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ABSTRACT

Dry detention ponds are good practices for stormwater management that control flow
discharge by temporarily storing water and gradually releasing it with no permanent water
ponding. A real-life dry stormwater detention pond in Sarawak, Malaysia, was selected
for this study. The pond has a dimension of 80 (length) x 10 (top width) x 1.98 (depth)
m?. The inlet is the end of a drain extended from a local government complex with a
27,800-m? catchment area, and the outlet is an orifice with a 0.45-m diameter. The pond
is characterized by a storage volume of 1,050 m* based on a 30-min, 100-year average
recurrent interval design storm. Another characteristic of the pond is the flow restriction
imposed by the orifice outlet, in which water levels are always higher behind the orifice.
The dry detention pond was tested against Intergovernmental Panel on Climate Change
(IPCC) ARG future scenarios by simulating catchments, adjacent drainage networks, and
dry ponds with orifices using a stormwater management model. Maximum 1-day
precipitation data were extracted from IPCC-WG1 Atlas according to AR6 future
scenarios and periods. The data were normalized to 30-min rainfall temporal patterns.
With the modelling, three hydraulic indicators were identified: water level, flow, and
velocity. The high water level caused by the orifice outlet influenced the pond’s water
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levels. The expected rise of the pond’s water levels to the extent of overflowing was ruled
out. Instead, water levels were maintained below the pond-full level due to the orifice.
Besides, the ponding effect during the filling of the pond’s storage volume increased
inflows from climate change-induced storms. The findings showed that the flow rates
within the pond reduced gradually from the inlet to the outlet. Among the three indicators,
only velocities along the length of the pond showed significant responses to AR6 future
scenarios. The velocities increased in SSP2-4.5, SSP3-7.0, and SSP5-8.5, which calls for
new solutions to the erosion of earthen pond walls.

Keywords: Drainage, Dry pond, MSMA, Shared Socioeconomic Pathway (SSP),
Sustainable development, Storm Water Management Model (SWMM), Urban runoff.

INTRODUCTION TO DRY STORMWATER DETENTION POND

A dry stormwater detention pond, or simply dry pond, is a large structure constructed by
excavating a trench in the ground. Fig. 1 shows the selected dry pond for a case study. It
is dry most of the time, except when it rains. Stormwater runoff, which is generated from
rainwater falling on adjacent catchments, was directed to fill the pond and progressively
released through an outlet. The dry pond should capture and temporarily store runoff
(Thomsen et al., 2020; Lim et al., 2022). With the mentioned controlled releases of runoff,
a stormwater management goal of reducing the peak runoff from a land development
could be achieved.

Besides, the dry pond could be easily merged into urban green spaces. Malaysian town
planning has designated 10% of the gross area of physical land development as reserve
green spaces for recreational, sports and aesthetics purposes. In line with this
development, the dry pond could be multi-functional, for example, as playground,
football field, garden or others during normal weather conditions and water pond after
storms. As such, the dry pond has become a popular choice of stormwater control.

In this article, we describe the case study of dry pond, in which investigative modelling
was performed to illustrate the impacts of climate change on water patterns. The study
site is a local government complex in Samarahan, near Kuching City, the capital of
Sarawak, Malaysia. The large dry pond highlighted in Fig. 1 has dimensions of 80 (length)
x 10 (top width) x 1.98 (depth) m®. The pond’s storage volume is 1,050 m?, which caters
for the runoff volume from 27,800 m? (28 hectares) of the catchment area with a time of
concentration of 30 min, subjected to 96.3 mm of rainfall depth (equivalent to 100-year
average recurrent interval (ARI) design storm). The pond’s outlet is equipped with an
orifice of 0.45 m in diameter.
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Figure 1: Selected Dry Pond

CLIMATE CHANGE SCENARIOS

The Intergovernmental Panel on Climate Change (IPCC) rolled out Assessment Report 6
(AR6) in August 2021. AR6 introduces a new set of future scenarios called the Shared
Socioeconomic Pathway (SSP), which is a change from the previous Assessment Report
5 (ARS) scenarios called the Representative Concentration Pathway (RCP) (Pirani et al.,
2024).

The five new future scenarios for AR6 are

a) SSP1-1.9: as the most optimistic scenario, in which global CO, emissions are cut to
net zero by 2050 and global warming is kept around 1.5°C above preindustrial
temperatures until 2100;

b) SSP1-2.6: as the next best scenario, in which global CO, emissions are cut to net zero
after 2050 and the average temperatures rise 1.8°C by 2100;

¢) SSP2-4.5: as a middle-of-the-road scenario, in which global CO, emissions are cut but
do not reach net zero and the average temperatures rise 2.7°C by 2100;
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d) SSP3-7.0: as a dangerous scenario, in which global CO, emissions are doubled and the
average temperatures rise 3.6°C by 2100;

e) SSP5-8.5: as an avoid-at-all-cost scenario, in which global CO; emissions are doubled
by 2050 and the average temperatures rise 4.4°C by 2100.

After the release of ARG, the agency in charge of climate change which is the Malaysian
Meteorological Department had announced the projected climatic data in different
regions of Malaysia. Sarawak, in which this case study took place, was forecasted to have
increases in the ground surface temperatures which are +1.35 — 1.43 °C by 2050, and
+1.94 — 2.05 °C by 2100. The ranges of annual rainfall data were projected to increase
which are +420 mm (12%) by 2050, and +567 mm (16%) by 2100. Other than that, the
average sea level rise over the coastal of Sarawak was projected to increase as well, which
is +0.72 m by 2100. However, the SSP scenario for these projections was not specified.

Sarawak, which is classified as being Tropical climate zone, is officially stated as having
annual rainfall between 3,300 and 4,600 mm. The amount of rainfall is much higher than
other regions of Malaysia. However, with the projected additional 12 — 16% of rainfall
from ARG, it foresees an increase of flooding in the region. In fact, the detection of rainfall
trends is vital (Benkhaled et al., 2008; Zeggane et al., 2021; Chadee et al., 2023). In the
urban areas, stormwater drainage system is at the forefront of being tested with the higher
amount of rainfall. Failing to accommodate the additional rainfall in the drainage system
would cause overflowing of floodwater which subsequently inundates the land adjacent
to the drain.

Dry pond is a component of the stormwater drainage system. There is a need to investigate
how well the dry pond could cope with the increases of rainfall. Responses of dry pond
as a receiver of rainfall due to climate-induced rainfall trends should be studied since
significant changes to the amount of rainfall could trigger certain degree of impact to the
pond (Koua et al., 2019; Verma et al., 2023a; 2023b). AR6 provides a means to ensure
the above-mentioned study with the availability of forecasted rainfall data.

The forecasted rainfall data could be fed to a computer-aided drainage model like Storm
Water Management Model (SWMM) developed by the United States Environmental
Protection Agency, to simulate the dry pond for any impacts of climate change (Mah et
al., 2023a; Baudhanwala et al., 2023). Weaknesses of dry pond could be identified by
studying the resulted water patterns when subjected to climate change scenarios, more
over with the adverse scenarios like SSP2-4.5, SSP3-7.0 and SSP5-8.5. Improvement to
the dry pond design could be formulated thereafter.

With climate change in the picture, Younger et al. (2022) anticipated that the predicted
rising equatorial rainfall would pose challenges to civil engineering works, including
stormwater facilities. Li and Fang (2021) ran the ARS scenarios of RCP 2.6, 4.5, and 8.5
in the Mekong Basin, Southeast Asia. The average annual precipitation is expected to
increase by 8.9%, 12.8%, and 13.9% in the 2060s, and the runoff by 10.5%, 20.1%, and
23.2% during 2020-2093 under the three RCP scenarios, respectively. Yang et al. (2022)
ran the same three scenarios in Chaohu City, China; as a result, the hydraulic performance
of stormwater facilities declined under all scenarios, and runoff volume and peak flow
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were mitigated by 45%—-80% and 39%—60%, respectively. Kamagate et al. (2017) were
interested in the Agnedby watershed, located southeast of Cote d’Ivoire, which has been
vulnerable to climate change manifested by an increased sensitivity to extreme situations
(floods and drought) since the 70s. The authors proposed modelling the flows for a water
balance assessment. To achieve this, data of precipitation, evapotranspiration and runoff
discharge collected over the 1984-2009 period were ejected in the GR4J model to assess
its performance in runoff simulating.

However, studies based on AR6 scenarios are inadequate. Therefore, we explore the
possibilities of stormwater ponds under AR6 scenarios in this study.

Examples of future climate scenarios predicted using the SWMM are essential in the
study of climate change. Alamdari et al. (2020) reported the use of SWMM in which three
scenarios—a historical scenario and two ARS scenarios—were applied using RCP 4.5
and 8.5 precipitation data to project runoff and pollutant transport of total suspended
solids, total nitrogen, and total phosphorous.

Wang et al. (2021) reported the use of a SWMM for a single ARS scenario by applying
RCP 8.5 climate data to project changes in the runoff volume and peak flow of
bioretention systems over their life cycles. Rosenberger et al. (2021) also reported the use
of a SWMM by applying RCP 8.5 climate data to project the infiltration, runoff, and
storage of stormwater control structures for 2040—2069.

MATERIAL AND METHODS

A flow chart showing the materials and methods being adopted in this study is presented
Fig. 2. The centrepiece of the chart is the model building of dry pond in SWMM. To allow
the setting up of the dry pond model, two main data groups were acquired. Firstly, data
related to the dry pond are described the next sub-section, in which the study site provided
the physical properties of the pond and since it is a real-life pond, its related technical
design steps were obtained. Secondly, data related to the climate change are presented in
the subsequent sub-section. At the end of this section, the modelling approach is
described.

Study Site | ,| Simulation
& Dry ] AL Results

L L
IPCC AR6 Rainfall

Future —»| Temporal
Projections Patterns

Figure 2: Flow Chart of Methods
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Dry pond design

The Urban Stormwater Management Manual for Malaysia (DID, 2012) is a local manual
for hydrological and hydraulic analyses involved in developing a dry pond in Malaysia.
It is assumed that peak runoff occurs when all catchment parts receive rainfall and
contribute to the runoff. This condition is met when the duration of the storm equals the
time of concentration. In general, runoff can be estimated using a rational method:

Qe

_c .316.0AC O
where

Q. = catchment flow (m®/s),

C = runoff coefficient (unitless),
I = design storm (mm/hr), and

Ac = catchment area (ha).

The local manual recommended a 100-year ARI design storm for a dry pond. In this case
study, the catchment discharged its runoff to a drain network. The usually concrete drain
design can be described by the Manning formula:

1
Q=1 Aq .R?/3.5 '/? )

where

Q.= channel flow (m%/s),

n = Manning’s roughness coefficient based on construction material (unitless),
Agq = channel flow area (m?),

R = hydraulic radius of channel (m), and

S4 = channel slope (m/m).

With the catchment and drain parameters identified, the time of concentration can be
estimated as follows:

te=t,+ tg 3)
where
t. = time of concentration (minute),
t, = catchment overland flow time (minute), and
tq = drain flow time from the most remote drainage inlet to the point of design (minute).

Specific to the case study, the time of concentration was estimated to be 30 min.
Therefore, the storm duration was also taken as 30 min. The 30-min, 100-year ARI design
storm was estimated to be 96.3 mm. The generated runoff from the design storm, after
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traveling through the catchment and drain lengths, was eventually discharged into the dry
pond. The water balance of the pond due to runoff flowing in and out can be estimated as
follows:

St = %,(Q; — Qo) At “)

where

St = storage volume (m?),
0; = inflow (m%/s),

0, = outflow (m?/s), and
t; = storm duration (s).

In this case study, inflow to the pond, Q;, occurred at the endpoint of the drain network
before the dry pond. The outflow, Q,, that occurred due to the orifice outlet restriction
can be estimated as follows:

Q= Ca-Ao-y29H, ®)

where

0, = orifice flow (m%/s),

Cq = orifice discharge coefficient (unitless),

A, = area of orifice opening (m?),

g = acceleration due to gravity (m/s?), and

H, = effective head on the orifice measured from the centroid of the opening (m).

IPCC ARG future projections

Myhre et al. (2019) maintained that the frequency of heavy precipitation events imposed
large societal effects. In urbanized catchments, this would affect the design, operation,
and maintenance of urban stormwater facilities. For a small catchment (less than 80
hectares), urban stormwater facilities are usually designed to withstand precipitation
events within 24 hours. Therefore, in the context of climate change, the application of a
maximum 1-day precipitation is practical in urban stormwater management. Such data
were provided by litterature under AR6 scenarios. The data are presented in Fig. 3, which
showcases the 5™ and 95% percentiles of predicted 1-day precipitation for Southeast Asia.
In line with the concept of heavy precipitation, the estimated 100-year ARI design storm
(96.3 mm) is superseded by the predicted 95" percentile data as the maximum 1-day
precipitation (116—131.3 mm). Compared with the conventional 100-year ARI design
storm, climate change will increase precipitation by 20%—36%.

Rainfall temporal patterns

Temporal patterns for design rainfall entail the most intense burst of rainfall within a
storm event with respect to time and space (Houichi, 2017). These are also outlined in
another local manual, Hydrological Procedure No 26 (HP26) (DID, 2018). This manual
is specific to the Malaysian regions of Sabah and Sarawak, in which our study site is
located.
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Recalling the assumption made in the rational method that peak flow occurs when the
storm duration equals the time of concentration, the estimated 30-min time of
concentration was adopted as the design storm duration. In the case study, HP26
recommended a temporal pattern of six fractions over 30 min for the estimated 100-year
ARI design storm. Each fraction shared 5 min of the design storm intensity. Besides,
HP26 recommended a climate change factor of 1.23. As a result, the future 100-year ARI
design storm was estimated to be 118.4 mm.

The maximum 1-day precipitation data were the possible total precipitation in a day which
it may happen at any time frames within the day. The assumption being made here, the
potential amount of 1-day precipitation data was cramped into a very intense 30 min
following the 100-year ARI design storm duration described in the previous paragraph.
The resulting temporal rainfall patterns from the maximum 1-day precipitation are shown
in Fig. 4. The patterns exhibit a bell-shaped distribution. The fractions of rainfall data
were then input into a computer model to simulate water patterns flowing through the
selected dry pond under different AR6 scenarios.

Modelling approach

SWMM version 5.0 (SWMMS5) was employed to investigate the impacts of climate
change on the selected pond subjected to IPCC ARG projections. The heart of SWMMS5
is the rainfall-runoff relationship at a site (Mah et al., 2023b). The modelling started with
rainfall (Fig. 5). The rainfall temporal patterns for 100-year and future 100-year ARI
design rainfalls, followed by four AR6 scenarios in near (2021-2040), medium (2041—
2060), and long (2081-2100) terms, were input.

%%% ilj;ltnponents: /////// — 4

_

.

6
Outfall

Figure 5: Developed SWMM
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From the rainfall, SWMMS applied a nonlinear differential equation of sheet flow to
generate runoff based on the associated catchment characteristics:

. 5/3
Qo =W=2(d —dp)""S1* ©)

where

Q. = catchment flow (m%/s),

W = catchment width (m),

Sc = catchment slope (m),

n = Manning’s roughness value (unitless),
d, = maximum depression storage (m), and
d = depth of water over the catchment (m).

Once the runoff flowed from the catchment to a node, SWMMS5 routed the running water
from node to node through a link connecting the upstream and downstream nodes until
the water reached an endpoint called outfall. The dry pond can also be represented as
nodes and links (Mabh et al., 2020; Bentalha, 2023). The routing algorithm is given by the
following kinematic wave approximation:

0A _1)04
Qp =5, + amA D = (7)
where

Op = routed drain flow (m?¥/s),

A = cross-sectional area of the drain (m?),

x = distance along the flow path (m),

J't = time step (s),

a = flow geometry due to drain (unitless), and

m = surface roughness of drain (unitless).

Model verification

As stated in the previous paragraph, the dry pond was represented as nodes and links,
meaning it was modelled as a conduit rather than a storage unit. Therefore, the critical
water flow routing through the developed dry-pond conduit was based on kinematic wave
approximation method in the SWMM engine (Equation 7). On another hand, the dry pond
as a conduit, it was comprised of channel compartments and orifice restrictors which their
formulas are presented in Equation 2 and Equation 5, respectively. Model verifications
were carried out by comparing the data from the three mentioned equations (Fig. 6).

Fig. 6a illustrates an overestimation of channel flow by the Manning equation. This was
expected as the equation did not consider how the flow is affected by the orifices. The
few outliers in Fig. 6a were water patterns around the orifices that produced abrupt higher
flow rates than other channel stretches. On the other hand, Fig. 6b shows the model
exhibits a tendency to generate higher values for orifice flow. However, the scattered
plots are close to the theoretical data sets. Nevertheless, the coefficient of determination,
R? values derived from both the flows through channel and orifice surpassed 0.9,
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RESULTS AND DISCUSSION

Simulation of

pond filling

SWMMS could explain the dry pond’s water patterns. Thus, we simulated the filling of
the selected dry pond, i.e., the endpoint of the drain before the pond functions as an inlet.
Runoff from the catchment was discharged to the dry pond via the inlet. From the dry
pond, runoff was discharged to a major drain via an orifice outlet. The mechanism was
similar to a water-draining tank receiving and discharging water synchronously.
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Through 100-year ARI design storm modelling, the generated runoff reaching the pond
was predicted with a peak water level of 1.35 m. Further modelling of the future 100-year
ARI design storm and four AR6 future scenarios, the model predicted a range of peak
water levels as 1.36—1.4 m (below the maximum depth of 1.98 m; Fig. 7). The peak water
levels were found to be constant. The increments were small, only 0.7%—4% compared
with the 100-year ARI design storm.
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Figure 7: Modelled peak water levels

The dry pond could sustain floodwater in all scenarios. No overflowing was predicted;
the orifice played a significant role in this phenomenon. The pond’s water levels were
maintained due to the orifice outlet restriction, which occurred when the outflows were
maintained at approximately 0.2-0.3 m3/s. This is consistent with the report of Goorden
et al. (2021) that the outflow of a pond was capped at a fixed value. This occurrence could
be explained as follows: while the runoff passes through an orifice from a pond, a
contraction of the flow area occurs. The volume of the accelerating water is pushed back,
resulting in relatively higher water levels behind the orifice.

A visualization of the pond filling is shown in Fig. 8, which illustrates the conditions in
the dry pond at 10, 20, 30, and 40 min after the 100-year ARI design storm onset. The
water levels were generally constant along the 80 m-length of the pond at each time frame
(Fig. 8b—8d), and reached their peak at 40 min. It took 6 hours for the pond to be empty.
The other scenarios exhibited similar pond filling patterns (as evident in Fig. 7); hence,
we excluded them.

Flow

The flows varied at the pond inlet, outlet, and middle. The flow distributions are shown
in Fig. 9. In general, the flow decreased when the water drained from the inlet to outlet.

Velocity

Peak velocities were maintained in the range of 0.40—0.45 m/s (Fig. 10). Peaks occurred
near the inlet.

162



Model simulation of dry stormwater detention pond with IPCC ARG projected climate
change scenarios

Discussion

Climate change-induced rainfall temporal patterns were reflected in the heightened
inflows into the dry pond. Compared with the 100-year ARI design storm that produced
an inflow of 1.52 m%/s, AR6 scenarios produced inflows in the range of 1.35-1.88 m?/s,
which is a 24% increase. With the increased inflow, one would expect the pond to
overflow. However, this was not predicted by the model. This finding refutes the contrary
common belief that larger ponds are needed in addressing climate change.
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Figure 8: Long section of pond filling at a) 10, b) 20, ¢) 30, and d) 40 min after the
100-year ARI design storm onset
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Figure 10: Modelled peak velocities

Runoff rates in the pond diminished from the inlet to the outlet. The outflows were much
lower than the inflows. The associated velocities in the pond followed the same trend.
Fig. 11 shows similar velocity patterns.

In general, the velocities demonstrated declining patterns as the running waters migrated
from the inlet to the outlet. Comparisons between the AR6 scenarios indicated that the
velocity patterns along the dry pond length increased for SSP2-4.5, SSP3-7.0, and SSP5-
8.5 (Fig. 11b, 11c, and 11d, respectively). Using the graph line produced by the 100-year
ARI design storm as the control scenario, the near and long terms’ lines were above the
control for higher velocities for SSP2-4.5 and SSP3-7.0. Moreover, the long term’s line
for SSP5-8.5 had the highest predicted velocity.

The impact of climate change was insignificant on the water levels because they were
constant due to the restriction imposed by orifice, and the ponding effects due to the big
storage volume of the dry pond. These findings agree with the reports of Wissler et al.
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(2020). The only impact was on the heightened velocities. The increases in the pond’s
water velocities were alarming. The velocities may erode the earthen pond, which
requires a new set of solutions.

Limitation

Short-duration storms (5-30 min) are meant to test the immediate response of a system
in receiving a high volume of rainwater. In this case, a dry pond is safe against flooding
when subjected to climate change-induced rainfall temporal patterns. This claim is only
true for events with up to 30-min storm duration. A dry pond has not been tested with
long-duration storms. The endurance of dry ponds against climate change should be
further investigated with events of 24-, 48- and 72-hour storm durations.
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Figure 11: Velocities along the length of dry pond according to AR6 scenarios, a)
SSP1-2.6, b) SSP2-4.5, ¢) SSP3-7.0, and d) SSP5-8.5

CONCLUSION

The presented modelling efforts were made to provide insights into the water patterns of
a single dry pond. Three hydraulic indicators were highlighted: the pond’s water level,
the associated flow being discharged into the pond, and the resulting velocities along the
80-m-long pond.

First, we found that the water outflow restriction due to the orifice was prominent. Owing
to a single orifice, the running waters were pushed back, resulting in constant water levels
behind the orifice. The impact of climate change on the pond’s water levels was
insignificant.
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Second, while the running waters were in motion, flow data at the pond inlet, middle, and
outlet were collected. We found that the flows were high in the inlet vicinity. The flows
then slowed down as they continued to the middle and outlet. The volume of water
entering the pond experienced a ponding effect that explained the diminished flow rates.
Thus, the impact of climate change on the pond’s flow was also insignificant.

Third, the impact of climate change was found to prevail in the pond’s velocities.
Separating the velocities along the pond according to SSP1-2.6, SSP2-4.5, SSP3-7.0, and
SSP5-8.5, the velocities were predicted to increase with the severity of the AR6 future
scenarios.
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