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Abstract: This paper reveals the role of urban green space (UGS) in regulating runoff and hence on
urban hydrological balance. The modeling software i-Tree Hydro was used to quantify the effects
of UGS on surface runoff regulation and canopy interception capacity in four simulated land-cover
scenarios. The results showed that the existing UGS could mitigate 15,871,900 m® volume of runoff
(accounting for 9.85% of total runoff) and intercept approximately 9.69% of total rainfall by the
vegetation canopy. UGS in midterm goal and final goal scenarios could retain about 10.74% and 10.89%
of total rainfall that falls onto the canopy layer, respectively. The existing UGS in the Luohe urban
area had a positive but limited contribution in runoff regulation, with similar responses in future
scenarios with increased UGS coverage. UGS rainfall interception volume changed seasonally along
with changing leaf area index (LAI) and precipitation, and the interception efficiency was distinctly
different under various rain intensities and durations. The UGS had a relatively high interception
performance under light and long duration rain events but performed poorly under heavy and
short rain events due to limited surface storage capacities. Our study will assist urban planners
and policy-makers regarding UGS size and functionality in future planning in Luohe, particularly
regarding future runoff management and Sponge City projects.

Keywords: urban green space; UAV; i-Tree Hydro; runoff; interception efficiency; Luohe

1. Introduction

Urbanization disrupts hydrological cycles by replacing the natural pervious cover to manmade
impervious cover [1]. The transformation of land cover includes compacted sealed soil and vegetation
elimination, leading to the decreasing capacity of the land to intercept, store, purify, evapotranspirate
and infiltrate rainfall [2]. As a result, the volume of rainfall runoff rises, particularly the magnitude
of peak runoff, and local urban flooding occurs more frequently [3]. UGS, referring to vegetated
areas with trees, shrubs or grasses in urban areas, is widely recognized as one way to manage and
regulate urban surface runoff due to its positive influence on runoff reduction [4-6]. UGS can be
categorized based on location and function into public parks, protective green spaces, square green
spaces, and attached green spaces, based on the Standard for the Classification of UGS (CJ]/T85-2017:
http://www.mohurd.gov.cn/wjfb/201806/t20180626_236545.html). Compared to traditional “grey”
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infrastructure, UGS can be a cost-effective stormwater management strategy with lower investment
and maintenance costs [7]. UGS can also provide other benefits, such as noise absorption, Urban Heat
Island mitigation, energy saving, biodiversity conservation, carbon sequestration and air quality
improvement [8-10]. Inaddition, UGS also contributes to urban sustainability to improve environmental
quality and human health and well-being [11].

Computer models using field data have proven to be an effective way to measure the flooding
reduction capacity of urban green space. Vegetation cover and urban forests reduce the impact of
impervious surfaces and stormwater by intercepting rainfall, slowing water movement, and increasing
infiltration into the ground [12]. The potential influence of trees on surface runoff reduction was found
through the interception and infiltration effects by comparing plots covered with and without trees [13].
For example, the stormwater runoff reduction contribution by UGS from 2000 to 2010 in Beijing was
estimated by empirical modelling to control 17% to 23% of rainfall runoff annually [5]. In another study,
the Soil Conservation Service Curve Number model was utilized to calculate the runoff reduction
volume by UGS in Beijing, estimating that the current UGS could reduce a 4258 m> volume of runoff per
ha [14]. A single-tree interception model was used to simulate the rainfall interception effects by urban
forests in Santa Monica, California; street and park trees could intercept 1.6% of total precipitation
yearly and annual rainfall interception capacity varied by tree species and size [15]. Using the i-Tree
Eco model, trees in the urban park system in Phoenix, Arizona were estimated to reduce runoff
by around 52,800 m? annually [16]. SWMM models have also been used for this purpose. A Storm
Water Management Model (SWMM) model examined the performance of 15 green infrastructure
(GI) scenarios for flood mitigation in China; bioretention cells plus vegetated swales was the most
cost-effective Gl option [17]. The interception losses of six trees in San Juan, Puerto Rico were quantified
by field measurements; storm intensity and tree types directly influenced interception losses [18].

China has experienced dramatic urbanization since the 1980s [19] with urban flooding as a frequent
side-effect, causing numerous deaths and substantial economic losses every year [20]. Meanwhile,
extreme weather conditions, increasing impervious surface and outdated and undersized sewer
systems have further aggravated and amplified urban flood damage [21,22]. To fight urban flooding,
the Chinese national government started the Sponge City program in 2012, and two years later issued a
detailed guideline called “Technical Guidance on Sponge City Construction”, developed by the Ministry
of Housing and Urban-Rural Development [23]. The Sponge City program is similar to Low Impact
Development (LID) in design and aims to manage up to 70% of annual rainfall at the source to reduce
the surface runoff by utilizing GI to mimic predevelopment hydrological procedures. UGS, as the
dominating pervious cover in urban areas, should play a key role in Sponge City construction [24].

A 2016 report from the China Institute of Water Resources and Hydropower Research warned that
the ambitious goals of the Sponge City program were not supported by sound research [25]. The lack of
locally specific information and uncertainty could impede Sponge City construction, posing a challenge
to urban planners when choosing effective natural-based measures. Given its rapid urbanization and
frequent urban flooding, Luohe City is clearly in need of research to support its future urban planning
and GI design.

The purpose of this study was to identify and demonstrate the rainfall interception value and
flooding mitigation potential of UGS in the City of Luohe, China. We used the i-Tree Hydro model to
estimate the effects of UGS on urban hydrology and calculate urban hydrologic balance and its complex
relationship with green space. A current scenario, two future scenarios and one control scenario with
various land-cover compositions were applied to reveal the stormwater runoff mitigation effects of
different UGS coverage, using climate data from 2016 to 2018. The study addressed the following
research questions: (1) How much surface runoff was regulated by UGS in different scenarios? (2) How
much rainfall was intercepted and stored by UGS in different scenarios? (3) How did UGS perform
under different intensities and durations of rain events?
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2. Materials and Methods

2.1. Study Area

Luohe City is a “National Forest City” in China, covering 2617 km? with more than
2,760,000 inhabitants (as of 2016). The city is located on the southwest edge of the North China
Plain at 33°34’52.35"" N, 114°00"38.84"" E, bordered by Funiu Mountain to the west, centered on
the confluence of the Sha and Li rivers. Due to its unique location at the transitional zone from
subtropical to temperate zones, Luohe has a Humid Subtropical Climate (“Cfa” climate, according
to Koppen-Geiger Climate Classification) with an annual precipitation of 810.3 mm (most of the
precipitation falls in summers from June to September). The Luohe Built-up area (Figure 1) occupies
more than 75.2 km? and was chosen as the study area. According to the 2016 Statistical Yearbook of
Luohe, there were approximately 720,000 residents living in the study area, trending upwards with
urbanization. The city’s UGS System Specialized Planning (2016-2030) and the Sponge City Specialized
Plan of Luohe (2016-2030) plans were approved in 2016. To support this planning, two seasonal
(leaf-on and leaf-off seasons) high-resolution Unmanned Aerial Vehicle (UAV) aerial images (Figure 2;
spatial resolution: 9 cm) were produced, which provided the land cover data for our model.
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Sanmenxia Shangqiu
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Figure 1. Location of Henan Province and Luohe City in central area of China (left); location of research
area in Luohe City (right).
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Figure 2. UAV images of study area in February (a) and June (b), 2016.
2.2. i-Tree Hydro

Formerly called Urban Forest Effects-Hydrology (UFORE-Hydro) [26], i-Tree Hydro is a
vegetation-specific, semi-distributed, topographical-based urban hydrological model. It was designed
to simulate and assess the effects of urban vegetation and impervious cover changes on urban
hydrological balance and water quality at the watershed or non-watershed level [26]. The model
simulates the relevant hydrological processes, such as precipitation, interception, evaporation,
infiltration and runoff, by combining with input data of climate, elevation, and land-cover, as well as
soil conditions and vegetation information. Compared to other available hydrological models, such as
Soil and Water Assessment Tool (SWAT) [27] and Storm Water Management Model (SWMM) [28],
the modified vegetation interception algorithms in the i-Tree Hydro model enable better vegetation
structure characteristics and seasonally changing LAI. The modeling results include three parts:
water quantity, water quality and advanced output. Water quantity consists of hourly total flow,
base flow, pervious runoff, and impervious runoff. Total flow is the total runoff produced in the entire
study area, which is the sum of base flow, and pervious and impervious runoff. Base flow is the primary
source of water during periods of low flow. Pervious or impervious runoff is the runoff generated
by a pervious or impervious surface. Water quality shows a variety of pollutions that are eliminated
by vegetation. Advanced outputs are made up of two subparts: aboveground vegetation hydrology
processes and sub-surface hydrology processes. Vegetation hydrology includes hourly interception
by vegetation, storage on vegetation surfaces, throughfall, and evaporation. Sub-surface hydrology
includes infiltration and evapotranspiration from the root zone.

The i-Tree Hydro model is a peer-reviewed, free desktop application that is widely used to
probe the relationship between urban hydrological balance and vegetation [29-39]. For example,
Kirnbauer et al. (2013) quantified the canopy interception potential and evaporation by an i-Tree Hydro
model to decide how to use vacant and underutilized land productively in Hamilton, Canada [31].
Lefrangois (2015) utilized the model to quantify the effect of surface cover change on the sewershed at a
community scale in Vancouver, Canada [32]. Finally, Bautista and Pefia-Guzman (2019) simulated the
hydrological impact of green roofs and increasing green areas in Fontibon Town, Colombia [39]. Thus,
the i-Tree Hydro model should be suitable to estimate the hydrological benefits of UGS in this research.

2.3. Rainfall Interception Model in i-Tree Hydro

The rainfall interception model implemented in i-Tree Hydro version 6.0 was originally
developed and upgraded based on UFORE-Hydro and refined based on work by Rutter et al. [40,41].
The interception model was later refined to consider throughfall in sparse vegetation by Gash et al.
(1995) [42] and Valente et al. (1997) [43]. i-Tree Hydro creatively modified the Rutter model by
introducing a seasonally changing LAI, which considered the leaf-on and leaf-off seasons separately,
bringing more accurate simulation.
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In a typical i-Tree Hydro project, the study site consists of tree cover and other impervious or
pervious ground cover. Estimates are made of the percent of the area beneath the dripline of the
tree that is covered by impervious or pervious surfaces [44]. The model assumes that precipitation
is spatially uniform across the entire study area, so that some portion of precipitation falls on the
vegetation cover area and some on the other non-vegetated ground area. Some precipitation falling
on the tree canopy is intercepted and stored by the tree canopy, and the remainder reaches the
ground under the canopy. Precipitation can be partially retained by ground depressions, and some
continues to sink underground through pervious cover or becomes surface runoff over impervious
cover. Although tree leaves, branches, and bark may intercept precipitation and thus mitigate surface
runoff, only the precipitation intercepted by leaves will be considered in this model [26], which means
it is a conservative estimate. More details regarding the i-Tree Hydro model can be found in [26] and
on the homepage of i-Tree tools.

2.4. Data Processing

2.4.1. Required Input Data

The required basic information for the model includes geographic location, project area,
topographic information in the form of digital elevation data (DEM), land-cover data, percentage of
impervious area that directly connects to the stormwater drainage network, and the percentage of
deciduous and conifer tree coverage. Hourly weather data from 20162018 used in this research were
acquired from the local weather station (National # 57186, 33°36” N, 114°03" E, elevation 59.8 m),
including hourly temperatures, humidity, wind speed and direction, and precipitation.

Although i-Tree Hydro was developed in an American context, it can be adapted for international
users by selecting a suitable reference city in the US and replicating all the input data required to run
the model (Figure 3). The reference city should best match the subject city with similar climate in terms
of temperature, elevation, rain, snow, vegetation abundance, leaf-on and leaf-off days, and latitude.
Wichita, Kansas was chosen as the reference location. Our three-year simulation period started on
1 January 2016 and ended on 30 December 2018. The topographic data for Luohe were initially 30-m
resolution DEM from the United States Geological Survey (USGS). From 2016 to 2018, the annual
average rainfall was 844 mm, which was approximately 28 mm lower than Wichita’s average annual
precipitation. The project area was 75,198,600 m?. The directly connected impervious area (DCIA)
percentage of the four scenarios were 87%, 56%, 53% and 49%, respectively, which were calculated by
using the Sutherland Equation [45]. Furthermore, the tree LAI, shrub LAI, and herbaceous LAI were
specified by the default values with Wichita—4.7, 2.2, 1.6, respectively. The soil type was determined
to be Sandy Clay according to the Soil Survey of Luohe City [46].

Input Data Collection

Land-cover data (UAV) DEM Climate data Other Basic Info

NS

Scenarios Creation

Control Current Midterm Goal Final Goal

S

Model Running

Results Analysis

Figure 3. Schematic depiction of i-Tree Hydro model running.
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2.4.2. Four Scenarios Creation

In this study, the current land-use condition was set as the base scenario, the current scenario
with UGS excluded was set as the control scenario, and two future scenarios for UGS land use were
created based on the midterm goal of 2020 and final goal of 2030 in the UGS System Planning of Luohe
(2016-2030; Table 1). The specific tree cover percentage goals were set when executing the plan within
different terms. The current land-cover data (Figure 4) were obtained by June’s UAV aerial images
through Object-based Image Analysis by ENVI 5.1 [47]. The land-use data (Figure 5) were obtained by
March’s UAV aerial images by visual interpretation manually because the March images have less
tree canopy blocking the ground. The percent of pervious and impervious cover (Figure 6) under tree
canopy was acquired through overlapping the land-cover map and land-use map. Some of land-use
classification had to be further processed to meet the land cover categories used in i-Tree Hydro. Next,
the proposed land-cover configuration of four scenarios were taken as the individual parameters.
All the processed data mentioned above were imported to i-Tree Hydro model for further running.

Table 1. Land-cover configuration of four scenarios (* TC: tree cover).

. Canopy Shrub Bare Impervious Pervious  Impervious
Scenario Cover Cover Herbaceous Soil Cover Water under TC under TC
Control 0 0 0 8% 89% 3% 0 0
Current 270/0 20/0 60/0 80/0 540/0 30/0 200/0 70/0
Midterm Goal ~ 40.00% 1.00% 2.00% 3% 51.00% 3% 33% 7%
Final Goal 45.00% 1.00% 1.00% 2% 48.00% 3% 38% 7%

Legend
—|__:i Built_up Boundary
I Water
- Tree cover
|:| Grass
g Farmland
: Architecture
:I Road

Figure 4. Land-cover Map of research area in June, 2016.
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Figure 6. Pervious and impervious cover of research area in February 2016.

3. Results and Discussion

The following sections highlight the significant observations related to UGS hydrological effects
in the different scenarios.



Sustainability 2020, 12, 6599 8 of 20

3.1. Total Runoff Generation

The model outputs showed that 145,274,900 m? volume of flow was generated throughout the
study area under the current scenario. In the midterm goal and final goal scenarios, the total flow
decreased by 2,661,300 m> (1.83% of current scenario) and 4,432,100 m? (3.05% of current scenario)
to 142,613,600 m3 and 140,842,800 m?, respectively (Table 2). While the total base flow showed an
overall increase from the base scenario to the midterm goal and final goal scenarios, the total base
flow increased 8.55% and 17.04% to 1,446,600 and 1,559,800 m? over the base scenario, respectively.
Comparing with the control scenario, total runoff in the four scenarios showed a decreasing trend
with increasing UGS coverage. The existing UGS had positive effects on runoff mitigation, regulating
15,871,900 m3 volume of runoff, accounting for 9.85% of total runoff in the control scenario. The role of
existing UGS on runoff mitigation was limited, however, which highlighted a big gap for achieving
the Sponge City goal of mitigating 70% of rainfall runoff [25]. Our results suggest that UGS as the
dominant pervious cover in urban area could be a valuable ecological resource that can strategically act
as urban green stormwater infrastructure through urban forests, including trees, shrubs and pervious
ground cover that absorb much of the surface runoff in urban areas.

The results revealed some variability in how UGS coverage affects the total runoff at a city
scale. Increasing UGS coverage contributed positively to decreasing total runoff, which was expected,
given the increasing canopy interception capability. The results are consistent with O’Neill’s study;,
highlighting urban forest canopy effects on stormwater runoff in Guelph, Ontario [48], where the overall
decrease in total flow volumes accounted for a small part of total runoff (less than 10%). Another study
conducted by Zhang et al. (2015) showed that the runoff reduction rate attributed to UGS continuously
decreased from 23% in 2000 to 17% in 2010 with a decreasing UGS area in Beijing [5]. Li et al. utilized
the CITY-green model to assess the influence of urban vegetation in controlling flooding in Shenzhen,
China. The results showed that urban vegetation could reduce the annual surface runoff by an average
55 mm, nearly 30% [49]. While different models were used in these studies, all studies showed that
UGS has positive effects on runoff reduction in urban areas, although the runoff reduction capacity was
not enough to control or eliminate urban flooding. Urban runoff control still mainly relies on sewer
systems, while UGS plays a subordinate role [50]. Meanwhile, our results revealed the specific amount
of stormwater runoff regulated by UGS and the clear gap to achieve the goal of Sponge City [23]—UGS
plays a limited role in runoff mitigation because of limited surface storage capacity. To achieve the
ambitious goal of the Sponge City program, more measures should be taken together with UGS, such as
green roof retrofit [51] and mitigating impervious surfaces along roadsides [52].

Table 2. The overall runoffs of each scenario (Unit: m3; , & \, means increasing or decreasing
comparing with Control scenario).

Scenario Total Runoff  Base Flow  Pervious Runoff = Impervious Runoff

Control 161,146,805 289,712 28,446,592 132,406,889

Current \15,871,880 71,043,017 /56,883,324 \.73,798,215
Mg;’im 18533251 1,156,936 60,167,292 \.79,857,470
Final Goal ~ \,20,303,993 1,270,101 63,945,390 \.85,519,483

3.2. Pervious and Impervious Runoff Generation

Model results showed a slight increase in total runoff over pervious surfaces from the current
scenario to future scenarios. Pervious runoff started at 85,329,900 m? and increased by 7,062,100 m3
(8.28%) to 92,392,000 m? as the final goal achievement with 45% tree cover. Initial impervious
runoff of 58,608,700 m3 expectedly decreased by 11,721,300 m?3 to 46,887,400 m3 as the final scenario.
The impervious cover decreased 11.14% in the final scenario over the base scenario, while the impervious
runoff decreased 20%.
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The total impervious cover (bare impervious cover + impervious cover under tree canopy) declined
from 61.26% in the current scenario to 58.24% and 55.24% in the future two scenarios. The DCIA
had the same decreasing trend with impervious cover. Decreasing impervious cover would result in
decreased surface runoff. With decreasing DCIA, less impervious-generated surface runoff would
continue over impervious cover all the way to the outlet, thus resulting in more water moving to
pervious areas. The total pervious cover (impervious cover excluded) was increased from 38.74% in
the current scenario to 41.76% and 44.76% in two future scenarios (Table 1). The increasing pervious
area brought more stormwater falling on pervious areas, although infiltration and depression storage
capacity was strained and limited, which was more likely to result in increasing pervious surface
runoff. Increasing pervious cover generated more pervious surface runoff, and with the contribution of
more runoff from impervious cover, resulted in increasing pervious surface runoff. With the increasing
pervious cover, more stormwater infiltrated into the ground, which brought an increased base flow.
More runoff volume reduction could be achieved by reducing impervious cover than increasing the
canopy cover. Impervious cover cannot retain and evaporate and infiltrate water into the ground-like
tree canopy, so almost all the rainfall falling on the impervious will be surface runoff directly. Due to
the limited capacity of intercepting, storage on the tree canopy and infiltration rate—increasing the
canopy over impervious cover—has a very small contribution in runoff reduction. With the limited
storage capacity of UGS canopy and infiltration rate, the pervious runoff increased with increasing
UGS coverage. Increased UGS coverage could allow for more infiltration, theoretically refilling more
groundwater. The finding was consistent with previous research [53], which also found that urban
vegetation had a positive effect on runoff regulation and the influence would increase along with
increased vegetation covers. While comparing the pervious runoff, the base flow represented a minor
percentage of total runoff. Compact soil with low infiltration rate is quite common in urban areas,
so compact soil improvement, such as structural soil [54] could directly increase infiltration rate and
volume. Another approach is to decrease impervious surface runoff by adding canopy cover above the
impervious cover [6].

3.3. Rainfall Interception Effects

The model outputs for the current scenario showed that a total of 66,436,800 m?3 of rainfall dropped
over vegetation; 9.69% was intercepted by vegetation and evaporated into air over the 3-year study
period. Increasing tree cover in the two future scenarios increased the total interception, increasing
36.60% and 51.44% by a volume of interception compared with the current scenario, respectively. In the
mid-term goal scenario, 10.74% of the total rainfall that fell over the vegetation canopy was directly
intercepted. The final goal scenario had the highest canopy interception volume by approximately
9,745,900 m3, and 10.89% of the total rainfall fell onto the vegetation canopy. Figure 7 provides a
summary of the 3-year study period for the three scenarios. The increased vegetation cover resulted in
increased vegetation canopy storage capacity; hence the total interception volume clearly showed an
increasing trend along with the yearly rainfall. UGS, therefore, has considerable potential to intercept
stormwater and further reduce surface runoff if UGS coverage increases.

Figure 8 summarized the monthly rainfall interception volume by vegetation in the current
scenario. The interception volume increased or decreased along with monthly precipitation. The top
six highest months of interception volume ranking were from May to October, and September had the
highest interception volume by 975,200 m? in three years, while February had the lowest volume by
88,700 m>.

The interception efficiency (the percentage of canopy interception amount of rainfall falling over
the vegetation) was adopted to analyze the capacity of UGS rainfall interception. As seen in Figure 9,
the monthly interception efficiency varied from 0 to 68.99% during the 3-year period, and January had
the highest interception efficiency by 18.52%, while August was the lowest by 5.25%.
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Figure 9. Monthly various interception efficiency of current scenario during 2016 to 2018.
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Most urban flood events happen during the summer time, while the monthly rainfall interception
efficiency of existing UGS varied from 4% to 46% depending on the rain intensities in summer seasons.
The rainfall interception efficiency of individual rain event was calculated, and 46% was the highest
one, while 4% was the lowest. The UGS canopy interception effect was limited in heavy rain events.
The interception benefits were affected by: dynamic weather conditions, including precipitation
intensity and duration, wind, vapor pressure, and radiation; canopy characteristics, such as seasonally
changing leaf area, bark roughness and initial canopy surface condition [55]. Studies of the interception
benefit of vegetation canopy have demonstrated that interception loss could account for 10-50% of total
rainfall in various natural and plantation forests [56-58]. There are several biotic and abiotic factors
that affect canopy storage capacity that further affect interception performance: canopy structure [59],
leaf surface feature [60], evaporation rate [61], and rainfall intensity and duration [62,63]. Xiao et al.
determined that three broadleaved species in Oakland, California could intercept 14-27% of rainfall on
average [64]. Asadian and Weiler (2009) found that urban coniferous trees in British Columbia could
intercept an average of 71% of rainfall [65]. Several studies have demonstrated that coniferous tress have
higher LAI than broadleaved trees, resulting in high canopy storage capacity [66,67]. In the i-Tree Hydro
model, the trees, shrubs and grasses were represented with different LAI from high to low, and LAl is
the key element in the canopy interception formula used in the model. The interception effect of the
vegetation canopy was directly affected by its LAI, which determined the surface storage capacity [48],
The higher LAI vegetation with higher canopy storage capacity could intercept more rainfall during
rain events. Although the interception accounts for a small part of total runoff, the interception loss
of the vegetation canopy should not be neglected and could be used to mitigate urban flooding [68].
The interception benefits contributed by the high LAI trees in the Sponge City project could be minor,
while the cumulative effect could have significant implications for runoff reduction at a city scale.
For urban planners and landscape architects, it is important to understand how to increase the water
storage capacities above and underground within an area in ways that have significant effects on
rainfall runoff mitigation [69].

3.4. Seasonal Variation in Rainfall Effects on Interception

The rainfall interception efficiency changed along with the magnitude of rain events. According to
the changing LAI in different seasons used in this model, the rain events were divided into two
seasons—Ileaf-on season (May to October) and leaf-off season (November to April)—which were used
to reveal the different interception performances in different seasons.

3.4.1. Per Rain Event Precipitation Effects on Interception during Leaf-On Season

As shown in Figure 10, there were more than 236 rain events (88% of total rain events) with 20 mm
or less precipitation, and interception efficiency varied with rainfall magnitude during the leaf-on
season in the current scenario. Overall, there was a trend that the interception efficiency experienced
a dramatic decrease from 87% to 1% with increasing precipitation. When the total rainfall was less
than 7.6 mm, at least 20% or more of rainfall was intercepted, but when total rainfall surpassed
7.6 mm, the efficiency decreased gradually from 20% to 1%. This variation in interception efficiency
was primarily attributed to the changes in the magnitude of rain events. There was a maximum
volume of vegetation canopy storage capacity (Figure 11); the interception efficiency decreased with
increasing precipitation per rain event. The interception effect was highest in most of the low rain
events, and lowest in heavy rain events. The potential evaporation rate in summer is higher than in
winter, due to high temperature, high wind speed, and Urban Heat Island (UHI) effects, which increase
the canopy surface rainfall storage and further increase the interception capacities [70]. The LAI also
reaches the peak in summer, while the canopy surface storage is limited, resulting in the largest canopy
interception capacity [71]. High-intensity rainfall events mostly happen in summer in Luohe, which is
typical for the northern part of China [72]. Frequent, extreme weather events, such as heavy rainfall
associated with climate change, could be expected to increase flooding risks in Chinese cities and their
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related eco-systems [73,74]. Dealing with the additional stress of climate change may require new
approaches to manipulate the relationship between land, water, and ecosystems [75]. UGS and urban
forests could make cities more resilient to extreme weather but these mitigation effects are finite [76].
Using natural solutions, such as UGS, together with the aquatic ecosystems (river, lakes, ponds) and
Green-Blue network construction, would increase urban resilience and mitigate flooding from extreme
weather events in future urban planning [77,78].
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Figure 10. The relationship between rainfall per rain event and interception efficiency in leaf-on season.
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Figure 11. The relationship between rainfall per rain event and interception efficiency in leaf-off season.
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3.4.2. Per Rain Event Precipitation Effects on Interception during Leaf-Off Season

Overall, the interception efficiency in the leaf-off season experienced a similar dramatic decreasing
trend with that in the leaf-on season along with the increasing rainfall. Due to the low LAI with low
canopy surface storage capacity in leaf-off seasons, the interception efficiency dropped dramatically
with rainfall more than 10 mm, and the overall interception efficiency in the leaf-off season was
obviously lower than the leaf-on season. As seen in Figure 11, the highest interception efficiency in
the leaf-off season was 69.58%, which was around 18% lower than that in the leaf-on seasons with
same rainfall. When the precipitation was lower than 3 mm per rain event, the vegetation canopy can
intercept at least 30% to 69% of rainfall. With the increasing rainfall per rain event, the interception
efficiency dropped rapidly from 30% to 2%.

The finding of this study is consistent with a study by Deguchi et al. (2006) [79], which found
that the differences in interception loss between seasons were small despite the distinctly different
LAl in a multi-species, broad-leaved forest in Japan. The interception decrease in the leaf-off season
may depend on the reduction in leaf amounts, which was reported about the relationship between
interception and LAI [80-82]. These changes in LAI directly decreased the canopy surface storage
capacity, further decreasing the interception efficiency [71]. In this study, for deciduous trees during
the leaf-off season, the interception depends on bark area index, and the surface storage capacity of
deciduous tree bark is considerably smaller than for leaves, which means the interception benefits of
deciduous trees accounts for a small part of winter interception. So evergreen trees play a vital role
in interception contribution during the winter season, due to their more constant canopy structure.
Another study conducted by Kermavnar and Vilhar (2017) reported that the presence of coniferous
cover had been attributed to greater interception loss in urban areas in Ljubljana, Slovenia [67]. From the
perspective of urban stormwater management, the interception benefits of coniferous and broadleaved
evergreen trees may outweigh those from deciduous trees during winter seasons [83]. Adding more
coniferous and broadleaved evergreen trees in UGS could increase the interception efficiency in both
leaf-off and leaf-on seasons, which would further mitigate urban flooding.

3.5. Rain Event Duration and Intensity Effects on Interception

Hundreds of rain events happened during the three years, while there were few pairs of rain events
with exactly same the rainfall and different duration times to make comparisons. Different magnitudes
of paired rain events were selected to reveal the differences from low-intensity to high-intensity rain
events. We selected four magnitudes of rain events, consisting of 2.9 mm, 7.6 mm, 16.5 mm and
21.2 mm, with the duration time from 1 h to 24 h, to reveal the relationship between the interception
efficiency and rain duration. As shown in Figure 12a—d, the individual figures show pairs of rain
events with the same rainfall and different duration times, and the total interception volume per
rain event was higher in the long duration rain events than that in the short duration rain events.
In the short duration rain events, interception volume increased swiftly, and canopy surface storage
capacity reached a high level in a very short time, resulting in the later interception volume decreasing
sharply, even equal to zero when the storage volume reached capacity. Heavy and short duration
rain events resulted in less time for interception and evaporation, leading to surface storage reaching
capacity quickly and the later interception volume decreasing dramatically, while in the long duration
rain events, the canopy began to intercept rainfall when the rain started, and the canopy surface
storage increased and recovered due to continuous evaporation loss simultaneously, which allowed for
more interception later. The canopy continued intercepting rainfall until the canopy storage reached
capacity and interception stopped, and all subsequent rainfall became throughfall. Overall, under the
same rainfall rain event with different rain duration, the UGS could intercept more rainfall in long
duration rain events than the short ones, due to more evaporative loss. The interception efficiency in
long duration rain events was found to be 3~13% higher than that in the short ones under the same
rainfall event.
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Figure 12. Canopy interception and storage versus hourly rainfall of two rain events with same total
rainfall; (a): NO. 99 in 2016 vs. NO. 73 in 2018 with 2.9 mm rainfall; (b): NO. 61 in 2018 vs. NO. 47 in
2017 with 7.6 mm rainfall; (c): NO. 72 in 2017 vs. NO. 78 in 2017 with 16.5 mm rainfall; (d): NO. 69 in
2017 vs. NO. 103 in 2017 with 21.2 mm rainfall. (L represents long duration rain event; S represents
short duration rain events).

Rainfall depth, duration, intensity, continuity and the inclination angle of rainfall can affect the
redistribution of rainfall by vegetation canopy to interception loss [18,68,84]. Rain events, along with
continuous and long-duration rainfall were subjected to higher evaporation loss from canopy surface
than short-duration events, while intermittent drying would happen throughout rain events with a
rather low intensity (sometimes even lower than the during-event evaporation rate), which would
increase interception benefits through periodic recovery of canopy storage capacity [68,85]. However,
there is no consensus concerning the relationship between rainfall intensity and interception loss.
Calder (1996) [86] and Carlyle-Moses (2004) [87] hypothesized that the canopy storage capacity would
decrease, due to the displacement of water stored on the canopy surface, in response to relatively
large raindrops hitting the canopy under higher rainfall intensities. Murakami (2006) suggested
that greater splash would be formed when the large raindrop sizes with high kinetic energy hit the
canopy [88], forming a mass of smaller droplets and evaporating more quickly due to their smaller
size [89]. Therefore, the effects of rainfall intensity on interception benefits are complicated, and the
trend of increasing or decreasing interception loss along with increasing rainfall intensity is dependent
upon the net balance between canopy storage capacity and the during-event evaporation rate. Thus,
the rainfall intensity effects on the canopy interception benefits is likely specific to tree species and rain
events. In these high rainfall intensity events, the soil underneath the vegetation was easily saturated,
which decreased the later rainfall infiltration, resulting in more pervious runoff generation.

There was another issue that should be noted: UGS rainfall interception capacities were affected
by initial conditions when the rain began. If the former rain event had just finished, the rainfall stored
in the canopy surface could not evaporate at once and the canopy storage capacity would directly
decrease, resulting in less rainfall intercepted in later rain events. During the three years, the antecedent
dry period (ADP) of all rainfall events ranged from 2 to 2285 h. According to the model results,
in high density rainfall events (canopy rainfall storage reaching capacity), a UGS needs at least 23 to
45 h for the maximum rainfall storage of the canopy to evaporate into the atmosphere, while in low
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density rainfall events (canopy rainfall storage not reaching maximum), a UGS needs 10 to 39 h for the
canopy rainfall storage to recover. The evaporation rate affected the interception capacities during rain
events by decreasing canopy rainfall storage [90]. The evaporation rate varied enormously in daytime
or nighttime, depending upon the temperature or humidity condition [91]. In the beginning of the
rainfall event, the low humidity deficit and low irradiation, due to cloudiness, may cause a very low
evaporation rate [91]. However, the evaporation rate decreased along with continuous rainfall and
increased the humidity near the canopy surface [92]. Evaporation rates were very high in the drying
phase after rain events, which was in agreement with Singh and Saeicz (1979) [93].

3.6. Limitation in This Research

Only three years’ climate data were used in this study, so longer-term climate data should be
utilized in future studies to bring a more reliable result. In particular, given the expected changes in
rainfall intensity, duration, and frequency expected as a result of climate change, as well as increased
temperatures, additional scenarios which account for these expected changes will provide necessary
information for long-term land use planning. Additionally, our model assumptions regarding future
land cover for the two future scenarios were likely over simplistic but necessary due to unavailable
data. The percentage of land-cover in the two future scenarios were hypothesized based on current
conditions and future planning goals. The physical measurement approach to assess the UGS effects
on runoff mitigation was unrealistic at a city scale; however, the empirical approach quantifying
the rainfall interception volume could be beneficial for modeling calibration and improved accuracy.
The model results of vegetation hydrological benefits showed the simplified integrated influence
contributed by all of the vegetation types in the research area.

4. Conclusions

The overall goal of this research was to explore the effects of UGS on runoff reduction in urban
areas. Our results demonstrated that the existing UGS in the Luohe built-up area did have a positive
but limited contribution in runoff regulation, with a similar response in future scenarios with increased
UGS coverage. As expected, the rainfall interception volume changed seasonally along with changing
LAl and precipitation. The interception efficiency was distinctly different under various rain intensities
and durations; the UGS had a relatively high interception rate under light and long duration rain
events and a poor performance under heavy rain events due to the limited surface storage capacities
and evaporation loss. The gap between the runoff mitigation needs of the Sponge City program goals in
Luohe, and the capacity of what the UGS can do, is large. The ambitious goal, therefore, cannot not be
achieved only through green space, and requires integrating other methods such as water-permeable
pavements, green roof retrofits, structural soil modifications and underground rainfall storage modules,
among other possibilities.

This research was conducted to understand the role of UGS on runoff regulation effects in the
urban hydrological balance. i-Tree Hydro can be used to estimate site-specific vegetation effects on
the urban hydrology system in established urban areas. It is important to note that the land-cover
data acquired based on high-resolution seasonal UAV images were much more precise than those
in other research, through the use of satellite images, which brought more precise and convincing
modelling results for further analysis. Meanwhile, this study illustrates the international application of
the i-Tree Hydro model to help stormwater managers and policy-makers identify optimized strategies
for stormwater management by using UGS to maximize the runoff reduction. The presented results
have practical implications on future runoff-reduction-oriented urban planning and Sponge City
practices. Urban planners or decision-makers could use i-Tree Hydro to quickly quantify how much
surface runoff might be generated by existing land uses, and the runoff reduced by UGS at both small
and large scales, which is increasingly needed for urban planning and Sponge City construction.
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Future Research

With the very limited contribution to runoff reduction, increasing the UGS surface storage
capacities as much as possible did make a difference. Due to the limited available land for greening
in urban areas, how to increase and maximize the runoff regulation effects within constrained UGS
should be considered in future research.
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