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We would like to thank the referee for the helpful comments and suggestions. Please
see our detailed responses to each query and comment below.

1. About the language issue: The manuscript needs some editorial work because
some phrases sound awkward:

- Page 4100, line 21: . . . be intervened. . .’. I would rephrase this.

- Page 4100, line 24: ‘. . .impervious surfaces enhances. . .’
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- Page 4101, lines 2-3: I would rephrase this.

- Page 4101, line 29: ‘. . .canals’. This sounds awkward.

- Page 4102, line 16: ‘The model included. . .’

- Page 4102, line 18: ‘and detailed the spatial. . .’

- Page 4103, lines 5-6: ‘. . .truly reflective’. This phrase also sounds awkward.

- Fig. 5: ‘Hybird’ should be ‘Hybrid’.

[Response] We will edit all the phrases as suggested in the revised manuscript.

2. About the lumped model: Page 4103, lines 5-6: lumped models can have more than
one parameter.

[Response] We agree with the referee that lumped models can have more than one
parameter. However, lumped models are not able to describe the spatial distribution
of one parameter. Taking soil hydraulic conductivity of a catchment as an example:
actual hydraulic conductivity is not homogeneous throughout the catchment. However,
the model can only have one value of soil hydraulic conductivity. Thus only one “repre-
sentative hydraulic conductivity” value is used as model input, which might not reflect
the actual spatial variation within the catchment. We will revise to make it clearer in the
revised manuscript.

3. About the green roof:

- Green roof: the description of green roofs lacks some details. It is said that green
roofs function as micro-catchments; however, it looks like the only effect of green roofs
is to delay peak runoff. What is the soil depth of the modeled green roof? This would
determine the ability of roofs to store water; also, the type of vegetation is important to
estimate evapotranspiration. How are these features embedded in the model? I could
not understand it from Section 2.1. I do not think that imposing a constant delay of 3h is
accurate, because the delay should depend on the time between rainfall events. This
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choice should be discussed and justified more in depth, maybe suggesting possible
consequences if this assumption were relaxed or a model accounting for green roof
soil depth were used.

- Page 4104, line 12: the Authors should provide a reference for the statement ‘improv-
ing runoff quality’. In some environment, green roofs need to be fertilized to maintain
healthy vegetation; this would cause pollutant leaching, thereby reducing runoff water
quality.

[Response]

- We agree with the referee that imposing a constant delay of 3 hours for green roofs
without considering the water storage and evapotranspiration is not highly accurate as
green roofs not only delay the peak runoff but also reduce the runoff discharge and
retain certain amount of rain water depending on the green roof specifications and
rainfall intensity (Mentens et al., 2006, Bengtsson et al., 2005, VanWoert et al., 2005).
Therefore, we acknowledge that this is a limitation of our current model. However, the
assumed average delay of 3 hours is chosen with reference to the results from Moran
et al. (2004) and Rowe et al. (2003). In term of water storage, previous studies show
that there is only small amount of retention during large rainfall events (VanWoert et al.,
2005, Carter and Rasmussen, 2006). Our current model assumes no retention which is
conservative but acceptable as tropical rainfall is of high intensity and we are interested
in large rainfall events that potentially cause flooding problem. For evapotranspiration,
we performed measurement on a plot-scale green roof in Singapore and found that
evapotranspiration accounts for 5% of total water balance (results not yet published).
So, we consider it as insignificant and therefore also neglect it in this study. In addition,
this study aims to develop general idea on the effectiveness of catchment-scale green
roof implementation without focusing on the detailed behaviour of each individual green
roof. Therefore, we believe that simplifications made at individual green roof level would
not affect the overall catchment-scale results and conclusions. We will add the above
discussion on our model limitation in the revised manuscript.
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- Page 4104, line 12: Regarding runoff water quality, we are aware that fertilization is
one of the key issues. However, the requirement of fertilization and its influences on
water quality greatly depends on the design specification. Study of Czemiel Berndtsson
(2010) indicate that fertilization may be replaced by watering during the dry period
for the same aesthetic result. Palla et al. (2010) even use green roofs to reduce
stormwater pollution via the substrate layer. Hathaway et al. (2008) applies media with
nutrient removal to improve water quality at the outlet discharge. We will provide these
references in the revised manuscript.

4. About the elements of the model: Page 4107, line 8: I cannot understand how the
Authors have 89900 elements, when the catchment is 160 km2, each cell is 60 m by
60 m with 45 layers.

[Response]: The model domain is rectangular consisting of 290 cells in east-west di-
rection and 310 cells in north-south direction; each cell has a size of 60 meters by 60
meters. Thus, the number of horizontal elements is 89,900 (290 x 310). Together with
45 vertical layers, the total number of elements is 4,045,500 (89,900 x 45). We will
revise this part to avoid confusions.

5. About accounting for green roof and bio-retention systems in one gird cell: How are
green roofs and bio-retention systems accounted for in an area of 60 m by 60 m?

[Response] For an integrated hydrological model at catchment scale (area of 160 km2),
one approach to model green roofs and bio-retention systems is to resolve the catch-
ment down to the scale of a single green structure system or even finer. However, this
requires high computational efforts and detailed input data. Within the scope of this
paper, we aim to develop a general idea about the effectiveness of catchment-scale
green structures on restoring the hydrological condition of an urban area by consider-
ing one grid cell as an aggregated system of green roof or bio-retention. Study of Elliott
et al. (2009) about aggregation of on-site stowmwater control devices concludes that
aggregation of green structures have little effects on model predictions and therefore
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aggregation can be used to reduce computational and input data requirements, with
little penalty on prediction accuracy. Thus, we believe aggregating the green structure
systems to each grid cell of 60m by 60m is reasonable in our study.

6. About the hydraulic conductivity of the soils in bio-retention systems:

- Page 4108, line 23: the hydraulic conductivity of the soil is very similar to that of soil
in bio-retention systems; I would have expected bio-retention systems to have larger
hydraulic conductivity, of the order of 150-200 mm per hour (instead of about 40 mm
per hour as used by the Authors).

- Page 4115, lines 9-14: according to the chosen parameters, the hydraulic conductivity
of bio-retention systems is similar to that of the surrounding soil. This allows water
to percolate into the surrounding soil, without accumulating in the systems. I would
consider to increase the soil hydraulic conductivity of bio-retention systems to see the
effect of recharge.

[Response] Authors would like to thank the referee for the valuable comment and sug-
gestion.

- Firstly, we would like to explain further about the hydraulic conductivity of the bio-
retention system and the surrounding soil. Soil information in Marina catchment is
collected from different sources. The information about the top soil layer (1 to 2 meters)
is based on the Singapore soil survey (Wells, 1977, Ives, 1977) (Table 1 - Please find
in the supplement). Below the top layer, the soil is assumed to be loamy sand. The
bio-retention system is only within the first meter of the top soil surface. Thus, when
compared to the native soil, the hydraulic conductivity of the bio-retention system is
approximately 5 to 10 times higher.

- Secondly, in response to the referee’s comment, we have also carried out two more
simulations using bio-retention systems with soil hydraulic conductivity of 5 x 10-5 m/s
(180 mm/hr) and 10-4 m/s (360 mm/hr) which are higher than the original value of 10-5
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m/s (36 mm/hr). The results show that the difference in outlet discharge among the
scenarios is insignificant. Taking a bio-retention system at the centre of the catchment
as an example, Fig. 1 presents the groundwater table, infiltration rate and groundwater
recharge across the system 12 hours after the largest rainfall event in the simulated
year. This event has a rainfall depth of 130 mm and an intensity of 26 mm/hr. The
infiltration rates of the different scenarios are the same, as the rainfall intensity is lower
than all the soil hydraulic conductivity values. There is more recharge to the saturated
zone at that particular moment leading to a higher groundwater table in the scenario
with higher soil hydraulic conductivity. However, the total recharges of all scenarios
reach the same values eventually. The temporal difference in groundwater recharge is
because rain water requires different duration to travel through the unsaturated zone to
reach the saturated zone depending on the soil hydraulic conductivity. Therefore, we
believe the original soil hydraulic conductivity of bio-retention system is reasonable as
increasing soil hydraulic conductivity does not affect the overall recharge amount. We
will add the information above in the revised manuscript.

7. About the evapotranspiration equation: Eq. 1: how is G calculated?

[Response] According to FAO (Food and Agriculture Organization) document (Allen,
1998), soil heat flux (G) is calculated by equation below:

G = {cs * [Ti - T(i-1)]/∆t} * ∆z

where G is soil heat flux [MJm-2day-1], cs is soil heat capacity [MJm-3oC-1], Ti and
Ti-1 is air temperature at time i and i-1 [oC], ∆t is length of time interval [day], and ∆z
is effective soil depth [m]. The depth of penetration of temperature wave is determined
by the length of time interval. The effective soil depth, ∆z, is only 0.1 – 0.2 m for a time
interval of one or few days. Thus the magnitude of soil heat flux is relatively small. For
this model, we assume that G to be negligible. We will comment about G value in the
revised manuscript.

8. About the model boundary:
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- Page 4110, lines 11-12: is setting a constant boundary at sea level correct? Are tidal
effects important in the studied catchment? I would add a comment to acknowledge
that tidal fluctuations are neglected.

- Page 4110, lines 15-16: assuming flat bedrock at a constant depth below the ground
affects groundwater movement. Is this a reasonable assumption in the studied catch-
ment? I would add a comment in this regard.

[Response]

- Page 4110, line 11-12: Authors would like to further describe the situation at the sea
boundary of the domain. Downstream of Marina catchment is Marina reservoir con-
necting with open sea through Marina barrage of about 6 meters height. The operation
of this barrier depends on the water level in the reservoir and the tide outside, and the
water level in the reservoir is often independent from the tidal fluctuations. Therefore,
setting a sea boundary constant at sea level should be a reasonable assumption.

- Due to the lack of detailed geology data, we assume the bedrock to be at a constant
depth below the ground. However, this study focuses on shallow subsurface environ-
ment. Thus, the bedrock level of 30 m below the ground should be sufficient and this
assumption will not affect the shallow groundwater movement in the top few meters.
We will add comments regarding boundary conditions in the revised manuscript.

9. About the trickle channel: Page 4110, lines 20-22: ‘. . .assumed to be rectangular. . .’.
What is ‘trickle channel’?

[Response] Trickle channel (also known as dry weather flow channel) is usually a longi-
tudinal channel constructed along the center and lowest part of a channel to carry low
flows. They are usually shallow, narrow and concrete lined (Guo, 2006). The capacity
of trickle channel is usually about 1 to 3% of the major design flow.

10. About the model results:

- Section 3.1: I would indicate precisely in the area of the catchment where the location
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of the results in Fig 4 is.

- Page 4113, lines 15-20: why is the flow in the scenarios with green roofs and bio-
retention systems lower than that in pre-urban conditions? Is that due to the larger
infiltration rates of bio-retention systems?

- Fig. 5: Why is subsurface storage only in the urbanized and green roof scenarios?

[Response]

- Section 3.1: We would indicate precisely the location of results in Fig. 4 in the revised
manuscript.

- Page 4113, line 15-20: The peak flow in the scenario with green roofs and bio-
retention systems (Hybrid) is lower than that in the pre-urban scenario because of
the combined effect of green structures: the delay of rainfall by green roofs and the
enhancement of infiltration by bio-retention systems.

- Fig. 5 Explain the subsurface storage change in different scenarios: The storage
changes in the model (subsurface storage change and surface storage change) are in
fact changes of storage from one year to the next. As we repeat the simulations for 5
years with the same climatic input, the model should reach a dynamic steady state and
the storage changes in the reporting year, which is the last year of the simulation run,
should be minimal. The total storage changes in all the scenarios are in fact less than
1% of total water balance which is considered insignificant.

11. About the problems of infiltration in shallow groundwater area: Section 3.2.2: one of
the problems of infiltration systems in urban areas with shallow groundwater is localized
recharge that might damage urban underground infrastructure. I would suggest the Au-
thors to check the groundwater levels in the elements of their model where bio-retention
systems are installed to see whether there are localized groundwater mounds.

[Response] Authors would like to thank the referee for the suggestion. The locations
where the bio-retention systems are installed have local groundwater mounds. The
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groundwater table is about 1 to 2 meters higher than the surrounding area depending
on the groundwater table and rainfall conditions. As a result, groundwater level at
those locations is close to the land surface. However, this should not affect the main
underground infrastructure in Singapore, the underground transport system which is
approximately 30 meters below the ground. Other infrastructures (e.g. pipes) within
the shallow subsurface environment are also often below the groundwater table and
are designed for submerged conditions. Therefore, a groundwater table mound of 1 or
2 meters due to bio-retention systems should not damage these structures.

12. About the root depths of vegetation: Table 1: the root depths are well below the
water table; this is unlikely, since many species would suffer under such conditions.
The Authors should provide a reference to justify this choice.

[Response] According to Singapore National Parks Board (Npark), tree height in Singa-
pore varies in the range from 4 meters to more than 20 meters (NPark, 2011). Based
on the relationship between tree height and root depth from Štofko (2010), the root
depth is approximately 3.5 meters for a 4.0 meter tree. In addition, a recent survey in
Singapore shows that the root of vegetation can be more than 3 meters (Ngo et al.,
2013). Thus, we believe that our assumption on root depth is reasonable. Further-
more, most of the vegetation with deep roots locates in the upstream of the catchment
where the groundwater table is mostly below 5 meters (Fig 2). The rest, locating in
the downstream area, either has shallower root or is wetland vegetation that is more
resistant to flooding conditions.

13. About the evaporation process from groundwater: Fig. 1: I do not think that there
should be evaporation from groundwater.

[Response] We apologize for the mistake, as it should be evapotranspiration from
groundwater instead of evaporation. We will correct it in the revised manuscript. For
the model used in this study, soil evapotranspiration only takes place when water ta-
ble is above the extinction depth (i.e., the summation of roof depths and thickness of
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capillary fringe) and is calculated follow:

ETsz = ETrate * Fetsz * ∆t

where ETrate = ETref * kc (ETref is reference evapotranspiration and kc is crop coeffi-
cient), Fetsz is 1 when water table is in the root zone and decreases linearly from 1 to
0 when the water table is below the roof zone, but above extinction depth.
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Please also note the supplement to this comment:
http://www.hydrol-earth-syst-sci-discuss.net/10/C3540/2013/hessd-10-C3540-2013-
supplement.pdf
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Fig. 1. Groundwater depth, infiltration rate and groundwater recharge across bio-retention
systems with different soil hydraulic conductivity. Results are from 12 hours after largest rainfall
event (130mm)
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Fig. 2. Groundwater (GW) table depth and vegetation distribution Marina-like catchment
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