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Abstract. Green structures (e.g. green roof and bio-retentionl Introduction

systems) are adopted to mitigate the hydrological impacts of

urbanization. However, our current understanding of urban-

ization impacts are often process-specific (e.g. peak flow oMrbanization transforms vegetated areas into impervious sur-
storm recession), and our characterizations of green strudaces. This causes water flow to be redistributed by man-
tures are often on a local scale. This study uses an integraté®#ade structures and drainage networks, resulting in sig-
distributed hydrological model, Mike SHE, to evaluate the Nificant impacts on hydrological conditions (Antrop, 2004;
urbanization impacts on both overall water balance and waltaase, 2009). The first and foremost impact is the change in
ter regime, and also the effectiveness of green structures a¥ater balance (DeFries and Eshleman, 2004). The replace-
a catchment level. Three simulations are carried out for @nent of vegetation with impervious surface leads to higher
highly urbanized catchment in the tropics, representing preSurface runoff and river discharge (Bhaduri et al., 2000; Di-
urbanized, urbanized and restored conditions. Urbanizatio¢tZ and Clausen, 2008; Wang et al., 2005; Du et al., 2012;
transforms vegetated areas into impervious surfaces, resulftt and Uhlenbrook, 2004; Sanders, 1986) and also reduces
ing in 20 and 66 % reductions in infiltration and base flow Water losses through canopy interception, vegetation evapo-
respectively, and 60 to 100% increase in peak outlet distranspiration and soil evaporation (Dow and DeWalle, 2000;
charge. Green roofs delay the peak outlet discharge by 2 fendreny, 2005; Rose and Peters, 2001). Besides surface wa-
and reduce the magnitude by 50 %. Bio-retention systemder; urbanization also affects groundwater recharge (Barron
mitigate the peak discharge by 50% and also enhance in€t al., 2013). Some suggest that groundwater recharge in-
filtration by 30 %. The combination of green roofs and bio- creases due to the reduction in evapotranspiration (KIock-
retention systems even reduces the peak discharge to the pig and Haberlandt, 2002; Rose and Peters, 2001) and/or
urbanized level. The simulation results obtained are indepenthe leakage from water systems and sewers if the ground-
dent of field data, enabling a generic model for understandingvater table is lower than the pipe level (Gobel et al., 2004;

hydro|ogica| Changes during the different phases of urban.l-erner, 1990) Others believe that the additional imperViOU.S
ization. This will benefit catchment-level planning of green Surfaces decrease groundwater recharge due to the reduction

structures in other urban areas. of infiltration (Collin and Melloul, 2003; Rose and Peters,
2001; Schoonover et al., 2006). Besides changing water bal-
ance, urbanization also influences water regime (i.e. pattern
of flow), such as increasing and decreasing the high and low
flows respectively, and also increases the daily variation in
stream flow locally (Konrad and Booth, 2005). The storm re-
cession period is also significantly shorter in urban streams
(Rose and Peters, 2001). As listed above, there are numerous
studies examining the hydrological impacts of urbanization.
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Nevertheless, they mostly focus on the changes in particula2 Methodology
components or processes, and examine the impacts on either
water balance or water regime. There is thus an incentive t@.1 The integrated distributed hydrological model
develop an integrated understanding on the overall changes
in both water balance and water regime. Urbanization and green structures affect the interactions of
For environmental benefits and water resources managerarious hydrological processes such as canopy interception,
ment, there has been rising interest to mitigate the hydrologplant evapotranspiration, water and soil evaporation, infil-
ical impacts of urbanization and to restore pre-urbanized hy4ration, overland flow, and groundwater flow. Thus, an inte-
drological conditions. One approach is to implement small-grated hydrological model that accounts for all the above pro-
scale hydrologic control throughout a catchment. Examplescesses is needed to assess the hydrological impacts of urban-
of such hydrologic controls, known as “green structures” orization and green structures. Compared to distributed mod-
“low-impact development practices”, include green roofs andels, lumped models have two main limitations. Firstly, the do-
bio-retention systems. Even though there are many variantmain response is only evaluated at the outlet and sub-domain
of green structures, green roofs and bio-retention systemsesponse is not considered. Furthermore, each characteristic
are representative of most kinds of green structures as thegf a catchment, despite its spatial variation, is lumped into
comprise the main hydrologic restoration mechanisms of surone single parameter which may not truly represent the ac-
face runoff delay and infiltration enhancement. Green roofstual spatial distribution within the catchment. This research is
collect and retain rainwater falling onto buildings for a cer- interested in sub-domain response and also requires the con-
tain period of time (from hours to days) (Oberndorfer et al., siderations of the heterogeneous land uses including green
2007), thereby reducing and delaying water discharge to thetructures in an urbanized catchment. Therefore, despite the
drainage system. Studies have found that green roofs retaihigh demand in input data and long computation time, a fully
40-80 % of precipitation (Hutchinson et al., 2003; Palla etdistributed model is more suitable for this study.
al., 2012; VanWoert et al., 2005) and reduce 60—80 % of peak In particular, Mike SHE, a comprehensive deterministic,
discharge (Bliss et al., 2009; Mentens et al., 2006; Palla etistributed, and physically based modelling system, is se-
al., 2012; Villarreal et al., 2004). They also tend to retain alected for this research. Mike SHE couples river routing
higher fraction of precipitation in small storms than in large modelling (Mike 11), overland flow and groundwater mod-
ones (Carter and Rasmussen, 2006). On the other hand, bielling, giving a complex integrated hydrological analysis of
retention systems not only retain stormwater (Xiao and Phersurface and subsurface water systems. It simulates all ma-
son, 2011) but also enhance infiltration (Davis, 2008; Jamegor processes in the land phase of the hydrological cycle, in-
and Dymond, 2012). Evaluating the effectiveness of bio-cluding precipitation, interception, infiltration, evapotranspi-
retention systems, Holman-Dodds et al. (2003) concludedation, subsurface flow in unsaturated and saturated zones,
that they do not reduce runoff significantly on a site with low overland flow and flow in the channel and river. Figure 1
infiltration capacity; while Chang et al. (2009) emphasized shows the main components of Mike SHE and their govern-
that they are more effective when sited close to the watering equations. The Saint Venant equation is solved numeri-
shed outlet. More quantitatively, Davis (2008) showed thatcally in two dimensions for overland flow and in one dimen-
with a 2 % bio-retention system over 0.24 ha area, peak flonsion for channel flow. The one-dimensional Richards equa-
reduced by 44 to 63 %. However, most of the above studiedion (or simplified gravity equation) is solved for the pressure
are in plot-scale or small catchments, only evaluating the lo-head (or moisture) variation in the unsaturated zone. The hor-
cal impacts of an individual green structure. izontal movement of water in unsaturated zone is considered
The objective of this study is to assess the catchmentnegligible. Saturated groundwater flow is simulated using the
scale impact of urbanization on both water balance and watethree-dimensional Boussinesq equation.
regime using an integrated distributed hydrological model,
Mike SHE (System Hydrologique European). The model in-2.2 Green roofs and bio-retention systems — conceptual
cluded all the main hydrological components (e.g. canopy understanding and model implementation
interception, evapotranspiration, overland flow, river routing
and groundwater) and detailed the spatial variations within2.2.1  Green roof
a catchment. With the use of the integrated distributed hy-
drological model, the feasibility of restoring the hydrological A green roof is a conventional roof covered with soil and
condition is examined through the implementation of greenvegetation, and consists of four main components: vegeta-
roofs and bio-retention systems on a catchment scale. tion layer, soil layer, geotextile filter and drainage mate-
rial (Czemiel Berndtsson, 2010). It functions as a micro-
catchment and includes all the main hydrological processes
such as rainfall, plant interception, evapotranspiration, infil-
tration and storage. Though a green roof is often installed
to save energy and to mitigate the urban heat island effect,
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Fig. 1. Components of the integrated distributed hydrological
model. Fig. 2. Location of the Marina catchment within Singapore.

level would not affect the overall catchment-scale hydrolog-

) ) ical behaviours.
it has also been shown to benefit stormwater management

(Bengtsson et al., 2005; Mentens et al., 2006; VanWoert ep 2.2 Bio-retention system
al., 2005). Rainfall needs to percolate and infiltrate through
the vegetation and soil layers, thereby delaying runoff dis-A bio-retention system is a shallow planted depression, and
charge as well as improving water runoff quality (Hathaway consists of ponding area, filter media, transition layer and
etal., 2008; Palla et al., 2010). drainage layer. It is one of the best stormwater manage-
The key hydrological impact of a green roof during a storm ment practices that provides both conveyance function and
event is the delay in runoff discharge. In Mike SHE, this de- stormwater treatment. Stormwater runoff is filtrated through
lay in runoff discharge is simulated by delaying the rainfall and treated by vegetation and soil within the bio-retention
in each individual green roof by 3h. The duration of delay area. The filtrated water is either collected by a drainage sys-
is based on previously published studies; Moran et al. (2004jem or allowed to infiltrate into the ground. To enhance in-
reported a delay time of 3h and Rowe et al. (2003) foundfiltration into the system, it often employs filter media with
peak flow was delayed by 2 to 4.5 h. Other important hydro-a hydraulic conductivity of one to two orders of magnitude
logical processes, e.g. infiltration, are simulated as part of thé€i.e. 10 to 100 times) higher than that of the surrounding
integrated model as explained in Sect. 2.1. However, the desoil profile. In addition, the system allows ponding which
tailed flow processes within the different layers of a greenprovides further flow retention. In the integrated hydrolog-
roof, such as water storage and evapotranspiration, are natal model, the bio-retention systems allow stormwater to
simulated given its high computational demand and smaliinfiltrate directly into the surrounding soil profile (i.e. no
impact on predicting the overall discharge delay of a greensubsoil drainage). The bio-retention systems are modelled
roof. In terms of water storage, previous studies show thaas homogenous soils with a high hydraulic conductivity of
there is only a small amount of retention during large rainfall 10->ms1, extending 1 m below the ground. The systems
events (Carter and Rasmussen, 2006; VanWoert et al., 2005qre also equipped with 20 cm of detention ponding. All the
The current model assumes no retention, which is conserhydrological processes, e.g. evapotranspiration and infiltra-
vative but acceptable as tropical rainfall is of high intensity tion, are also considered in the integrated model.
and large rainfall events that potentially cause flooding prob- To implement green structures into the integrated hydro-
lems are of interests. For evapotranspiration, we performed éogical model at catchment scale (area of 166G kmesolving
measurement on a plot-scale green roof in Singapore and thihe catchment down to the scale of a single green structure
results show that evapotranspiration accounts for 5 % of totabystem or even finer is one of the approaches. However, this
water balance. So, it is considered as insignificant and thererequires high computational efforts and detailed input data.
fore also neglected in the green roof modelling. In addition, Therefore, one gird cell (60 m 60 m) is considered as an ag-
this study aims to develop a general idea on the effectivegregated system of green roof or bio-retention. This method
ness of catchment-scale green roof implementation withoutan reduce computational and input data requirements, with
focusing on the detailed behaviour of each individual greenlittle penalty on prediction accuracy (Elliott et al., 2009).
roof. Therefore, simplifications made at individual green roof
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2.3 Marina-like catchment — a case study in Singapore — Strategy 2: restored by bio-retention systems
(Bio-retentiorn). Five (5) % of the catchment area

The biophysical and hydrological environment of Singapore is converted from impervious surfaces in the
has altered dramatically due to rapid urbanization and indus- urbanized scenario to bio-retention systems in
trialization (Lu et al., 2005). The Marina catchment (Fig. 2), this strategy. The bio-retention systems are lo-
the most urbanized part of Singapore, has typical character- cated near the streams and are in areas where
istics of a highly urbanized catchment in the tropical area. the groundwater table is at least 1.5 m below the
It has a catchment area of 160.8%neurrently consists of ground.

different land uses and soil conditions, and includes the dif-
ferent components of hydrological and vegetation system
(e.g. plant, river, reservoirs, mixture of permeable and im-
permeable surfaces). Adopting the main characteristics of

the Marina catchment, an integrated distributed hydrologicaLI.0 focus on the impacts resulting from the change from veg-

moilelfof ‘E M‘?‘”r;?‘"'ke Catcthmbenlt is built t%eval_uate tTe 'rt';]' etated to impervious surface and the implementation of green
pact ot urbanization on water balances and regimes. in o e§tructures, other factors such as climate, soil and topography
words, this objective of this study is not to reproduce the ex-

 situati f the Mari ich ¢ but rather to d are assumed not to change among the scenarios. Each sce-
act situations of the Marina catchment, but rather to démony, 54, s run for one year under the same climate condition.

strate the generic influences of urbanization on hydrologica he digital elevation model (DEM) SRTM (Shuttle Radar

conditions. The m_odel is further developed and applied toTopography Mission) (i.e. topography) in 2005 is obtained
evaluate the effectiveness of catchment-scale green Structurgs, = the US Geological Survey with 30 m resolution (USGS

in mitigating the hydrological impacts of urbanization. 2010) and are applied to all three scenarios. The surface mesh

l-l;p address thf |ssu§sFr§1|s;:ed tln the IOtheC:'r\]’ © ?Tev?ra][ SIMEonsists of 290 cells in east-west direction and 310 cells in
ulations are performed. Firstly, to evaluate the etect ot ur-y,,un_soyth direction; each element is rectangular with a di-

banization in Singapore, a pre-urbanized scenario in Whicqnension of 60< 60 m. The vertical discretization is chosen

all the hydrological conditions are at natural state is set up. Itto match with the soil profile description and the required res-

is then compared with an urbanized scenario in which all theolution of the simulation. In addition, the Richards equation

hydro_loglcal factors are urbamzed._ Secp r_1d|ly,. to evalgate th?s used to accurately simulate the infiltration process in the
effectiveness of green structures in minimizing the Impact, \caturated zone. Therefore, 45 subsurface layers are used

of urpanlzatlon, angthgr §et of scenarios 1S set up to r?ﬂec\tl\/ith a vertical discretization of 20 cm for the first 1 m depth,
the different strategies in installing the green structures in arkg eom for the following 5m depth, and then 100 cm for the
urbamz:_ad environment. The results are then com_pared ‘_N'ﬂPest of the domain. Together with the surface mesh, the total
those without the green structures to conclude their effectlve-dor,nain has 4 055 500 elements. Each of the main hydrologic
ness. The simulation of each scenario is one year in durationcomponems has its own time step. River routing is the most

and is further elaborated below: dynamic process and is highly responsive to rainfall and to-
— The first scenariopre-urbanizedl represents the con- pographical condition, followed by overland flow, and finally
dition before urbanization in which the entire land sur- Unsaturated and groundwater flow. In addition, to simulate
face is covered by plants and the rivers are in naturafthe flow exchanges between the components, their time steps
conditions. have to be even multiples of each other. For river routing,
a time step of 1 minute is used. For overland flow, unsatu-
— The second scenariapanized represents the cur- rated and groundwater components, time steps of 0.25, 0.5
rent situation in which the land surface coverage hasand 12 h are used respectively. This study examines the rapid
changed drastically due to urbanization and is a com-response of peak outlet discharge (on timescales of minutes),
bination of permeable and impermeable surfaces andis well as the long-term groundwater response (on timescales
buildings; rivers are also concrete-lined. of days and months). Thus, the above time steps are chosen
s compromises. When the time steps taken are finer than the
ata input, the model then linearly interpolates the data for
the simulated time step.

— Strategy 3: restored by both green roofs and bio-
retentions Kybrid). The hybrid is a combination
of green roofs and bio-retention strategy.

— The third scenario represents hypothetical situations ing
which green roofs and/or bio-retention systems are in-
stalled at strategic locations to mitigate the hydrolog-
ical impacts of urbanization. This scenario is further 5 3 1 gyrface and subsurface parameters
divided into three different strategies:

To parameterize the surface and subsurface, the model do-

main is divided into zones based on the land cover, surface

properties, soils, and geologiand covermap (Fig. 3) is

digitized from Singapore Master Plan in 2003 (URA, 2003),

and is classified into four groups with vegetation of different

— Strategy 1: restored by green roofaréen roo).
All the buildings in the catchment are covered
with green roofs, which account for 14 % of the
catchment area.
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i mpervous T — space, respectively. The values are equivalent to the Manning
% - ) e coefficient of 0.04 and 0.0125, which are typical values for
M res ot vegetated and concreted surface (Chow, 1959).
I Trees Jerangau Tengah H H H
Buidings ( - - For geological propertieshydraulic parameters for the

Bio-retention

saturated zone are assumed to be loamy sand, a typical soil
type in Singapore, for the entire catchment with a horizontal
hydraulic conductivity of 1.2 10~ [ms~1] and a verti-

cal hydraulic conductivity equivalent to 10 % of the horizon-
tal hydraulic conductivity. Specific yield and specific stor-
ageis 0.2 [-] (Freeze and Cherry, 1979) and %804 m~1

2 10z emeers (Younger, 1993), respectively.

2 Kilometers

Fig. 3. Land cover (left) and soil distribution (right) of the Marina- 2392

like catchment 740 (Land use: 66 % impervious, including 14% ~"

building and 5% potential bio-retention area; 9% 741 no plants;

25% plants, including 5 % bushes, 18 % mixed trees and 2 % trees)! he initial condition of the integrated hydrological model is
the combination of the initial conditions of different com-
ponents such as ponding depth, soil moisture content and

. groundwater table. Ponding depth of reservoirs is assumed
leaf area indices (LAI) and roof depths (RD) (Table 1). The y, pe o the reservoir water levels, and is set at 0 m in the rest

tree heights in Singapore vary from 4 to 20 m (NPark, 2011).4¢ the domain. To obtain an initial groundwater condition,

Based on the study of Stofko (2010) on the relationship be-, 1 yr simulation is carried out. As the groundwater table

tween tree height and root depth, the corresponding averagg, gingapore is only a few metres below the ground surface
root depth should be approximately 5m. A recent survey inRe,4.r et al., 2003), the initial groundwater table for the
Singapore also shows that the root of vegetation can be morgq yr simylation is set at 1.5 m below the ground. The climate
than 3m (Ngo etal., 2013). _ condition of the year 2005 is repeated 10 times for this 10 yr
For soil properties top soil (i.e. soil from surface up 10 g jation. The groundwater table, reaching dynamic equi-
1 m depth) information is extracted from Singapore soil Mapjinriym after 10 yr, is then used as the initial condition of the
(Fig. 3), digitized from the soil of the Republic of Singa- emaining simulations. The initial condition sensitivity anal-
pore (Wells, 1977 Ives, 1977). Below 1 m depth, the soil iSygiq of the results to the initial condition is also carried out. It
assumed to be loamy sand. Using the soil information fromig ghqwn that within a reasonable range of initial conditions,
Table 2, together with the hydraulic parameters of standardyg regyits converge to the same solutions. Initial soil mois-
soil texture from the United State De_partment of A_grlcultgre, ture is set to achieve equilibrium pressure corresponding to
Van Genuchten parameters are estimated to define moistuige groundwater table from the 10 yr simulation. In addition,
retention and unsaturated hydraulic conductivity. for each 1 yr scenario simulation, another 5 yr of stabilization
Regardingsurface propertigsdetention storage is used gjmyjation is carried out to obtain dynamic equilibrium con-
to limit the amount of water that can flow over the ground yitions of all the hydrological components, which are then

surface; the depth of ponded water must exceed the detenge a5 the initial conditions for that particular scenario.
tion depth before water is routed overland. For the Marina-

like catchment, detention depth is generally set as 0.01 mn} 33 Boundar ndition
as the catchment is mostly covered by impervious surface." ™" oundary o ons

The detention depth for reservoirs is the maximum reservoir

level, while the detention depth is set as 20 cm for areas witH ©" the top boundary, precipitation is the only in-flux and
bio-retention systems based on Singapore’s National Wagvapotranspiration is the only out-flux. Rainfall and potential

ter Agency guideline for bio-retention system design (PUB, evapotranspiration are assumed to be uniformly distributed in
2011). In Mike SHE, there is no explicit option to directly the entire catchment. Hourly rainfall data from the year 2005
specify the partitioning of rainfall into direct runoff, infiltra- &€ obtained from the Kent Ridge campus of the National
tion and groundwater recharge as the model simulates thi/niversity of Singapore (NUS), located at the southwestern
infiltration and subsurface water movement according to thefd9€ of the catchment. Evapotranspiration is calculated from
different soil properties and rainfall conditions. However, one P€nman—Monteith method (Eq. 1) using hourly weather data
can specify the fraction of ponded water that drains to the(€-9- atmospheric pressure, air temperature, relative humid-
drainage system. For this case study, 30% of the ponde#y: Wind speed, and incoming radiation) from NUS for the
water drains directly to the river network and the remain-Y&ar 2005.

ing 70 % infiltrates. Surface roughness, defined by Manning

number (/) (inverse of the conventional Manning coeffi- _ A(Hnet— G) + paircp (e2—e.)/ra .
cientn), is 25 and 80 for surface covered with plant and open)‘ - Aty Q+re/ra) ) (1)

Initial condition

www.hydrol-earth-syst-sci.net/17/4789/2013/ Hydrol. Earth Syst. Sci., 17, 478801, 2013
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Table 1. Vegetation characteristics.

. Vegetation Parameter
Vegetation Type Land Use getat

Leaf Area Index (-) Root Depth (-)

Impervious Residential, Business centre, Industry, 0 0
Institution, Commercial, Military area,
Airfield, Port, Infrastructure

No plant Reserve site, Cemetery 0 0
Bushes Agriculture 3 2000
Mixed trees Open space, Recreation 5 4000
Trees Park 6 5000

Table 2. Soil texture and properties.

i 0, i 0,
Soil Type Depth (cm) Soil Texture (%) K(ms™1) Soil Type Depth (cm) Soil Texture (%) K(ms™1)
Sand Silt Clay Sand Silt Clay
REMGAM 0-8 78 2 20 1761075 TAMPOI 0-6 812 21 167 19410°
8-34 61 1 38 3.9%10°°6 6-13 725 1 265 37010°
34-68 57 3 40 4.0410°° 13-44 69.6 0 304 26910°°
68-160 55 2 43 3.1810° 44-100 61.7 0 383 26010°°
JERANGAU 0-5 357 6.1 582 14210% BEDOK 0-10 Clay Loam 9.4% 1077
15-30 38 4 58 155106 10-100 Silt Clay 1.1k 106
30-82 30 4 66 1.2%10°° 0-10 Silt 5.06x 106
82+ 28 3 69 126106 CHOWBOONLAY 10-100 Silt Clay 1.1k 1076
0-7 24 47 29 7.1%x10°® CHANGI 0-100 Sand 7.44 10°°
AYERTERJUN 7-24 23 44 33 15%10°° HOLYROOD 0-100 Loam Sand 1.2210°5
24-60 13 33 54 15810 JURONG 0-100 Silt Clay 1.1% 106
60-135 9 29 62 1781068 KRANJI 0-100 Silt Clay 1.1k 1076
HARIMAU 0-14 77.8 4 182 1.6810°° MATAIKAN 0-100  SandClay Loam 1.5 107
14-28 735 41 224 57410°° MASAI 0-100 Clay 1.71x 1076
28-35 69.8 3.1 271 3.4410° TENGAH 0-100 Loam Sand 1.2210°°

53-94 578 1.2 41 216106

where is the latent heat of vaporization (MJkY; E is Reservoirs in the catchment are set as internal boundary con-
the hourly potential evapotranspiration (mmi A is the ditions with head-controlled flux. The exchange fluxes de-
slope of the saturation vapour pressure—temperature curveend on the head difference between the groundwater table
(kPa°C~1); Hpetis the net radiation (MJmPh~1); G isthe  and the reservoir water depth with a leakage coefficient of
heat flux density to the ground (MJtAh—1), which is as- 10-3s. The bottom boundary of the domain is bed rock
sumed to be negligible in this studys; is the air density  and thus has no flux. Due to the lack of detailed geology data,
(kg m~3); cp is the specific heat at the constant pressurethe bedrock is assumed to be at a constant depth of 30 m be-

(MIkg Lo,

e? is the saturation vapour pressure of air low the ground. This assumption will not affect the shallow

at heightz (kPa); e, is the water vapour pressure of air at groundwater movement in the shallow subsurface environ-
heightz (kPa);y (kPa°C~1) is the psychometric constant; ment (i.e. in the top few metres), which is the focus of this
is the plant resistance (sTh); andr, is the diffusion resis-  study.

tance (s m?).

For the boundary conditions on the sides, since the modep 3.4  River routing
domain is the entire Marina-like catchment, there are no

fluxes across the inland boundary. The boundary bordering-ne main river network of the Marina-

like catchment is de-

the sea is assumed to have a fixed head of Om correspongneateq from the DEM and published documents from Sin-
ing to the mean sea level. This boundary is independent fro”bapore’s National Water Agency (PUB, 2007). Most of the

tidal fluctuation due to the existence of the Marina Barrage

‘channel cross sections are assumed to be rectangular, except

Hydrol. Earth Syst. Sci., 17, 47894801, 2013 www.hydrol-earth-syst-sci.net/17/4789/2013/
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structed along the centre and Ipwe;t parF of a channel to The only influx to the catchment is rainfall, and it either
carry low “°V.VS>- The channel width is esnmqted basgd Oyrns into outfluxes (e.g. base flow, direct runoff flow and
;reor?nOthsl\?lnj;g ??;Einsothnedgrag?ilsl3\/230;;:5 iessgga;?gvapotranspiration) or increases the storage within the sys-
a constant discﬁar e value of @);71 Dowrf)stream water tem (e.g. canopy storage, surface water storage and subsur-
9 ; ' face water storage). Figure 5 presents the distribution of rain-

level is at a constant elevation of 11 m which is approxi- . .
mately the level of the Marina reservoir (the most southernfall into the different components aggregated over one year
Y for the different scenarios. Canopy storage is not shown in

and downstream reservoi)/ is 25 and 80 for earthen and the figure as it is negligible compared to other components.

concrete river banks, respectively. The .quxes exchanged beI"he surface and subsurface storage changes in all the scenar-
tween groundwater and surface water in the channel are es-

%0s are also insignificant (less than 0.5 % of total water bal-
timated using a leakage coefficient of 0 For the stabi- os are also insignificant (less than 0.5 % of total water ba
lization of the model, initial water depth and discharge are atance). This is because these storage changes in the model are
01mand OrAs-L rés ectivel P 9 changes of storage from one year to the next. As the simula-

'  resp Y- tions are repeated for 5yr with the same climatic input, the

model should reach a dynamic steady state (dynamic equi-

3 Results librium condition) and the storage changes in the reporting
year, which is the last year of the simulation run, should be
3.1 Impacts on overall water balance minimal.

For all scenarios, the greatest contributing factor is evap-
To determine the impacts on water balance, the different hy-otranspiration. Compared to the other scenarios, there is a
drological components and their temporal variations at thehigher fraction (10 % more) of evapotranspiration in the pre-
observation point (indicated in Fig. 2) are examined (Fig. 4).urbanized scenario since the entire land surface is covered by
The selected location is near the main river and in the mid-trees. There is a drastic increase (by 20 %) in the direct runoff
stream of the catchment, which is highly urbanized. The re-in the urbanized scenario due to the change of 66 % land
sults, extracted from the bio-retention scenario, indicate thatise from pervious to impervious surfaces. Corresponding to
the hydrologic processes are temporally dynamic due to the large amount of direct runoff in the urbanized scenario,
changes in rainfall. For example, in the beginning of Januarybase flow depth is reduced by almost 66 % in the urbanized
during the event with a rainfall intensity of 3.5 mm}Y the  scenario when compared to the pre-urbanized one. The base
infiltration rate is slightly less than 3.5 mnh The top soil  flow depth is also not increased by green roofs, and it only in-
is saturated, producing a downward flux from the unsaturated¢reases marginally with the implementation of bio-retention
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creases to 125%s 1 in the urbanized scenario. The instal-
lation of either green roofs or bio-retention systems brings
Fig. 6. Peak discharges at catchment outlet under different scenarthe peak discharge from 1251 down to 90nis—2. For
ios. the case in which both green roofs and bio-retention systems
are installed, the peak discharge is the same as in the pre-
urbanized scenario. In the case of high-intensity rainfall, fo-
systems in either the bio-retention or hybrid scenarios due t@using on the highest rainfall event in the simulation year,
the enhancing infiltration function of bio-retention systems. on 8 December, a rainfall depth of 136 mm in 5h results
in an outlet peak discharge of 5581 under urbanized

3.2 Impacts on eminent water resources issues conditions. Installation of either green roofs or bio-retention
systems decreases the peak discharge to 450and the
3.2.1 Flash floods installation of both structures decreases the peak discharge

to 330 P s~1, which is even lower than the peak discharge

To study the impact of urbanization and the strategies inof 350 n¥s~1 in the pre-urbanized scenario. This is due to
averting flash floods, river discharge is first analysed. Ur-the combined effect of green structures: the delay of rain-
banization increases the peak outlet discharge significantlyall by green roofs and the enhancement of infiltration by
(Fig. 6). During rainfall events of small intensity (e.g. 13 bjo-retention systems. To conclude, the large-scale restora-
and 28 December) and average intensity (e.g. 17, 19 Julyion strategy restores the pre-urbanized condition effectively
and 26 December), peak outlet discharge increases by moiig terms of outlet discharge, reducing the potential flooding
than 100 %. For rainfall events with high intensity (26 July problems.
and 8 December), the percentage increase is smaller (about Other than examining the magnitude of peak discharges,
60 %). However, the magnitudes of peak discharge for smallfig. 7 compares the peak time to evaluate peak delays in each
and average-intensity rainfall are small. Thus, the high perrestoration scenario. Taking the rainfall event on 26 July as an
centage increase in fact does not have significant impact oaxample, the downstream peak outlet discharge in the urban-
the catchment. On the other hand, although the percentagiged and the bio-retention scenarios occurs at the same time.
increase of high-intensity rainfall is smaller, it has significant However, there are two peaks in the green roof and hybrid
impact as the magnitude of peak discharge is relatively highscenarios, with the first peak occurring slightly later in the
The highest peak outlet discharge in the urbanized scenario igrbanized scenario and the second peak delayed for another
550n? s, leading to potential flash floods in the low-lying 2 h. This is due to the existence of green roofs, which delay
areas. discharge for about 3 h in both scenarios. The hydrograph on

Besides assessing the impact of urbanization, the effecas july also gives similar results except that the time of de-
tiveness of each strategy in reducing the flood risk is alsaay varies depending on the rainfall characteristics. Although
examined. Overall, all the restoration strategies reduce théhe double peaks only occur in simulations and may be in-

peak discharge. In average-intensity rainfall events, the greegistinct during field observations, the results do illustrate the
roof scenario or the bio-retention scenario reduces the pea§eak attenuation due to green roofs.

discharge by 25%. The hybrid scenario can fully reduce
the peak flow to the pre-urbanized level. For example, the
rainfall event on 19 July produces a peak outlet discharge
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Fig. 9. Average infiltration rate of entire catchment under different
Fig. 8. Infiltration rate at observation point (indicated in Fig. 2) in scenarios.
catchment.

groundwater table and are designed for submerged condition.
Besides comparing the peak time downstream, one cafrhe impervious concrete surfaces in an urbanized catchment
also examine the change of delay along the channel fronsuch as buildings, roads and pavements prevent infiltration.
upstream to midstream and subsequently downstream. FoFhe infiltration rate of the entire catchment in 2005 is re-
cusing on only the hybrid scenario, the relative heights ofduced by 20 % in the urbanized scenario as compared to the
the two peaks vary between upstream, midstream and dowrpre-urbanized scenario, while the bio-retention scenario re-
stream due to the merging of secondary rivers which are astores 10 %. The actual infiltration rate under different sce-
different locations from green structures. Furthermore, therenarios (Fig. 9) varies temporally depending on the rainfalll
is a slight increase in the delay of the peak from upstreanintensity as well as the time interval between two consecu-
to downstream due to the propagation of waves along theive rainfall events. There is significantly less infiltration in
river. Overall, examining the peak timing and its propaga-the urbanized scenario during high intensity rainfall events
tion through the river network demonstrates the importancesuch as those on 9 May, 12 November and 17 November.
of a catchment-level planning of green structures (in termsThe decrease can be as high as 40 to 50 %, compared to only
of locations as well as the percentage of surface coverage) in0 to 15 % in average rainfall events such as those from 14

mitigating floods. to 18 May or from 31 October to 5 November. Bio-retention
systems restore 20 to 30 % and 5 to 10 % of the pre-urbanized
3.2.2 Groundwater replenishment infiltration during high and average rainfall events respec-

tively. For all the small rainfall events (e.g. 11 and 20 May
The main source of groundwater replenishment in this catchand 15 November), the infiltration rate of the bio-retention
ment is from surface water infiltrating into the ground. Ur- scenario is higher than that in the pre-urbanized scenario.
banization not only increases the peak river discharge buMost of the small rainfall events occur closely in time. In the
also decreases the infiltration rate, preventing surface wapre-urbanized condition, the soil is fully saturated after sev-
ter from going into the ground and recharging subsurfaceeral events. Water can no longer infiltrate and contributes to
storage. As mentioned in the water balance section, greesurface runoff. However, more water can infiltrate in the bio-
roofs do not significantly change the water budget or enhanceetention systems because the detention ponding provides ad-
infiltration rate. This section therefore focuses on compar-ditional time for water to infiltrate into the ground.
ing the infiltration rates in the urbanized, pre-urbanized and
bio-retention scenarios to evaluate the effectiveness of bio3.3 Model sensitivity analysis
retention systems in enhancing infiltration. For plot scale,
the infiltration rates at one particular location where land use3.3.1  Rainfall resolution and simulation time step
has changed from pervious to impervious and then to bio-
retention system is compared (Fig. 8). The infiltration rate isTo examine the influence of rainfall resolution and simula-
highest in the bio-retention scenario and is equal to the raintion time step on peak outlet discharge, two additional simu-
fall rate. As a result, there can be local groundwater mounddations are carried out: (1) original rainfall data interval (1 h)
in which the groundwater table is about 1 to 2 m higher thanbut coarser simulation time steps (5min for river routing,
the surrounding environment. However, this should not affect0.5 h for overland flow, 1 h for unsaturated flow, and 12h
the main underground infrastructure in Singapore (e.g. theon groundwater flow); (2) rainfall data of smaller interval
underground transport system which is approximately 30 m(5 min) with the original simulation steps.
below the ground). Other infrastructures (e.g. pipes) within The “representative” peak outlet discharges (i.e. high-
the shallow subsurface environment are also often below thest peak, medium peak and small peak) of the above two
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simulations are extracted and compared with those from thdion of the bio-retention system. The change in hydraulic
original simulation. The results show that the increase in sim-conductivity however does not significantly affect the peaks
ulation step sizes does not affect the time and the magniin the urbanized scenario due to the low percentage of per-
tude of the peak discharges. The more detailed rainfall in-vious area. Although the absolute values of peak discharges
put increases the peak discharges at most by29H and  change with the hydraulic conductivity, the relative differ-
changes the time of occurrence by at most 1 h. ences among the scenarios are still the same. In other words,

there is still a drastic increase of peak discharge in the urban-
3.3.2 Soil hydraulic conductivity of bio-retention system  ized scenario and a partial recovery in the hybrid one.

Two simulations using bio-retention systems with soil hy- , .
draulic conductivity of 5<10-5ms (180mm#h?l) and 4 Discussion

4l 1 : : -
10-"ms™= (360 mm ), which are higher than the orig The following key points underpin the analysis of the hy-

inal value of 10°ms™ (36mmlr"), are carried out. In drological characteristics of the different scenarios. Firstl
terms of outlet discharge, the results show that the difference 9 ' Y.

among the scenarios is insignificant. In terms of infiltration évapotranspiration accounts for a relatively high percentage

: . of water budgets in all scenarios. It therefore should not be
rate and groundwater recharge, results from a bio-retention : : S S

. neglected; otherwise this might lead to overestimations of the
system at the centre of the catchment are extracted. Particu-

larly, the groundwater table, infiltration rate and groundwaterOther components. Secondly, .groundwa}ter pl_ays an impor
. tant role and should be taken into consideration, especially

recharge across the system 12 h after the largest rainfall even . .
. ) ) when the hydrological changes in shallow groundwater sys-
in the simulated year are further explained as an example, .
. . ) . tems are examined. The exchange between groundwater and
This event has a rainfall depth of 130 mm and an intensity

of 26 mm b, The infiltration rates of the different scenarios surface water depends on the difference in groundwater level

. : oo .and surface water level, as well as the soil moisture content

are the same, as the rainfall intensity is lower than the soil. o
. I : . in the unsaturated zone. In shallow groundwater systems, itis

hydraulic conductivities of the bio-retention systems. There . e .

. . even possible to have groundwater exfiltration during heavy

is more recharge to the saturated zone at that particular mo-

ment leading to a higher groundwater table in the ScenarioralnfaII in low-lying areas. Thirdly, different designs of green

with higher soil hydraulic conductivity. However, the total structures (€.g. green roofs versus bio-retention systems) pro-

. vide different hydrological functions and their relative loca-
recharges of all scenarios reach the same values eventually,

. . . ¥ons within the catchment also yield different outcomes at
The temporal difference in groundwater recharge is becaus 2 . ) i
. X . . e catchment outlet. Therefore, itis possible to integrate dif-
rain water requires different duration to travel through the L . 4
.~ ferent green structures at optimized locations to achieve spe-
unsaturated zone to reach the saturated zone depending

on. ; .
the soil hydraulic conductivity of the bio-retention system. citic targets S.UCh as reducing ﬂ"?‘Sh floods, enhanc_:mg ground-
water replenishment, or restoring the pre-urbanized hydro-

graph at the catchment outlet. Last but not least, the sensitiv-
ity analysis on rainfall data resolution, simulation time step,
and soil hydraulic conductivities of the bio-retention system
and native soils leads to certain changes in the modelling
results. However, the changes are not significant enough to
affect the main conclusions of this study.

3.3.3 Saoil hydraulic conductivity of native soil

To assess the influence of soil hydraulic conductivity on rain-
fall partitioning to recharge and runoff, different scenarios
with a soil hydraulic conductivity that is one order of magni-
tude lower are simulated.

For the aggregated water balance over one year, the rain-
fall partitioning still follows the same patterns as the origi- 5 Summary and conclusions
nal simulation. For example, when compared with the pre-
urbanized scenario, there is still close to a 10 % increase oThis study assesses the overall hydrological impacts of ur-
direct runoff and 10 % decrease in evapotranspiration in thebanization and the effectiveness of catchment-scale green
urbanized and hybrid scenarios. There is also more base flowtructures in restoring pre-urbanized hydrological condi-
in the hybrid scenario when compared to the urbanized ondions. A physically based integrated distributed hydrolog-
due to the green structures. ical model, Mike SHE, is used to simulate a highly ur-

In terms of peak outlet discharge, the low hydraulic con- banized catchment in the tropics under three main scenar-
ductivity leads to an increase of peak discharge by 86Th ios (i.e. pre-urbanized, urbanized and restored) that differ in
in the pre-urbanized scenario. Similarly, the decrease in hytheir land uses. The most important findings are summarized
draulic conductivity also results in a higher peak dischargeas follows:
in the hybrid scenario. However, the amount of increase,
100 n¥s~1, is higher than the pre-urbanized one. This is be-
cause the low hydraulic conductivity of the native soil not
only reduces rainfall infiltration but also limits the exfiltra-
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1. In terms of the hydrological impacts of transforming
66 % of the vegetated area into impervious surface and
changing the vegetation type in the remaining area dur-
ing urbanization, the following is observed:

— Infiltration on average reduces by 20 %, which
is proportional to the increase of impervious sur-
face. There is thus less subsurface water recharge
and less subsurface water storage. The actual re-
duction in each rainfall event varies with rain-
fall intensity and time interval from the previous
rainfall event.

— Base flow decreases by 66 % and surface runoff
increases by 20%, leading to a higher poten-
tial of flash floods. The peak outlet discharge
increases by 100% during low- and average-
intensity rainfall and by 60 % in high-intensity
rainfall. Although the percentage increase is

4799

3. Assessing the hydrologic restoration of an urbanized
area via the case study, further conclusions can be
made:

— Evapotranspiration is one of the important pro-
cesses and should not be neglected as it accounts
for a relatively high percentage of the water bud-
get.

— Groundwater plays an important role, especially
in shallow groundwater systems, as it has direct
dynamic effects on the infiltration rate and the
water exchange between groundwater and sur-
face water.

— It is feasible to re-shape the outlet hydrograph
via large-scale hydrological controls through-
out a catchment, but it is important to perform
catchment-scale planning for the desired inte-
grated spatial and temporal effects.

lower, the increase of discharge during high-
intensity rainfall is more impactful due to the rel- The simulation results obtained are independent of field data,
atively high pre-urbanized value. enabling a generic model for understanding hydrological
changes during the different phases of urbanization. The re-
2. To mitigate the hydrological impacts of urbanization, sults and conclusions drawn are thus beneficial and applica-
three catchment-scale green structure strategies are ekle to catchment-level water resource planning and manage-
plored: ment in many urban areas worldwide, especially those in the
tropical region.
— The first strategy is to install green roofs in all the
buildings, accounting for 14 % of the catchment
area. The green roofs retain rainfall for 3h but Supplementary material related to this article is
exert minimal changes in water balance or infil- available online athttp://www.hydrol-earth-syst-sci.net/
tration. They do however reduce the peak outlet 17/4789/2013/hess-17-4789-2013-supplement.pdf
discharge by 30 to 50% and delay the peak by
2 h, and thus can mitigate flash floods in urban
areas. AcknowledgementsThe research was supported by Academic
Research Fund (AcRF) Tier 1 from the Singapore Ministry of

— The second strategy is to set up bio-retention sys- .~ .* (MOE) (FRC grant R-302-000-007-112).

tems in 5% of the catchment area. Bio-retention
systems are modelled as 1 m-deep soils with rela-ggjteq by: A. Shamseldin

tively high hydraulic conductivity of 10° ms™1.
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creases by 10%. The actual increase in eachReferences
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