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Article Info Abstract
Article history: This study analyzes the performance of the urban drainage system in the
Received 15 December 2025 Sringin Watershed, Semarang City, in response to rainfall runoff and
Received in revised form 13 evaluates the effectiveness of pump operation for flood mitigation. The
January 2026 assessment was carried out using a hydrologic and hydraulic modeling
Accepted 2 February 2026 approach based on the Storm Water Management Model, supported by
rainfall frequency analysis and spatial data processing. Design storms
Keywords: with ten-year and twenty-five-year return periods were developed and
Sringin Watershed applied to simulate system behavior under scenarios without pumps and
Drainage Pump with pump capacities of ten cubic meters per second and twenty-five
EPA SWMM cubic meters per second. The results show that both return periods
Semarang produce similar hydrologic responses, with peak inflow discharges

ranging from fifty-two to fifty-five cubic meters per second and
maximum storage volumes without pumping reaching forty-six to
forty-seven percent of total capacity. The operation of a ten cubic meter
per second pump effectively maintains water levels below the
full-storage elevation, while a twenty-five cubic meter per second pump
primarily accelerates drainage without significantly improving
peak-level control. These findings indicate that the ten-year return
period combined with a ten cubic meter per second pump provides the
most efficient and practical design basis for current conditions, whereas
the twenty-five-year return period is more suitable for evaluating
extreme scenarios and long-term resilience needs.

Introduction

Coastal urban regions are increasingly exposed to hydrometeorological hazards driven by
climate change, including extreme rainfall, storm surges, and sea-level rise (Barnard et al.
2015; Reguero et al. 2020; Rendoén, Sandorf, and Beaumont 2022). Global mean sea level
continues to rise at approximately 3—4 mm per year, with projections reaching 0.3—2.0 m by
2100 (Watson et al. 2015). These long-term changes intensify the frequency and magnitude
of coastal flooding, particularly in low-lying alluvial and deltaic plains. Climate change also
alters regional rainfall regimes, increasing precipitation in monsoonal and high-latitude
regions while reducing it in subtropical zones (Intergovernmental Panel On Climate Change
(Ipcc) 2023). For coastal cities, the concurrence of extreme rainfall and high tides often
overwhelms drainage systems, producing compound flooding events that require integrated
hydrologic—hydraulic assessment (Green, et al., 2024; Sangsefidi et al., Sun et al., 2024).
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Semarang City, located on the northern coast of Java, exemplifies a rapidly urbanizing coastal
area facing recurrent tidal flooding and pluvial inundation (Ruan et al., 2024; Lei et al., 2025;
Gomez et al., 2025). Land subsidence, driven by groundwater extraction and soil compaction,
has lowered parts of the coastal plain below mean sea level, exacerbating flood impacts (Shi
et al., 2022; Mukherjee et al., 2025). The Sringin Watershed, situated in East Semarang, drains
runoff from the upland Semarang Atas toward the low-lying Semarang Bawah. Its
downstream reach directly borders the Java Sea, making it highly sensitive to tidal backwater
effects. The spatial configuration of the watershed is illustrated in Figure 1.1 (DAS Sringin
Map), which highlights the direct hydraulic connection between the drainage network and the
coastline.

Figure 1. Sringin Watershed Boundary
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Figure 2. Flood Situation Report of Semarang City on Saturday, 16 March 2024 at 15:00 Local
Time
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Figure 3. Flood Situation Report of the Semarang City Drainage Sub-System on Saturday, 16 March
2024 at 15:00 Local Time

During high tide, seawater intrudes into the drainage channels, reducing conveyance capacity
even during dry seasons. Consequently, during extreme rainfall events, the system becomes
unable to discharge runoff effectively, resulting in widespread inundation in residential areas.
The severe flooding on 13 March 2024, triggered by extreme rainfall of 238 mm and a tidal
peak of 175 cm, demonstrates this vulnerability. The extent of the event is documented in
Figure 1.2, which presents the official flood situation report issued by BPBD Semarang. When
overlaid onto the drainage subsystem map (Figure 1.3), the flood extent clearly shows that the
Sringin drainage network was among the most severely affected areas.

Previous studies have emphasized the need for adaptive drainage strategies in subsiding
coastal cities, including pump optimization, storage enhancement, and real-time water-level
control (Kool et al. 2020; Ritzema and Stuyt 2015). However, comprehensive evaluations of
drainage performance under multiple design storms and pump configurations remain limited
for the Sringin Watershed. This gap underscores the need for a systematic hydrologic—
hydraulic assessment using a robust modeling tool such as the EPA Storm Water Management
Model (SWMM).

This study aims to evaluate the performance of the Sringin drainage system under design
rainfall events with 10-year and 25-year return periods, both with and without pump operation
(Wang et al., 2022; Chen et al., 2024; Zheng et al., 2025) . The analysis focuses on system
response, peak inflow, storage utilization, and the effectiveness of pump capacities of 10 m?/s
and 25 m?*/s in mitigating inundation (Meng et al., 2023; Wibowo & Triadi, 2023; Yuwono et
al., 2024). The working hypothesis is that a moderate pump capacity (10 m?/s) is sufficient to
maintain water levels below critical storage thresholds for the 10-year design storm, while
higher capacities may yield diminishing returns (Anilan et al., 2025; Butler, D., & Digman,
2024; Ashagrie, 2022).

Methods
Data Preparation

Hydrometeorological and spatial datasets were compiled to characterize the physical and
hydrological conditions of the Sringin Watershed. Daily rainfall data were obtained from
several rain gauge stations with complete and continuous records. The spatial distribution of
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rainfall stations was analyzed using Thiessen polygons to determine representative rainfall
weights across the watershed. The Thiessen polygon map is shown in Figure 1.4, while the
resulting areal rainfall distribution is presented in Figure 5.
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Figure 4. Thiessen Polygon Map of the Sringin Watershed
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Figure 5. Average Rainfall Depth

Spatial datasets, including watershed boundaries, land use maps, digital elevation models
(DEM), and drainage network geometry, were processed using GIS tools to ensure spatial
consistency and analytical accuracy across all layers. Each dataset was subjected to
georeferencing, projection standardization, and resolution harmonization prior to analysis in
order to minimize spatial distortion and data mismatch. The watershed boundaries were
delineated based on topographic information derived from the DEM, while drainage networks
were extracted using flow direction and flow accumulation algorithms.

Land use classification, which directly influences surface runoff generation, infiltration
capacity, and evapotranspiration rates, was analyzed to identify dominant land cover types
within the study area. This classification provides a basis for estimating hydrological response
by differentiating between permeable surfaces such as forests and agricultural land and
impermeable surfaces such as built up areas. Meanwhile, the spatial configuration of the
drainage network was examined to determine flow connectivity, channel density, and
catchment hierarchy, which are critical factors in controlling runoff concentration and peak
discharge.
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The integrated analysis of land use patterns and drainage network geometry served as the
foundation for hydrological model construction. These spatial parameters were used to define
sub watershed units, assign hydrological properties, and simulate runoff pathways under
various rainfall scenarios. The spatial relationship between land use distribution and drainage
structure, as illustrated in Figure 6, provides essential insight into how surface processes and
channel networks interact to shape watershed response. This approach ensures that the
developed model reflects the physical characteristics of the study area and enhances the
reliability of subsequent hydrological simulations and impact assessments.

Figure 6. Land-Use Map of the Sringin Area and Subcatchment Modeling of the Sringin Watershed
Technical inputs used in this stage include:

Daily rainfall records from multiple stations

DEM for slope and flow-path extraction

Land-use maps for imperviousness estimation

Drainage network geometry (pipes, channels, culverts, outfalls)
Pump station locations and operational characteristics

Rainfall Analysis
Areal Rainfall Estimation and Frequency Analysis

Areal rainfall for the Sringin Watershed was estimated using two approaches, namely the
Arithmetic Mean Method and the Thiessen Polygon Method (Paul et al., 2024). Because the
rainfall stations are unevenly distributed across the watershed, the Thiessen method was
selected as the more representative basis for subsequent analysis. Following the estimation of
areal rainfall, frequency analysis was conducted using annual maximum daily rainfall series
to characterize the statistical behavior of extreme rainfall events. Three probability
distributions, Normal, Gumbel, and Log Pearson Type III, were evaluated by calculating key
statistical parameters such as mean, standard deviation, skewness, and kurtosis in accordance
with established hydrological procedures (Soewarno 2014; Suripin 2004; Triatmodjo 2010).
To determine the most suitable distribution for deriving design rainfall, goodness-of-fit tests
were applied using the Chi-Square Test and the Smirnov—Kolmogorov Test, ensuring that the
selected distribution accurately reflects the observed rainfall characteristics
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Design Hyetograph Development

Design rainfall depths for 10-year and 25-year return periods were converted into hourly
hyetographs using the Alternating Block Method. The final rainfall distribution used in
SWMM simulations is shown in Figure 1.7.

Figure 7. Drainage Network Map of the Sringin Watershed
Technical rainfall parameters include:

e Return periods: 10-year and 25-year

e Hyetograph type: Alternating Block Method

e Temporal resolution: 1 hour

e Total rainfall depth: derived from selected frequency distribution

SWMM Model Development
Subcatchment Delineation

Subcatchments were delineated based on DEM analysis, drainage boundaries, and land-use
patterns. Each subcatchment was assigned hydrologic parameters including area, slope,
imperviousness, Manning’s roughness, depression storage, and overland flow width.
Subcatchment parameters included:

Area (m?)

Average slope (%)

Imperviousness (%)

Manning’s n (pervious/impervious)
Depression storage (mm)

Flow width (m)

Pump Station Modeling

Pump stations were modeled using SWMM’s pump curve functionality. Pump curves define
the relationship between water level and discharge, and the study references the five standard
pump types shown in Figures 8.
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Figure 8. Pump Performance Curves for Types 1-5

The pump configurations evaluated in this study included a range of discharge capacities
designed to represent both moderate and high-capacity operational scenarios. These
configurations consisted of a single pump with a capacity of 10 cubic meters per second, a
larger single-unit pump of 25 cubic meters per second, and three multi-pump arrangements
comprising three units of 1 cubic meter per second, three units of 5 cubic meters per second,
and five units of 5 cubic meters per second (Ding et al., 2024; Jiao et al., 2025; Milosevi¢ et
al., 2022; Mitrovic et al., 2022). Each pump was assigned operational parameters that reflect
realistic field conditions, including the start and stop water levels that determine activation
thresholds, the maximum discharge rate achievable under optimal hydraulic conditions, the
specific pump curve type used to represent the relationship between water level and pump
performance, and the on—off control logic governing pump operation throughout the
simulation (Jing et al., 2025; Guo et al., 2023; Ceylan et al., 2025).

Simulation Scenario Design

Three primary simulation scenarios were developed to evaluate the drainage system’s
performance under varying pump capacities and rainfall intensities.

Scenario A, No Pump Operation
Evaluates natural drainage capacity under 10-year and 25-year design storms.
Scenario B, Pump Operation at 10 m3/s

Assesses the effectiveness of moderate pump capacity in reducing water levels and storage
utilization.

Scenario C, Pump Operation at 25 m?/s and Higher

Evaluates whether larger pump capacities significantly improve system performance or
merely accelerate drainage without substantial benefit.

Simulation settings:

e Simulation duration: 24 hours

e Time step: 1-5 minutes (dynamic wave routing)

e Routing method: Dynamic Wave

e Output variables: flow, water level, storage volume, pump discharge

Performance Evaluation Metrics

The performance of the model was evaluated using a combination of hydrologic, hydraulic,
and pump-related indicators to capture the full behavior of the drainage system under each
simulation scenario. Hydrologic performance was assessed through peak discharge, total
runoff volume, and the time required to reach peak flow, which together describe the
watershed’s response to rainfall input. Hydraulic performance was examined by analyzing the
maximum water level reached within storage units, the proportion of storage volume utilized
during the event, the frequency of conduit surcharge, and the occurrence of flow reversal, all
of which reflect the system’s capacity to convey and temporarily retain stormwater. Pump
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performance was evaluated through the shape and magnitude of the pump discharge
hydrograph, the duration of pump operation, the balance between inflow and outflow at the
storage unit, and the remaining storage volume after pumping, providing insight into the
effectiveness and efficiency of each pump configuration.

Results and Discussion
System Performance Without Pump Operation

The baseline hydraulic behavior of the DAS Sringin drainage system was evaluated under
conditions without any pumping. The peak discharges at the primary conduits (C1, C13, and
C15) are presented in Figure 1.9 for the 10-year return period and Figure 1.10 for the 25-year
return period. These hydrographs reveal that the system responds rapidly to rainfall inputs,
with peak flows occurring shortly after the rainfall maximum. This behavior reflects the short
concentration time of the watershed and the dominance of surface runoff during high-intensity
rainfall events.
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Figure 10. Peak Flow of Conduit (C1, C13, and C15) for the 25-Year Return Period

The storage dynamics under no-pump conditions are shown in Figure 1.11 (10-year) and
Figure 1.12 (25-year). Although the storage unit does not reach full capacity, water levels
remain elevated for an extended duration, indicating limited drainage efficiency when relying
solely on gravity flow. This prolonged high-water condition increases the likelihood of
backwater effects and reduces the ability of downstream conduits to convey additional inflow.
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Hubungan Operasi Tanpa Pompa dengan Elevasi Muka Air
Periode Ulang 10 Tahun
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Figure 11. Relationship Between Non-Pumped Operation and Water Surface Elevation in the Long-Storage
Unit for the 10-Year Return Period

Hubungan Operasi Tanpa Pompa dengan Elevasi Muka Air
Periode Ulang 25 Tahun
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Figure 12. Relationship Between Non-Pumped Operation and Water Surface Elevation in the
Long-Storage Unit for the 25-Year Return Period

Key findings under no-pump conditions include:

e Peak inflow values consistently fall within 52—55 m?/s, with minimal variation between

the two return periods.
The hydrograph rises sharply, confirming the watershed’s rapid hydrologic response.

Storage utilization reaches 46-47%, indicating that storage volume is not the limiting

factor.

o Elevated water levels persist, increasing the risk of backwater and localizedinundation.

Pump Operation Scenarios

Pump Capacity 10 m’/s

The hydraulic response with a 10 m?*/s pump is illustrated in Figure 1.13 (10-year) and Figure
1.14 (25-year). In both scenarios, the pump effectively lowers water levels and prevents the
storage unit from approaching critical elevation. The hydrograph recession time is

significantly reduced, demonstrating improved drainage efficiency.
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Hubungan Operast Pompa 10 m¥dt dengan Elevasi Muka Air
Periode Ulang 10 Tahun
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Figure 13. Relationship Between 10 m*s Pump Operation and Water Surface Elevation in the
Long-Storage Unit for the 10-Year Return Period

Hubungan Operasi Pompa 10 m*/dt dengan Elevasi Muka Air
Periode Ulang 25 Tahun
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Figure 14. Relationship Between 10 m*/s Pump Operation and Water Surface Elevation in the
Long-Storage Unit for the 25-Year Return Period
Performance characteristics of the 10 m?/s pump:
e Water levels remain below the full storage elevation throughout the simulation.
e The recession limb of the hydrograph shortens, indicating faster drainage.
e No overtopping or backflow occurs, confirming stable hydraulic behaviour.
These results show that a 10 m?/s pump capacity is hydraulically adequate for both moderate
and extreme rainfall events in the DAS Sringin.
Pump Capacity 25 m’/s
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Figure 15. Relationship Between 25 m*s Pump Operation and Water Surface Elevation in the

Long-Storage Unit for the 10-Year Return Period
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Hubungan Operasi Pompa 25 m’/dt dengan Elevasi Muka Air
Periode Ulang 25 Tahun
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Figure 16. Relationship Between 25 m>/s Pump Operation and Water Surface Elevation in the
Long-Storage Unit for the 25-Year Return Period

The performance of the larger 25 m?*/s pump is shown in Figure 1.15 and Figure 1.16. Under
this configuration, the system becomes strongly pump-dominated, with outflow exceeding
inflow for most of the simulation period. However, despite the increased pumping rate, the
peak water level remains nearly identical to that observed with the 10 m?/s pump.

Observed behaviour with the 25 m?/s pump:

¢ Outflow surpasses inflow for extended periods, accelerating post-peak drainage.
e Peak water levels do not decrease further compared to the 10 m?/s scenario.
e The system exhibits operational inefficiency due to unnecessary oversizing.

Storage Unit Performance

The performance of the long storage unit under the 25 m?3/s pump scenario was evaluated for
both the 10-year and 25-year design storms. Overall, the storage unit remained
well-controlled, with filling levels far below its maximum capacity for most of the simulation
period.

During the 10-year return period, the average stored volume reached 14,710 m* (about 33%
of total capacity). The storage briefly reached full capacity (44,580 m?) at 03:36, coinciding
with the peak inflow before the pump rapidly reduced the water level. The maximum outflow
reached 22.833 m?/s, reflecting the strong discharge capability of the 25 m3/s pump. No
evaporative or exfiltration losses occurred, so all volume changes were driven solely by
inflow and pump outflow.

Under the 25-year return period, the maximum stored volume increased slightly to 15,132 m?
(34% of capacity), occurring at 03:32. The maximum outflow was 22.752 m?/s, like the
10-year scenario. Despite the higher rainfall intensity, the storage unit remained below 35%
capacity, showing that the pump effectively prevented water accumulation. A comparison of
both scenarios is presented in Table 1.1 below:

Table 1. Storage Unit Performance for 25 m?/s Pump Operation (10-Year and 25-Year
Return Periods)

] Return Period
Parameter Unit 10 Years 25 Years
Maximum Volume 1000 m3 14.71 15.132
Maximum Percent Full % 33 34
Hour of Maximum Volume Hour 3:36 3:32
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| Maximum Outflow | m¥s | 22.833 22.752
Source: Processed Data (2026)

Conclusion

The study concludes that the hydrologic response of the Sringin Watershed is primarily
governed by its urbanized characteristics, resulting in similar peak discharges and storage
behavior under both ten-year and twenty-five-year design storms. Without pumping, the
drainage system approaches nearly half of its storage capacity, indicating limited buffering
capability during extreme rainfall. The operation of a ten cubic meter per second pump
effectively maintains water levels below critical thresholds and provides stable system
performance across both return periods, demonstrating that this capacity is sufficient for
current drainage needs. Although larger pump capacities accelerate the recession of stored
water, they do not significantly reduce peak storage levels, showing that inflow rate rather
than pump size controls maximum water levels. Overall, the findings confirm that a ten cubic
meter per second pump offers the most efficient and practical configuration for present
conditions, fulfilling the research objectives related to hydrologic assessment, flood behavior,
and pump optimization in the Sringin Watershed.

Recommendations\

Future drainage management in the Sringin Watershed should focus on enhancing storage
capacity and integrating pump operations with tidal forecasting systems to address the
combined effects of extreme rainfall and coastal backwater. Further development of the model
using continuous rainfall data, field-based calibration, and incorporation of long-term factors
such as land subsidence and sea-level rise would strengthen its applicability for adaptive
flood-mitigation planning. Expanding the analysis to include alternative structural and
non-structural measures may also support more resilient and sustainable drainage strategies
for coastal urban environments.
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