for agriculture production for centuries. Edamame (green soybean) is the main vegetation that grows from July to September each year. The soil has a texture of silty clay loam, based on the USDA classification [48] (Table 1), with the average bulk density of 1.36 g/cm3. The average saturated hydraulic conductivity, volumetric saturated water content, and organic matter are 46.63 mm/hr, 45.0%, and 14.78 g/kg, respectively. The high standard deviation of the saturated hydraulic conductivity indicated heterogeneity in the horizon of the 1-meter-deep soil. Detailed information for the laboratory analysis of the collected soil samples at different depths can be found in the previous study [47].




2.1.2. Baitaqiao Field Experiment


The Baitaqiao (BTQ) field is located in Zhiqian, Changzhou, Jiangsu, China (31.760° N, 119.457° E) with a flat area of 1710 m2. The surface elevation ranges from 4.2 to 5.8 m (Figure 1c) and the nearest river is about 170 m away. Ditches surrounding the field are 0.4 m deep. It is worth noticing that the ditch to the west of the site is 1 m deep and is used as the main channel of irrigation and drainage for the region. The ditch links to the nearest river through a water pump.



To prevent soil erosion from regional environmental change, the field was planted with natural grass instead of edamame. The same analytical method was applied, as in the HQW site, in the laboratory experiment for the soil samples. The field has similar basic soil properties with the HQW site. The soil at the 1 m depth also has the same texture of silty clay loam (Table 1), with the average bulk density, average saturated hydraulic conductivity, volumetric saturated water content, and organic matter of 1.52 g/cm3, 30.22 mm/hr, 47.0%, and 18.38 g/kg, respectively.





2.2. Data Collection


Both two sites were surrounded by waterproof barriers that form relatively hydrologically isolated areas. For each site, there are two drainage ditches built inside and outside of the impermeable materials, which are installed in the ridges (Figure 1b,c). They are designed for the runoff collection of both sides to avoid surface water exchanges between the outside and inside of the ridge.



In the HQW site, a short concrete channel was built to connect the inside ditches and a nearby stream. It was used to measure the outflow of the field with a discharge station installed at the outlet that consists of a V-notch weir (Figure 2a). The water depths in different locations in the ditches were measured with pressure transducers (HOBO Water Level Datalogger, Onset) every 10 min, including in front of the weir. In the BTQ site, the inside ditches are drained out through the outlet leading to the irrigation channel to the western part of the field. Similarly, the runoff is measured via a V-notch weir and water depth logger. The level–discharge relationship for the V-notch weir was established, validated, and calibrated in the laboratory.



The groundwater regime was monitored by observation wells using the laser technique. The method is based on a laser distance meter, a non-contact measurement taken by sending out a pulse of laser light to a defined target and then measuring the amount of time it takes for the reflection to return. There are both two observation wells in the HQW and BTQ sites, respectively (Figure 1b,c). The data were recorded every 10 min.



Four soil profile locations (Figure 1b) were selected in the HQW field for the measurement of soil moisture. At each location, time domain reflectometry (TDR) probes [49] (Campbell CS616, Campbell Scientific) were inserted horizontally at the depths of 10, 20, 40, 60 and 80 cm below the ground surface (Figure 2b). In the BTQ field, TDR probes were installed in two locations at the same depths as in the HQW site. The soil volumetric water content was measured in two sites with a time interval of 10 min.



The meteorological data were available from the automatic weather station (Campbell Scientific, Inc., Logan, UT, USA) for each site (Figure 1b,c). The station measured rainfall, evaporation, air temperature, and wind direction and velocity at 2 m above the ground surface at the same interval for 10 min. From January 2014 to January 2017, the meteorological data and dynamics of the surface runoff, soil water, and groundwater were collected in the HQW site. Unfortunately, the monitoring work in HQW was stopped for highway construction in this region from 2017. Then, we built a new site in BTQ to continue the field experiment. Similar data were obtained from the BTQ site from April 2018 through to July 2019.




2.3. Data Assessment


2.3.1. Rainfall Event Definition


Hydrological and meteorological data were processed from 1 January 2016 to 31 December 2016 in HQW and from 1 July 2018 to 30 June 2019 in BTQ, in order to study the seasonal event rainfall and runoff dynamics as well as the soil water and groundwater regimes. After a detailed examination of the available two-year data, rainfall events were selected based on the total rainfall values greater than 5 mm and a time gap of no less than 24 h between rain events. These criteria were used to identify detectible single peaked events and minimize the influence of prior storms on runoff processes. A runoff event was defined as a phenomenon when surface runoff was observed at the outlet during the rainfall event.



A total of 29 and 23 rainfall events were selected and confirmed from HQW and BTQ, respectively. A total of 29 runoff events were identified, in which 17 events were obtained from HQW and 12 from BTQ. Compared with the 29 events in Amatya et al.’s study [50], 23 events in Slattery et al.’s study [20], and 30 events in Han et al.’s study [51], the 29 events in this study could be persuasive for exploring the linkage between the runoff and the potential influencing factors in lowlands.




2.3.2. Water Balance Analysis for Events


Depression storage is known as an important factor influencing the runoff process in low-topographic gradient areas [24]. It refers to the amount of rainfall that is temporarily stored on surface depressions [52]. The water balance analysis during the individual events was used to calculate the depression storage due to the direct measurement difficulties under field conditions [53].



For the water balance of the field, the upper boundary is set at the land surface and the lower boundary above the first impermeable layer [42]. With the exception of depression storage, all the water balance components are known. Thus, the water balance equation during a specified period can be expressed as


D = P − E − R − I − ∆V



(1)




where D (mm) is the depression storage depth, P (mm) is the precipitation depth, E (mm) is the evapotranspiration depth, R (mm) is the relative drainage depth through the outlet, I (mm) is the cumulative infiltration depth, and ∆V (mm) is the water exchange between the test sites and their surrounding areas. ∆V equals zero in this condition when there is no lateral flow exchange for the hydrologically isolated sites. The field cumulative infiltration depth (I) in this study was calculated using Equation (2)


  I =   ∑   i = 1  n  Δ  θ i  · Δ  z i   



(2)




where ∆θ (m3/m3) is the increment of the soil water content in each layer of the unsaturated zone, and ∆zi (mm) is the vertical distance between the moisture sensors i and i + 1.




2.3.3. Correlation Analysis


Several variables extracted from the hyetograph and hydrograph were derived for each event and placed into two groups (Table 2): (1) pre-event conditions and (2) event conditions, which were further classified into the precipitation and derived variables, and the hydrological variables.



For the pre-event conditions, the initial groundwater depth (H0) below the land surface was recorded to identify the location of the groundwater surface before the rainfall events. The antecedent soil moisture conditions were estimated by the soil water storage capacity (SWSC), which is defined as the depth (volume per unit area) of water needed to raise a shallow water table to the land surfaces. The profile soil water storage capacity was estimated using the trapezoidal rule of integration with the depth [54]


  S W S C =   ∫  0 d   (   θ S  − θ  ( z )   )  d z ≈   ∑   i = 1  n   [   (   θ  S , i   −  θ i   )  +  (   θ  S , i + 1   −  θ  i + 1    )   ]  · Δ z / 2  



(3)




where SWSC (mm) is the soil water storage capacity, d (m) is the depth from the land surface to the water table, θi and θS,i (m3/m3) are respectively the recorded water content by the sensor and the saturated water content at elevation i, and ∆z (m) is the elevation distance between the moisture sensors i and i + 1.



For the event conditions, rainfall characteristics contain the total rainfall depth (P), duration (T), peak rainfall intensity (Pmax), and average rainfall intensity (Pmean). The hydrological variables include the total quickflow runoff (R), peak discharge (Qmax), runoff coefficient (ɑ), cumulative infiltration (I), increment of the groundwater level (∆H), and depression storage (D) for the individual rainfall events. The total runoff volume was presented in depth which was calculated as a sum of the incremental outlet flow in 10 min intervals divided by the total field area. The runoff coefficient refers to the proportion of the associated rainfall that is converted into runoff which is calculated by the ratio of the runoff depth to the total rainfall depth [55]. These variables were calculated for all events and analyzed with the Pearson correlation coefficients [56,57], which are used to summarize the relationships between all of the potential influencing factors and measured hydrological variables.






3. Results and Discussion


3.1. Hydroclimatic Conditions during the Study Period


The daily rainfall, evaporation, groundwater level, and soil moisture are presented in Figure 3. The data were collected from 1 January 2016 to 31 December 2016 in HQW and from 1 July 2018 to 30 June 2019 in BTQ, which gave a general overview of two sites.



The total annual rainfall was 1853.4 mm in HQW in 2016, which is significantly higher than the average annual rainfall depth. It might be the combined reaction of both interannual variation and climate change. Different from the situation in 2016, the total rainfall was recorded as 1148.9 mm during the studying period in BTQ, which is consistent with the average annual rainfall depth. The total rainfall during the wet season (March to November) in 2016 accounted for 93.4% of the annual rainfall depth, while the rainfall depth in the winter during 2018–2019 was two times as high as that in 2016. It was found that the total rainfall in the winter between 2018 and 2019 was higher than the maximum value in the records during 1955 and 2012 [58] in the Taihu Basin, which may have similar reasons for their occurrences with the higher value of the total annual rainfall in 2016. The maximum daily rainfall in 2016 appeared in September, reaching 150 mm a day, while the annual maximum daily rainfall reached 100 mm a day in August of 2018. Both extreme rainfall events were caused by a typhoon in the summer. Generally, the rainfall events during 2018–2019 were considerably evenly distributed and dominated by a high frequency of low rainfall intensity at less than 20 mm/day.



The total evaporation was recorded as 1301.3 mm in 2016 and 1063.4 mm during 2018–2019. The slight difference can be considered as a normal interannual change. The annual maximum daily evaporation was 13.8 mm on 22 July 2016 and 8.3 mm on 18 July 2018, respectively, which were both due to the contributions of extreme solar radiation. The temporal patterns of evaporation showed similar significant seasonal variabilities for both the HQW and BTQ sites, which can be related to the seasonal variety of solar radiation.



The shallow groundwater levels fluctuated from 0.08 to 1.2 m below the ground surface in the HQW site throughout the year, and a comparable range from 0.08 to 1.0 m was recorded in the BTQ site. Both maximum depths were no more than 1.2 m, which was due to the irrigation through the manmade channels to enable agriculture production. Both water table dynamics showed quick responses to each significant precipitation event with a rise and subsequent recession. The groundwater was very close to the ground surface from June to November in HQW for the combined effects of rainfall and irrigation. However, similar conditions in BTQ were observed between October and March, due to grass planting treatments, low evaporation, and a twice as high total rainfall volume as that in 2016. The different seasonal distributions of rainfall and irrigation practices contributed to the difference in the seasonal groundwater dynamics. The average groundwater depth was 0.57 m in HQW and 0.45 m in BTQ. It’s worth noting that the average groundwater and drainage depth (marked by the dotted line in Figure 3) were on the same elevation for each site. That is, there was a certain relationship between the groundwater dynamics and ditch bottom elevation in the study area.



The volumetric soil water content (VWC) had a maximum value of 0.584 and a minimum value of 0.304 at 10 cm depth in HQW, with an average value of 0.417. In BTQ, the VWC was in the range of 0.377–0.602, with a higher average value of 0.497. The inconsistency between the maximum monitored values and laboratory results in Table 1 reflect the heterogeneity in the soil structures for both sites. The minimum values for the two locations were higher than 50% of their saturated soil water contents, indicating the high status of field wetness maintained by the adequate recharge from the shallow groundwater. The topsoil water dynamics were also sensitive to rainfall, with an increase of water content and continuous evaporation with a decrease after rainfall events. The trend of soil water content below the land surface generally resembled that of groundwater, which may infer the strong interaction between shallow water and soil water in this area. The dynamics of the soil water content differed from that of the shallow water tables in the summer of 2016 due to the greater influence of evaporation on the topsoil. It must be noted that there were two relatively dry periods for the soils within a 10 cm depth in HQW, of which one was from February to April and the other one was from August to September 2016. They were caused by the continuous dry weather conditions during that period. While in BTQ, such a dry status was found appearing from April to June in 2019, that had a shorter duration compared with that in HQW.



All these things make it clear that the hydroclimatic conditions had comparable temporal patterns in the two periods at different locations, which were representative of the hydrological environments in the lowland areas of the Taihu Basin. The shared results based on the different spatio-temporal data can lead to relatively reliable judgments of the hydrological responses in this area.




3.2. Overview of Rainfall-Runoff Events


To investigate the hydrological behaviors of such fields at the event scale, six representative rainfall events were selected to analyze the rainfall and hydrological factors in rainfall–runoff events. Three of them were from 17 events in HQW, named H1, H2, and H3, respectively. The others, named B1, B2, and B3, were selected out of 12 events in BTQ. The rainfall and runoff characteristics of six events are summarized in Table 3. The selected events had high variations in the rainfall, runoff, and antecedent conditions, which shows general information on the runoff processes related to the soil water and groundwater dynamics.



The soil moistures at 10, 20, 40, 60, and 80 cm deep are plotted in Figure 4 as the relative saturation, i.e., a fraction of the total porosity. In the events H1, H2, H3, and B2, the soil moistures showed similar fast responses of a steep rise to the precipitation, especially at 10 cm deep, and the soil water content increased stage by stage with the rainfall impulse, then gradually decreased after the rainfall stopped. The phenomena of these sharp rises might due to the fast infiltration within 10 min, while the soil water data were measured only at 10-min intervals. With the increase in the soil layer, the increment of the soil moisture decreased and a longer response time was needed. However, in events B1 and B3, the topsoil was close to saturation due to the latest rainfall events two days ago. That’s why there were negligible increases during the next storm events. When the depth of the soil layer exceeded 60 cm, the soil moisture status had no significant change during all events, which implied the deeper soil layers kept saturation throughout the period.



Shallow groundwater also had a rapid reaction following the changes in the soil water dynamics to precipitation, but were generally in the form of relative gentle curves, which was due to the reduction in the rainfall impulse through the vertical infiltration processes. For the case of event B1, the sharp rise in the groundwater table was mainly caused by a high rainfall intensity of 22 mm/hr in the condition that the SWSC was 21.4 mm, which indicated the highest moisture status before precipitation in the six events. The groundwater level increased slightly in event H2 under a similar rainfall intensity of 28.4 mm/hr, but for a soil water saturation accounting for a higher proportion of infiltration due to the lower antecedent moisture status in this case. Hence, the variation in the groundwater response showed a strong interaction between the groundwater and soil water in this area. That is, the shallow water table dynamics were affected by the rainfall and antecedent soil moisture conditions together.



The soil water content at 10 cm deep reached relative saturation which was initiated by the surface runoff, which proves the existence of a Dunne overland flow. According to the hydrographs in the different runoff events (Figure 4), the runoff processes showed great differences in all events. The total volume of runoff varied with a factor of ten between the different locations, whereas the peak discharge differed by a factor of fifty during the events, although in the same location. The duration of events varied from 3 to 66 h, and the runoff coefficient varied from 0.11 to 0.73.




3.3. Rainfall–Runoff Relationships


The rainfall–runoff relationships were analyzed based on the precipitation, soil water, groundwater, and runoff data measured for the 29 events. Except for those arising from the runoff and water budget, the variables can be classified based on the runoff generation mechanisms: (a) precipitation intensity variables related to the infiltration excess runoff and (b) antecedent conditions and total precipitation related to the saturation excess runoff. The hydrological variables can be grouped as parameters related to the runoff data (peak discharge, total runoff, and runoff coefficient), and parameters related to the water balance of events (infiltration, the water table rises and depression storage). The Pearson correlation coefficients matrix is presented in Table 4.



3.3.1. Saturation Excess Runoff


A significant relationship was found between the total runoff and total rainfall (p < 0.01) in HQW, which was presented by a linear function (Figure 5a). The fitting line with a determination coefficient (R2) reaching 0.95 was obtained from the different events in HQW, indicating the predominant role of saturation excess runoff in this area. The slope was close to 1, indicating the high ratio of the rainfall converting into runoff, which means this area was characterized by soil prone to saturation. On the one hand, it was found that the shallow groundwater made general antecedent wet conditions before runoff, according to the phenomena of topsoil from Figure 4. On the other hand, the porosity of the compact soil is smaller than that of the loose soil, so the amount of water for infiltration in this area is generally lower than those areas with relative loose soils under the same antecedent soil moisture condition, which is another reason for the slope close to 1. The interception of −18.14 mm could be considered as the threshold of rainfall depth that can trigger runoff processes. Also, the relationship between the runoff coefficient and total rainfall (Table 4a) means higher rainfall amounts result in a higher proportion of rainwater converted into the runoff, which supported the occurrence of a Dunne overland flow from another perspective. Besides, the total runoff was found to be positively correlated with the rainfall duration, although the correlation was clearly weakened when compared with the total rainfall.



There was no such strong correlation between the total precipitation and total runoff depth in BTQ, and the linear function for the fitting in Figure 5b had an R2 less than 0.3. This was because the rainfall events in the study period of BTQ were mainly light and moderate rain types. A total rainfall of more than 50 mm was recorded for two events, but we failed to collect their complete runoff processes due to the power outages of the automatic water pump caused by stormy weather. When the total rainfall was less than 50 mm, there were considerable uncertainties in the effects of the antecedent soil moisture, surface depression and vegetation interception. The runoff depth under the same total rainfall exhibited high variability in the different events, which resulted in the high nonlinearity in the relationship between the total rainfall and runoff. From the partially enlarged view in Figure 5a, the distribution of data points with total rainfall less than 50 mm in HQW also had similar characteristics of high nonlinearity, which is consistent with the result in a drained agricultural peat catchment in Malaysia [59].



Considering that HQW and BTQ are close to each other, the two sites have similar climate and topographical conditions as well as similar soil properties. Based on the analysis about the soil moisture dynamics in the typical events of BTQ which were presented in Figure 4, it is reasonable to infer that the saturation excess runoff is the main contribution to runoff processes in BTQ. This argument can be confirmed and verified under heavy rainfall conditions in further studies.




3.3.2. Infiltration Excess Runoff


The results from the Pearson analysis (Table 4) showed that total runoff and runoff coefficients were proved to link with the maximum rainfall intensity at the 0.05 level. It is clear that a higher maximum rainfall intensity can generally make a higher proportion of rainfall into a rapid flow with a higher runoff depth in this area. An infiltration excess runoff may also exist by inferring.



The data from the 29 rainfall events in HQW and 20 events in BTQ were summarized to gain an overview of the maximum rainfall intensities in Figure 6. The results showed the prevalence of low-intensity rainfall events in this area. The saturated hydraulic conductivities (KS) in the two sites were also marked to determine the infiltration excess process since KS is the bottom limit of the infiltration capacity. Except for very few points of extreme rainfall exceeding the limit, most peak rainfall intensities in the events were smaller than the threshold that can initiate an infiltration excess runoff. Even in extreme rainfall events, the Hortonian overland flow appears when the soil is not saturated. It may first cause surface ponding due to the low relief of this area, which is hard to drain out. Infiltration excess runoff is a rare process that is limited to extreme rainfall events in lowlands in the Taihu Basin.





3.4. Antecedent Conditions–Runoff Relationships


The runoff coefficient was negatively related to antecedent conditions such as the initial groundwater depth (Table 4). It shows that the runoff volume in the total rainfall is influenced by the antecedent soil moisture, which is the mechanism of the Dunne overland flow. The shallower location of the groundwater table and smaller soil water storage will result in a lower infiltration from rainwater which was proved by the correlations between the cumulative infiltration and pre-event groundwater table. In other words, more runoff will be produced in storm events with the same magnitude.



The relationship between the initial groundwater depth and runoff coefficient was plotted in Figure 7 under different rainfall magnitudes. There were no events with a runoff coefficient higher than 0.5 when the initial groundwater depth was deeper than 0.5 m. Those points of the initial groundwater depth within 0.5 m, which is in the left of the dotted straight line, showed high variations in runoff coefficients. These cases in the upper left part (Figure 7a) show that shallower water table conditions meet extreme rainfall events, which would result in great rapid flows and make this area vulnerable to flashfloods [60].



The value of the soil water storage capacity was considered as the realistic antecedent soil moisture condition, which is usually obtained from a proxy by other data like the antecedent precipitation index [61] for the difficulties of direct measurements in large scales. Good linear relationships are presented in Figure 8 between the SWSC and initial groundwater depth in HQW and BTQ, with the R2 reaching 0.85 and 0.84, respectively, which reflected the strong interactions between the shallow groundwater and soil water. This conclusion can also be obtained from a significant correlation between the two event conditions that are the increments of groundwater and cumulative infiltration. The discrepancy between the slope of the linear functions from the two locations may be the effects caused by the differences in the soils’ basic properties such as the particle composition and bulk density. The reciprocal of the slope from the two fitting functions may provide us a proxy of specific yield (Sy) for this soil type. Specific yield, known as one of the basic soil properties, is defined as the volume of water released per unit of the surface area of the soil column extending from the water table to the ground surface per unit decline in the water table level. This simple function can be used to estimate the SWSC when the groundwater table is available. It can also help us find meaningful indicators for the pre-event estimation of infiltration.




3.5. Depression Storage-Runoff Relationships


The depression storage from the water balance calculation of the 29 runoff events seemed to have no strong relationships with all of the variables listed in Table 4, which presented the uncertainty in the qualitative description about the relations with its potential controlling factors. The summarized depression storage values are listed in Table 5 for the two sites. The amounts of water stored in the depressions ranged from 0.29 to 18.86 mm in HQW, and from 0.19 to 12.13 mm in BTQ. The mean value was 6.20 mm, with a standard deviation of 4.75 mm for HQW, and the mean value was 6.63 mm for BTQ, with a standard deviation of 3.91 mm. The data distribution was similar for the different locations, and the slight difference in the average values may due to the different vegetation covered. It may be identified as a common loss to runoff with uncertainty in this area and can contribute to the interception of rainfall–runoff relations to some extent. The depression storage was studied by using a numerical model in the Netherlands [31]; however, this data cannot be used for validation. Therefore, considering the complexity in both the affecting factors and the influence on runoff, the depression storage was suggested roughly in the range of 4.72 to 8.03 mm at the confidence level of 0.95, calculated by a t-test based on the data we collected.





4. Discussion


The runoff generation processes in the lowland agricultural areas of the Taihu Basin were explored based on field studies and data analysis carried out in the study. Such lowland areas were characterized by frequent low-intensity rainfall events. The shallow groundwater dynamics were influenced by human activities such as drainage systems and agricultural production. In addition, the strong interaction between the shallow groundwater and soil water was significant. The soil prone to saturation, which was contributed to by the shallow groundwater depth, led to the prevailing saturation excess runoff. The threshold for initiating a Dunne overland flow was determined by the interception value of the linear rainfall–runoff relationships in Figure 5a. On the other hand, the infiltration excess runoff was found to be limited to extreme rainfall events by the comparison between the maximum rainfall intensities and the saturated hydraulic conductivities (Figure 6). The initial groundwater depth below the ground surface was suggested as a good indicator of antecedent conditions. The shallower groundwater table before the rainfall means that there are higher antecedent soil moisture conditions, which can derive a higher runoff coefficient. The linear relationship between the initial groundwater table and soil water storage capacity can be used to estimate the wetness situation in this area (Figure 8). The depression storage, which is common in low gradient areas during the rainfall period, was highly variable according to the correlation analysis and statistical summary from the runoff events.



The existence of both a Hortonian overland flow and Dunne overland flow demonstrated the multiple runoff generation mechanisms in lowlands, and the influence of multiple processes on the runoff response to rainfall events was also determined. This illustrates the necessity to consider a mixture of runoff mechanisms for the runoff processes studies rather than focusing on individual mechanisms [62]. The initial groundwater depth below the ground surface was suggested for the antecedent conditions estimation, which was developed on the qualitative conclusion that the groundwater table depth is an important parameter that influences the runoff formation in catchments [51]. The rough value range of the depression storage was also mentioned, which was meaningful together with the initial groundwater depth for the parameter selection and value range in the numerical simulation.



Some field experiments have been done for hydrology research at the field scale [51]. The method used in this paper, which combined field experiments and the water balance at the event scale, effectively identified the rationality and accuracy of the monitoring data and provided a good basis for quantitative research on the runoff mechanism. Besides, water balance helps to form more comprehensive understandings of the runoff process and possible factors influencing this process, so a targeted correlation analysis could be conducted. This method of combining this field experiment with water balance was proved to be practical and meaningful in similar research.



Based on the above analysis, it can be concluded that the runoff in the Taihu Lake area is dominated by a saturation excess runoff. The precipitation, groundwater depth and the low-relief in the plain area are important factors affecting the runoff in this area, which helps to better understand the runoff production in humid lowland regions with similar characteristics. It was worth noticing that all the above conclusions were derived from the data on the field scale. In fact, these results were found consistent with the previous research results on the basin scale in similar regions [31,59,62]. These results could provide a basis for future research on the effects of spatial scale on the runoff mechanisms in such humid lowland areas.




5. Conclusions


Field measurements were conducted in two typical lowland agricultural plots located in Jintan, Changzhou, China. The continuously monitored data with ten-minute intervals contained the rainfall, evapotranspiration, soil moisture, groundwater table, and surface water dynamics. Based on the analysis of water balance and the Pearson correlation during the different rainfall–runoff events, the main conclusions are summarized below:




	
The prevalence of small intensity rainfall events and soils prone to saturation promoted the predominant role of the saturation excess runoff in the runoff responses, while the infiltration excess runoff was limited in extreme storm events, indicating that multiple runoff processes existed in the area. The strong linear relationship between the total rainfall and runoff confirmed this point of view.



	
A good linear positive correlation was found between the initial groundwater depth and the soil water storage capacity before the rainfall events, which reflected the strong interactions between the shallow groundwater and soil water in this area.



	
The depression storage value calculated by the water balance was suggested in a rough proxy, which was meaningful for the value range of this parameter in the numerical simulation.








The study, based on plot studies, was practicable as other researchers had discussed that the mechanisms found at the plot scale could make sense when upscaled to the catchment scale [39]. Furthermore, the results and conclusion were only based on the water balance. The isotope tracers which are a powerful tool to uncover the inner relationship between the runoff and related field characteristics should be capable of proving our results and should be considered in further studies.
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Figure 1. Test site layout: (a) sites of the study in the Taihu Basin; (b) surface elevation and instrumentation in the Hongqiwei (HQW) site; (c) surface elevation and instrumentation in the Baitaqiao (BTQ) site. 
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Figure 2. Measuring instruments: (a) the V-notch weir at the outlet; (b) the soil water profile measuring sensors. 
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Figure 3. Daily rainfall depth (P), evaporation (E), groundwater depth (GW depth), and volumetric soil water content (VWC) at the 10 cm depth below the ground surface: (a) in the HQW site from 1 January 2016 to 31 December 2016, (b) in the BTQ site from 1 July 2018 to 30 June 2019. 
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Figure 4. Time series of rainfall (P), relative saturation at 10, 20, 40, 60, and 80 cm below the soil surface (S*), groundwater depth (GW depth), and discharge (Q) at the outlet for events H1–H3 in the HQW site and B1–B3 in the BTQ site with a time interval of 10 min. 
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Figure 5. Linear corrections between rainfall–runoff depth of different events: (a) in the HQW site, (b) in the BTQ site. 
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Figure 6. Boxplots of peak rainfall intensity with the saturated hydraulic conductivities of HQW and BTQ marked in dotted lines. 
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Figure 7. Runoff coefficient (ɑ) versus the initial groundwater depth (H0) with different rainfall depths. 
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Figure 8. The linear relationship between the initial groundwater depth (H0) and the soil water storage capacity, SWSC: (a) in the HQW site, (b) in the BTQ site. 
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Table 1. Basic soil properties of two sites.
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Parameters

	
Site HQW

	
Site BTQ






	
Clay

	
(%)

	
32.60 (4.60) 1

	
30.42 (3.60)




	
Silt

	
(%)

	
59.27 (3.72)

	
60.20 (4.33)




	
Sand

	
(%)

	
8.13 (3.16)

	
9.38 (2.04)




	
Average bulk density (ρb)

	
(g/cm3)

	
1.36 (0.14)

	
1.52 (0.13)




	
Saturated water content (θs)

	
(m3/m3)

	
0.45 (0.083)

	
0.47 (0.10)




	
Saturated hydraulic conductivity (Ks)

	
(mm/hr)

	
46.63 (31.33)

	
30.22 (10.79)




	
Organic matter (OM)

	
(g/kg)

	
14.78 (5.61)

	
18.38 (10.07)








Note: 1–the first number is for mean value and the number inside brackets is for standard deviation.
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Table 2. Pre-event and event variables description.
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Pre-Event Conditions: Antecedent Soil Moisture Indices




	
H0

	
The initial groundwater depth (m)




	
SWSC

	
The soil water storage capacity (mm)




	
Event conditions: Precipitation and derived variables




	
∑P

	
Total rainfall (mm)




	
T

	
Rainfall duration (hr)




	
Pmax

	
Maximum rainfall intensity (mm/hr)




	
Pmean

	
Average rainfall intensity (mm/hr)




	
Event conditions: Hydrological variables




	
R

	
Quickflow runoff (mm)




	
ɑ

	
Runoff coefficient, equals to R/P




	
Qmax

	
Peak discharge (L/s)




	
D

	
Depression storage (mm)




	
∆H

	
Increment of groundwater table (mm)




	
I

	
Cumulative infiltration (mm)
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Table 3. Summary of rainfall and runoff characteristics for the six selected rainfall events.






Table 3. Summary of rainfall and runoff characteristics for the six selected rainfall events.





	
Event

	
Start Date

	
ΣP

	
T

	
Pmean

	
Pmax

	
R

	
ɑ

	
SWSC




	
mm

	
hr

	
mm/hr

	
mm/hr

	
mm

	

	
mm






	
H1

	
20-05-2016

	
54.5

	
31.2

	
1.8

	
6.6

	
5.99

	
0.11

	
72.2




	
H2

	
31-05-2016

	
35.3

	
3.2

	
11.2

	
28.4

	
23.5

	
0.67

	
41.4




	
H3

	
19-10-2016

	
97.3

	
65.5

	
12.6

	
1.5

	
71.3

	
0.73

	
43.5




	
B1

	
08-07-2018

	
23.5

	
3.83

	
6.13

	
22

	
14.64

	
0.62

	
21.4




	
B2

	
06-11-2018

	
32.5

	
39.83

	
0.82

	
4.9

	
9.12

	
0.28

	
75




	
B3

	
19-06-2019

	
24.5

	
39.5

	
0.62

	
9.6

	
7.43

	
0.30

	
44.4








Note: − ΣP is the total rainfall, T is the rainfall duration, Pmean is the average rainfall intensity, Pmax is the maximum rainfall intensity, R is the total runoff, ɑ is the runoff coefficient, and SWSC is the soil water storage capacity.
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Table 4. Pearson rank correlation matrix of the selected parameters in (a) HQW site and (b) BTQ site. Coefficients in red are significant at the 0.05 level, and values in bold are significant at the 0.01 level.
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	(a)
	ΣP
	T
	Pmax
	Pmean
	R
	α
	Qmax
	D
	∆H
	I
	H0
	SWSC





	ΣP
	1
	0.748
	0.599
	0.248
	0.975
	0.720
	0.252
	0.469
	0.248
	0.042
	−0.081
	−0.131



	T
	
	1
	0.254
	−0.171
	0.655
	0.465
	0.141
	0.652
	0.445
	0.302
	0.184
	0.073



	Pmax
	
	
	1
	0.683
	0.634
	0.741
	0.287
	0.115
	−0.063
	−0.142
	−0.162
	−0.159



	Pmean
	
	
	
	1
	0.288
	0.478
	0.161
	−0.127
	−0.060
	−0.105
	−0.180
	−0.177



	R
	
	
	
	
	1
	0.797
	0.196
	0.343
	0.051
	−0.167
	−0.255
	−0.276



	α
	
	
	
	
	
	1
	0.214
	0.098
	−0.101
	−0.361
	−0.496
	−0.568



	Qmax
	
	
	
	
	
	
	1
	0.016
	0.518
	0.347
	0.259
	0.204



	D
	
	
	
	
	
	
	
	1
	0.435
	0.270
	0.122
	0.057



	∆H
	
	
	
	
	
	
	
	
	1
	0.861
	0.630
	0.447



	I
	
	
	
	
	
	
	
	
	
	1
	0.878
	0.764



	H0
	
	
	
	
	
	
	
	
	
	
	1
	0.922



	SWSC
	
	
	
	
	
	
	
	
	
	
	
	1



	
	
	
	
	
	
	
	
	
	
	
	
	



	(b)
	ΣP
	T
	Pmax
	Pmean
	R
	α
	Qmax
	D
	∆H
	I
	H0
	SWSC



	ΣP
	1
	0.321
	0.225
	−0.119
	0.496
	0.332
	0.365
	−0.281
	0.535
	0.593
	0.129
	0.342



	T
	
	1
	−0.624
	−0.638
	−0.037
	0.031
	0.006
	0.184
	0.465
	0.178
	0.046
	0.177



	Pmax
	
	
	1
	0.526
	0.693
	0.641
	0.641
	−0.554
	−0.150
	−0.234
	−0.247
	−0.238



	Pmean
	
	
	
	1
	−0.041
	−0.074
	0.020
	0.188
	−0.002
	−0.103
	0.189
	0.233



	R
	
	
	
	
	1
	0.957
	0.936
	−0.604
	−0.069
	−0.322
	−0.530
	−0.454



	α
	
	
	
	
	
	1
	0.934
	−0.591
	−0.173
	−0.469
	−0.625
	−0.525



	Qmax
	
	
	
	
	
	
	1
	−0.551
	0.026
	−0.405
	−0.462
	−0.414



	D
	
	
	
	
	
	
	
	1
	−0.008
	−0.071
	0.060
	0.114



	∆H
	
	
	
	
	
	
	
	
	1
	0.629
	0.675
	0.703



	I
	
	
	
	
	
	
	
	
	
	1
	0.705
	0.784



	H0
	
	
	
	
	
	
	
	
	
	
	1
	0.918



	SWSC
	
	
	
	
	
	
	
	
	
	
	
	1







Note:–ΣP is the total rainfall, T is the rainfall duration, Pmax is the maximum rainfall intensity, Pmean is the average rainfall intensity, R is the total runoff, α is the runoff coefficient, Qmax is the peak discharge, D is the depression storage, ∆H is the increment of the groundwater table, I is the cumulative infiltration, H0 is the initial groundwater depth, and SWSC is the soil water storage capacity.
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Table 5. Summary of depression storage in individual events in HQW and BTQ.






Table 5. Summary of depression storage in individual events in HQW and BTQ.





	Parameter
	HQW
	BTQ





	Maximum (mm)
	18.86
	12.13



	Minimum (mm)
	0.29
	0.19



	Mean (mm)
	6.20
	6.63



	SD (mm)
	4.75
	3.91
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