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Abstract: Residential areas comprise more than 30% of the urban built-up zones of China. High-
density residential areas and high proportions of impervious surfaces make residential areas prone
to severe flooding. Low-impact development practices are broadly applied to solve these problems,
and as a main component of low-impact development practices, green spaces have also drawn
attention because of their capacity to control rainwater. However, the effects of green space spatial
characteristics on hydrological processes have been overlooked. In this study, to determine how to
optimize the layout of the green space system to improve the capacity of stormwater management,
data from Tianjin were analyzed using a FRAGSTATs model and a SWMM model to identify how the
layout of green spaces affects the process of rainwater generation and concentration in terms of three
typical residential area layouts. The results show that (1) when it is possible to increase the amount of
green space, maintaining a high patch density is the best way to achieve runoff treatment; (2) when
newly built green space is limited, increasing connectivity between existing green spaces is the best
way to control rainwater, especially in enclosed and axial modes; (3) when comparing the efficiency
of the three modes, the axial mode presents the best performance in terms of promotion rate. These
results will provide those developing urban residential areas with more economical, practical, and
suitable layout strategies for green space systems in terms of planning, design, and optimization
aimed at stormwater management.

Keywords: stormwater management; urban residential area (URA); urban green space (UGS);
stormwater management model (SWMM); hydrological process; controlling of total runoff volume

1. Introduction

Climate change and rapid urbanization are the two main challenges of stormwater
management [1,2]. Expansion of impervious surfaces in cities has become the immedi-
ate cause of excessive runoff generation. Urban residential areas (URAs) are the most
population-centered locations and are the main source of impervious areas that generate
surface runoff, while high-density settlements generate even more [3]. As the frequency
and intensity of heavy rainstorms increase because of climate change [4], traditional so-
lutions, such as gray drainage infrastructure are insufficient to control the phenomena of
waterlogging and flooding [5], especially in the URAs of developing countries, which are
characterized by high populations and extensive impervious areas. According to statistics,
URAs can account for 30% of a built-up area [6]. Hence, it is necessary to seek alternative
ways to achieve sustainable urban stormwater management (USM). Strategies, policies,
and programs (e.g., WUSD, SUDS, LID, etc.) for USM have been implemented by different
countries through utilizing urban green space (UGS) to reduce the probability of urban
flooding over the past few decades [7], revealing many advantages compared to old treat-
ment systems. In the Chinese USM system, low-impact development (LID) practices have
been introduced and applied as significant measures in the Chinese sponge city program [8];
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LID facilities, such as bio-retention, rain gardens, and green roofs, have also been applied
as basic stormwater control units for sponge cities [9].

Scholars have studied the LID-based implementation strategy for urban stormwater
management in URAs. Sadeghi [10] used LID facilities, such as permeable asphalt surfaces,
dry-well chamber stormwater storage, and infiltration in high-density neighborhood blocks
in Los Angeles. However, some studies have demonstrated the deficiency of LID facilities
in respect of stormwater management. As Wang [11] pointed out, LID facilities are easily
overestimated, resulting in uncertain performance in highly impervious areas or during
extreme rainfall events. Jingming [12] provided similar conclusions through hydrological
simulation; the results showed that LID facilities could have a negative impact on drainage
systems when heavy rainfall events occurred. To address these problems, researchers are
seeking systematic strategies on the basis of LID applications. UGSs have been the main
carriers of LID facilities, and have also been shown to be useful for urban stormwater
control [13-15]. Astebol [16] designed an integrated open stormwater drainage system with
a vegetation structure to manage stormwater, saving 30% of costs compared to conventional
solutions. A coupled system of low-impact development and gray infrastructure has
proved to be cost-effective in stormwater management in urban high-density areas [17,18]
when facing heavy rainfall events. Yao [19] presented a multi-objective decision-making
system to optimize the layout of coupled gray-green stormwater infrastructure; layouts
were abstracted as percentages and evaluated through a monetization method. Seo [20]
simulated the runoff process in high-density, medium-density, and low-density areas to
determine which was the most vulnerable area in respect of stormwater management,
and preliminarily provided advice regarding the spatial distribution and the hydrological
process. These studies have provided possible pathways for more effective stormwater
treatment methods based on LID facilities, as well as highlighting the importance of
infrastructure optimization, but the significance of the UGS layout has been overlooked,
particularly in high-density URAs where construction is restricted due to a lack of space.

UGS has proved efficacious in controlling surface runoff. Berland, A. [21] observed
that trees and woody plants contribute to hydrological cycles through precipitation inter-
cepting, transportation, and infiltration, enhancing the control of stormwater. Hoover, EA.
and M.E., Hopton [22] demonstrated that UGS is valuable as a measure of stormwater
control and includes many ancillary benefits. Nature-based processes have already been
utilized to help manage stormwater [23]. GI, LIDs, BMPs, and other interchangeable terms
have been defined as approaches using vegetation, soil, and technological applications to
realize stormwater management based on UGS [7]. The problems mentioned above can be
addressed by optimizing the layout of green space according to local conditions to promote
the efficiency of stormwater management and decrease the risk of flooding. However,
most research in this field is aimed at macro-scales [24,25] and only a few researchers have
focused on what happens in URAs.

Chinese URAs are facing severe challenges and show distinctive characteristics [26].
There are three key points to consider: (1) old buildings, high-density construction styles,
and gated and enclosed community management modes are problems that have not been
addressed [27,28]. As a result, the construction of LID measures is limited in URAs [29].
(2) Many residential areas were built before the 2000s, following old construction modes:
public spaces are in poor repair and public infrastructure is in need of updating. (3) Unlike
countries dominated by a temperate marine climate, where rainfall is evenly distributed
throughout the year, in the north plain of China, most rainfall is concentrated in the summer
season because of its temperate continental climate, and extreme rainfall events cause more
significant problems [23]. In addition, many old URAs only have sewage systems for
sanitary waste and do not have drainage systems specifically for surface runoff [30]. Thus,
the discharge of precipitation relies on combined sewer overflow systems, and there is
more pressure on USM in Chinese URAs.

The spatial distribution of UGS should match the layout patterns of URAs. Due to the
limitations of the construction of new facilities, existing resources like green space should



Water 2022, 14, 2719

30f22

be developed further by optimizing spatial layout patterns. Studies also indicate that a
significant way to achieve this is through UGS. Yang, B. and D. Lee [31] investigated a small
green space and tree layout and found that dispersed green space distribution is good for
runoff reduction. Gao, J., et al. [32] evaluated different USM facility distribution modes and
put forward a relative method in terms of USM facility selection. Although these studies
have been performed on the layouts of UGS in residential areas, the relationship between
green space layout and the process of runoff control has not been brought to the forefront,
especially in the event of extremely uneven rainfall and the presence of a high-density
spatial layout. Liu, W., W. Chen, and C. Peng built a simulation model and verified that
LID facilities” capacities are limited, especially for more significant rainfall events, while
changing the configuration of the UGS showed more favorable effects [33]. He ], Valeo
C, Chu A, Neumann NF [6] provided support for the effectiveness of UGS (taking trees
and green roofs as examples) at the microscale in Munich. Maragno, D. [34] presented a
new high-resolution digital model analysis method to evaluate flood reduction capacity
by distinguishing impervious areas and UGS areas. Only a few studies have shown the
structural relationship between UGS layouts and USM. Revealing this relationship may
help to solve the practical problems in respect of USM in the presence of many restrictions.

URAs in Tianjin city are typical cases with which to examine the impact of UGS layout
modes on the process of runoff control, and 1751 residential areas in Tianjin were inves-
tigated in this study. The objectives of this study are as follows: (1) compare stormwater
runoff generated in different UGS planning and optimizing approaches; (2) establish the
correlation between spatial features and the process of runoff generation and concentration.
To achieve this goal, fifteen “what-if” scenarios for three typical URA layout types were
created for the process of runoff simulation. Scenarios were compared using a stormwater
management model. We addressed the following research questions: (1) How does UGS
function in the stormwater runoff process in residential areas? (2) What are the most
important spatial factors of UGS that can help to realize stormwater control? The results
of this study will be helpful in providing a reference for the promotion and application of
UGS planning in URAs.

2. Materials and Methods
2.1. Study Area Description

Tianjin city lies in the North China Plain and the city center is located at 117°10' E
39°10’ N. Tianjin has a sub-humid warm-temperate monsoon climate, which is character-
ized by an uneven rainfall event distribution during the whole year. Rainfall events mainly
occur from June to August, with almost 60% of rainfall occurring in these three months, and
the total rainfall being approximately 600 mm every year. The heaviest rainstorms always
occur in summer (the average value is higher than 60 mm and rainfall has reached 117 mm
in the most recent 3 years), while only a few rainfall events occur in other seasons. Tianjin
City is seeking USM measures that are different to traditional LID construction styles.

An urban residential area (URA) is a centralized planning area of residential buildings
comprised of residential building land and green space in a city. Residential building
land and green space are adjacent in the space, similar in form, and highly consistent
with each other (Figure 1). Therefore, the layout mode of the residential area hereinafter
refers to the layout mode of the green space system in the residential area. Most of the
1751 residential areas in the central urban area of Tianjin were built after 1990, and these
account for 83.35% of the residential areas (Figure 2). In this paper, taking these residential
areas as samples, according to the classification standards of the layout modes in the
Planning and Design of Residential Areas written by Zhu Jiajin [35], the layout modes of the
residential areas were classified into block mode, axial mode, enclosed mode, centripetal
mode, and comprehensive mode. Block mode accounts for the highest proportion at 81.44%.
Enclosed mode and axial mode layouts take second place, accounting for 11.15% and 5.04%,
respectively. Comprehensive mode accounts for only 1.54%, and the other two modes are
very rare.
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Figure 1. Distribution of Tianjin’s URAs according to building ages.
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Figure 2. Representative URA layout patterns in Tianjin City.

Figure 1 presents a small part of the URAs in Tianjin City showing three of the layout
modes listed above. The residential areas in block mode, enclosed mode, and axial mode,
which account for large proportions, were selected as samples with which to carry out
simulation evaluation and optimization research on the rainwater and flood control capacity
of the green space layout. Three representative URAs were selected as objects; they are
Yinshuidongli (@), Yijingcun (10), and Anhuali (13). As shown in Figure 3, different URA
layout modes have different relationships with rainwater collection modes.
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Figure 3. Main layout mode and rainwater collection mode of Tianjin residential area: (a) Block
mode; (b) enclosed mode; (c) axial mode; (d) rainwater collection mode in URAs of block mode;
(e) rainwater collection mode in URAs of enclosed mode; (f) rainwater collection mode in URAs of
axial mode.

(1) Residential areas in block mode: Residential buildings are mainly in the form of
slab buildings with multiple floors; they are arranged in rows and are characterized by a
compact layout and simple form. The layout of the green space is fragmented. This type of
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URA is characterized by small-scale green space and large areas of hard ground (Figure 2,
DO-9)

(2) Residential areas in enclosed mode: Buildings are enclosed outside the base, and a
concentrated green space is arranged in the secondary space formed by the enclosure, such
as in Yijingcun, Changhuali, Maochuanli, etc. (Figure 2, 10-02).

(3) Residential areas in axial mode: Green space, water bodies, and main roads in the
residential areas act as the axial guidance of the base and provide associations between
building groups; the axis is successive and the layouts of URAs are characterized by intense
aggregation and guidance, such as in Juhuali, Anhuali, Tiandihuayuan, etc. (Figure 2,

B-19).

2.2. Storm Rainfall Design

We aimed to find the relationship between UGS and the hydrological process through
the method of evaluating runoff reduction efficiency in different scenarios under heavy
storm events. In recent years, Tianjin has been frequently plagued by summer rainstorms,
and URAs have been greatly affected by waterlogging. This research uses the storm rainfall
profile that is described by the Technical Guideline for the Construction of Tianjin Sponge
City (2016) [36], where the rainfall profile provided is derived from statistics according
to local rainfall data. Due to climate change, the intensity of rainfall events is increasing
synchronously. Intensive storm events are universal in Tianjin and need to be addressed.
The rainfall pattern selected is representative of actual rainfall events. In addition, due to
data access restrictions, 24-h rainfall patterns (Figure 4) are currently the only official data
available. For the reasons above, the return period was designated as two years (P = 50%),
and the simulation was performed under the condition of total rainwater of 89.0 mm for
24 h. The rainstorm intensity formula can be written as Equation (1):

_ 2141(1 + 0.7562l0g P)
(t +9.6093)%%

where g is the designated rainstorm intensity [L/(s * hm?)]; ¢ is the duration of the rainfall;
and P is the designated return period (year).

Percentage

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Figure 4. 24 h rainfall event pattern in Tianjin.

Scope of application: 5 min < ¢t < 180 min. P = 2~100 years.
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2.3. Workflow

Figure 5 shows the overall research flow of this study. The research consists of three
main parts: Tianjin URA investigation, spatial analysis and hydrological analysis, and
results analysis. The spatial and hydrological analysis for URAs is the focus of the research.
In this part, a quantitative analysis of green space patterns and a hydrological process
analysis were carried using Fragstats 4.0 and SWMM 5.0 models, respectively; five spatial
indexes were selected to indicate the characteristics of the URA spatial layout, while 15
what-if scenarios were built based on changing the five spatial indexes in three URA green
space modes.

Builtages ———>  1980s 19905 2000s | URAPFatterns
{  Classification
,,,,,, [ S
1 Enclosed . 3
Layout patterns ——— Block Mode mode Axial mode
Lo _ - - _ _ S
uantitative Hydrological
Qo n ) Fragstats 7
—> analysis of green +— model SWMM model — process
space pattern analysis
5 spatial indexes ™ Current scenarios (3 selected URAs) %
1.Percentage of ‘
Landscape B-Block E-Enclosed A-Axial
(PLAND)
2.Standard deviation 15 What-if Scenarios
of green space patch }
size (PSSD) AL
N { | PLANDT
3.dispersion of green B2-PSSD1
space(v) | |
4.Mean patch B-3:y 1 3 Indicators
size(MPS)
B-4MPS T Peak control rate
5. Patch density(PD) ! 1
i ! B-5PD T I Total runoff

oo ) control rate

[ Runoff
Characteristics of URAs Evaluation of Flood i gener;etll(;; time

layout patterns control Capacity
peak duration
delay
( Correalationship «——  Process of Runoff | Infiltration rate |

4

Figure 5. Workflow for this study.
2.4. Models
2.4.1. Fragstats

Fragstats is a model used to quantify the green space pattern by using landscape
metrics in the local area [37]. It has been used to analyze the distribution of green space in
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many studies, especially in studies regarding ecological networks that mainly consist of
green spaces [38,39]. Fragstats can also be applied to research on urban areas [40]. Fragstats
4.0 is the version used in this study. Structural metrics measure the physical composition
and configuration of the patch mosaic without explicit reference to an ecological process,
which is different from functional metrics. There are three types of metrics in Fragstats, i.e.,
patch metrics, class metrics, and landscape metrics, which are used to describe landscapes
on a single patch; a group of patches with the same properties, and all patches with
different properties in a total landscape, respectively [41]. In this research, structural
metrics at the class level were used to reflect the distribution and configuration of green
space in URAs. Five indexes were selected to represent UGS spatial patterns; they are
percentage of landscape (PLAND), patch size standard deviation (PSSD), ¢ (connectivity),
mean patch size (MPS), and patch density (PD). The calculating formulas can be described
as follows: ,

L1 4 M

A

where i is the type of landscape (in this study, landscape is equal to UGS), j is the number
of patches in a landscape type, A;; denotes the area of the patch ij, and A denotes the total
area of UGS. The percentage of landscape (PLAND) indicates the ratio of green space in
URAs; a higher value of PLAND means a higher pervious area in the URA, and shows the
potential for rainwater control.

PLAND =

PSSD = J % Y (A - &) @)

ij=1

In Equation (2), A; is the average area of the UGS, and N; is the number of green space
patches. The standard deviation of the green space’s patch size (PSSD) reflects the degree
of variation in the patch size of the green space.

A
MPS = 3 ®)

Mean patch size (MPS) reflects the average value of the patch size. In Equation (4), A;
represents areas of UGSs, while N; denotes the number of green space patches. The higher
the value of the MPS, the larger the area for every patch.

N;

PD =~ )

The unit of patch density (PD) is the number of patches per square kilometer.

L L

" Lomx  3(V—2) ©®)

i

V is the number of nodes in the UGS network, L is the number of connections between
green space patches, and L,y is the maximum number of connections between patches.
Dispersion of green space (y) indicates the connection between the green corridor and all
green space nodes and is called the network connection degree. The larger this index is, the
better the network connection degree is, which means that rainwater can be carried more
easily in the green space network through the patches’ synergetic effects. For the 5 selected
green space spatial indexes, Table 1 lists the distribution characteristics for the 16 Tianjin
URAs, shown in Figure 2.
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Table 1. Distribution characteristics for 16 Tianjin URAs.
Ratio of Green Space . . 2 .
Number (PLAND) (PSSD) Connectivity (y) MPS (m?) Patch Density (PD)
@ 13.50% 0.09 0.17 870 189.15
@ 14.90% 0.09 0.20 1177 182.58
©ON 17.98% 0.03 0.10 393 466.08
@ 24.44% 0.08 0.36 924 264.40
® 17.63% 0.05 0.13 362 386.64
® 29.51% 0.02 0.50 242 1157.72
@ 31.40% 0.08 0.39 874 342.78
® 39.60% 0.16 0.33 1768 377.68
©) 28.55% 0.10 0.38 875 362.35
* 35.57% 0.02 0.36 202 1485.97
0 38.31% 0.12 0.36 1106 322.99
Q 31.86% 0.05 0.28 578 549.05
(] 29.70% 0.14 0.39 790 413.45
(E 31.77% 0.13 0.30 881 446.31
(5] 38% 0.26 0.56 1184 236.84
> 39.10% 0.19 0.52 1305 403.86

URAs tagged * were selected as specific research objects to represent three layout modes for following simulation.

2.4.2. SWMM

As a stormwater management model with a dynamic simulation function developed
by the U.S. Environmental Protection Agency, SWMM can simulate a single rainwater
event and long-term water quantity and quality in cities [42]. For the hydrological analysis
in this study, SWMM 5.0 was applied to simulate the processes of runoff generation and
confluence on the surface of residential areas. According to the CAD construction drawings,
planning specifications, and on-site surface survey results for the residential areas, the
parameters of the sub-catchment area in the SWMM model were selected. In the residential
areas, the overall slope of the terrain is small, the average slope of the surface is 0.05%, and
the type of soil is cohesive soil. The depression storage depth of the impervious surface is
0.38 mm, and that of the permeable surface is 1.52 mm. The Manning coefficients of the
impervious surface and permeable surface are 0.015 and 0.030, respectively.

2.5. Scenario Design
2.5.1. Impact of the UGS Layout

The capacity of green space systems to control rainwater and flooding from the source
has been widely recognized both at home and abroad. However, for many residential areas
not involved in sponge reconstruction or construction, since the surface runoff directly
flows into the pipe network after formation, green space is not truly integrated into the
rainwater and flood management process. Therefore, there is a lack of measurement and
evaluation data in respect of the rainwater and flood control capacity of green space in
residential areas. Based on SWMM, the rainwater and flood management capacity of green
space in the three residential areas that we selected and that can represent three typical
layout modes was simulated under two scenarios. The first refers to the current situation:
the green space system is not integrated into the process of controlling rainwater and
flooding in the residential areas from the source, and the rainwater runoff directly flows
into the nearby municipal pipe network; the second refers to the ideal situation: the green
space system is used to manage rainwater and flooding from the source, and control rain
and floods ahead of the pipe network.

After clarifying that the way the green space system in the residential area manages
the surface runoff from the source ahead of the pipe network can have a better effect on
rainwater and flood management, PLAND, PSSD, MPS, PD, and y were selected as the
quantitative characterization indexes of the green space system. Based on SWMM, by
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adjusting a single characterization index each time, the layout optimization mode of green
space systems in residential areas with all typical layout modes under the goal of rainwater
and flood management was discussed.

2.5.2. Simulation Scenario Design

Research was carried out on the response relation between the layout mode of a
green space system and its rainwater and flood management capacity in residential areas.
In addition to 42 URAs, which belong to the comprehensive mode or centripetal mode,
1709 residential areas in Tianjin with the characteristics of the block mode, enclosed mode,
and axial mode were taken as samples. Their numbers are 1426, 195, and 88, respectively.
Based on the spatial pattern indexes of Fragstats, calculations were carried out. The results
show that the residential areas in the above three typical layout modes have a certain
regularity and a typical value range in terms of the pattern index of green space (Table 2).
In order to facilitate a comparative analysis of all existing residential areas that complied
with the above values, Fengyuan Nanli was selected to represent the residential areas in
block mode, Yijingcun was selected to represent the residential areas in enclosed mode,
and Anhuali was selected to represent the residential areas in axial mode.

Table 2. Typical values of green space pattern indexes.

Index Typical Value
PLAND 30%
PSSD 0.01-0.1; 0.1-0.2; 0.01-0.2
Connectivity 3.5-7m
MPS 800-1200 m?
PD 300-500 patches/km?

Firstly, for URAs with three typical layout modes, a model group of runoff and
confluence processes, adjusting a single characterization index of green space each time,
was constructed. Each layout mode includes one initial model (the green space system
in the residential area manages runoff from the source ahead of the pipe network) and
the following five green space adjustment models (each model adjusts only one green
space index).

Model 1 (runoff flows into green space): The current indexes of green space layout in
the residential area remained unchanged. Rainwater was first guided into the nearby green
space for infiltration, and then drained into the underground pipe network.

Model 2: On the premise that the green space ratio remained unchanged, the PSSD of
green space in the residential area was doubled. In actual reconstructions, by increasing
the area of the central green space of the residential area and reducing the area of the
green space around the residential area, the PSSD of green space in the residential area can
be expanded.

Model 3: On the premise that the green space ratio remained unchanged, the con-
nectivity among green patches in the catchment area in the residential area was doubled.
In actual reconstructions, if the original green space area in the residential area remains
unchanged, underground concealed pipes, open ditches, and other connecting facilities
can be designed between the green space to establish a connection between green space
and connection between impervious land and green space.

Model 4: On the premise that the green space ratio had been increased by 10%, the
average patch size was increased, and the green patch density remained unchanged. In
other words, on the premise that the number of existing green space plots had not been
increased, the area of each green space was expanded according to the proportion of the
area of increased green space to the area of existing green space.

Model 5: On the premise that the green space ratio had been increased by 10%, the
green patch density was increased, and the average patch size remained unchanged. In
this paper, the original green space remained unchanged and new green space was added;
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in other words, the number of green plots was increased. The average area of the newly
added green space was approximately equal to that of the existing green space.

The three layout modes each have five models according to the spatial indexes selected
in this study; hence, 3 basic models and 15 “what-if” scenarios (Figure 6) for 3 modes
were designed. The differences between models with 5 distribution indexes are shown
in Table 3. Based on these 15 scenarios, the SWMM model was established to simulate
hydrological processes.

Block mode Enclosed mode Axial mode
_— .,
— e e R s
Model 1 (B\E\A): gl e ih" /?*6{3*‘% 7
Lead runofé flows into — .li & *‘@*‘Q-:‘: A’{')
green space first. — 1 } %ﬁ’}"
)
B-1 E-1 A-1
el |
o I
— N
Model 2 (B\E\A):
Enlarge area differences
(PSSD).
E-2 A-2
[ — LR N o
— o
= | 2N
Model 3 (B\E\A) :

Increase the
connectivity (y) among
green space.

\
o

i

w
>
w

Model 4 (B\E\A) :
Mean patch size (MPS)
was increased.

Model 5 (B\E\A)
Green patch density
(PD) was increased.

!

[l

il
g,

A
Sy

\
i
SR

Figure 6. UGS layout design of 15 “what-if” scenarios in block mode, enclosed mode, and axial mode
in URAs.
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Table 3. Distribution characteristics for 3 basic modes and 15 “what-if” scenarios.

Ratio of Green Standard Deviation of Dispersion of M . Density of Green
: . ean Patch Size
Mode Scenario Space Green Space Patch Size Green Space (MPS) Space
Code (PLAND) (PSSD) (§%) 2 (PD)
% m? 0-1 m Number/km?
B 25.00% 0.0772 04 930 264.4
B-1 25.00% 0.0772 0.4 930 264.4
B-2 25.00% 0.1800 04 930 264.4
Block Mode B-3 25.00% 0.0772 08 930 264.4
B-4 35.00% 0.0772 0.4 1331 264.4
B-5 35.00% 0.0772 04 930 377.7
E 32.00% 0.0485 0.28 1126 284.5
E-1 32.00% 0.0485 0.28 1126 284.5
Enclosed E-2 32.00% 0.1637 0.28 1126 284.5
Mode E-3 32.00% 0.0485 0.66 1126 2845
E-4 42.00% 0.0485 0.28 1406 284.5
E-5 42.00% 0.0485 0.28 1126 385.0
A 32.00% 0.1257 0.29 869 354.4
A-1 32.00% 0.1257 0.29 869 354.4
. A-2 32.00% 0.2000 0.29 869 354.4
Axial Mode A3 32.00% 0.1257 0.75 869 354.4
A-4 42.00% 0.1257 0.29 1141 354.4
A-5 42.00% 0.1257 0.29 869 484.0
3. Results

Focusing on the goal of determining what is the most significant factor affecting the
process of hydrology in URAs, we compared these models using groups classified with
PLAND; Model 1 is the basic scenario, which is to lead runoff into green space, Model 2
and Model 3 have the same value of PLAND, and Model 4 and Model 5 attempted to
increase the value of PLAND to improve the capacity of stormwater management in the
three modes. From the comparison of Model 1 with Models 2 and 3, the results show what
is the most important spatial factor when green space construction is limited. From the
comparison of Model 1 with Models 4 and 5, the results show what is the most important
factor when we have enough space for green space extension. In every group, the number
indexes and distribution indexes can be compared to see which factors have a larger impact
on the runoff process. The performance of hydrological process with three modes also
shows significant difference on spatial distribution (Figure 7).

3.1. Impact of Green Space System Layout on Hydrological Process in Block Mode URAs

For the block mode, comparing B-1 with the current situation, the reduction rate
of peak flow and total runoff volume in the residential areas are 25.82% and 49.51%,
respectively (Table 4; Figure 8). By comparing B-1, B-2, and B-3, it was found that it is more
effective to increase connectivity (y) among green spaces than to reduce the PSSD. In B-3, the
peak runoff control rate increases by 32.66%, the total runoff control rate increases by 72.49%
(Table 3), the runoff generation time decreases by 0.25 h and the peak duration decreases
by 0.5 h, which are better results than those for Model 1 and Model 2 (Table 3). Therefore,
on the premise that the green space ratio remains unchanged, increasing connectivity (y)
among current green space is more effective for residential areas in block mode to improve
the rainwater and flood management effect. By comparing B-1, B-4, and B-5, it was found
that B-4 and B-5 can reduce peak flow and total runoff volume, and increase infiltration
capacity when the green space ratio increases by 10% (Table 4). For residential areas in
block mode, if the main goal is to control the total runoff and delay the runoff time, the
method of increasing the patch density (PD) should be used; if the main goal is to reduce
the peak flow, the method of increasing the mean patch size (MPS) should be used.



Water 2022, 14,2719 14 of 22

Block mode Enclosed mode Axial mode
S
Model 1 gB\E\A):
Lead runoft flows 1nto

green space first.

Model 2 (B\E\A):
Enlarge area differences
(PSSD).

Model 3 (B\E\A) :
Increase the
connectivity (y) among
green space.

Model 4 (B\E\A) :
Mean patch size (MPS)
was increased.

Model 5 (B\E\A)
Green patch density
(PD) was increased.

For Subcatch imerviousness 20% 40% 60% 80% %
For Node Depth 0.15 0.3 0.45 0.6 m
For Link Flow 0.10 0.20 0.30 0.40 m¥/s

Figure 7. Performance of hydrological process in residential areas with different modes in “runoff
peak time” situation.
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Table 4. Degree of performance improvement for 5 “what-if” scenarios in block mode compared to

the current situation.

Indicators B B-1 B-2 B-3 B-4 B-5
Runoff generation time (h) 1.25 1.25 1.25 1.5 1.25 3
Peak flow (CMS) 0.4066 0.3016 0.3151 0.2929 0.2076 0.2249
Time of peak flow (h) 35 35 35 4 3.75 3.75
Runoff volume (m?) 3090 1560 1402 850 798 697
Peak control rate - 25.82% 22.50% 32.66% 48.94% 44.69%
Total runoff control rate - 49.51% 54.63% 72.49% 74.17% 77.44%
Runoff generation time delay - 0 0 0.25 0 1.75
Peak duration delay - 0 0 0.5 0.25 0.25
Infiltration rate 95.82 214.82 227.18 269.69 207.83 203.44
0.45 45
g L Precipitation I
—B
035 —B-1 1 35
B-2
0.3 B3 1 30
g; 0.25 — B 25
g —B-5 B
Z
S 02 20
=~
0.15 15
0.1 10
0.05 | \\rﬁ\/k 5
0 — = = 0

Time (h)
Figure 8. Runoff process in block mode residential areas under rainfall with a return period of 2 years.

3.2. Impact of Green Space System Layout on Hydrological Process in Enclosed Mode URAs

For the enclosed mode, comparing E-1 with the current situation (E), the reduction
rates of peak flow and total runoff in the residential areas are 21.42% and 54.51%, respec-
tively (Table 5; Figure 9). By comparing E-1 with Models E-2 and E-3, it was found that E-3
has the best effect on reducing the peak flow value and total runoff volume. It also has the
best effect on increasing infiltration capacity, and can decrease the runoff generation time
by 2 h on the premise that the green space ratio of the residential area remains unchanged
(Table 5). In comparison, a couple of indexes indicate that the effect is slightly improved in
E-2. Improving green space connectivity (E-3) is the most effective method. By comparing
E-1, E-4, and E-5, it was found that E-4 and E-5 can reduce the peak flow and total runoff
volume, and increase infiltration capacity. Compared with E-1, the peak control rate and
total runoff control rate of E-5 with the strategy of increasing green space density (PD)
are 41.19% and 73.90%, respectively (Table 5). The runoff generation time is decreased by
0.75 h and the peak duration is decreased by 0.25 h (Table 5). The peak control rate and
total runoff control rate of E-4 with the strategy of increasing the average patch density
(PD) are 38.61% and 62.82%, respectively (Table 5), while the runoff generation time is not
decreased. Therefore, the method of increasing green space density (PD) is more effective
than the method of increasing the mean patch size (MPS) of green space in the existing
residential areas with the enclosed mode.
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Table 5. Degree of performance improvement for 5 “what-if” scenarios in enclosed mode compared
to the current situation.

Indicators E E-1 E-2 E-3 E-4 E-5
Runoff generation time (h) 1.25 1.25 1.25 3.25 1.25 2
Peak flow (CMS) 0.3996 0.314 0.3319 0.282 0.2453 0.235
Time of peak flow (h) 3 3 3 3.25 3 3.25
Runoff volume (m?) 2770 1260 1320 839 1030 723
Peak control rate - 21.42% 16.94% 29.43% 38.61% 41.19%
Total runoff control rate - 54.51% 52.35% 69.71% 62.82% 73.90%
Runoff generation time delay - 0 0 2 0 0.75
Peak duration delay - 0 0 0 0 0.25
Infiltration rate 131.6 211 205 234 179 191.62
0.45 45
o | Precipitation |
—E
035 | — R ] 35
E-2
03 | B3 1{ 30
9 25 —E 25
B —ES .
z
S o2} 20
7
0.15 | 15
0.1 | 10
0.05 | \,’\A 5
0 — 0
0o 1 2 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (h)

Figure 9. Runoff process in enclosed mode residential areas under rainfall with a return period of
2 years.

3.3. Impact of Green Space System Layout on Hydrological Process in Axial Mode URAs

For the axial mode, comparing A-1 with the current situation (A), the reduction rates
of peak flow and total runoff in the residential areas are 33.30% and 59.23%, respectively
(Table 6; Figure 10). By comparing A-1, A-2, and A-3, it was found that A-3 has the best
effect on reducing peak value, total runoff, and increasing infiltration capacity when the
green space ratio remains unchanged. Compared with A-1, the peak control rate and total
runoff control rate of A-3 were 40.12% and 73.79%, respectively (Table 6). These results are
the same as those for the residential areas in block mode and enclosed mode. In comparison,
the effect of rainwater and flood management in A-2 is slightly improved. A-4 and A-5 can
reduce the peak and total runoff, and increase the infiltration capacity on the premise that
the green space ratio increases by 10%. However, the effect of Model 5 on the above three
indicators is better than that of Model 4. The runoff generation time and peak duration
were reduced by Model 5 to 0.75 h and 0.25 h, respectively; the reductions were greater
than those in Model 4 (Table 6).
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Table 6. Degree of performance improvement for 5 “what-if” scenarios in axial mode compared to
the current situation.

Indicators B B-1 B-2 B-3 B-4 B-5
Runoff generation time (h) 1.25 1.25 1.25 1.5 1.25 3
Peak flow (CMS) 0.4066 0.3016 0.3151 0.2929 0.2076 0.2249
Time of peak flow (h) 35 35 35 4 3.75 3.75
Runoff volume (m?) 3090 1560 1402 850 798 697
Peak control rate - 33.30% 22.59% 40.12% 57.00% 60.61%
Total runoff control rate - 59.23% 52.32% 73.79% 71.34% 82.95%
Runoff generation time delay - 0 0 2.0 0 1.75
Peak duration delay - 0 0 0 0 0
Infiltration rate 120.78 214.88 204 238.57 177.69 191.65
. 45
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—A
0.8 A-1 4 35
07 L A2
A3 4 30
@06 | —A-4
E 1 25
‘;’ 0.5 A3
8 { 20
B~ 04}
115
03
0.2 F 41 10
0.1 f 45
0 0
0 1 2 3 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time (h)

Figure 10. Runoff process in axial mode residential areas under rainfall with a return period of
2 years.

In conclusion, increasing the green space ratio is the most effective method to achieve
runoff control of residential areas in enclosed mode and axial mode. On the premise
of increasing PLAND, the method of increasing green patch density (PD) has a better
performance in terms of indexes, such as peak control rate, total control rate, runoff
generation time delay, and peak duration delay. In addition, Model 3 and Model 4 in these
two modes have their own advantages and can be selected as appropriate.

4. Discussion
4.1. Impact of the Spatial Layout of Green Space on the Rainfall-Runoff Process

By analyzing the correlations between the three typical residential green space layout
modes, comprising block mode, enclosed mode, and axial mode, and their rainwater and
flood management capacities, the following conclusions were drawn for the optimization
of green space systems in residential areas under the goal of rain and flood management.

(1) According to the above information, no matter which layout mode is adopted in
the residential area, as long as the green space system manages the rainwater and flooding
in the residential area from the source (first guiding the rainwater into the flood detention
area of the green space for infiltration, and then draining the excess runoff into the gray
pipe network), it will have obvious rainwater and flood control effects conducive to the
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reduction in peak value and total runoff. However, since there are obvious differences
among the green space distribution modes in the residential areas with the three layout
modes, the rain and flood management performances of the green space systems are
different. Specifically, under the same rainwater conditions, if the green space system in the
residential area manages rainwater and flooding from the source, the reduction capacity of
the block mode and enclosed mode to the peak flow and total runoff is significantly lower
than that of the axial mode, and the axial mode can better delay the peak duration (by
0.5-1h).

(2) For the three green space layout modes of residential areas, the method of increasing
the green space is the best way to improve the rainwater and flood management capacity,
and is conducive to the uniform distribution of green space in residential areas, thereby
managing rainwater from the source. In addition, improving the green patch density is
also advisable for these three modes.

(3) For residential areas in block mode, the methods of increasing patch density and
the average area of green patches are good ways to improve the rainwater and flood
management capacity. Specific strategies should be selected based on the main goal.
Increasing patch density could be more suitable for the goal of runoff volume control and
runoff generation time reduction, while increasing the mean patch size could be applied to
achieve the reduction in peak flow. However, for residential areas in enclosed modes and
axial modes, a better rainwater and flood management effect can be achieved by improving
connectivity among green spaces on the premise that the green area is not increased.

(4) From the “peak duration rate” evaluation index, the rainwater and flood man-
agement of residential areas in the axial mode has the best effect. Specifically, compared
with the residential green space in the other two modes, the improvement of the peak
control rate in axial mode is better, the rainwater and flood management effect of the
reconstructed green space (by taking the reconstruction measures in model 1-5) is better,
and the optimization potential is higher.

4.2. Optimization Strategies
4.2.1. Stormwater Management System in URAs

Tianjin is a mature city that has numerous old URAs and faces more serious urban
flooding problems; the potential for reconstruction is also limited. Optimization should
be centered on utilizing existing green space or maximizing the benefits when we need
to construct new green space in URAs. As shown in Figure 11, green space should be set
in response to residential areas’ specific composition. Block mode features include green
space size and network-like roads, and strategies should reinforce the connection between
the center and border areas occupied by green space to accelerate runoff conveyance. For
the enclosed mode, transparent major space and subordinate space are the main features,
and the target of optimization is to form contacts in these spaces through green newly built
space nodes and channel facilities. For the axial mode, the layout of central green space and
green space beside buildings can be connected in series; all the rainwater on the roof enters
the green space beside the house through the rain pipe for initial rainwater purification
and stagnation. The overflow rainwater can be drained to the group green space or the
central green space for further infiltration.

4.2.2. Reorganizing the Runoff Route and Redesigning the Green Space Layout

From the above analysis, the optimization of green space systems in residential areas
to achieve the goal of rain and flood management should follow the paths and steps set
out below.

(1) Disconnect the runoff on the roof and land surface from the municipal pipe network
based on the green space (Figure 11); (2) in residential areas where the area of green space
can be increased, increase the area of green space and improve the green patch density,
thereby managing the rainwater from the source (Figure 12a); (3) in residential areas where
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the green space area cannot be increased, improve connectivity among the existing green
space to delay the storage and infiltration duration of green space (Figure 12b).

e
% Connection nodes

== Green stormwater facilities

——

Runoff channel facilities

(a) Block mode (b) Enclosed mode (¢) Axial mode

Figure 11. Optimization strategies for green space placement for block mode, enclosed mode, and
axial mode.

| e |
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Figure 12. Optimization strategies for different preconditions of residential areas: (a) schematic dia-
gram of the strategy focusing on guiding runoff and centralized regulation and storage; (b) schematic
diagram of the strategy based on dispersion infiltration and source treatment.



Water 2022, 14, 2719

20 of 22

4.3. Uncertainty and Limitations

Five spatial layouts of residential areas were mentioned above, while only three
main types were simulated. The other two types of URAs are less common, which is not
representative enough. In addition, acquiring data regarding these kinds of residential
areas is difficult. Furthermore, the simulation was limited by the rainfall situation setting.
We chose a two-year period to derive the rainfall pattern (89 mm), which is typical and
universal in Tianjin every summer. In this way, the results apply in respect of UGS layout
and will be accurate when the real rainfall is lower than 89 mm.

5. Conclusions

To achieve the goal of managing stormwater in high-density residential areas, green
space plays a significant role in the ecological treatment of runoff, and optimizing green
space spatial layouts is a promising pathway under the limitations of buildable space,
heavy rainfall events, and extensive impervious areas. Hence, practical strategies for UGS
spatial organization are needed. This research focused on the effects of green space spatial
characteristics on the hydrological process in residential areas. Through the investigation in
Tianjin’s residential areas, 1591 residential areas were divided into three main spatial layout
modes: block mode, enclosed mode, and axial mode. Based on three representative URAs,
15 “what if” scenarios were designed for quantitative assessment of the residential green
space system, and we discussed how to optimize the layout of the green space systems in
residential areas to improve the capacity of stormwater management.

The findings show that: (1) when it is possible to increase the ratio of green space,
maintaining a high patch density (PD) is the best way to control rainwater; (2) when newly
built green space is limited, increasing connectivity between green patches is the best
way to control rainwater, especially in enclosed mode and axial mode; (3) comparing the
efficiency of the promotion of the three modes, the axial mode presents the best performance
when different green space optimization strategies are applied, which means that more
improvements can be observed through indicators, such as the total runoff volume and
peak flow, among others.

Although this study was limited by the rainfall situation setting, it still provides a
feasible pathway for improving the efficiency of runoff control in URAs. Research will
continue on extending the simulating ranges by changing various rainfall events. In
addition, research will be carried out on the relationship between green space layout and
runoff processes in other similar cities, and the results will provide urban residential areas
with more economical, practical, and suitable layout strategies in respect of green space
systems in terms of planning, design, and optimization aimed at stormwater management.
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