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Abstract. Tide-surge interaction plays a substantial role in determining the characteristics of coastal water 11 

levels over shallow regions. We study the tide-surge interaction observed at seven tide gauges along 12 

Singapore and the east coast of Peninsular Malaysia, focusing on the timing of extreme non-tidal residuals 13 

relative to tidal high water. We propose a modified statistical framework using a No-Tide-Surge 14 

Interaction (No-TSI) null distribution that accounts for asymmetry and variation in the duration of tidal 15 

cycles. We find that our modified framework can mitigate false positive signals of tide-surge interaction 16 

in this region. We find evidence of tide-surge interaction at all seven locations, with characteristics 17 

varying smoothly along the coastline: the highest non-tidal residuals are found to occur most frequently 18 

before tidal high water at the south, both before and after tidal high water at the middle, and after tidal 19 

high water at the north. We also propose a semi-empirical model to investigate the effects of tidal phase 20 

alteration, which is one mechanism of tide-surge interaction. Results of our semi-empirical model reveal 21 

that tidal phase alteration caused by storm surges is substantial enough to generate significant change in 22 

the timing of extreme non-tidal residuals. To mitigate the effect of tidal phase alteration on return level 23 

estimation, skew surge can be used. We conclude that (1) tide-surge interaction influences coastal water 24 

levels in this region, (2) our semi-empirical model provides insight into the mechanism of tidal phase 25 

alteration, and (3) our No-TSI distribution should be used for similar studies globally. 26 
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Short summary 47 

Identifying tide-surge interaction (TSI) is a complex task. We enhance existing statistical methods with a 48 

more robust test that accounts for complex tides. We also develop a semi-empirical model to investigate 49 

the influence of one mechanism of TSI, tidal phase alteration. We apply these techniques to tide-gauge 50 

records from Singapore and the east coast of Peninsular Malaysia. We find TSI at all studied locations: 51 

tidal phase alteration can change the timing of large surges. 52 

1 Introduction 53 

Coastal regions are vulnerable to the combined effects of tides and storm surges, which can induce 54 

significant sea-level variations and pose substantial risks to coastal communities and ecosystems (Diaz, 55 

2016; von Storch et al., 2015; Hinkel et al., 2014). Storm surges are rises in sea level brought about by 56 

low atmospheric pressure and strong winds acting on the sea surface (Pugh and Woodworth, 2014a). 57 

Large storm tides occur when large storm surges coincide with high tides (Stephens et al., 2020; Gregory 58 

et al., 2019), which increase the risk of coastal flooding and threaten lives and livelihoods (Pugh and 59 

Woodworth, 2014c). The likelihood and impact of such destructive events are further aggravated by sea-60 

level rise (Calafat et al., 2022; Marcos and Woodworth, 2017; Woodworth and Blackman, 2004). To 61 

identify the appropriate response to such extreme water level events, we must understand the fundamental 62 

processes of tides and storm surges and their mutual interactions. 63 

A dependence between tides and surges has long been noticed at coastal locations (Keers, 1968), 64 

and recognised to be caused by interaction between tides and surges (Pugh and Vassie, 1978; Wolf, 1978). 65 

Understanding tidal dynamics, surge generation, and their mutual interaction is required to improve 66 

operational forecasts of sea levels and the statistical estimation of its extremes (Olbert et al., 2013; 67 

Horsburgh and Wilson, 2007; Tawn and Vassie, 1989). This tide-surge interaction is non-linear and can 68 

lead to complex coastal dynamics characterized by amplification or attenuation of water levels, which are 69 

influenced by local bathymetry, coastline geometry, and atmospheric conditions (Idier et al., 2019). 70 

Strong tide-surge interaction has been observed in shallow waters and estuaries (Wolf, 1981) and hence 71 

is expected at the Sunda Shelf where Singapore and Malaysia are located. The main mechanism behind 72 
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tide-surge interaction is mutual phase alteration (Rossiter, 1961). The generation of surges over a water 88 

body is influenced by the depth of the water body. As changes in depth occur partially due to tides, the 89 

height of surges can be influenced by tides. The propagation speed of tides is also dependent on depth, 90 

which can change due to surges (Proudman, 1957, 1955). Further studies that analysed shallow-water 91 

equations along the coast found that the non-linear tide-surge interaction is caused by the advection term, 92 

non-linear bottom friction term, and the non-linear shallow water effects of the shallow-water equations 93 

(Zhang et al., 2021; Idier et al., 2012). 94 

Studies of tide-surge interaction have employed a range of modelling approaches, including 95 

statistical methods (Arns et al., 2020; Haigh et al., 2010; Dixon and Tawn, 1994), numerical models 96 

(Costa et al., 2023; Horsburgh and Wilson, 2007; Prandle and Wolf, 1978), and analytical models 97 

(Horsburgh and Wilson, 2007). Dixon and Tawn (1994) proposed a statistical framework where they split 98 

the tidal range into five equiprobable bands and used a chi-square test to determine whether non-tidal 99 

residuals above a height threshold fall uniformly into each band. Horsburgh and Wilson (2007) proposed 100 

a modified version of the framework where the tide is instead split into 13 hourly bands between 6.5 hours 101 

before and after tidal high water (HW). Horsburgh and Wilson (2007) also provided a simple 102 

mathematical explanation for the abundance of large non-tidal residuals at timings halfway between tidal 103 

low water and HW. 104 

Application of such frameworks revealed that extreme residuals are most often found 3–5 hours 105 

before HW in the Bay of Bengal (Antony and Unnikrishnan, 2013) and the North Sea (Horsburgh and 106 

Wilson, 2007), and typically about 2 hours before HW in the English Channel (Haigh et al., 2010). In 107 

China and New Zealand, observed tide-surge interaction varies along the coastline: the frequency of 108 

extreme residuals peaks before HW at certain locations, after HW at others, and is independent of tides 109 

at the remaining locations (Costa et al., 2023; Feng et al., 2019). Numerical models have shown that the 110 

inclusion of tide-surge interaction often results in better water level predictions, especially over coastal 111 

and shelf waters, whereas the omission of the interaction may lead to under or overestimation of surges 112 

at certain locations (Fernández-Montblanc et al., 2019; Idier et al., 2012). For example, Antony et al. 113 

(2020) showed that numerically modelled peak water levels generated during Cyclone Aila at the head of 114 

the Bay of Bengal would have been overestimated if tide-surge interaction was not simulated. 115 
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Here, we focus on investigating tide-surge interaction observed at seven tide gauge locations near 123 

Singapore and the east coast of Peninsular Malaysia using modified statistical methods and a new semi-124 

empirical model. Our research objectives are (1) examining the tide gauge records to characterise the tide-125 

surge interaction observed at each tide gauge location and the spatial pattern across locations, and (2) 126 

explaining the observed interaction characteristics through a simple semi-empirical model. 127 

We apply a modified version of the statistical method by Horsburgh and Wilson (2007) to 128 

determine the presence of tide-surge interaction at each tide gauge location and to characterise these 129 

interactions. The existing method groups residuals above a height threshold into 13 hourly bands between 130 

6.5 hours before and after HW, counts the number of residuals in each band and compares the resulting 131 

distribution to the uniform distribution using a chi-square test. However, due to asymmetry and variation 132 

in the duration of tidal cycles (Guo et al., 2019), the expected null distribution would not be a uniform 133 

distribution over 13 hourly bands centred at HW especially at locations with mixed or diurnal tides lasting 134 

up to 25 hours. Hence, our key modification to the existing methodology is to replace the uniform 135 

distribution with a “No-TSI distribution” as the null distribution. We also use an exact statistical test for 136 

hypothesis testing instead of the chi-square test. In addition, we propose a simple approach to compare 137 

the tide-surge interaction across locations that have different tidal characteristics (diurnal, mixed, or 138 

semidiurnal). 139 

We aim to provide an explicit explanation of the observed tide-surge interaction through our semi-140 

empirical model by combining historical tide and surge data with winds, coastal geometry, and 141 

bathymetry. The semi-empirical model accounts for the mechanism of tidal phase alteration: storm surges 142 

perturb the depth of the water body which influences the propagation speed of the tide. This results in 143 

differences between observed tides and tides predicted from harmonic analysis, which are detected as 144 

non-tidal residuals. We use our model to show that this mechanism can significantly influence the timing 145 

of extreme residuals to produce signals of tide-surge interaction.  146 

2 Singapore and the east coast of Peninsular Malaysia 147 

The seven tide gauges are located within the Sunda Shelf, illustrated in Fig. 1a, which has a typical depth 148 

of 40–80 m. The shallowness of this shelf likely enhances the interaction between tide and surge, and its 149 
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expanse allows for phase changes in the tides to compound as the tide propagates across the shelf. The 191 

eastern coastline of Peninsular Malaysia faces the South China Sea and is exposed to strong seasonal 192 

monsoon winds resulting in larger surges (Mohd Anuar et al., 2020). To the north of our study region lies 193 

the Gulf of Thailand. To the south of Singapore, the southernmost location of our study region, lies part 194 

of the Riau Islands, Sumatra, the Karimata Strait and the Java Sea. The Malacca Strait is west of Singapore 195 

and leads to the Indian Ocean. The diurnal and semidiurnal tides that propagate from the South China Sea 196 

and the Indian Ocean respectively drive the complex mixed tides in Singapore and the Southern parts of 197 

the study region (van Maren and Gerritsen, 2012). At Singapore, the diurnal tides that propagate from the 198 

South China Sea get further amplified from reflection against the east coast of Sumatra (van Maren and 199 

Gerritsen, 2012). 200 

A close-up of the bathymetry around the seven stations is shown in Fig. S1 and detailed maps of 201 

their immediate vicinity are shown in Fig. 1b–h and S2. Of our seven tide gauges, Tanjong Pagar and 202 

Johor Baharu are located within straits, Sedili at a river mouth, Tioman between Tioman island and 203 

mainland Peninsular Malaysia sheltered from the South China Sea, Kuantan at the mouth of a man-made 204 

bay, Cendering on the open coast and Geting sheltered inside a bay. 205 

Monsoonal winds are the main determining factor of hourly surges and their extremes in the 206 

Singapore Strait (Tkalich et al., 2013a, 2009). Storm surges occur along the coast throughout the year, 207 

reaching 0.35–1.0 m at Geting, the northernmost location of our study region (Abd Razak et al., 2024). 208 

The northern part of the coast is more prone to stronger storm surges due to tropical depressions (Mohd 209 

Anuar et al., 2023). In the southern part of the coast, a surge of about 1.0 m caused by Typhoon Vamei in 210 

2001 was recorded (Mohd Anuar et al., 2018). Several storm surge events in Singapore reaching 0.3–0.8 211 

m have also been documented since 1974 (Luu et al., 2016), particularly during the winter monsoon 212 

period. 213 

Our analysis found that the tidal range in this region can reach 2.7–3.6 m and the largest non-tidal 214 

residuals over the past 30 years exceed 0.8 m. Understanding how these components interact and combine 215 

provides insight into the contributors to coastal water levels. Hydrodynamical processes, mainly those 216 

caused by regional wind forcing during the seasonal monsoons, have shown a strong influence on the 217 
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water levels at the seven tide gauges analysed in this study (Tay et al., 2016; Luu et al., 2016; Kurniawan 222 

et al., 2015; Karri et al., 2014; Tkalich et al., 2013a; Chen et al., 2012).  223 

3 Data and methods 224 

The general methodology begins with separating hourly tide gauge data into tides and non-tidal residuals. 225 

Following the methodology of Horsburgh and Wilson (2007), we identify the largest non-tidal residuals 226 

and find their timings relative to their nearest tidal high water and tabulate it as a frequency distribution. 227 

Next, we calculate the No-TSI distribution. We compare the frequency distribution to the No-TSI 228 

distribution using hypothesis testing to determine the presence of tide-surge interaction. We then generate 229 

model residuals using our semi-empirical model and repeat the above procedure to determine if tide-surge 230 

interactions are generated by our model. We use research quality hourly tide gauge data obtained from 231 

the University of Hawaii Sea Level Center. Bathymetry, hourly 10 m winds and mean sea level pressure 232 

are obtained from ERA5.  233 

3.1 Tide gauge data, tides and residuals 234 

Research quality hourly water level from tide gauges at seven locations (Fig. 1) along Singapore and the 235 

east coast of Peninsular Malaysia are obtained from the University of Hawaii Sea Level Center (Caldwell 236 

et al., 2001). Details of the tide gauge records are tabulated in Table 1. Observations have been made over 237 

at least 29 years at each location with a data completion rate of 95–99 %. The length of these records is 238 

close to the 30-year threshold typically considered the minimum length required for analysis of extreme 239 

sea levels (Rasmussen et al., 2018). Nonetheless, these stations have some of the longest records within 240 

Southeast Asia (Caldwell et al., 2001).  241 

To compute the tidal level and non-tidal residuals, we use the equation  242 

 243 

𝑋(𝑡) = 𝑍(𝑡) + 𝑇(𝑡) + 𝑅(𝑡).          (1) 244 

 245 

𝑋(𝑡) is the hourly water level recorded by a tide gauge at time 𝑡. 𝑍(𝑡) is the 1-year (8766-hour after 246 

accounting for leap years) moving average of 𝑋(𝑡). A 1-year window was chosen because intra-annual 247 

Deleted: 2248 

Deleted: Hourly249 

Deleted:  and Singapore250 

Deleted: gauges251 

Deleted: within Southeast Asia, 252 



 

7 

 

behaviour of residuals is well understood to be periodic due to seasonal variations, and its influence on 253 

residuals is of interest in this study (Tkalich et al., 2013b). Detrending the hourly water level by the 1-254 

year moving average removes trends of annual and longer timescales from the tide gauge records. The 1-255 

year moving average is calculated only if at least 85 % of the data in the 8766-hour window is available. 256 

This reduces our usable data to 87–99 % across the seven locations. The standard deviation and certain 257 

key quantiles of the detrended water level, 𝑋(𝑡) − 𝑍(𝑡), are tabulated in Table 2. While water levels of 258 

this height do not pose an immediate threat to the region, understanding the underlying drivers is integral 259 

for applications such as early detection of extreme events, forecasting, or coastal protection design 260 

purposes especially with sea level rise and the increasing frequency and intensity of storms (Mohd Anuar 261 

et al., 2018).  𝑇(𝑡) is the tidal level which we estimate using UTide, a tidal harmonic analysis package 262 

implemented in Matlab (Codiga, 2011). 𝑋(𝑡) − 𝑍(𝑡) is split into two halves based on the start and end 263 

dates in Table 1 and used as inputs to UTide, as UTide does not recommend using records longer than 264 

18.6 years as input. UTide was used to identify the amplitudes and phases of 66 tidal constituents with 265 

periods of up to 32 days through harmonic analysis. Constituents with a signal-to-noise ratio of at least 2 266 

are used to construct 𝑇(𝑡) . 𝑅(𝑡) , the residual, is then estimated as 𝑅(𝑡) = 𝑋(𝑡) − 𝑍(𝑡) − 𝑇(𝑡) . We 267 

denote the residual obtained through this procedure as 𝑅gauge. The time-series of 𝑋(𝑡) − 𝑍(𝑡), 𝑇(𝑡) and 268 

𝑅gauge at each tide gauge during their largest recorded 𝑅gauge are illustrated in Fig. S3.  269 

A summary of the tidal characteristics at the seven locations is tabulated in Table 3. The tides at 270 

these locations lie within the microtidal (<2 m) and mesotidal (2–4 m) ranges with diurnal tidal ranges of 271 

close to 2 m except at Cendering and Geting where diurnal tidal ranges are 1.5 m and 0.8 m respectively. 272 

We found that the daily tidal range can be as large as 3.6 m at Johor Baharu and Kuantan, similar to other 273 

studies (Ismail et al., 2018; Ng and Sivasothi). In a shelf with a depth of 40–80 m, tides of 3.6 m produce 274 

a water depth deviation from its mean by up to about ±4 %. The tides at a location can be categorised into 275 

diurnal, semi-diurnal, or mixed using the tidal form factor 𝐹 which compares the relative importance of 276 

the following diurnal and semidiurnal tidal constituents (Pugh and Woodworth, 2014b):   277 

 278 

𝐹 =
𝐾1+𝑂1

𝑀2+𝑆2
.            (2) 279 
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 292 

A common classification considers a location with a factor of <0.25 to be semidiurnal, 0.25–1.50 to be 293 

mixed with mainly semidiurnal tides, 1.50–3.00 to be mixed with mainly diurnal tides and >3.00 to be 294 

diurnal (Pugh and Woodworth, 2014b). Based on this classification, the tides at all stations are identified 295 

to be mixed, with Cendering and Geting being mainly diurnal while all other stations to the south are 296 

mainly semidiurnal. Out of all tidal constituents estimated across seven locations, we find that the 297 

amplitude of most constituents does not change by more than 5 mm between the first and second half of 298 

their tide gauge records while eight constituents saw a change of 5–13 mm. The change in mean diurnal 299 

tidal range is about 0.2 cm at Tanjong Pagar to 4.9 cm at Geting. Attribution of these changes remains a 300 

difficult task and is outside the scope of this study, but some local drivers include (1) dissipation and 301 

turbulent mixing; (2) depth of channels and flats; (3) surface area, width, and convergence; (4) resonance 302 

and reflection; (5) river flow; and (6) changes in instrumentation (Haigh et al., 2020). 303 

3.2 Identifying tide-surge interaction 304 

To determine whether tide-surge interaction is present at each of the seven tide gauge locations, we apply 305 

a modified version of the statistical method by Horsburgh and Wilson (2007) on the processed tide gauge 306 

records (Sect. 3.1). This method compares the timing of extreme residuals to the nearest HW. 307 

To identify extreme residuals, the 99th percentile and above of 𝑅gauge are identified. There are 308 

many clusters of 𝑅gauge  above this threshold, where a cluster refers to a collection of 𝑅gauge 309 

consecutively measured, each measured 1 hour from the last. The largest 𝑅gauge  in each cluster is 310 

identified and sorted. Starting from the largest, the sorted 𝑅gauge are added to the set of extreme 𝑅gauge 311 

unless the 𝑅gauge was measured within 1 week (168 hours) of another extreme 𝑅gauge in the set. Some 312 

other thresholds used in published studies range from 12–60 hours (Arns et al., 2020; Feng et al., 2019; 313 

Rasmussen et al., 2018; Buchanan et al., 2016; Horsburgh and Wilson, 2007). We choose a threshold of 314 

1 week to reduce the odds of double counting long-lasting surges, as such events can last between 1 and 315 

5 days in this region (Meteorological Service Singapore; Cannaby et al., 2016; Marzin et al., 2015; 316 

Tkalich et al., 2009). We also found statistically significant autocorrelation in the 𝑅gauge time-series at 317 
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time lags shorter than 168 hours. A declustering threshold of 168 hours still retain sufficient observations 334 

for our analysis. 335 

To compare locations with predominantly semidiurnal tides with locations with predominantly 336 

diurnal tides, we split the extreme 𝑅gauge into two groups. We define a tidal cycle as the duration from 337 

one local minima in 𝑇(𝑡) to the observation immediately preceding the next local minima as illustrated 338 

in Fig. 2b. One group of extreme 𝑅gauge  were observed during tidal cycles of 21 hours or shorter, 339 

representing extreme residuals that occurred during semidiurnal cycles. The other group contain extreme 340 

𝑅gauge observed during tidal cycles of at least 22 hours, representing extreme residuals that had occurred 341 

during diurnal tides. This separation between 21-hours-or-less and 22-hours-or-more was chosen based 342 

on the characteristics of the duration of tidal cycles at the seven locations, where the distribution of the 343 

duration of tidal cycles was found to be bimodal at each location and the 22-hour mark tends to distinguish 344 

the two modes (Fig. S4). 345 

The HW in the same tidal cycle as each extreme 𝑅gauge is identified and the timing difference 346 

between the extreme 𝑅gauge and the respective HW is quantified at hourly resolution. Across the set of 347 

extreme 𝑅gauge, the frequency of extreme 𝑅gauge found a certain number of hours relative to HW, ℎ, is 348 

counted. This frequency is plotted as a frequency distribution in the form of a histogram (Fig. 3). The 349 

magnitude of each extreme 𝑅gauge is represented by colour in the frequency distribution. Box plots below 350 

the histograms show the median and its 95 % confidence interval, the interquartile range (IQR), a range 351 

that extends up to 1.5×IQR from the limits of the IQR, and the outliers (Fig. 3). 352 

We use the frequency distribution to test the null hypothesis that assumes that there is no tide-353 

surge interaction. To do so, we test whether the frequency distribution is drawn from a null distribution 354 

representing a scenario where extreme events are equally likely to occur at any stage of a tidal cycle. 355 

3.3 No-Tide-Surge Interaction distribution 356 

In existing studies, the null distribution is a uniform distribution with a value of 𝑛 13⁄  at ℎ =357 

−6, −5, … ,0, … ,5,6 where 𝑛 is the total number of extreme events (Horsburgh and Wilson, 2007; Haigh 358 

et al., 2010; Antony and Unnikrishnan, 2013; Feng et al., 2019; Costa et al., 2023). It assumes that tidal 359 

cycles are always 13 hours long (i.e. semi-diurnal) and HW is always at the mid-point of this cycle (i.e. 360 
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tides are always symmetric). Hence, if there are 𝑛 extreme events, we expect 𝑛 13⁄  events to happen at 375 

each hourly band if extreme events are equally likely to occur at any stage of a tidal cycle. However, as 376 

tides are not always semi-diurnal and symmetric, the uniform distribution is not the most suitable null 377 

distribution to represent the null hypothesis. Instead, we propose a “No-Tide-Surge Interaction 378 

distribution” or “No-TSI distribution” as the null distribution. The No-TSI distribution is the expected 379 

frequency distribution in the absence of tide-surge interactions. Figure 2 illustrates how this distribution 380 

is obtained. The No-TSI distribution is empirically derived from 𝑇(𝑡), the tidal level obtained by applying 381 

UTide to the tide gauge records at each location. It is a distribution that depends on the local tidal 382 

characteristics and hence is location specific. For a given location, the null distribution is generally non-383 

uniform because the length of the tidal cycle varies. For example, tidal cycles of 14 hours or longer are 384 

relatively rare at Tanjong Pagar, so randomly selected times that occur at 7 hours from the nearest tidal 385 

HW will also be relatively rare (Fig. 3a). This leads to non-uniform sampling of the number of hours from 386 

the nearest tidal HW. The No-TSI distribution corresponds to uniform sampling in time, which is non-387 

uniform with respect to the number of hours from the nearest tidal HW. Thus, the No-TSI distribution is 388 

obtained by counting the number of tide-gauge observations found at a certain number of hours relative 389 

to HW as illustrated in Fig. 2. 390 

The No-TSI distribution allows us to account for the complex mixed tides at each location, which 391 

causes the tidal cycles at the coast to have a period of any duration from 8 to 26 hours (Fig. S4). Let 𝑓(ℎ) 392 

be the number of tide gauge measurements collected at ℎ hours from HW. Assuming independence 393 

between tide and surge, the probability that an extreme event will be found at ℎ is 𝑝ℎ = 𝑓(ℎ) ∑ 𝑓(ℎ)ℎ⁄ : 394 

the normalized frequency of 𝑓(ℎ). Note that 𝑝ℎ  is a probability mass function over the domain ℎ: a 395 

function that tells us the probability of an extreme event happening at ℎ is 𝑝ℎ. Letting 𝑛 be the number of 396 

extreme events that occurred at this tide gauge over its length of records, the No-TSI distribution is simply 397 

𝑛 ⋅ 𝑝ℎ. 398 

We can also find the 95% confidence interval of the No-TSI distribution. Assuming that extreme 399 

events are mutually independent, the probability that 𝑘ℎ out of 𝑛 extremes are found at ℎ hours from HW 400 

follows the binomial distribution 𝑘ℎ ∼ Bin(𝑛, 𝑝ℎ). We compute the 2.5th and 97.5th percentiles of the 401 

binomial distribution at each ℎ to obtain the 95% confidence interval of the No-TSI distribution.  402 
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For testing the null hypothesis, a bootstrapping method is used to calculate 𝑝-values (Appendix 413 

A) with 1,000,000 bootstrap samples. To account for family-wise error rate due to our multiple 414 

comparisons at seven locations, we apply the Bonferroni correction to our chosen significance level of 415 

0.05 and require a 𝑝-value below 0.05 7⁄ = 0.007 and 0.05 4⁄ = 0.0125 to reject the null hypothesis 416 

when testing for tide-surge interaction during semi-diurnal and diurnal cycles respectively. This method 417 

is chosen over the usual approach of the chi-square test due to our relatively small sample size 𝑛. As the 418 

chi-square test approximates the binomial distribution of 𝑘ℎ with a normal distribution, a common rule 419 

of thumb requires 𝑛 ⋅ 𝑝ℎ ≥ 5 for a decent approximation. This criterion is not satisfied for most values of 420 

ℎ at all seven locations. 421 

3.4 Semi-empirical model 422 

One effect of tide-surge interaction is tidal phase alteration, where surge-caused increase in water depth 423 

advances the timing of HW. Our semi-empirical model aims to investigate the first-order effects of tidal 424 

phase alteration on the height and timing of residuals due to storm surges driven by wind and the inverse 425 

barometer effect. To do so, we first consider the regional context. Singapore and the east coast of 426 

Peninsular Malaysia are located within the Sunda Shelf (Fig. 1). The typical bathymetry of 40–80 m in 427 

this region of the Sunda shelf terminates at about 700 km away from the coast, declining steeply at the 428 

edge of the Sunda Shelf where it borders the South China Sea, which has depths of 4,000 m and deeper. 429 

It is within the shallow region that tide-surge interaction is the strongest. Hence, for our semi-empirical 430 

model, we estimate the effects of tidal phase alteration due to surges generated within the ocean bounded 431 

by the red rectangle in Fig. 1. A rectangular region was chosen for simplicity, with one edge passing 432 

through the Tanjong Pagar and Geting gauge locations and the remaining three edges encompassing as 433 

much of the shallow shelf as possible. The edges of the rectangle parallel to the Malaysian coast are 434 

roughly 833 km long and are separated by a longitude of 6.5°, making the edges perpendicular to the 435 

coast roughly 759 km long. To compare the storm surge at the seven tide gauge locations of interest, we 436 

assume that the surges at these locations result from forcings over the same region. We model surges as 437 

 438 

𝑅sum = 𝑅baro + 𝑅wind + 𝑅phase,         (3) 439 

Moved (insertion) [5]

Deleted: 2440 

Deleted: The aim of our441 

Deleted: is442 

Deleted: wind-443 

Deleted: surges.444 

Deleted: and lies to the west of the Riau Islands and southwest of 445 
the South China Sea (Fig. 1).446 

Deleted:  that have447 

Moved (insertion) [1]

Moved (insertion) [6]

Deleted: wind-driven448 

Deleted: winds449 

Deleted:  of the shallow shelf450 



 

12 

 

 451 

where 𝑅baro is the water level response to the inverse barometer effect, 𝑅wind is the wind-driven surge 452 

and 𝑅phase is the contribution by tidal phase alteration. 𝑅sum corresponds to a model estimate of  𝑅gauge.  453 

To obtain 𝑅baro, we assume hydrostatic balance and use the inverse barometer effect by using a 454 

25-hour moving average of pressure:   455 

 456 

𝑅baro = −
〈Δ𝑃〉𝐴
̅̅ ̅̅ ̅̅ ̅̅

𝜌𝑔
,           (4) 457 

 458 

where Δ𝑃 is the deviation of sea-level pressure from the global mean, 〈Δ𝑃〉𝐴 represents a spatial average 459 

of Δ𝑃 over the ocean within the red rectangle in Fig. 1 and 〈Δ𝑃〉𝐴
̅̅ ̅̅ ̅̅ ̅̅  represents a 25-hour moving average 460 

of 〈Δ𝑃〉𝐴. 𝜌 is the density of seawater, 𝑔 is the gravitational acceleration and 1 𝜌𝑔⁄ = 9.9 × 10−5 m Pa-1 461 

(Gregory et al., 2019, Pugh and Woodworth, 2014c).  462 

The unique topography of this region with an extensive area that is shallow and relatively uniform 463 

in depth has led us to adopt a simplified version of the sea-level gradient equation to estimate 𝑅wind using 464 

wind velocity:  465 

 466 

𝜕𝜁

𝜕𝑥
=

𝜌air𝐶𝑑|𝑾|𝑾⋅𝒙̂

𝜌𝑔𝐷
,           (5) 467 

 468 

where we have assumed that the coastal sea is shallow enough to keep only terms with water depth in the 469 

denominator but is deep enough to justify ignoring bottom stress (Pugh and Woodworth, 2014c). In Eq. 470 

(5), 𝜁 is the sea level and 𝑥 is spatial displacement in a specified direction, making 𝜕𝜁 𝜕𝑥⁄  the sea-level 471 

gradient along 𝑥. 𝜌air is the density of air, 𝐶𝑑 is the drag coefficient at the sea surface, 𝜌 is the density of 472 

seawater, 𝑔 is the gravitational acceleration, 𝐷 is the undisturbed water depth, 𝑾 is the wind velocity 473 

vector, and 𝒙 is a unit vector parallel to 𝑥. 𝑥 is defined to be perpendicular to the edge across Tanjong 474 

Pagar and Geting in Fig. 1. In this region, 𝑔 = 9.78 ms-2. Bathymetry influences the height of surges 475 

through the term 𝐷 in the denominator of Eq. (5), causing shallow regions to experience larger surges 476 

when subject to the same wind forcing. 477 
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We further assume that 𝜌air , 𝐶𝑑 , 𝜌 and 𝑔 are spatially and temporally homogeneous over the 497 

bounded region (Gregory et al., 2019) and that 𝐶𝑑 is independent of wind speed (Wróbel-Niedzwiecka et 498 

al., 2019). Surges are not only a product of instantaneous winds but are also partially a result of winds 499 

over a past number of hours. To account for the time taken for the winds over the bounded region to cause 500 

surges at the tide gauge locations, we use a 25-hour running average of Eq. (5) to estimate the wind-driven 501 

surge. Based on those assumptions, we estimate 𝑅wind by discretising Eq. (5) and numerically integrating 502 

over the 759 km along 𝒙̂:  503 

 504 

𝑅wind =
𝜌air𝐶𝑑

𝜌𝑔 ∫
|𝑾|𝑾⋅𝒙̂

𝐷
𝑑𝑥

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
= 𝑘 〈

|𝑾|𝑾⋅𝒙̂

𝐷
〉𝐴

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
,        (6) 505 

 506 

where 𝑾 is the wind velocity with its zonal (𝑢) and meridional (𝑣) components obtained from the hourly 507 

10m winds of ERA5 (Hersbach et al., 2018), 𝒙 is a unit vector along 𝑥 pointing towards the Malaysian 508 

east coast as shown in Fig. 1, 〈|𝑾|𝑾 ⋅ 𝒙̂ 𝐷⁄ 〉𝐴 represents a spatial average of |𝑾|𝑾 ⋅ 𝒙̂ 𝐷⁄  over the ocean 509 

within the red rectangle in Fig. 1, 〈|𝑾|𝑾 ⋅ 𝒙 𝐷⁄ 〉𝐴
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅  represents a 25-hour moving average of 510 

〈|𝑾|𝑾 ⋅ 𝒙 𝐷⁄ 〉𝐴, 𝑘 = 𝜌air𝐶𝑑𝐿wind 𝜌𝑔⁄  and 𝐿wind = 759 km is the distance which Eq. (5) was integrated 511 

over. While most of the constants in 𝑘 are known, 𝐶𝑑 is often used as a final tuning parameter in non-512 

tidal barotropic models (Zweers et al., 2012, Kurniawan et al., 2015). Using Eq. (3), Eq. (6) and 513 

considering that |𝑅phase| ≪ |𝑅wind|, we fit 〈|𝑾|𝑾 ⋅ 𝒙 𝐷⁄ 〉𝐴
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ to 𝑅gauge − 𝑅baro. We use a simple linear 514 

regression to obtain the constant 𝑘 and our estimate for 𝑅wind at each location.  515 

We obtain our model storm surge as   516 

 517 

𝑅surge = 𝑅wind + 𝑅baro = 𝑘 〈
|𝑾|𝑾⋅𝒙̂

𝐷
〉𝐴

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
−

〈Δ𝑃〉𝐴
̅̅ ̅̅ ̅̅ ̅̅

𝜌𝑔
.       (7) 518 

 519 

To estimate 𝑅phase, we consider the influence of depth on the propagation speed of tidal waves. 520 

With the speed of tidal waves given by 𝑐 = √𝑔𝐷 (Pugh and Woodworth, 2014c) and treating 𝑅surge as a 521 

perturbation to the undisturbed water depth 𝐷, the tide advancement time caused by a change in 𝐷 due to 522 
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𝑅surge is   564 

 565 

Δ𝑡 =
𝐿tide

√𝑔𝐷
−

𝐿tide

√𝑔(𝐷+𝑅baro+𝑅wind/2)
,         (8) 566 

 567 

where 𝐿tide is the distance travelled by the tidal wave along the shelf. This considers that 𝑅baro is the 568 

water level response to Δ𝑃 averaged over the ocean within the red rectangle in Fig. 1 while 𝑅wind is 569 

obtained by integrating the sea level gradient over the same area. Hence, we approximate the average 570 

depth perturbation due to 𝑅wind over this area as 𝑅wind 2⁄ . We also assume that the tides travel straight 571 

towards the coast in the direction of 𝒙, allowing us to equate 𝐿tide = 𝐿wind. We then calculate the effects 572 

on residual height due to tide advancement from 𝑅surge as 𝑅phase = 𝑇(𝑡 + Δ𝑡) − 𝑇(𝑡). 𝑅phase can be 573 

viewed as a phase shift in the tidal levels, where extreme 𝑅phase tend to cluster on the rising or falling 574 

tides instead of during tidal high or low water (Horsburgh and Wilson, 2007).  575 

Finally, we use the procedure described in Sect. 3.2 to obtain the timing of extreme 𝑅surge, 𝑅phase 576 

and 𝑅sum relative to HW and plot their frequency distributions. To determine their contributions to tide-577 

surge interaction, the bootstrapping method is used to identify the presence of tide-surge interaction in 578 

𝑅surge , 𝑅phase  and 𝑅sum . The frequency distributions of 𝑅sum  are compared to the frequency 579 

distributions of 𝑅gauge to evaluate whether 𝑅sum can reproduce the tide-surge interaction found in the 580 

tide-gauge records. 581 

4 Results and discussion  582 

4.1 Observed tide-surge interaction 583 

The frequency distributions of 𝑅gauge at all seven locations are shown in Fig. 3, all of which deviate 584 

significantly from their respective No-TSI distribution and provide evidence of tide-surge interaction at 585 

every location. Based on how we have defined extremes, we find that extreme 𝑅gauge range from 362 mm 586 

at Tanjong Pagar (Fig. 3a) to 1195 mm at Geting (Fig. 3g), with the smallest extremes occurring at the 587 

eastern stations and increasing as we travel north. This is expected as the northern part of the coast is 588 
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more prone to larger storm surges due to tropical depressions (Mohd Anuar et al., 2023). The extremes, 603 

especially the largest extremes at each location, are unlikely to happen close to HW at all seven locations. 604 

This means that while the 𝑅gauge exceeding the 99th percentile can occur close to HW, the peak of each 605 

cluster of exceedances is unlikely to be found in the time window close to HW. This also means that the 606 

largest residuals are unlikely to coincide with high tides to form large storm tides. Across the locations, 607 

this time window generally begins 2–3 hours before HW and ends 3–5 hours after HW. Beyond this time 608 

window, the frequency of extreme 𝑅gauge increases, giving us frequency distributions that are mostly 609 

bimodal. At the four southernmost stations, we find the primary mode of their frequency distributions 610 

before HW: at -5 hours at Tanjong Pagar (Fig. 3a) and Sedili (Fig. 3c), at -6 hours at Johor Baharu (Fig. 611 

3b) and at -7 hours at Tioman (Fig. 3d). Outside Southeast Asia, similar signals have been found at Port 612 

Otago in New Zealand (Costa et al., 2023), Shijiusuo, Lianyungang and Xiamen along the coast of China 613 

(Feng et al., 2019), Hiron Point at the Bay of Bengal India (Antony and Unnikrishnan, 2013), and 614 

Aberdeen, North Shields, Immingham, Cromer and Sheerness at the North Sea (Horsburgh and Wilson, 615 

2007). At Kuantan, Cendering and Geting (Fig. 3e–3g), the primary mode is found after HW, at +6, +6 616 

and +4 hours respectively. Outside Southeast Asia, such signals have appeared less commonly but have 617 

been found at Onehunga in New Zealand (Costa et al., 2023) and at Kaohsiung and Zhapo in China (Feng 618 

et al., 2019). 619 

Comparing our results between the seven tide gauges along Singapore and the east coast of 620 

Peninsular Malaysia, we find a spatial pattern in the tide-surge interaction. At the southernmost stations 621 

of Tanjong Pagar, Johor Baharu and Sedili (Fig. 3a–c), the mass of the frequency distribution is heavily 622 

concentrated around their primary modes, which are found before HW. At Tioman (Fig. 3d), the primary 623 

mode is still found before HW, but the secondary mode has a distinctly heavier weight than the previous 624 

three stations. At Kuantan (Fig. 3e), tide-surge interaction has crossed over to another regime where the 625 

primary mode occurs after HW, but the secondary mode found before HW still carries comparative 626 

weight. At Cendering and Geting (Fig. 3f–g), the northernmost stations, the primary mode after HW is 627 

much heavier than the secondary mode before HW. This spatial pattern can also be seen using the box 628 

plots, which are compiled in Fig. 4a. The tight interquartile range at Tanjong Pagar, Johor Baharu and 629 

Sedili shows that the mass of their frequency distributions is concentrated at -6 to -4 hours relative to 630 
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HW. The larger interquartile range at Tioman shows that there is a more equal mass between the two 651 

modes, with the median at -5 hour and mode at -7 hour revealing that the distribution is still heavier 652 

towards the negative values. The opposite is true at Kuantan, with its similar interquartile range to Tioman 653 

but with its median at -0.5 and mode at +6 instead. At Cendering and Geting, the lower quartile is closer 654 

to HW, showing that the difference in relative mass between the two modes has increased.  655 

A transition in the tide-surge interaction characteristic, based on a significant (95% confidence 656 

interval) change in the medians from negative to positive values in Fig.4a, happens between Tioman and 657 

Geting which are located about 440 km apart. This is a relatively short distance compared to studies that 658 

have seen such transition such as 700 km between Zhapo and Xiamen in China (Feng et al., 2019) and 659 

1,650 km between Otago and Onehunga in New Zealand (Costa et al., 2023). Feng et al. (2019) suggested 660 

that this transition may be related to the ratio between the amplitude of tidal constituents 𝑀2 and 𝐾1, 661 

where extremes tend towards before HW at locations with larger 𝑀2 and after HW when  𝑀2 is small. 662 

We observe the same transition in our study region, where 𝑀2 𝐾1⁄ < 1 at the northernmost stations of 663 

Cendering and Geting, 𝑀2 𝐾1⁄ = 1 at Kuantan and 𝑀2 𝐾1⁄ > 1 at the remaining four stations to the south 664 

(Table 3).  665 

Using the quantitative test (hypothesis testing against the No-TSI distribution), we verify that the 666 

𝑝-value of obtaining the frequency distribution from the No-TSI distribution is below the required level 667 

at all seven locations, allowing us to reject the null hypothesis that the frequency distribution was drawn 668 

from the No-TSI distribution at a significance level of 0.05 (Fig. S5). This provides further evidence 669 

supporting the presence of tide-surge interaction during semidiurnal tides at all seven tide gauge locations 670 

studied. The presence of tide-surge interaction at these gauges was expected given the shallow regional 671 

bathymetry and their proximity of tide-gauges to narrow waterways connecting the Pacific, Indian Ocean, 672 

and Java Sea. Locations like the North Sea, English Channel, and some parts along the coast of China 673 

where tide-surge interactions have been observed also have similar geographical properties. 674 

During diurnal tides, we found no extreme 𝑅gauge at Tanjong Pagar, Johor Baharu and Sedili. Few 675 

extreme 𝑅gauge were found during diurnal tidal cycles at Tioman and Kuantan (Fig. S6a–b), while many 676 

were found at Cendering and Geting (Fig. S6c–d). This is expected as Cendering and Geting experience 677 

mainly diurnal tides, in contrast to the other locations. The lack of observations at the five other stations 678 
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is due to the rare occurrence of diurnal tides at these locations, which is shown in Fig. S4. The extreme 683 

𝑅gauge during diurnal tides shares the same spatial characteristics as the extremes during semidiurnal 684 

tides, starting from 410 mm in the South at Tioman (Fig. S6d) and increasing up north to 992 mm at 685 

Geting (Fig. S6g). No extremes are found within two hours of HW. Two observations are available at 686 

Tioman, which are too few to confidently determine the presence of tide-surge interaction even though 687 

both observations were found at least 6 hours after HW. The same can be said for Kuantan, where seven 688 

observations are available and were mostly found at least 6 hours after HW. Nonetheless, we calculate 689 

their 𝑝-values and compare them to 0.05 4⁄ = 0.0125. We find that their 𝑝-values are insufficient to 690 

reject the null hypothesis that the observed frequency distribution was drawn from the No-TSI distribution 691 

at a significance level of 0.05 and fails to provide evidence of tide-surge interaction during diurnal tidal 692 

cycles at these two locations. The results at these two locations are more likely due to a lack of sufficient 693 

data than an indication of the absence of any tide-surge interaction, and we expect to see tide-surge 694 

interaction based on the properties of the geography discussed earlier. At Cendering and Geting, we 695 

continue to see the pattern where extreme 𝑅gauge are unlikely to happen close to HW. This leads to a 696 

bimodal distribution with the primary modes at both locations found after HW, like their semidiurnal 697 

counterparts. The mode is 14 hours after HW at Cendering and 13 hours after HW at Geting. Respective 698 

𝑝-values provide evidence of tide-surge interaction at both locations (Fig. S7) as expected at these 699 

locations. 700 

4.2 Semi-empirical model results 701 

We obtain 𝑅surge  by fitting 〈|𝑾|𝑾 ⋅ 𝒙 𝐷⁄ 〉𝐴
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ to 𝑅gauge − 𝑅baro  as described in Sect. 3.4. 𝑅surge  has a 702 

correlation of 0.7–0.8 with the tide gauge residuals (Fig. S8). This corresponds to an explained variance 703 

(coefficient of determination) of 0.5–0.6. This suggests 𝑅surge is an adequate proxy of storm surges. 704 

We obtain the timing of extreme 𝑅surge as a frequency distribution using the procedure described 705 

in Sect. 3.2 and compare it to its No-TSI distribution using hypothesis testing to determine whether there 706 

is any signal of tide-surge interaction in 𝑅surge. The reason for doing so is to show that the observed tide-707 

surge interaction between 𝑅gauge and tide is not caused by any correlation between wind and tide or wind 708 
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and atmospheric sea level pressure, which are generated by independent processes. The validation of this 725 

assumption would imply that the observed dependence between 𝑅gauge and tide is not caused by possible 726 

correlation to a common third independent variable, but that tide-surge interaction is indeed present. We 727 

find that the resulting frequency distributions for 𝑅surge do not deviate significantly from their No-TSI 728 

distribution and provide no evidence of dependence between 𝑅surge and tide (Fig. S9–S12), indicating 729 

the absence of such a confounding variable. 730 

To estimate the influence of tidal phase modulation, we compute Δ𝑡  using Eq. (8) and then 731 

calculate 𝑅phase = 𝑇(𝑡 + Δ𝑡) − 𝑇(𝑡)  (Sect. 3.4). We apply the procedure of Sect. 3.2 to obtain the 732 

extremes of 𝑅phase and find a clear dependence between 𝑅phase and tide (Fig. S13–S16). During semi-733 

diurnal tidal cycles, extreme values of 𝑅phase are mostly found 2–4 hours before HW at all seven locations 734 

(Fig. S13). During diurnal cycles, extreme values are mostly found 3–5 hours before HW (Fig. S15). As 735 

with 𝑅gauge and 𝑅wind, we found no extremes during diurnal cycles at Tanjong Pagar, Johor Baharu and 736 

Sedili. 737 

The prevalence of extreme 𝑅phase within a narrow window of time relative to HW is due to 𝑅phase 738 

being largest at one-fourth of a tidal cycle before HW, as illustrated in Fig. S17. As the natural period of 739 

a semi-diurnal tidal cycle is about 12–13 hours, a sinusoidal tidal waveform has the steepest gradients 740 

about 3 hours from its local maxima. This results in the tidal waveform having the greatest difference 741 

from a slightly horizontally displaced copy at close to 3 hours from HW. Horsburgh and Wilson (2007) 742 

describe this mechanism in detail. However, extreme values of 𝑅phase are not found at 6 hours before 743 

HW during diurnal tides. This is because a sinusoidal wave with amplitude 𝐴 and frequency 𝜔 has a 744 

gradient that is proportional to the product 𝐴𝜔. Since semidiurnal components of tides have about twice 745 

the frequency of their diurnal counterparts, diurnal constituents need to have at least twice the amplitude 746 

of semidiurnal constituents to have the same or stronger influence on 𝑅phase. The tidal form factor 𝐹, 747 

which computes the ratio between the amplitudes of the main diurnal and semidiurnal constituents, can 748 

provide a measure of this influence. While the tides at Cendering and Geting are mainly diurnal, the tidal 749 

form factors at both locations are lower than 2 which indicates that the diurnal constituents have 750 
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amplitudes less than twice that of the semidiurnal constituents (Table 3). Therefore, the semidiurnal signal 769 

has a stronger influence on the timing of extreme 𝑅phase. 770 

The frequency distributions of 𝑅sum at the seven locations during semidiurnal tidal cycles are 771 

shown in Fig. 5. The frequency distributions and 𝑝-values for 𝑅sum suggest the presence of tide-surge 772 

interaction at Tanjong Pagar, Johor Baharu, Sedili, Tioman, Kuantan and Cendering (Fig. 5a–f and S18a–773 

f). No significant interaction is identified at Geting (Fig. 5g and S15g). This can also be seen in Fig. 4b 774 

where the interquartile range of the frequency distributions at Geting do not deviate from zero while the 775 

interquartile range at the other six locations do. Figure 5 reveals that our semi-empirical model predicts 776 

frequency distribution of 𝑅sum at all seven locations to have a single mode as opposed to the bimodal 777 

frequency distribution of the tide gauge residuals. At the six locations where 𝑅sum provides an indication 778 

of tide-surge interaction, the modes of their frequency distributions of 𝑅sum lie within 2–4 hours before 779 

HW, following 𝑅phase. During diurnal tidal cycles, we find evidence of tide-surge interaction only at 780 

Cendering (Fig. S19c and 20c) while no evidence of tide-surge interactions can be seen at Tioman, 781 

Kuantan and Geting (Fig. S19a, b, d, S20a, b, d). As with their 𝑅gauge counterparts, the hypothesis testing 782 

results at Tioman and Kuantan are likely due to a lack of sufficient observations (Fig. S19a–b). The result 783 

at Geting, which is negative for tide-surge interactions, is likely due to its relatively weaker diurnal 784 

constituents. This can be seen from the tidal form factor 𝐹 in Table 3, where the form factor of 1.56 at 785 

Geting is lower than 1.90 at Cendering which tested positive for tide-surge interactions. 786 

We find that 𝑅phase can significantly influence the distribution of the extreme values of 𝑅sum, 787 

indicating that the process of tidal phase alteration—where surges perturb the depth of the water body 788 

and influences the propagation speed of the tide—produces a significant and measurable tide-surge 789 

interaction at six locations. This is despite 𝑅phase contributing to <1% of the variance of 𝑅sum at all seven 790 

tide gauge locations (Fig. S21). By an alternative metric, the ratio between the standard deviation of 791 

𝑅phase  and the standard deviation of 𝑅surge  is only 0–2%. Thus, while the magnitude of 𝑅sum  is 792 

effectively fully dependent on 𝑅surge, the timing of its largest values is dependent on 𝑅phase, indicating 793 

the significant contribution of tidal phase alteration to tide-surge interaction. Our findings complement 794 

those of Chen et al. (2012), who found that the influence of tide-surge interactions on large surges is 795 
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negligible, although tide-surge interaction may alter the time of tidal high and low water. Accounting for 833 

tide-surge interaction would be important in applications such as forecasting where timing is important 834 

and has been found to improve water level predictions in this region and other parts of the world (Antony 835 

et al., 2020; Fernández-Montblanc et al., 2019; Kurniawan et al., 2015; Idier et al., 2012). 836 

Comparing Fig 4b to 4a, our semi-empirical model (Fig. 4b and 5) is unable to accurately predict 837 

all the characteristics of tide-surge interaction found in 𝑅gauge (Fig. 3 and 4a). At Tanjong Pagar, Johor 838 

Baharu, Sedili and Tioman, extreme residuals typically occur even earlier than what our model suggests. 839 

Tidal phase alteration shifts the timings of extreme residuals towards times where tides are rising or falling 840 

the quickest, and no further. Our model is also unable to produce the bimodal distribution found in the 841 

tide gauge data illustrated in Fig. 3 and fails to produce statistically significant tide-surge interaction at 842 

Geting. This suggests that the mechanism of tidal phase alteration cannot fully explain the observed tide-843 

surge interaction and that additional explanations are required to fully account for the observations.  844 

One possible contributor is that shallower water during low tides can result in higher surges from 845 

near-shore winds (Pugh and Woodworth, 2014c). Changes in tides due to tidal phase alteration can affect 846 

the height of surges through Eq. (5), while surges further contribute to tidal phase alteration through Eq. 847 

(8) causing the mutually interacting process of mutual phase alteration between tides and surges. 848 

Kurniawan et al. (2014) found that the tidal cycle does influence non-tidal residuals in this region. This 849 

could result in a further shift of the model extremes towards tidal low water, which would be closer to the 850 

observed tide-surge interaction. The impact of non-linear effects resulting from bottom friction and 851 

momentum advection also cannot be overlooked in coastal areas and are significant in this region 852 

(Kurniawan et al., 2015). We were not able to consider the effects of water flow between the Pacific and 853 

Indian Ocean through the Singapore and Johor Strait on the results at Tanjong Pagar and Johor Baharu. 854 

We also could not account for the tide-surge-river interactions at Sedili, the presence of Tioman island at 855 

Tioman, and how the Gulf of Thailand affects tide-surge interactions at the northern tide gauges. Our 856 

semi-empirical model can reveal macroscopic properties of tide-surge interactions but is unable to reveal 857 

detailed spatial and temporal properties at high resolution like alternative numerical models. To reveal 858 

such details, the use of dynamical models or partial differential equation solvers would be needed. For 859 

instance, Kurniawan et al. (2015) and Tay et al. (2016) used a multi-scale depth-integrated hydrodynamic 860 

Moved (insertion) [9]

Deleted: However861 

Deleted: failed862 

Deleted: Cendering and 863 

Deleted: 2014b864 

Deleted: had 865 

Deleted: s866 



 

21 

 

model that simulated hydrodynamics at a higher spatial and temporal resolution and found significant 867 

contribution in the order of 10 cm to non-tidal residuals by tide-surge interactions. However, such 868 

numerical models are complex, difficult to tune, and computationally intensive. While it does not replace 869 

hydrodynamical models, our semi-empirical model offers theoretical insights by providing a clear and 870 

transparent explanation of tidal phase alteration and its impact at a low computational cost. 871 

The semi-empirical model is less applicable elsewhere because it has been designed for the study 872 

region. However, the semi-empirical model could be modified for other coastlines situated along a 873 

shallow shelf. For instance, the physical characteristic of our study region—a semi-enclosed shallow 874 

region leading out to steep depths—can be found on a smaller spatial scale at the Yellow Sea and North 875 

Sea and our semi-empirical model may find similar success there. 876 

Testing our No-TSI distribution against the uniform distribution, we found false positive signals 877 

for tide-surge interactions in 𝑅surge at Tanjong Pagar and Johor Baharu and in 𝑅sum at Geting when using 878 

the uniform distribution. Using the No-TSI distribution at locations that have similar frequency 879 

distributions such as Green Island in New Zealand (Costa et al., 2023), Newlyn in UK (Haigh et al., 2010), 880 

and several locations in China (Feng et al., 2019) may lead to a different conclusion regarding the 881 

existence of tide-surge interactions. 882 

The existence of strong tide-surge interactions in this region discourages the use of the revised 883 

joint probability method for estimation of sea level extremes, which works well in locations with short 884 

records but tends to overestimate return levels at locations with strong tide-surge interactions (Arns et al., 885 

2020; Olbert et al., 2013; Haigh et al., 2010; Tawn, 1992; Tawn and Vassie, 1989). The use of skew surge 886 

for the estimation of extremes may be more suitable than surge or residuals for this region (Williams et 887 

al., 2016). 888 

5 Conclusions  889 

We have introduced the No-TSI distribution to be used in determining the presence of tide-surge 890 

interaction. The No-TSI distribution can account for irregular tidal cycles that can lead to non-uniform 891 

sampling with respect to the number of hours from HW. Hence, the No-TSI distribution is generally not 892 
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a uniform distribution. When determining the presence of tide-surge interaction, the observed frequency 894 

distribution should be compared to the No-TSI distribution instead of a uniform distribution. 895 

Analysis of tide gauge records using the No-TSI distribution provides evidence of tide-surge 896 

interaction at all seven tide-gauge locations along Singapore and the east coast of Peninsular Malaysia. 897 

The observed interactions have a smooth spatial dependence along the coastline. During semi-diurnal 898 

tidal cycles at the southernmost location of Tanjong Pagar, extreme residuals are mostly found around 5 899 

hours before tidal HW with a much smaller number of extremes occurring after HW. Moving northwards, 900 

similar patterns are found at Johor Baharu and Sedili, until we reach Tioman where extremes are mostly 901 

found before HW but many extremes can also be found after HW. Northwards from Kuantan, most 902 

extremes are found after HW. The strong tide-surge interaction in this region suggests that return levels 903 

should be estimated using skew surge, not hourly residuals. 904 

To investigate the contribution of tidal phase alteration, we proposed a semi-empirical model. We 905 

used 10 m winds from ERA5 to estimate the effects of tidal phase alteration. At the six southern stations 906 

of Tanjong Pagar, Johor Baharu, Sedili, Tioman, Kuantan and Cendering, we found that 𝑅phase—the 907 

residual component caused by the advancement of tidal HW due to surges—can significantly alter the 908 

timing of extremes despite being responsible for less than 1% of the variance of the total residual. This 909 

demonstrates the effects of tidal phase alteration on the timing of extreme residuals. 910 

Our model has explored one of the underlying mechanisms behind tide-surge interaction but is 911 

not designed to forecast water level or extreme events. A forecast model would require much more 912 

accurate modelling of storm surge. The inclusion of other underlying mechanisms of tide-surge 913 

interaction, such as the effect of tidal level on surge generation, would also be beneficial. Knowledge of 914 

the interplay between tide-surge interaction and extreme sea levels can aid in the design of effective 915 

strategies for coastal planning, risk assessment, and mitigation measures, and will benefit from more 916 

comprehensive analyses. When studying extreme sea level in Southeast Asia, the relatively short length 917 

of available tide gauge records poses a challenge, providing a focus for further research. 918 
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Appendix A: Calculating 𝒑-value with bootstrapping 930 

Here, our objective is to determine whether the frequency distribution obtained in Sect. 3.2 is drawn from 931 

the No-TSI distribution. To do so, we calculate the 𝑝-value: the probability of obtaining distributions 932 

from the No-TSI distribution that are at least as extreme as the frequency distribution. We can estimate 933 

this probability by considering the following: if we draw a random sample from the No-TSI distribution, 934 

the probability of drawing an outcome that is equally as probable or less probable than the frequency 935 

distribution is, by the definition of 𝑝-values, equal to 𝑝. Hence, we can obtain a good estimate of the 𝑝-936 

value by drawing many samples from the No-TSI distribution and calculating the ratio of samples that 937 

are equally as probable or less probable than the frequency distribution to be drawn from the No-TSI 938 

distribution. 939 

To obtain one bootstrap sample, following the notation in Sect 3.3, we draw one sample of size 𝑛 940 

from the normalised No-TSI distribution 𝑝ℎ. To proceed, we need to calculate the probability of obtaining 941 

this specific outcome. Labelling this outcome as 𝒌, 𝒌 follows a multinomial distribution with probability 942 

given by 𝑝{𝒌} =
𝑛!

∏ 𝑘ℎ!ℎ
∏ 𝑝ℎ

𝑘ℎ
ℎ  where 𝑘ℎ is the number of times (out of 𝑛 times) each possible ℎ is drawn.  943 

We can also compute 𝑝
{𝒌(𝟎)}

, the probability of obtaining the frequency distribution from the No-TSI 944 

distribution, in the same way using the multinomial distribution. After obtaining 1,000,000 bootstrap 945 

samples and calculating their probabilities, we can achieve a good estimate of the 𝑝-value as 946 

𝑝 =
# of samples where 𝑝{𝒌} ≤ 𝑝

{𝒌(𝟎)}

1,000,000
. 947 

 948 

 949 

Code and data availability. The hourly tide gauge data can be downloaded from the University of Hawaii Sea Level 950 

Center (UHSLC) at https://uhslc.soest.hawaii.edu/data/?rq (Caldwell et al., 2001). The UTide MATLAB functions 951 

can be downloaded from https://www.mathworks.com/matlabcentral/fileexchange/46523-utide-unified-tidal-952 

analysis-and-prediction-functions (Codiga, 2011). The ERA5 hourly data can be downloaded from 953 

https://doi.org/10.24381/cds.adbb2d47 (Hersbach et al., 2018). The bathymetry data can be downloaded from 954 

GEBCO at https://download.gebco.net/ (GEBCO Compilation Group, 2023). The analysis code used to produce 955 

the figures and tables can be downloaded from https://doi.org/10.5281/zenodo.12721300. 956 
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𝑘ℎ
ℎ  or 963 

𝑛! ∏ 𝑝ℎ
𝑘ℎ 𝑘ℎ!⁄ℎ . This is a multinomial distribution. We label the 964 

frequency distribution of 𝑅gauge as 𝒌(𝟎). For the bootstrapping 965 
procedure, we calculate log 𝑝

{𝒌(𝟎)}
: the log-probability of obtaining 966 

the frequency distribution of 𝑅gauge, 𝒌(𝟎), from the normalised No-967 
TSI distribution. To obtain a bootstrap sample, we then randomly 968 
draw 𝑛 events from the normalised No-TSI distribution. We label the 969 
frequency distribution of this bootstrap sample as 𝒋(𝟏) and we 970 
calculate log 𝑝

{𝒋(𝟏)}
. Random draws are repeated 106 times until we 971 

obtain log 𝑝
{𝒋(𝒎)}

 for 1 ≤ 𝑚 ≤ 106. By the definition of 𝑝-values, we 972 

expect 𝑝 × 106 number of bootstrap samples to have a log-973 
probability that is less than log 𝑝

{𝒌(𝟎)}
 and 1 − 𝑝 × 106 number of 974 

bootstrap samples to have a log-probability of at least log 𝑝
{𝒌(𝟎)}

. 975 

Hence, the proportion of log 𝑝
{𝒋(𝒎)}

 that is less than log 𝑝
{𝒌(𝟎)}

 is the 𝑝-976 

value representing the likelihood of the null hypothesis claiming 977 
absence of tide-surge interactions.978 
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  1000 

Figure 1: (a) Bathymetry of the region of interest of this study, obtained from GEBCO, the General 1001 

Bathymetric Chart of the Oceans (GEBCO Compilation Group, 2023). The inset shows the location 1002 

of this region within East and Southeast Asia. The seven tide gauge stations analysed are marked 1003 

in red circles. The red rectangle denotes the region where 10 m winds and mean sea level pressure 1004 

are considered when calculating 𝑹𝐬𝐮𝐫𝐠𝐞 (Sect. 3.4). The region is roughly a rectangle of 759 km by 1005 

833 km. The unit vector 𝒙̂ used in Eq. (5)–(7) is shown in the figure. (b–h) Close up of the seven tide 1006 

gauge locations (OpenStreetMap contributors, 2017). 1007 
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 1014 

Figure 2: An example of how the No-TSI distribution is obtained, using three tidal cycles at Tanjong 1015 

Pagar tide gauge station between 1 and 2 Jan 1989 (GMT). The number of hourly measurements 1016 

made at 𝒉  hours from HW are counted and denoted as 𝒇(𝒉) , the No-TSI distribution before 1017 

normalization and scaling by the number of events (Sect. 3.3). In this example, if an extreme 1018 

residual can occur at any hour with equal probability, it will be 3 times more likely to happen at 1019 

HW than at 7 hours before HW. This is observed from (b) where −𝟓 ≤ 𝒉 ≤ 𝟒 occur thrice, 𝒉 = −𝟔 1020 

and 𝒉 = 𝟓 occur twice, and 𝒉 = −𝟕 and 𝒉 = 𝟔 occur once, resulting from the three irregular tidal 1021 

cycles. 1022 
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 1025 

Figure 3: Frequency distribution—the number of extreme events that have occurred at a certain 1026 

number of hours relative to HW—of extreme residuals (𝑹𝐠𝐚𝐮𝐠𝐞) during semidiurnal tidal cycles 1027 

(Sect. 3.2). The plots are truncated at ±𝟖 hours from HW. The frequency distribution is compared 1028 

to the No-TSI distribution, shown in grey, to determine the presence of tide-surge interaction (Sect. 1029 

3.3). Summary statistics of the frequency distribution are shown using the horizontal notched box 1030 

plot (Sect. 3.2). The whiskers of the box plot at (b) Johor Baharu, (e) Kuantan, (f) Cendering and 1031 

(g) Geting extend beyond ±𝟖 hours from HW, and their full extent is shown in Figure 4. 1032 
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 1039 

Figure 4: Compilation of the box plots in Fig. 3 and Fig. 5. Results presented in Fig. 3 on the timing 1040 

of extreme residuals are compiled in subplot (a) and results presented in Fig. 5 on extreme values 1041 

of 𝑹𝐬𝐮𝐦 are compiled in subplot (b). The box plots illustrate summary statistics of the distribution 1042 

𝒌(𝟎) at each location, where orange lines indicate the medians, notches indicate the 95% confidence 1043 

interval of the medians, blue circles indicate the modes, notched rectangles indicate the 1044 

interquartile range (IQR), whiskers indicate a range that extends up to 1.5×IQR from the limits of 1045 

the IQR, and black circles indicate outliers outside this range. 1046 
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 1049 

Figure 5: The frequency distribution for extreme values of 𝑹𝐬𝐮𝐦  and the No-TSI distribution 1050 

during semidiurnal tidal cycles, truncated at ±𝟖  hours from tidal HW. Truncated horizontal 1051 

notched box plots illustrate some summary statistics of the frequency distribution, and their full 1052 

extents are shown in Fig. 4. 1053 
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Table 1: Data availability of the tide gauges used in this study. Completion rate is the percentage of 1056 

usable hourly observations out of the duration of records. Usable rate is the percentage of usable 1057 

observations subtracting 1-year moving averages (Sect. 3.1). 1058 

Location Latitude Longitude Start End Years Completion 

(%) 

Usable 

(%) 

Tanjong Pagar 1.262 103.853 1988-01-01 2018-12-30 31.0 95.42 89.24 

Johor Baharu 1.462 103.792 1983-12-19 2013-12-31 30.0 95.02 87.11 

Sedili 1.932 104.115 1986-12-23 2015-12-09 29.0 98.08 98.08 

Tioman 2.807 104.140 1985-11-13 2015-12-31 30.1 96.47 89.22 

Kuantan 3.975 103.430 1983-12-22 2015-12-31 32.0 98.70 98.70 

Cendering 5.265 103.187 1984-11-01 2015-11-30 31.1 96.58 90.58 

Geting 6.227 102.107 1986-12-17 2015-12-31 29.0 99.14 99.14 
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Table 2: Standard deviation and certain key quantiles of detrended water level, 𝑿(𝒕) − 𝒁(𝒕) , at the 1061 

seven tide gauges (mm). 1062 

Location Standard 

Deviation 

Min Lower 

quartile 

Median Upper 

quartile 

Max 

Tanjong Pagar 713 -2011 -539 45 578 1919 

Johor Baharu 767 -2267 -575 67 596 2007 

Sedili 569 -1703 -397 49 422 1843 

Tioman 644 -1984 -436 6 457 2045 

Kuantan 650 -2050 -440 -27 446 2173 

Cendering 525 -1665 -371 -22 368 1843 

Geting 321 -937 -238 -26 217 1412 
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Table 3: Summary of the tidal characteristics at the study locations including tidal range, four tidal 1064 

constituents (𝑲𝟏, 𝑶𝟏, 𝑴𝟐, 𝑺𝟐), and the tidal form factor (𝑭). Units, where applicable, are in metres 1065 

(m). The diurnal tidal range is the difference between mean higher high water and mean lower low 1066 

water, and is also referred to as the great diurnal tidal range or great diurnal range (NOAA, 2000). 1067 

Maximum tidal range is the greatest difference between higher high and lower low water within a 1068 

single day, and is much larger than the diurnal tidal range. 1069 

 Tidal Range      

Location Diurnal Max 𝐾1 𝑂1 𝑀2 𝑆2 𝐹 

Tanjong Pagar 2.2 3.3 0.31 0.30 0.80 0.32 0.54 

Johor Baharu 2.4 3.6 0.31 0.31 0.88 0.34 0.50 

Sedili 1.8 2.8 0.35 0.31 0.56 0.16 0.91 

Tioman 2.1 3.5 0.46 0.34 0.60 0.19 1.03 

Kuantan 2.0 3.6 0.53 0.36 0.53 0.18 1.26 

Cendering 1.5 2.7 0.49 0.31 0.30 0.12 1.90 

Geting 0.8 1.4 0.25 0.13 0.17 0.08 1.56 
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