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ARTICLE INFO ABSTRACT
Keywords: Study Region: Urban area of Haikou, Hainan Province, China.
Compound flooding Study focus: Compound flooding in typhoon-prone coastal cities arises from the interaction be-

Time-lag scenarios
Combined effect
Delft3D FM
Hydrodynamic modeling

tween coastal water level and rainfall, but the role of their relative timing remains underexplored.
This study proposes a framework that captures the relative timing for improved compound
flooding assessment. Using the D-Flow FM model, we simulate 49 time-lag scenarios to quantify
how timing (At) between coastal total water level and rainfall modulate inundation. For each
scenario, we evaluate inundation volume and compute absolute (AM) and relative (AR) in-
crements relative to the baseline. We delineate compound zones and decompose contributions
from water level, rainfall, and their interaction.

New hydrological insights for the region: The results indicate that time-lags strongly shape com-
pound flooding and produce nonlinear responses. Inundation is consistently larger when rainfall
peaks before the coastal water level peak. A window from —19h to —4h yields volumes
exceeding the historical event, and the maximum inundation occurs at —13 h with AR = 9.44%
and (AM = 8.53 million m®). Water level is the dominant driver, yet within compound zones, the
interaction term exceeds rainfall alone. These findings highlight that taking At= 0 h as the worst-
case can underestimate risks, emphasizing that the relative timing of rainfall and coastal water
levels is a critical factor for managing compound flooding in coastal cities.

1. Introduction

Since the 1950s, global climate change has intensified the frequency and severity of compound flooding in coastal areas
(Seneviratne et al., 2021; Marsooli et al., 2019; Feng et al., 2023). In low-lying, typhoon-prone coasts, slow-moving, rain-laden ty-
phoons often produce both elevated coastal water levels (storm tide/surge) and intense rainfall. Storm tide drives coastal flooding,
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while heavy rainfall causes urban waterlogging. Their overlap in space and time creates nonlinear interactions that amplify flood
hazards beyond single-driver events (Wahl et al., 2015; Jalili Pirani and Najafi, 2020). For example, Hurricane Harvey in 2017 brought
record rainfall (1539 mm) and a 3-meter storm tide to Texas, resulting in more than 80 fatalities and over $125 billion in losses in the
Houston area (Blake and Zelinksy, 2018; Valle-Levinson et al., 2020).

Ignoring interactions among flood drivers can lead to underestimation of compound flooding hazards (Bevacqua et al., 2019, 2020;
Xu et al., 2022; Gao et al., 2023). These interactions occur not only in space but also in time. The timing between water level and
rainfall peaks can significantly influence flood magnitude, producing an amplifying effect (Juarez et al., 2022; Santiago-Collazo et al.,
2024; Xu et al., 2024). While typhoons typically generate both drivers, their peaks often do not coincide, creating a “time lag” (Juarez
etal.,2022; Xu et al., 2024). Many flood hazard assessments either assume synchronous peaks or treat flood drivers independently. So,
the timing dynamics between flood drivers are not well captured (Zscheischler et al., 2018; Gori et al., 2020a, 2020b; Maymandi et al.,
2022). This simplification can affect the accuracy of flood risk estimates, particularly in coastal areas exposed to extreme tropical
cyclones. Understanding these interaction mechanisms is therefore essential for comprehensive flooding assessment in typhoon-prone
coastal regions.

Hydrodynamic models offer a robust tool for examining the influence of time lags on compound flooding, as they dynamically
simulate flood evolution under varying boundary conditions (Ming et al., 2022; Eilander et al., 2023; Shen et al., 2019; Wu et al.,
2024). They are widely used to analyze inundation dynamics and disaster mechanisms (Gori et al., 2020a, 2020b; Juarez et al., 2022;
Bao et al., 2024). Statistical models, by contrast, characterize the probabilistic nature of compound flooding (Zheng et al., 2013, 2014).
Many studies emphasize the correlation and joint probability, but statistical models are generally limited in capturing the timing
relationships between flood drivers (Phillips et al., 2022; Couasnon et al., 2020, 2022; Xu et al., 2023). In recent years, hydrodynamic
studies have increasingly focused on the timing between rainfall and river discharge (storm surges) at the catchment scale, reflecting a
well-recognized research trend (Hendry et al., 2019; Ye et al., 2021; Bilskie et al., 2021; Santiago-Collazo et al., 2024). Nevertheless,
systematic research on how the relative timing between rainfall and coastal water level affects compound flooding outcomes remains
limited in typhoon-prone coastal regions.

Hainan Province, China’s largest special economic zone, is currently undergoing the strategic development of a free trade port.
Haikou, the provincial capital, serves as the core city of Hainan Free Trade Port. Located along the main path of Northwest Pacific
typhoons, Haikou ranks among the regions globally most threatened by extreme tropical cyclones (Zeng et al., 2022). Since 1949,
Haikou has repeatedly experienced compound flooding during typhoons. Notable events include Typhoons Rammasun in 2014,
Kalmaegi in 2014, and Capricorn in 2024, all of which caused substantial socioeconomic and property losses (Xu et al., 2019, 2025).
During Typhoon Kalmaegi (TC1415), Haikou received 0.22 m of rainfall with a spring tide. The Xiuying gauge recorded a 2.09 m storm
surge and a 4.52 m maximum water level—1.62 m above the warning level, a 100-year event (Shi et al., 2015; Liu et al., 2022).

Given the importance of time lags, this study proposes a risk assessment framework to quantify time-lag effects between coastal
water level and rainfall using numerical hydrodynamic modeling. Based on hourly water level and rainfall data from TC1415 in
Haikou, this study aims to: (1) construct time-lag scenarios based on a historical compound flood event, (2) simulate flood inundation
under different time-lag conditions, (3) quantify the combined effects of time lags on inundation volume in compound flooding, and
(4) evaluate the contributions of different flood drivers to compound flooding.

2. Materials
2.1. Study area

Haikou, located on the northern coast of Hainan Island (19°31' to 20°04' N, 110°07' to 110°42' E), features a topography with
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Fig. 1. Location map of the study area (a), digital elevation map of Haikou (b).
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higher elevations in the northwest and southeast, and lower terrain along the Nandu River, with coastal plains to the north (Fig. 1).
From 2015-2023, Haikou’s urbanization rate surged from 55.09% to 83.34%, with the population exceeding 3 million by the end of
2023 (Haikou Bureau of Statistics, 2024. http://tjj.haikou.gov.cn/). Typhoons typically occur from July to October, with the region
averaging 5.5 typhoons annually. These Typhoons often bring substantial water vapor, with the subtropical high-pressure system
guiding them northward and westward, pushing seawater into the Qiongzhou Strait and triggering storm tide and heavy rainfall in the
Haikou area (Zeng et al., 2022).

During TC1415 (September 15-17, 2014), Haikou experienced 0.22 m of accumulated rainfall, coinciding with an astronomical
high tide. At the Xiuying Tide Station, a storm tide of 2.09 m was recorded, resulting in a total water level (TWL) of 4.52 m, which was
1.62 m above the local warning level of 2.90 m. This set a record for the highest water level since the station ’s establishment. This
compound flood event, characterized by both high water levels and heavy rainfall, impacted approximately 2.87 million people across
Hainan Province and caused an estimated direct economic loss of 0.91 billion US dollars (https://www.chinanews.com.cn/gn/2014/
09-22/6616378.shtml (Shi et al., 2015; Liu et al., 2022).

2.2. Dataset

Historical Typhoon Track and Hourly Grid Water Level Data: The typhoon track for TC1415 was extracted from the Historical
Typhoon Track Dataset (1949-2019, 3-hourly resolution) provided by the Shanghai Typhoon Research Institute of the China Mete-
orological Administration. Using this track, Liu et al. (2022) integrated the Holland parametric typhoon model, the global tidal model
(TPXO 8.0), and the D-Flow FM hydrodynamic model to generate high-resolution, hourly water-level simulations, which we adopted in
this study.

Historical Rainfall: The hourly rainfall data during TC1415 were collected from the Haikou Rainfall Station (Fig. 1b) and are
sourced from the China Meteorological Data Sharing Service Network (http://data.cma.cn/).

Topography Data: The 2018 Digital Elevation Model (DEM) of Haikou was provided by the Hainan Emergency Management
Department, with a spatial resolution of 5 m, which had been interpolated to 30 m for this study. Bathymetric data for the South China
Sea and the Beibu Gulf were obtained from the Global Bathymetric Chart of the Oceans (GEBCO), with a spatial resolution of 500 m
(https://www.gebco.net/). Missing data were filled by averaging surrounding bathymetric values.

Discharge Data: The daily runoff data from 1960 to 2020 at the Longtang hydrologic station were provided by the Hainan Hy-
drology and Water Resources Survey Bureau.
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Fig. 2. Timing relationships between rainfall and water level peaks during compound flooding events. (a) Rainfall peak occurs before the water
level peak; (b) Rainfall shifted backward to align with the water level peak (synchronous scenario); (c) Rainfall peak occurs after the water level
peak; (d) Rainfall shifted forward to align with the water level peak (synchronous scenario).
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3. Methods
3.1. Constructing time-lag scenarios between water-level and rainfall peaks for compound flooding

Fig. 2 illustrates the timing relationship of the considered flood drivers during compound flooding. We define At as the difference in
timing between the rainfall peak and the coastal water level peak. When the rainfall peak occurs before the water level peak, At is
negative; when it occurs after, At is positive; when At = 0, it indicates that the peaks are synchronous, with no time lag between them.
To capture changes in inundation driven by the timing of flood drivers, we generated multiple time-lag scenarios by modifying the
peak-time offset and using the resultant pairs as hydrodynamic simulation input boundaries. Scenario construction follows three steps:
(1) determine the difference in timing between peak water level and peak rainfall (At); (2) shift the rainfall time series forward or
backward along the timeline; and (3) construct combined boundary conditions of water level and rainfall for each time-lag scenario. In
this study, we constructed 49 scenarios spanning At + 24 hours, to represent a range of potential compound flooding cases, and to
evaluate the sensitivity of compound flood inundations to the timing of these peak drivers. The time-lag scenario uses Sime 1ag—  at
represent.

3.2. Hydrodynamic overland inundation modeling

D-Flow FM is widely used to simulate two-dimensional shallow water flow and surface runoff, making it suitable for modeling
compound flooding processes (Lyddon et al., 2018; Huff et al., 2022). In this study, we constructed an overland inundation model for
Haikou using the D-Flow FM and forced it at the coast with the water-level time series from the ocean model of Liu et al. (2022). The
reconstruction was validated against observations at the Xiuying Tide Station (Fig. 1b), achieving RMSE = 0.14 m and R? = 0.91.
Incorporating rainfall inputs and river discharge further enabled the simulation of compound-flood events across the region. The ocean
model grid (Figure S1a) and the overland inundation model grid (Figure S1b) are provided in the Supporting Information.

The overland inundation model uses a hybrid mesh at ~30 m resolution: structured cells in riverine areas and unstructured
triangular elements over inland regions, balancing computational efficiency and spatial fidelity (Figure S1 in Supporting Information).
Roughness and infiltration parameters were derived from a 30 m land-use map, classified into residential, industrial, public buildings,
transportation, agricultural, and green land (Liu et al., 2022). Based on runoff records from the Longtang Hydrologic Station on the
Nandu River (1960-2020), we calculated a multi-year mean daily discharge of 165.81 m>/s and applied this constant value at the
upstream boundary to isolate the interactions between coastal water level and rainfall. Observed daily runoff at Longtang during
TC1415 confirms that no significant upstream flood peak occurred (Figure S2 in Supporting Information). The rainfall boundary
condition was based on hourly rainfall data during TC1415 collected from the Haikou Rainfall Station (Fig. 1b). This modeling
framework underpins the simulation of compound inundation and the quantification of the time-lag effects.

3.3. Combined-effects calculation of time lags on compound flooding

Flood hazard is quantified by flood volume, calculated at the fixed peak flooding time as the domain-wide sum of depth-area
products across all grid cells. For each time-lag scenario, the flood volume is calculated as follows: (1) identify the time step when
the inundation extent reaches its maximum, (2) multiply inundation depth by pixel area for each grid cell, and (3) sum these values
across all grid cells over the study domain.

To quantify the combined effects of time lags between coastal water level and rainfall, we used two indicators: the absolute
increment (AM) and the relative increment (AR). Both are computed relative to a total-water-level (TWL) baseline (tide + surge)
evaluated at the compound-peak time for each lag scenario. Throughout, “TWL-only baseline” refers to this reference, while “syn-
chronous scenario (At = 0 h)” denotes the aligned-peaks compound case; the latter is not used for normalization. To avoid misleading
normalizations where the TWL-only baseline inundation is near zero, a 0.05 m inundation threshold is applied. Relative metrics are
reported only where the baseline depth meets this threshold. For each lag (At), the following procedure is implemented: (1) identify
the compound peak time step (t*); (2) compute the compound inundation volume Vi omp (At, t*); (3) extract the baseline inundation
volume Vpgg (t*) from the TWL-only baseline; (4) evaluate the combined effect using the following two indicators:

(i) Absolute increment (AM; units: million m®):

AM(At) = Vemp(At, ) —  Vige(t) 1)

(ii) Relative increment (AR; units: %):

AR(AL) = (Veomp(AL, £) = Viase(t'))/Viase(t") x 100% 2)

Here, AR gives the percentage change in inundation volume of each time-lagged compound scenarios relative to the TWL-only
baseline, and AM gives the corresponding absolute change.
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3.4. Contribution of water level and rainfall in the time-lag scenarios

The influence of coastal water level and rainfall on compound flooding varies with their relative time lag. To quantify their
contributions, we ran three simulations for each lag scenario: (1) TWL-only baseline, representing coastal flooding due to water level
alone; (2) rainfall only, representing pluvial flooding due to rainfall alone; (3) combined water level and rainfall, representing the
compound case. All simulations include a constant upstream river discharge to isolate the timing interaction between water level and
rainfall. For each time-lag scenario, contributions are evaluated at the compound peak time t*.

Let V,,; denote the inundation volume from the TWL-only run at t*, V; the volume from the rainfall alone runs at t*, and Vompound the
volume from the compound runs at t*. The fractional contributions of water level and rainfall are:

Vi
Cu = 2 —x100% (©)
compound
C = v x 100% (€]
compound

An interaction term captures the nonlinear contribution beyond the sum of individual drivers:

Cother =1 — (Cwl +Cr) ®)

Where Coer is the proportion of inundation volume attributable to interactions between water level and rainfall that are not explained
by either driver alone.

To spatially identify regions where the two drivers interact, we delineated Compound Zones (CA) by comparing the compound
flood map with the union of the TWL-only and rainfall-only maps for each lag scenario; CA consists of cells where compound inun-
dation exceeds either single-driver inundation. For each time-lag scenario, we then quantified the contributions of water level (CAy),
rainfall (CA;), and their additional contribution (CA,er) Within CA using the same formulas, with volumes restricted to the CA mask.

4. Results
4.1. Time-lag scenarios and hourly boundary conditions for compound flooding

Observational results reveal pronounced temporal asynchrony between water level and rainfall processes during TC1415 (Fig. 3a).
The peak rainfall preceded the water level peak by 11 h. During TC1415, water levels began rising at 4:00 a.m. on September 16, 2014,
reaching a peak of 4.28 m after 8 h (12:00 p.m.). Over the next 3 h, water levels rapidly decline, returning to normal by 3:00 p.m. The
lowest water level, recorded at 8:00 p.m., was 0.67 m, resulting in a TWL fluctuation of 3.61 m. The rainfall pattern exhibited two
distinct peaks, beginning at midnight on September 15. The first peak occurred 14 h later, at 1:00 p.m., with 31.38 mm of rainfall. The
larger peak (41.17 mm) followed 25 h later at 1:00 a.m. on September 16. The observed peak mismatch phenomenon challenges the
traditional synchronous peak assumption commonly used in compound flood simulations. As shown in Fig. 3b, whether the artificially
aligned-peaks scenario (with the rainfall process shifted backward by 11 h) represents the worst-case flooding scenario requires further
verification.
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Fig. 3. The process curves of water level and rainfall are based on the TC1415 compound flood event at Haikou Rainfall Station and Xiuying Tide

Station. (a) The process curves of water level and rainfall for the At = —11 h scenario; (b) the boundary conditions based on the synchronous peak
scenario (At = 0 h).
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4.2. Sensitivity of inundation maps to time lags between water level and rainfall

We ran the overland inundation model across multiple time-lag scenarios to assess inundation sensitivity. The synchronous sce-
nario (At = 0 h) does not represent the worst-case scenario (Figure S3 in Supporting Information). Under At = —11 h scenario
(TC1415), the inundation area is substantially larger than in the synchronous scenario (Fig. 4). Flooding primarily affects the
northwestern urban region of Xiuying District, the northern coastal areas of Longhua District, the northern and northeastern coastal
zones of Meilan District (Jiangdong New Area), as well as Xinbu and Haidian Island. And the low-lying inland areas also experience
severe inundation (Fig. 4).

The maximum inundation volume occurs at At = —13 h (98.94 million m?), with severe flooding along the coast, the Nandu River,
and low-lying inland zones; depths exceed 0.5 m over large areas and surpass 3 m in the Jiangdong New Area (Figures 4d, S3). When
rainfall peaks before the water level peak, inundation volumes are larger than when rainfall peaks afterward (Fig. 4b). As At became
positive, overall inundation severity diminished. With sufficient delay, inland flooding nearly disappears, leaving coastal, TWL-only
baseline scenario inundation as the dominant signal (Fig. 4a).

From At = —24-0 h, simulated volumes generally exceed both the ensemble mean (96.45 million m®) and the synchronous case
(98.02 million m®), except at At = —1 h. When rainfall peak follows the water level peak (At > 3 h), volumes fall below both the
ensemble mean and the synchronous case; by + 13 h, the volume is 95.33 million m? (3.61 million m® less than at —13 h), and
by + 19 h, it reaches a minimum of 90.41 million m? (8.53 million m?® less than at —13 h). After + 19 h, the compound volume
converges toward the TWL-only baseline.

Within the —19 to —4 h window, all volumes exceed the historical TC1415 event (Fig. 4d). The maximum volume is 0.34 million
m? higher than TC1415 and about 9 million m® above the TWL-only baseline. At At = —16 h, the volume is 98.93 million m?® (0.33
million m® above TC1415; 8.52 million m® above TWL-only baseline). At At = —6 h, the volume is 98.90 million m® (0.30 million m?
above TC1415; 8.49 million m®above TWL-only). These results indicate that specific time lags can produce more severe inundation
than both the historical event and the synchronous case.

4.3. Combined effects of time lag on inundation dynamics in compound flooding

We defined the absolute increment (AM) and relative increment (AR) of inundation volume relative to the baseline for each time-
lag scenario to identify key lags and quantify combined effects. Overall, the time lag between peak water level and peak rainfall results
in greater inundation than the baseline scenario (Fig. 5). During the period from —19 to —4 h, both AM and AR increase sharply,
exceeding the baseline and the historical TC1415 value. Within this interval, AR exhibits a tri-modal pattern, with a maximum at
—13 h; at this lag AM = 8.53 million m® and AR = 9.44%, which is 0.71% higher than TC1415. At At = —13 h and —16 h, 4R also
remains high at 9.39% and 9.42%, respectively. Outside the —19 to —4 h window and within the 0-24 h, AR drops rapidly and remains
near 0% after about 19 h; AM likewise approaches 0, indicating that the interaction between water level and rainfall has effectively
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Fig. 5. Absolute and relative changes in inundation volume for each time-lag scenario relative to the TWL-only baseline (see Section 3.3). AM
represents the absolute increment, and AR represents the relative increment.

ceased. The results reveal a nonlinear relationship between inundation volume and time lag, with absolute and relative changes not
scaling proportionally with At.

Further analysis shows a clear asymmetry between positive and negative At. The mean AR for —24-0 h is 9.04%, while for + 1
to + 24 h it decreases to 4.22%. Notably, the actual TC1415 case yields AR = 9.06%, whereas the synchronous scenario (At = 0 h)
yields AR = 8.41%. Thus, hazard assessments that assume peak synchronicity can underestimate extreme outcomes. Detailed AM and
AR values for all scenarios are provided in Table S1 in the Supporting Information.

4.4. Contribution of flood drivers across time-lag scenarios

The relative time lag between water level and rainfall affects their contributions to compound flooding. As illustrated in Fig. 6, the
water level is the dominant contributor, with its share increasing from —24 to 24 h (Fig. 6a). As the lag moves forward, the contribution
rate stabilizes but exhibits nonlinear fluctuations. For —24 < At < 0, the mean Cy; is 91.71%, with a minimum of 91.38% at —13 h.
Beyond 0 h, the mean rises to 96.02% and approaches 100% by 19 h. Rainfall shows the inverse pattern: For —24 < At < 0, the mean
C, is 5.65% (maximum 6% at —20 h), dropping to 4.77% at 0 h and to O after + 19 h. The interaction term Cyp,r increases from —24
to + 18 h and then declines to ~0% after + 19 h. These trends suggest that as At becomes more positive, rainfall influence diminishes
while the water level increasingly controls flooding; after + 19 h, the drivers effectively cease to interact. At At = —13 h (maximum
inundation volume), neither water level nor rainfall alone attains its individual maximum, yet their combination exceeds both the
baseline and the TC1415 record, evidencing a nonlinear response.

Within the compound-influenced area (CA), water level still accounted for the largest share. If the water level share is excluded, the
remaining volume is partitioned as CAger = 61.1% and CA, = 38.9% (Fig. 6b). When rainfall peaks before water level (At < 0 h), the
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Fig. 6. Contribution rates of the flood drivers across time-lag scenarios. (a) Overall contributions of water level, rainfall, and interaction. The
contribution of coastal water level is plotted on the left axis, while the contributions excluding water level (rainfall and interaction term) are plotted
on the right axis. (b) Relative proportions of rainfall and interaction within CA after excluding the water level share. (c) Relative contribution of
rainfall and interaction across time-lag scenarios in compound zones.
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combined effect within CA is pronounced; throughout the —19 to —4 h window, CAyer > CA,, with CAymer peaking near At = —6 to
—7 h (Fig. 6¢). This suggests interaction-driven amplification beyond the sum of individual contributions.

5. Discussion
5.1. Influence of time lag on compound flooding and flood management strategies

Unlike only rain-induced pluvial/fluvial or only water level-driven coastal flooding, typhoon-induced compound flooding is not a
simple sum of these effects (Wahl et al., 2015; Bevacqua et al., 2019; Qiang et al., 2021). Our results reveal that the peaks of water level
and rainfall occur at different times, and this time lag can amplify compound flooding. The TC1415 case (At = —11 h) demonstrates
that assuming synchronous peaks (At = 0) as the worst-case condition underestimates flood risks. That the time lag between peaks
strongly influences flood severity was also reported by Fang et al. (2021), Jiang et al. (2024) and You et al. (2024). But the compound
effect resulting from the time lag between rainfall peaks and coastal water level peaks shows a threshold behavior. During the tran-
sition period (threshold window) between the two peaks (approximately —19 to —4 h), rainfall and coastal water levels interact in the
convergence zone (the CA), producing a combined effect exceeding the sum of individual contributions (“1 +1 >2"). The low-gradient
topography of the study area slows flood movement, and the limited river network extends inland flood response times, intensifying
the interaction between rainfall and coastal water levels (Bao et al., 2024; Santiago-Collazo et al., 2024). We also noticed that a minor
change in the threshold value used to calculate the inundation depth (e.g., 0.2 m) does not alter the overall pattern of flood inundation
or the influence of the different time lag scenarios (Figure S4).

Rainfall-generated surface runoff requires time to reach the river, and water levels propagate upstream through tidal channels with
a time lag (Gori et al., 2020a, 2020b). At = —13 h (2 h earlier than the TC1415) falls within the threshold window. Compared with
At =~ —19 h, when the coastal water level has not yet risen significantly, and At ~ —4 h, when the coastal water level is close to its peak
but the rate of rise is low. In this scenario (At = —13 h), rainfall had been ongoing for 17 h before reaching its peak and continued
afterward without interruption, coinciding with a period of rapidly rising downstream water levels, which increased by more than 2 m
(Figures S5). In the actual TC1415 event, the later rainfall peak allowed more time to drain compared with the —13 h scenario. As
shown in Figure S6, intense inland rainfall had already saturated soils and river channels before the coastal water level peak. As a
result, additional rainfall rapidly generates surface runoff rather than infiltrating, accelerating the volume of water reaching the CA.
When rainfall reaches its peak (41.17 mm) and coincides with the rapidly rising coastal water level, water levels continue to rise for
approximately 19 h until reaching the peak. The downstream water levels are elevated, reducing the water surface slope along the
channel and obstructing upstream flow. When rainfall peaks closely before the water level rises, this blockage maximizes, producing
the backwater effect that expands the inundation extent.

Under the dual pressures of climate change and rapid urbanization, traditional flood control measures that rely primarily on levees

(a) b
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time lag=-13

time lag = +16
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Early warning and timely forecasting

Tropical cyclone
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Fig. 7. Spatial interaction of compound flooding zones (CA) between rainfall-induced pluvial and coastal/fluvial flooding (a-c). Conceptual design
of integrated structural and non-structural measures for compound flooding management in Haikou (d).
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and other structural defenses face increasing challenges (Bubeck et al., 2016, 2017; Jongman, 2018; Wang et al., 2022). If peak impacts
can be staggered in time, drainage and pumping systems have more time to respond, reducing the likelihood of severe flooding (Zhang
et al., 2023; Chan et al., 2024). Hence, accurately identifying high-risk compound zones and issuing timely early warnings enables
proactive resource deployment, lowering costs while improving emergency response efficiency (Moftakhari et al., 2017; Liu et al.,
2024). Furthermore, when At does not fall within the —19 to —4 h window, the combined effect is markedly reduced. Fig. 7a-c show
the spatial interaction of AC between rainfall-induced pluvial and coastal/fluvial flooding; the At = —13 h scenario exhibits the largest
compound flooding zones.

Based on our findings regarding compound flooding in Haikou, we proposed a time-lag-informed flood management strategy that
emphasizes peak-timing control to reduce compound flooding hazards (Fig. 7d). The core concept is to store floodwaters upstream,
stagger discharge in the midstream, and release water downstream. To enhance temporary storage and buffer floodwaters, river levees
should be strengthened, urban drainage systems upgraded, and the river network transformed to provide dynamic flood retention
capacity. Underground storage tunnels can further attenuate surface runoff, introducing controlled delays in peak discharge. As the
downstream section of the Nandu River, Haikou requires that levees along the river’s estuary be raised to withstand flood depths of at
least 3 m, corresponding to a 100-200-year return period. In coastal areas such as Haidian Island, Xinbu Island, and Jiangnan New
District, a hybrid defense system that combines heightened seawalls with natural buffers (e.g., mangrove wetlands) can extend the
dissipation process of storm tide energy and delay peak water levels (Jongman, 2018; Timmerman et al., 2021). In the main urban area
along the Nandu River, levees on the left bank should be elevated to at least a 100-year return level, while those on the right bank
should reach at least a 50-year return period. At the neighborhood scale, green roofs and rain gardens help intercept rainfall and reduce
instantaneous runoff loads during critical periods (Wang et al., 2021; Cabana et al., 2023; Dharmarathne et al., 2024). Additionally,
storm tide barriers at river mouths can block coastal floodwaters from entering urban areas, further mitigating compound flooding
hazards (Orton et al., 2023). Due to climate change, sea level rise is expected to increase coastal water levels and may alter the timing
and magnitude of compound flooding. By managing peak timing and integrating both structural and non-structural measures, these
strategies can help enhancing Haikou’s resilience to future compound flood events.

5.2. Boundaries of the present study and future work

This study identified key time-lag windows and spatial compound zones in Haikou City, providing a basis for targeted flood
prevention. Although the study centers on a single TC1415, the methodological framework is generalizable. The findings reveal that
the commonly used synchronized-peak assumption in compound flooding modeling does not necessarily represent the worst-case.

We focus on the timing between the coastal water level and rainfall. Other important lags in compound flooding systems—such as
rainfall-runoff and rainfall-drainage response—also affect inundation because flood dynamics depend on both current and antecedent
conditions, which vary in time and space (Wu et al., 2023; Daramola et al., 2025). The proposed risk-assessment framework can be
transferred to other regions and drivers through a concise workflow: (1) select target drivers and construct lag scenarios using local
data; (2) simulate compound events; (3) identify critical time windows and compound interaction zones; (4) use results to guide
infrastructure upgrades and policy interventions.

Applicability to other typhoon-prone cities will depend on local hydrogeomorphology; critical lag thresholds are likely to differ
with watershed scale, relief, storm characteristics, and coastal defenses. Climate change may further shift these thresholds, under-
scoring the need for continuous monitoring of lag patterns. Urban drainage capacity and soil moisture also modulate lag effects and
should be incorporated in future research.

6. Conclusion

In this study, we simulated 49 time-lag scenarios using the D-Flow FM hydrodynamic model to examine how the relative timing
between peak coastal water level and peak rainfall shapes compound flooding. The results show that time lag is a first-order control on
inundation and that adopting the synchronous case (At = 0 h) as a proxy for the worst case can underestimate risk.

Flood volumes are systematically larger when rainfall peaks before the water level. A critical window from —19 to —4 h yields
greater inundation than the historical TC1415 event, with a maximum at At = —13 h (AR = 9.44%; AM = 8.53 million m?). At this lag,
severe flooding affects coastal areas, the Nandu River corridor, and low-lying inland zones, with depths > 0.5 m over large areas and
> 3 m in the Jiangdong New Area.

Sensitivity analyses using absolute (AM) and relative (AR) metrics indicate a nonlinear response: changes in inundation do not
scale proportionally with At. For positive lags, AR declines rapidly and approaches 0% after about 4+ 19 h, indicating that timing
interactions have effectively ceased and flooding is governed by coastal water level alone. Contribution analysis confirms that water
level is the dominant driver; however, within compound zones, the interaction term exceeds rainfall alone (CAgther = 61.1%; CA; =
38.9%), demonstrating a non-additive combined effect.

This study identified key time-lag windows and spatial compound zones relevant for practice. Management and adaptation should
prioritize areas where drivers overlap in time and space and adopt time-lag-informed strategies—combining structural and nature-
based measures, drainage upgrades, storage and pumping operations, and targeted early warning—to reduce compound-flood haz-
ards under a changing climate.
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