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ABSTRACT
Accurate representation of storm surge is crucial for comprehending sea level responses to tropical cyclone events, especially in coastal regions susceptible to extreme weather conditions. This study seeks to compare storm surge simulations using atmospheric data from the fifth generation of the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis and the Final Operational Global Analysis (FNL) as atmospheric forcing in the Delft3D-FLOW model during Tropical Cyclone Errol around Rote Island from 9 to 18 April 2025. The data utilized include tropical cyclone track data, atmospheric data, bathymetry data from the Indonesian National Bathymetry dataset, tidal data from the TPXO global ocean tide model, and sea level observations from the Batutua Tide Gauge Station. The simulation results were assessed using the Root Mean Square Error (RMSE) and correlation coefficient against the observed sea level data. The findings indicate that both atmospheric datasets effectively represented the observed sea level fluctuation patterns. The simulation employing the fifth generation of the ECMWF reanalysis yielded a RMSE of 0.4324 and a correlation coefficient of 0.8676, whereas the FNL produced values of 0.4322 and 0.8677, respectively. Spatial analysis reveals that the storm surge distribution corresponded with the movement of Tropical Cyclone Errol, transitioning from wind setup conditions at the onset of the event to negative storm surge as the cyclone moved away from the study area. The analogous spatial patterns suggest that both atmospheric datasets offer comparable representations of storm surge characteristics during the event.
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INTRODUCTION 
In recent decades, there has been an observed increase in tropical cyclone activity around Indonesia, correlating with rising sea surface temperatures (Syaifullah, 2015). Although Indonesia's equatorial location generally shields it from direct tropical cyclone impacts, cyclones over the Indian Ocean and western Pacific often exert significant indirect effects on the country's atmospheric and oceanographic conditions (Surinati and Kusuma, 2018). For instance, Tropical Cyclone Errol, which occurred over the southern Indian Ocean in April 2025, impacted the southern coastal region of East Nusa Tenggara through strong winds and atmospheric pressure anomalies. A notable indirect impact of tropical cyclones is storm surge, characterized by an abnormal rise in sea level due to strong winds and reduced atmospheric pressure. This phenomenon can lead to coastal flooding, infrastructure damage, and disruptions to community activities in southern Indonesia (Aminatun and Anggraheni, 2018). The southern coast of East Nusa Tenggara Province, particularly Rote Island and its surrounding waters, frequently experiences such indirect impacts (Zikri et al., 2024). This region's exposed coastline, facing the Indian Ocean, renders its waters highly sensitive to changes in wind and atmospheric pressure associated with tropical cyclones over the southern waters (Mahsunah et al., 2019). Furthermore, the relatively low coastal topography of Rote Island increases its vulnerability to sea level rise, even when a tropical cyclone does not directly traverse Indonesian territory (Wicaksono and Nuzula, 2021). These characteristics make Rote Island an ideal location for studying the indirect impacts of tropical cyclones, such as storm surges, and underscore the necessity of coastal disaster mitigation informed by atmospheric and oceanic dynamics.
Understanding the mechanisms of storm surge necessitates a numerical approach capable of simulating the complex interactions among surface winds, atmospheric pressure, and ocean responses. Delft3D-FLOW is a widely utilized numerical model for simulating ocean currents, tides, and sea level variations resulting from external forcing (Putra et al., 2021; Riyadi et al., 2024). The quality of the simulation results is highly dependent on the meteorological data employed as forcing, particularly the wind and sea level pressure components (Rajendiran et al., 2025). Two commonly employed global atmospheric datasets are the Final Analysis (FNL), developed by the National Oceanic and Atmospheric Administration, and the fifth-generation European Centre for Medium-Range Weather Forecasts Reanalysis (ERA5). These datasets differ in their spatial and temporal resolutions as well as in their representation of tropical cyclone structures, which may lead to variations in simulated storm surge results (Boyle, 1993; Tselioudis and Jakob, 2002). The differences in the characteristics of FNL and ERA5 underscore the importance of their comparison, particularly for numerical modeling in tropical regions such as eastern Indonesia (Bloemendaal et al., 2019). Previous studies have demonstrated that differences in atmospheric resolution and parameterization can affect the representation of maximum wind speed and central pressure in numerical models (Hill and Lackmann, 2009; Reed and Jablonowski, 2011). These differences can ultimately influence sea level estimates. However, studies comparing the influence of these two datasets on storm surge simulations in East Nusa Tenggara, particularly around the Rote Islands, remain limited. Validation against field observations, such as tidal observations from the Batutua Station, is also necessary to assess the accuracy of the model. Based on this background, this study aims to compare storm surge simulation results using FNL and ERA5 atmospheric data for Tropical Cyclone Errol from 9 to 18 April 2025 using the Delft3D-FLOW model. The simulation results are validated using observed sea level data from Batutua Station, Rote Islands, East Nusa Tenggara. This study is expected to enhance understanding of the model's sensitivity to variations in meteorological data sources and serve as a basis for developing more accurate storm surge prediction models to support coastal disaster early warning systems in Indonesia.
MATERIALS AND METHODS
Study Period and Location
The research was conducted from 9 to 18 April 2025, coinciding with the occurrence of Tropical Cyclone Errol. This timeframe was strategically chosen to encompass the cyclone's entire lifecycle, including its formation, intensification, peak intensity, and subsequent weakening, as well as its indirect effects on the southern waters of Indonesia, notably through storm surges. The study area is situated in the waters surrounding Rote Island, East Nusa Tenggara, Indonesia, which falls under the administrative jurisdiction of Rote Ndao Regency. This region is bordered by the Indian Ocean to the south and the Sawu Sea to the north, rendering it a vulnerable coastal area prone to regional atmospheric and oceanographic influences.
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Figure 1. Map of the study location.
Data Sources and Collection
The research utilized secondary data sourced from official data providers. The datasets comprised tropical cyclone track data, atmospheric data, bathymetry data, tidal constituent data, and sea level observations. The best-track data for Tropical Cyclone Errol were acquired from the Australian Bureau of Meteorology, encompassing details on the cyclone's development, such as observation time, cyclone center position, maximum sustained wind speed, maximum wind gust, minimum central pressure, and cyclone category.

Atmospheric data from ERA5 were retrieved from the Copernicus Climate Data Store, with variables including the 10-m zonal and meridional wind components and mean sea level pressure. The ERA5 data possess a spatial resolution of approximately 0.25° × 0.25°. Additionally, atmospheric data from the Final Operational Global Analysis were obtained via the UCAR GDEX portal, consisting of surface wind and sea level pressure data. These atmospheric variables served as forcing for the Delft3D-FLOW simulations.
Bathymetry data were employed to represent seabed conditions within the Delft3D-FLOW model domain. Tidal constituent data were sourced from the TPXO global tidal model to establish tidal boundary conditions. The tidal constituents included M2, S2, N2, K2, K1, O1, P1, Q1, M4, MS4, and MN4. Sea level observation data were collected from the Batutua Sea Level Observation Station on Rote Island and utilized as reference data for model validation.
Delft3D-FLOW Model Configuration
Storm surge simulations were conducted utilizing the Delft3D-FLOW hydrodynamic model. Tidal constituent data sourced from TPXO served as tidal boundary conditions at the model domain's open boundaries. Atmospheric forcing was characterized by spatially varying wind and pressure fields, which were independently derived from ERA5 and Final Operational Global Analysis data. These atmospheric data were processed into formats compatible with Delft3D-FLOW prior to their application in the model. The primary model parameters employed in the simulations are detailed in Table 1.
Table 1. Parameter Configuration
	No.
	Parameter
	Description

	1.
	Physical
	Wind

	2.
	Initial Condition
	Uniform values

	3.
	Roughness Formula
	Chezy

	4.
	Wind
	Space varying wind and pressure

	5.
	Interval
	60 min

	6.
	History interval
	1 min


Simulations were executed with consistent model domains, grids, tidal boundary conditions, and model parameters to ensure that any variations in results were predominantly attributable to the atmospheric forcing datasets. The simulation period spanned from 9 to 18 April 2025. The original model configuration employed a 1-minute computational time step, incorporating wind and tidal forces as physical processes, alongside uniform initial water level conditions.
Simulation Scenarios and Storm Surge Calculation
Three distinct simulation scenarios were executed. The initial scenario involved a tide-only simulation, employing solely tidal constituents to determine the astronomical sea level. The second scenario incorporated the same tidal forcing in conjunction with ERA5 atmospheric forcing, whereas the third scenario combined the same tidal forcing with Final Operational Global Analysis atmospheric forcing. All simulations maintained consistent model domains, grids, boundary conditions, and numerical configurations. The storm surge component was derived by subtracting the sea level from the tide-only simulation from that obtained in the atmospheric-forced simulation. This methodology effectively isolates the sea level component attributable to meteorological forcing. The storm surge was calculated using:

Descrption:
 	= storm surge (m); 
	= simulated sea level with atmospheric forcing (m); 
	= simulated sea level without atmospheric forcing (m). 
The analysis of the resulting storm surge values was conducted both temporally and spatially. Temporal analysis focused on the observation location, whereas spatial analysis examined the distribution and evolution of the storm surge across the study area.
Model Validation
Model validation involved a comparison between simulated sea levels from the ERA5 and Final Operational Global Analysis scenarios and observed sea level data from Batutua Station, spanning the period from 9 to 18 April 2025. This validation focused on sea level data due to the unavailability of direct storm surge observations at the study site. Two statistical parameters were employed to assess model performance: the Root Mean Square Error (RMSE) and the correlation coefficient. The RMSE quantifies the magnitude of discrepancies between simulated and observed sea levels, with lower values signifying improved agreement. The RMSE was computed as follows:

Description:
 is the simulated sea level
  is the observed sea level, and n is the number of observations.
The correlation coefficient was used to evaluate the strength and direction of the linear relationship between the simulated and observed sea level variations:

Description:
 is the correlation coefficient,
 is the mean simulated sea level, 
 is the mean observed sea level. 
A correlation coefficient nearing 1 signifies a strong positive relationship between the simulated and observed variations, while a value nearing −1 signifies a strong negative relationship. Conversely, a value close to 0 denotes a weak or negligible linear relationship. The validation results were subsequently employed to compare the performance of ERA5 and Final Operational Global Analysis atmospheric forcing in replicating the observed sea level variations during Tropical Cyclone Errol.
RESULTS AND DISCUSSION
Tropical Cyclone Errol was first detected as a tropical low-pressure system over the Arafura Sea on 9 April 2025. Between 9 and 18 April 2025, the system progressed southwestward toward the Indian Ocean, subsequently altering its course southeastward and gradually diminishing in strength. Although the Batutua observation site was situated north of the cyclone's primary trajectory, the atmospheric circulation associated with the cyclone nonetheless affected the adjacent waters.
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Figure 2. Cyclone Errol’s Track
Between 9 and 14 April, the system persisted in a tropical low phase, exhibiting relatively weak intensity. On 15 April, it evolved into Tropical Cyclone Errol and experienced rapid intensification, attaining its peak intensity on 16 April. Subsequently, the system progressed southeastward and gradually weakened by 18 April. These alterations in cyclone position and intensity influenced the wind and atmospheric pressure fields over the adjacent waters, potentially impacting sea level variations around Batutua.
Sea Level Analysis and Model Validation
[image: ]
Figure 3. (a) Sea-level height graph from the ERA5 model and observations, (b) Sea-level height graph from the FNL model and observations
The simulated sea level, derived from both ERA5 and Final Operational Global Analysis atmospheric forcing, effectively replicated the observed temporal fluctuations at Batutua Station during the period of 9–18 April 2025. The synchronization of high and low water levels with the observations suggests that Delft3D-FLOW accurately represented the tidal phase. From 9–11 April, there was a notable concordance between the simulated and observed sea levels in terms of both phase and amplitude. However, from 12 April onwards, discrepancies in amplitude became more pronounced, coinciding with the intensification of Tropical Cyclone Errol. These discrepancies may be attributed to challenges in accurately representing local atmospheric variability and coastal hydrodynamic processes.
The simulation utilizing Final Operational Global Analysis demonstrated performance comparable to that of the ERA5 simulation. Both simulations exhibited a similar pattern of tidal fluctuations, although deviations in amplitude became more pronounced after 12 April. Overall, the two atmospheric forcing datasets yielded analogous temporal characteristics in sea level variations at Batutua.
Table 2. Validation Results
	Validation

	
	RMSE
	Correlation

	ERA5
	0.4324
	0.8676

	FNL
	0.4322
	0.8677


The statistical validation reveals that the ERA5 simulation yielded a Root Mean Square Error (RMSE) of 0.4324 m and a correlation coefficient of 0.8676, whereas the Final Operational Global Analysis simulation resulted in an RMSE of 0.4322 m and a correlation coefficient of 0.8677. These correlation coefficients demonstrate a very strong concordance between the simulated and observed sea level variations. The discrepancies between the two simulations were minimal, with a mere 0.0002 m difference in RMSE and 0.0001 in the correlation coefficient. The slightly lower RMSE from the Final Operational Global Analysis suggests a marginally reduced overall error in replicating the observed sea level. Additionally, the slightly higher correlation coefficient indicates that its temporal variations were marginally more aligned with the observations compared to those simulated using ERA5. Nonetheless, the negligible differences in both statistical metrics imply that neither atmospheric dataset offers a significant advantage over the other in terms of sea level reproduction at Batutua. This finding suggests that the choice between ERA5 and Final Operational Global Analysis exerts limited influence on the accuracy of simulated sea levels at the Batutua observation site. Consequently, both atmospheric datasets exhibited nearly identical performance in reproducing sea level variations at Batutua, with the Final Operational Global Analysis demonstrating a marginally superior statistical performance. Therefore, both datasets can be deemed suitable atmospheric forcing inputs for further storm surge analysis in the study area.
Temporal Analysis of Storm Surge
[image: ]
Figure 4. Storm surge graph at the Batutua observation station.
The time series of storm surge at Batutua exhibits a comparable temporal pattern for both ERA5 and Final Operational Global Analysis atmospheric forcing during the period of 9–18 April 2025. During 9–11 April, when the system remained in the tropical low phase, the storm surge was predominantly positive, ranging from approximately 0.001 to 0.0045 m, with the peak value recorded on 11 April. This suggests a relatively minor sea level rise associated with the initial development of the atmospheric disturbance.
From 12 to 14 April, the storm surge gradually diminished towards zero and transitioned into negative values as the system moved southwestward and intensified. During 15–18 April, when Tropical Cyclone Errol attained its peak intensity, the storm surge at Batutua was predominantly negative. This indicates that the magnitude of the storm surge was influenced not only by the cyclone's intensity but also by the relative position and movement of the cyclone center in relation to Batutua.
Overall, the ERA5 and Final Operational Global Analysis simulations yielded nearly identical temporal patterns, although differences in amplitude were noted. The transition from positive to negative storm surge aligned with the evolution and movement of Tropical Cyclone Errol, indicating that the atmospheric forcing impacted the temporal response of sea level at Batutua.
Spatial Distribution of Storm Surge
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Figure 5. Spatial map of storm surge from ERA5 and FNL models on April 11, 2025.
The spatial distribution of storm surge exhibited a distinct transition throughout the development of Tropical Cyclone Errol. On 11 April 2025, simulations from both ERA5 and the Final Operational Global Analysis indicated predominantly positive storm surge across the study area. In the vicinity of Batutua, the storm surge measured approximately 0.002–0.004 m, whereas higher positive anomalies, reaching up to approximately 0.010 m, were detected in the eastern region of the domain. This pattern reflects the initial wind setup response during the early stages of the tropical disturbance's development. Although the spatial patterns generated by the two atmospheric datasets were largely similar, the Final Operational Global Analysis produced a slightly more extensive distribution of positive anomalies.
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Figure 6. Spatial map of storm surge from ERA5 and FNL models on April 13, 2025.
On April 13, 2025, the spatial distribution transitioned from a positive to a negative storm surge. In the vicinity of Batutua, positive values diminished to approximately 0.001–0.002 m, while negative anomalies emerged, progressing from the southern to the central region of the domain. Both simulations exhibited comparable spatial patterns, suggesting that the altered position and intensified strength of Tropical Cyclone Errol were linked to a shift in the sea level response.
[image: ]
Figure 7. Spatial map of storm surge from ERA5 and FNL models on April 18, 2025.
By April 18, 2025, the negative storm surge had significantly expanded throughout the study area. This negative anomaly encompassed a substantial portion of the southern coastal waters of Rote Island, whereas positive storm surge was confined to a few areas. The ERA5 simulation indicated a more pronounced and extensive negative anomaly compared to the Final Operational Global Analysis, especially in the vicinity of Batutua. This observation aligns with the temporal analysis, which demonstrated a continued decrease in storm surge towards the conclusion of the simulation period. Despite variations in magnitude, both atmospheric forcing datasets exhibited a similar spatial distribution of negative storm surge across the study area.

CONCLUSION
[bookmark: _Toc305675634][bookmark: _Toc306012769]The Delft3D-FLOW simulations effectively captured the temporal and spatial dynamics of sea level and storm surge associated with Tropical Cyclone Errol around Rote Island from 9 to 18 April 2025. Both the ERA5 and Final Operational Global Analysis atmospheric forcings yielded similar sea level fluctuations and spatial storm surge patterns. Validation of the model against observations from Batutua Station revealed a Root Mean Square Error of 0.4324 m and a correlation coefficient of 0.8676 for ERA5, while the Final Operational Global Analysis produced values of 0.4322 m and 0.8677, respectively. These findings suggest that both atmospheric datasets performed comparably in representing observed sea level variations.
The spatial analysis indicated that the storm surge transitioned from predominantly positive conditions, characterized by wind setup on 11 April, to a transitional state on 13 April, and ultimately to predominantly negative storm surge or set-down by 18 April as Tropical Cyclone Errol progressed relative to the study area. Despite observed differences in magnitude, both ERA5 and Final Operational Global Analysis produced generally similar spatial patterns, underscoring their comparable efficacy in representing the storm surge response during the cyclone event.
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