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Rising sea level caused by global climate change may increase extreme sea level events, flood low-lying coastal areas, change the ecological and hydrological environment of coastal areas, and bring severe challenges to the survival and development of coastal cities. Hong Kong is a typical economically and socially developed coastal area. However, in such an important coastal city, the mechanisms of local sea-level dynamics and their relationship with climate teleconnections are not well explained. In this paper, Hong Kong tide gauge data spanning 68 years was documented to study the historical sea-level dynamics. Through the analysis framework based on Wavelet Transform and Hilbert Huang Transform, non-stationary and multi-scale features in sea-level dynamics in Hong Kong are revealed. The results show that the relative sea level (RSL) in Hong Kong has experienced roughly 2.5 cycles of high-to-low sea-level transition in the past half-century. The periodic amplitude variation of tides is related to Pacific Decadal Oscillation (PDO) and El Niño-Southern Oscillation (ENSO). RSL rise and fall in eastern Hong Kong often occur in La Niña and El Niño years, respectively. The response of RSL to the PDO and ENSO displays a time lag and spatial heterogeneity in Hong Kong. Hong Kong's eastern coastal waters are more strongly affected by the Pacific climate and current systems than the west. This study dissects the non-stationary and multi-scale characteristics of relative sea-level change and helps to better understand the response of RSL to the global climate system.
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1 Introduction

Entering the 21st century, global climate change has become a hot issue. It brings us a series of consequences, such as warming temperature, glacier and ice-sheet retreat, global-mean sea-level rise (GMSLR), and the intensification of extreme events (Lelieveld et al., 2016; Roe et al., 2017). Relative sea-level change (RSLC) refers to the change in local mean sea level relative to the local solid surface (Gregory et al., 2019). In the past decades, rising relative sea level (RSL) has resulted in environmental and ecological effects, including the loss of marshes and wetlands, inundation of deltas, erosion of beaches, and the change in salinity (Kirwan and Megonigal, 2013; Passeri et al., 2015). Some typical low-lying coastal regions like Mumbai, Shanghai, Jakarta, Bangkok, London, and New York will be affected (Wang et al., 2012; Strauss et al., 2021). Hong Kong is a developed coastal city with a prosperous economy and high population and infrastructure density. To meet the housing and employment demands, the government has issued the Northern Metropolis Development Strategy, aiming to develop six hundred hectares of land in the northwest New Territories by 2030. However, most of the Northern Metropolis Area is low-lying over the Yuen Long Plain and vulnerable to the rising RSL. Under the SSP3-7.0 scenario, part of Northern Metropolis, Nam Sang Wai, and Mai Po wetlands are projected to be underwater by 2100 (Kulp and Strauss, 2019). Furthermore, rising RSL may inundate the Kwai Tsing Container Terminals, the world’s fourth-largest container port by throughput, and the busy Hong Kong Airport (Strauss et al., 2021). Studying RSLC, including multi-scale periodic changes, long-term trend changes, and non-stationary changes, will provide a scientific basis for Hong Kong’s future regional planning and further understanding of the mechanism of RSLC.

The tide gauges record RSL height relative to the local solid surface, where it is attached, and thus its measurements are influenced by processes that cause sea-surface height to vary as well local vertical land movement (Gregory et al., 2019). The estimated rate of land subsidence in Hong Kong is about -4mm/yr (Ma et al., 2019) and at Quarry Bay station is -4.19 ± 0.26mm/yr (Ding et al., 2001). The long-term trend in RSLC is 3.1 mm/yr when correcting the localized subsidence (Wong et al., 2003). Tide gauge data is important for revealing long-term, cyclical changes in RSL. Non-stationary and multi-scale features are usually detected in RSLC. The temporal non-stationarity of RSLC results from a combination of a long-term trend in the mean RSL, the deterministic tidal component, surge seasonality, and interactions between the tide and surge (Dixon and Tawn, 1999). Many studies also suggest that RSL may have multi-scale oscillatory components from interannual to interdecadal timescales (Karamperidou et al., 2013; Scafetta, 2014; Turki et al., 2020). Hourly to daily extreme RSL related to transient storms, eddies, and tsunamis; seasonal to interannual sea-level dynamics associated with large-scale climate teleconnections and ocean dynamics are considered vital threats to coastal communities, especially, the low-lying areas and sensitive ecosystem areas (Goddard et al., 2015; Lovelock et al., 2017). Therefore, it is necessary to study the non-stationary and multi-scale characteristics of sea-level dynamics.

El Niño–Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO) are correlated with global mean sea level (GMSL) (Cazenave et al., 2012; Hamlington et al., 2013). ENSO, a strong interannual climate signal, occurs in the Tropical Pacific. Its variation can not only affect the ecology of the Tropical Pacific, but also the global climate system. El Niño is an unusual warming of surface waters over the central and eastern equatorial Pacific Ocean. La Niña is its cool counterpart (Latif and Keenlyside, 2009). PDO is defined as the leading empirical orthogonal function of North Pacific sea surface temperature (SST) anomalies. The PDO is detected as warm or cool surface waters in the 20°N of the Pacific Ocean (Schneider and Cornuelle, 2005). Such ocean-atmosphere climate variabilities affect RSL along the Pacific by influencing barometric pressure, trade winds, and thermal expansion (Mcphaden et al., 1998; Melet et al., 2018). In our research, we want to explore the response of RSL dynamics in Hong Kong to climate teleconnections.

Studies of interannual to decadal-scale RSLC in Hong Kong have been limited. Ding et al. (2001) analyzed data from two tide gauges over four decades through Wavelet Transform to study the long-term features of Hong Kong RSL. Their result shows that the RSL rose at a rate of 1.9 mm/yr with land subsidence of over 4 mm/yr, and the annual, semiannual, as well as 18.6-year variations are the most significant and stable periodicities according to wavelet analysis. Zhang and Ge (2013) used the multi-fractal temporally weighted detrended fluctuation method to analyze the RSLC in Hong Kong. The research includes three tide gauge stations from 1964 to 2010. Their study identified multi-scale features and long-range correlations of the relative sea-level rise (RSLR) in Hong Kong. However, Zhang and Ge (2013) did not consider the mechanisms of RSLC in Hong Kong and did not explain the physical significance of sea-level multi-fractal characteristics. Previous studies on Hong Kong RSLC have noted the non-stationarity and multi-scale behavior of RSL, but they have not combined these characteristics with the global climate system, and have not used more suitable methods to parse the physical meaning of RSL signals.

In this paper, we analyze tide gauge data from Quarry Bay (QUB), Tsim Bei Tsui (TBT), and Shek Pik (SPW) stations from the 1950s to the 2020s, using the Wavelet Transform to reveal the multi-scale features of RSLC and the Hilbert-Huang Transform to examine the non-stationarity of RSL. We investigate the spatial-temporal heterogeneity of RSLC in Hong Kong and its relationship to ocean-atmosphere climate variabilities such as ENSO and PDO by cross wavelet analysis. This research enhances understanding of the sea-level dynamics on a local scale and the response of RSLC to climate teleconnections.



2 Study area and datasets


2.1 Study area

Hong Kong (22.15°N-22.20°N, 114.07°E-114.14°E) is situated on the southern part of the Pearl River Delta in southern China (Figure 1). To the west, Hong Kong is adjacent to the estuary of the Pearl River and is affected by the fresh water and sediment deposition brought by the Pearl River and Shenzhen River (Zhang and Ge, 2013). The south of Hong Kong faces the vast South China Sea. Hong Kong is bordered to the north by Shenzhen. The northwest of Hong Kong is the low-lying Nam Sang Wai and Mai Po Wetlands where mangroves are abundant. These mangroves provide a habitat for migratory birds in winter and are of great ecological value (Tam et al., 1997). Victoria Harbor is long and narrow, with clusters of buildings on both sides. Victoria Harbor has become narrower in recent years because of land reclamation. Hong Kong also has numerous outlying islands scattered around the near sea.




Figure 1 | Location of the study area. Red points are the locations of three tide gauge stations.



Hong Kong is significantly influenced by the oceanic subtropical monsoon climate. The weather is mild for nearly the whole year. But between May and November, Hong Kong is subject to tropical cyclones of varying intensity. An average of 30 tropical cyclones form each year over the Pacific Ocean. The approach of tropical cyclones can bring strong winds and heavy rain for days, causing disasters such as landslides, flooding, and extreme sea level. Weather anomalies brought about by global climate change are also likely to affect property and population security in coastal areas.



2.2 Data description and preprocessing

We selected three important tide gauge stations operated by Hong Kong Observatory for analysis (https://www.hko.gov.hk/tc/tide/marine/realtide.htm). They are Quarry Bay (QUB), Tsim Bei Tsui (TBT), and Shek Pik (SPW) tide gauge stations. QUB station has been in operation since 1954. Located within Victoria Harbor, the area is more affected by human activities. The data from this site contain information from both tide and anthropogenic factors like reclamation and land subsidence. TBT station, which began recording in 1974, is situated on the east of the Pearl River estuary and the bottom of Shenzhen Bay, and the west of Mai Po. Northwest Hong Kong is most vulnerable to coastal flooding based on the Climate Central projection. The SPW site, which has worked since 1997, is located on an open shoreline of an outlying island in the south of Hong Kong with fewer anthropogenic factors. Other tide gauge stations were excluded for three possible reasons: short data recording, too much data missing, and difficulty in data acquisition.

Hourly water levels were recorded relative to the Chart Datum, which is 0.146 m below the Hong Kong Principal Datum (Lee et al., 2010). The proportion of valid data for QUB, SPW, and TBT was 98.32%, 93.73%, and 83.05%, respectively. Multivariate Imputation by Chained Equations (MICE) was used to interpolate the missing data through multiple regression models (Royston and White, 2011). It is regarded as an informative and robust method of handling missing data. The daily and monthly data were obtained by calculating the average hourly value.

Indices related to ocean-atmosphere climate variability were also employed in the analysis. National Oceanic and Atmospheric Administration (NOAA) uses the Ocean Nino Index (ONI) for identifying ENSO events. ONI is represented by the running seasonal (3-month) mean SST anomaly for the 5°N-5°S, 120°-170°W (Nino 3.4 region) (Bunge and Clarke, 2009). ONI can be accessed at https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php. PDO index is the leading principal component of an empirical orthogonal function (EOF) of monthly SST in the 20°N–70°N and 110°E–100°W regions (Mantua and Hare, 2002). Similar to the ENSO phenomenon, PDO is characterized by changes in SST, sea level pressure, and wind field. PDO index can be downloaded from: https://www.ncei.noaa.gov/access/monitoring/pdo/.




3 Methods

Fourier Transform and Wavelet Transform are widely used in the analysis of sea-level time series. Fourier transform can provide the frequency components of sea-level signals, that is, the spectra. However, the Fourier Transform is a global transformation in the time domain defined by the sine base functions of an infinite interval and therefore is only applicable to the analysis of global spectra, not to the analysis of local spectra. The Wavelet Transform allows for different selections of base functions. Moreover, the variability and period of the time-series signals can be captured by Wavelet Transform. Thus, is more appropriate than Fourier Transform for analyzing non-stationary signals due to meteorological or geophysical effects (Drago and Boxall, 2002; Grinsted et al., 2004; Sreedevi et al., 2022). Hilbert-Huang Transform (HHT) was born by drawing on the strengths of the multi-resolution of the Wavelet Transform while overcoming the difficulty of selecting the wavelet base functions. HHT is also an effective time-frequency analysis tool for non-stationary signals (Huang, 2014) and is good at analyzing non-linear natural phenomena, like extracting meteorological and oceanic signals (Chen et al., 2017).

The time-frequency analysis framework is developed to incorporate the non-stationarity and multi-scale features of RSLC, by using the Wavelet Transform and HHT method. First, the tide gauge data applied in this research was interpolated using appropriate interpolation methods if a part of the data is missing. Particularly, the MICE algorithm was adopted to reconstruct the missing data. Second, time-frequency analysis was applied to the complete tide gauge data. The Wavelet Transform and HHT methods are effective time-frequency analysis tools. The Wavelet Transform is mainly used to reveal the multi-scale information of RSLC, while the HHT method is more used to capture and amplify the non-stationary details of sea-level dynamics. Finally, both the multi-scale periodic features and non-stationary features were used to investigate the relationship among RSLC, ENSO, and PDO.


3.1 Multi-scale periodic features of RSLC based on the wavelet transform

Tidal amplitude and RSL exhibit multi-scale periodical changes. The driving factors of seasonal, annual, and long-periodic tidal amplitude are complex. Possible factors include the distribution of continents, the influence of monsoons and meteorological events, and GSLR (Idier et al., 2019). Therefore, choosing an appropriate method to analyze the multi-scale characteristics of RSLC is helpful for us to understand the mechanism of RSLC.

The Wavelet Transform is a method for time-frequency analysis. It is important to select the wavelet base function. The appropriate base function can represent the signal with few vectors to the maximum extent, and improve the adaptability of the Wavelet Transform. In this research, the Morlet wavelet was used to reveal the spectral feature and the period of RSLC in Hong Kong (Morlet et al., 1982). The definition of the Wavelet Transform is:

 

where ψ(t) represents the Morlet wavelet, ɑ is called dilatation, and b is the translation parameter. From the formula (1), it can be seen that the spectrum characteristic could be revealed by the time-frequency analysis of time series y (t).



3.2 Non-stationary features of RSLC based on the HHT

The HHT has been widely applied in geographical research to study non-stationary and non-linear signals, like precipitation, solar radiation, and sea level height (Duffy, 2004; El-Askary et al., 2004; Ezer et al., 2013). These studies indicate that the HHT method has advantages in the decomposition of non-stationary signals and the capture of abnormal phenomena, and has great potential for analyzing RSLC. Empirical Mode Decomposition (EMD) and Hilbert Transform are the two main steps of this method. The EMD process decomposes a time series signal y(t) into several intrinsic mode functions (IMFs), which are the components of the original signals. Firstly, all the local extrema in y(t) are identified. Then, the upper and lower envelopes of y are connected separately based on the local maxima and local minima. Through two envelope curves, the mean is computed. This process is repeated iteratively until the stopping condition is satisfied. This process is then applied to the residual time series r2 = r1–c2. Subsequent IMFs c3…, cn and residuals r3…, rn are obtained similarly. The sifting process terminates when rn has at most one extremum. The initial time series y(t) has then been decomposed as:

 

In mathematics and signal processing, the Hilbert Transform is the convolution of the signal 1/(πt) and signal f (t) in the time domain (Junsheng et al., 2006). The Hilbert transform   of a real function f (t) is defined for all t by:

 



3.3 Relationship between RSL and climate teleconnection


3.3.1 Cross wavelet transform

Based on the Wavelet Transform mentioned above, we further applied cross wavelet analysis to study the teleconnections between RSL and global climate systems. Cross wavelet analysis can not only analyze the degree of cross-correlation between signals but also obtain the phase relation of signals in the time-frequency domain. The cross wavelet transform (XWT) of two time sequences xn and yn is defined as WXY = WXWY*, where * represents complex conjugation. The cross wavelet power is defined as |WXY| . With background power   and  , the distribution of the cross wavelet power of two time sequences is defined as (Torrence and Compo, 1998):

 

where Zv(p) is the confidence level.



3.3.2 Wavelet coherence

Area with high common power can be revealed through cross wavelet power, while how coherent the XWT in the time-frequency domain can be displayed using wavelet coherence (WTC) (Grinsted et al., 2004). The wavelet coherence between two time sequences can be expressed as:

 

where S is a smoothing operator.





4 Results


4.1 Multi-scale periodicity of RSL

Periodicities of RSLC were studied using the time-frequency spectrum of the Wavelet Transform. Periodic changes in RSL are summarized in Figure 2 and Table 1. In Figure 2, the real part of wavelet coefficients was shown using contour images. Figures 2A–C display the wavelet spectrum at the QUB, TBT, and SPW tide gauge stations, respectively. Red represents periods of high RSL and blue represents periods of low RSL. Based on the wavelet variance (Figures 3A–C), we found that there is a first major period (Figure 3D) at different tide gauges on different time scales. For the QUB station, when the timescale is 500 months, the first major period of RSLC is about 350 months, with about 2.5 cycles of high-to-low sea-level transition. For TBT and SPW sites, time scales for the first major period are 350 and 200 months, and the first major period of RSLC is about 250 and 125 months, respectively. The first major period of RSL at both QUB and TBT is significant with a confidence level above 95%. The specific high RSL and low RSL periods and their corresponding time scales for different tide gauge stations are shown in Table 1.




Figure 2 | Wavelet transform (left) and global wavelet spectrum (right). (A–C) are wavelet coefficient contour images and global wavelet power the at the QUB, TBT, and SPW tide gauge stations, respectively. The result is significant when the global wavelet spectrum (blue line) is higher than the 95% confidence level (dotted red line).




Table 1 | First major period and the period scale of three tide gauge stations.






Figure 3 | Wavelet variance and wavelet coefficient at different tide gauges. (A–C) are wavelet variances at the QUB, TBT, and SPW tide gauge stations, respectively. (D–F) are the wavelet coefficient of QUB, TBT, and SPW at their first major period, respectively.



The modulus of the wavelet coefficient displays the distribution of energy density in the time domain corresponding to variations on different time scales. A more significant periodicity of the corresponding time scale can be shown by a larger modulus of the wavelet coefficient. According to the modulus of the wavelet coefficient, the periodicity of sea-level variations at the three stations is obvious on the time scale of around 18 to 20 months (Figures 4A–C), which is nearly occupies the whole research time scale. Besides, the periodic change of sea level shows a local pattern. At the TBT station, from 1985 to 1993, the periodic change of sea level is significant when the period is 25-55 months (Figure 4B).




Figure 4 | Modulus of the wavelet coefficient. (A–C) are the modulus of the wavelet coefficient at the QUB, TBT, and SPW tide gauge stations, respectively.





4.2 Decomposition of sea-level signals in Hong Kong

Figure 5 shows the IMF components of sea-level signals at the three tide gauges. There are 9 or 10 IMF components in total contained in the original sea-level signals. All the IMF components are above the 95% confidence level in three tide gauges, indicating that these significant components include considerable information with physical meaning. Linear regressions were conducted based on the tide gauge data at three stations. At QUB station, the RSL first experienced a fall with an annual rate of 6.2 mm/yr from January 1954 to October 1972, and then rose at 1.9 mm/yr for nearly 41 years. From May 2013 to November 2021, the RSL showed a slight downward trend at an annual rate of around 0.7 mm/yr (Figure 6A). Similarly, the RSL at SPW also decreased by 9.9 mm/yr from 1997 to 2004, then rose by 1.7 mm/yr between the summer of 2004 and the autumn of 2019. Finally, the RSL fell 10.6 mm/yr by November 30, 2021 (Figure 6C). The RSLC tendency at the TBT station is different from the other two stations. RSL experienced an initial 22-year decline (2.2 mm/yr) and a subsequent 25-year rise (3.6 mm/yr) (Figure 6B). EMD and linear regression results show that although the RSL is rising in the overall trend, there is also a relative decline in different stages. Shortly, the RSL near Victoria Harbor and Lantau Island may continue to decline, but the RSL in the Pearl River Delta may continue to rise.




Figure 5 | EMD results of three tide gauge stations. (A–C) show the original daily sea-level signal (units: cm), a series of IMF components, and residual of QUB, TBT, and SPW tide gauge sites, respectively.






Figure 6 | Daily tide gauge data. Linear regression of daily mean RSL based on the last IMF component of EMD results. (A–C) are the QUB, TBT, and SPW, respectively.





4.3 Non-stationarity of RSLC

We applied HHT to tide gauge signals. The Hilbert spectrum shows the three-dimensional information of time series in terms of time, frequency, and energy. In Figure 7, the x-axis represents the years. The y-axis represents the period. The tidal amplitude is presented with the red-green-blue color scheme, where red represents large tidal amplitude, and blue represents small tidal amplitude. At the QUB station (Figure 7A), when the period is about 100 days or 3 months, the years with large tidal amplitudes are 1955 (moderate La Niña), 1974 (weak La Niña), 1977 (weak El Niño), 2002 (moderate El Niño), and 2017 (weak La Niña). With a 40-50 days period, the large amplitude years are 1963, 1964, 1969, 1972, 1994, 2004, 2007, and 2012 (Figure 7A). Similarly, these years have been recorded with ENSO events. At TBT station, the most significant periods are in 1987 and 1990 with periods of about 150 days. They correspond to a strong El Niño and less precipitation, respectively. The major years with large sea-level amplitudes and 40-50 days periods are 1998, 2003, 2006, 2010, 2015, and 2017. These years also clearly correspond to the ENSO phenomenon except for 2003 (Figure 7B). Hilbert spectrum reflected very little rainfall during 2003 (12% rainfall less than normal). The Hilbert spectrum of the SPW station (Figure 7C) also marks down some years with large amplitude anomalies. The years with large tidal amplitudes are 1998, 2003, 2017, and 2020. Their period is around 30 days. The other three years corresponded to the ENSO phenomenon, but the large tidal amplitude in 2003 was due to very little precipitation. At the same time, 2015 saw a very strong El Niño with a period of about 20 days.




Figure 7 | The Hilbert spectrum of three tide gauge stations. X axis represents the years. Y axis represents period. Color bar present the intensity of tidal amplitude. Red represents large tidal amplitude, while blue represents small tidal amplitude. (A–C) are the QUB, TBT, and SPW tide gauge stations, respectively.



When ONI is between -0.5 and 0.5, it means there are no ENSO events in the year. ONI values of 0.5 to 1.1 to 1.5, and 1.5 to 2 correspond to weak, moderate, and strong El Niño events, respectively (Figure 8). ONI greater than 2 indicates a very strong El Niño year. Similarly, the ONI value ranging from -0.5 to -1, -1 to -1.5, and -1.5 to -2 corresponds to weak, moderate, and strong La Niña years. When comparing the ONI and the Hilbert spectrum of three tide gauge stations, the results show that the HHT captured most years of ENSO events. In addition, years of significant events such as heavy annual rainfall or drought were reflected by the HHT. The periodic changes and non-stationarity in sea-level fluctuations are revealed during the HHT analysis.




Figure 8 | ONI of each year since 1950. The ENSO events captured by HHT were marked over the years. Red numbers represent El Niño years recorded by the Hilbert spectrum, and blue numbers represent La Niña years recorded by the Hilbert spectrum. The intensity of ENSO events could be checked in the left part. The orange bars represent the ENSO years recorded by the Hilbert spectrum, the period of which can be seen on the right part.





4.4 Relationship between RSL and ENSO and PDO

To better analyze the relationship, detailed features, and variation rule between ocean-atmospheric climate variability and RSL in three tide gauge stations in the time-frequency domain, spectrum maps are drawn by using XWT and WTC. The statistical significance against red noise backgrounds can be assessed through Monte Carlo methods (Metropolis and Ulam, 1949). The XWT finds the region of the time sequences with the same high power and periodic intensity in the time-frequency domain. While WTC finds regions in the time-frequency domain where two time sequences co-vary together, but not necessarily with high power. The continuous wavelet power spectrum was shown adopting the red-green-blue color scales. The color shows the intensity of periodicity. Red represents strong periodicity, Blue represents weak periodicity. The region of the thick solid contour represents the standard spectrum of red noise tested at the significance level α=0.05. The thin arc region represents the effective spectral value of the cone of influence (COI), where a lighter shade shows the image that might distort by edge effects. The arrow indicates the relative phase relationship. The arrows pointing right mean the RSL and ocean-atmosphere variabilities are in-phase.

Figures 9A, B shows the WTC spectra of ocean-atmosphere variabilities and the RSL at the QUB site. During 1957-1973 and 1976-1985, ONI and the RSL showed strong coherence, with a coherence coefficient of more than 0.9, which passed the 95% confidence test. Moreover, most arrows face to the left and the two signals are in anti-phase, indicating that the change of ONI leading RSL 1/2 period, that is, 10-16 months (Figure 9A). Figure 9B, during 1960-1969, and 1982-2000, PDO and the RSL are highly coherent and in anti-phase. PDO led the RSL around 16 months and 30 months in 1960-1969, and 1982-2000, respectively. However, PDO lagged RSL for around 24-48 months during 1971-1982.




Figure 9 | WTC and XWT spectrum of ocean-atmosphere variabilities and the RSL at QUB site. (A, B) are the WTC spectrums of ONI-QUB and PDO-QUB. (C, D) are the XWT spectrums of ONI-QUB and PDO-QUB.



Figures 10A, B displays the WTC results of ONI, PDO, and RSL at the TBT station. Figure 10A indicates that ONI and the RSL are highly correlated when the period is around 30 months, during 1988-1991. ONI leading RSL approximately 12 months. In Figure 10B, When the period is about 10-15 months, PDO and RSL show strong coherence in 1992, 1995, 2002, 2007, 2013, and 2017. Most of the arrows are to the left, indicating the PDO is 1/2 or 3/8 periods (about 5 months) ahead of RSL.




Figure 10 | WTC and XWT spectrum of ocean-atmosphere variabilities and the RSL at TBT site. (A, B) are the WTC spectrums of ONI-TBT and PDO-TBT. (C, D) are the XWT spectrums of ONI-TBT and PDO-TBT.



Figures 11A, B shows the WTC results related to ONI, PDO, and RSL at the SPW site. The years of high coherence between ONI and RSL were evident from 2001 to around 2012, in which the period was about 25 months. The arrow pointing to the upper left, ONI is 3/8 periods (about 9 months) ahead of RSL (Figure 11A). PDO and RSL are highly correlated in 1999-2003, 2005-2007, and 2011-2017, with periods of roughly 8 to 16 months. The phase angle is roughly 90°-180°, and PDO is 1/4-1/2 period (2-8 months) ahead of the RSL (Figure 11B). Both ONI and PDO showed strong coherence with the RSL, with a coherence coefficient of more than 0.9, during 2005-2015. They are in anti-phase, indicating that ONI and PDO lead the RSL for around 30 months.




Figure 11 | WTC and XWT spectrum of ocean-atmosphere variabilities and the RSL at SPW site. (A, B) are the WTC spectrums of ONI-SPW and PDO-SPW. (C, D) are the XWT spectrums of ONI-SPW and PDO-SPW.



Images (C) and (D) in Figures 9–11 are the XWT spectra between ONI, PDO, and the RSL in all study sites. It can be noticed that both ONI and PDO had a high common period intensity with the RSL at all tide gauge stations throughout the study time scale, with a period of approximately 18-16 months. In addition, when ONI and PDO are highly coherent with RSL, their shared high common power is also significant. This implies that in most cases, the dramatic sea-level changes in Hong Kong lagged behind the dramatic changes in ENSO and PDO that occurred for a period of time.




5 Discussion


5.1 Future trend of RSL in Hong Kong

This research analyzed multi-scale periodicity and non-stationary characteristics of sea-level dynamics through Wavelet Transform and HHT method. Our study shows that the RSL in Hong Kong mainly experienced 2.5 cycles of high-to-low sea-level transition. Although the RSL is subject to periodic declines due to the ocean-atmosphere climate variability, the long-term mean RSL in Hong Kong is generally on the rise. In QUB station, the RSL rose by 1.56mm/yr (1954-2021), which is similar to the previous studies (Ding et al., 2001). They also predicted that the future absolute mean RSL in Hong Kong would be 10cm higher by 2050. However, they did not analyze the spatial heterogeneity of RSLC. The RSLR rates of TBT and SPW stations were 0.44mm/yr (1974-2021) and 0.57mm/yr (1997-2021), respectively, and are slower than the QUB station. Therefore, the future RSL in Hong Kong would be also spatially heterogeneous. The spatial heterogeneity of RSLR in Hong Kong has also been observed by other studies. The tidal patterns in Hong Kong are different in scaling behaviors. The RSLR in different stations exhibits diverse tidal patterns (Zhang and Ge, 2013). Although the RSLR in the Tsim Bei Tsui area is not as fast as that around Victoria Harbor, the Tsim Bei Tsui tide gauge is located in a lower and flatter region that is more prone to coastal flooding than Hong Kong Island or Kowloon.



5.2 Sea-level dynamics and climatic teleconnections

PDO is divided into two phases. In the warm phase, the PDO value is positive, seawater near the equator and the northeast Pacific Ocean has a relatively high sea surface temperature and relatively low pressure, at the same time, the west part of the Pacific Ocean has cooler sea surface temperature and higher pressure. During the cold phase, the situation is reversed, the PDO value is negative, lower sea surface temperatures, and higher atmospheric pressure over the equator and the northeast Pacific Ocean, meanwhile, the western part of the Pacific Ocean would become warmer and has lower pressure. PDO may change before the sea-level change. The specific time of PDO ahead of RSL varies in different years and periods. Climate systems could affect sea-level variation through sea surface wind intensity, pressure, heat transport, and flux (Srinivasu et al., 2017). Other studies demonstrated that interannual and decadal variability of PDO could affect sea-level dynamics in the South China Sea. Averaged sea level anomaly in the South China Sea has a negative correlation with the PDO (r=-0.96). PDO affects and adjusts sea-level dynamics through the propagation of Rossby waves (Cheng et al., 2016). The impact of PDO extends beyond the Pacific Ocean and can even affect the sea level in the Indian Ocean. In the cold phase (warm phase), sea level rise (fall) happens in the tropical Indian Ocean (50°E–80°E; 15°S–5°S) (Deepa et al., 2019).

ENSO is a significant signal of interannual and interdecadal climate change on a global scale (Dieppois et al., 2021). It is a low-latitude sea-air interaction phenomenon characterized by the El Niño-La Niña transition in the ocean and the Southern Oscillation in the atmosphere, affecting the global climate system and sea level (Muis et al., 2018; Timmermann et al., 2018). The changes in RSL in Hong Kong lag the changes of ENSO by 9-16 months. El Niño events are accompanied by a low-pressure state existing in the eastern tropical Pacific. In the equatorial Pacific, the trade winds are weaker than normal, and warm water in the west moves eastward, which results in low sea level in the west part of the Pacific Ocean, including the waters of eastern Hong Kong. During La Niña events, a high-pressure state exists in the eastern tropical Pacific. Easterly trade winds become stronger. More sea surface water is brought westward by westward flow, which may cause high sea level around eastern Hong Kong. The sea level height of the South China Sea is highly correlated with ENSO events (Wu and Chang, 2005).

GMSL is highly correlated with ENSO (timescales > 1.5yr), and moderately correlated with PDO (timescales > 4yr) (Liao and Chao, 2022). In the South China Sea, PDO contributes 72% sea level rise from 1993 to 2012, making the sea level rise 5.0mm/yr which is higher than the rate of GMSL (3.3mm/yr) (Cheng et al., 2016). ENSO events also drive interannual and interdecadal variations in mean as well as extreme sea levels, threatening coastal life and properties (Muis et al., 2018). Therefore, it will be important for future research to consider the impact of the global climate systems on RSL height projection on global or local scales.



5.3 Spatial-temporal heterogeneity of sea-level dynamics in Hong Kong

The periods of RSLC at three tide gauges vary from 125 to 350 months and the time lag of the RSL in three sites affected by ENSO and PDO varies. Moreover, the highly coherent years between ocean-atmosphere climate variability and RSL at the TBT station are short and discontinuous, and the phase angle is relatively diverse (Figures 10A, B). These may reflect the spatial-temporal heterogeneity of sea-level dynamics, which may firstly relate to the location and shape of the coastal shoreline. QUB is located on the channel between Kowloon Peninsula and Hong Kong Island, southeast of Victoria Harbor. SPW is on the southwest open shoreline of Lantau Island. TBT is situated on the bottom of Shenzhen Bay, near the mouth of the Pearl River. Compared with QUB and SPW stations, the location of TBT stations is closer to the northwest part of Hong Kong. This enclosed bay is sheltered from the open sea and more influenced by inland water systems such as freshwater input from the Pearl River and Shenzhen River than by the Pacific current. The east sea area and open sea to the south of Hong Kong, where the QUB and SPW stations are located, are less affected by the inland rivers, and so have a more obvious interaction with the ocean and atmosphere in the tropical Pacific Ocean associated with ENSO and PDO. Secondly, different intensities of anthropogenic activities in these regions have different impacts on the hydrodynamic and morphogenetic processes at three tide gauges (Zhang and Ge, 2013). The SPW station on the southern side of Lantau Island is less affected by human activities than the TBT and QUB stations. TBT may be affected by the urbanization process of Shenzhen and Yuen Long district of Hong Kong, which may change sediment flux, freshwater input, and seawater salinity, while QUB may be affected by reclamation. Thirdly, the heterogeneity of sea-level dynamics may also be affected by the inverted barometer effect caused by differences in air pressure over the sea. The impact of ocean tide and air pressure on sea-level dynamics in Hong Kong is different (Zou et al., 2021). In addition, seabed topography, upwelling, and other natural factors may also cause the heterogeneity of sea-level dynamics in Hong Kong (Hu and Wang, 2016; Xu et al., 2016). Sea-level variations in the South China Sea differ spatially, and temporally. Mean sea level in the South China Sea rose at a rate of 11.3mm/yr between 1993 and 2000 and fell at the rate of 11.8mm/yr over the following five years. The large rise rate occurred in the area from the west of Luzon Island to the east of Vietnam during 1993-2000, while the largest fall rate occurred in the east area off Vietnam during 2001-2005. The heat transfer of the sea surface of South China Sea significantly contributes to sea level height variations (Cheng and Qi, 2007). To understand the sea-level dynamics in such a local area, research on the thermal exchange of the upper layer of seawater should be conducted in Hong Kong. However, the limited resolution of measurements of sea-surface temperature and height from satellites is likely insufficient to examine spatial heterogeneity across a relatively small coastal area such as Hong Kong. Meanwhile, long-term and high-temporal resolution data are not supported by remote sensing data (Cheng and Qi, 2007; Cheng et al., 2016; Vignudelli et al., 2019). More accurate and high-resolution observation data need to be combined with large-scale satellite remote sensing data when studying local or even large-scale sea-level variations.




6 Conclusions

We applied the Wavelet Transform and HHT method to hourly tidal data from three tide gauge stations, the time scale span 68 years, from 1954 to 2021, to investigate the non-stationarity and multi-scale periodicity of Hong Kong RSLC. The main conclusions are as follows:

Firstly, based on the Wavelet Transform, the RSL recorded by QUB, SPW, and TBT tide gauge stations since the day of station setup presents multi-scale periodicity, which is mainly reflected in that the RSL has experienced 2.5 cycles of high to low sea-level transition. The first major period of RSLC is about 350, 250, and 125 months at QUB, TBT, and SPW sites, respectively. When the time scale is 18-20 months, the periodicity of RSL at three stations is obvious. Besides, the RSL also showed significant periodicity when the time scale is 25-50 months in the TBT station.

Secondly, according to EMD results, the RSLC in different regions of Hong Kong have spatio-temporal heterogeneity. The RSL has a similar tendency that first fell, then went through a long-term slow rise, and fell again in recent years, at SPW and QUB stations. They are predicted to fall at an annual rate of 10.6 mm/yr and 0.7 mm/yr in the next several years, respectively. At the TBT station, the RSL fell before 1996 and rose until 2021. It may continuously rise by 3.6 mm/yr for the next several years. RSLR results from combined contributions of sea-level rise and local vertical land movement.

Thirdly, the tidal amplitude related to ENSO and PDO can be reflected by the Hilbert spectrum. The effect of ENSO events and PDO on the RSL around Hong Kong is spatial-temporal heterogeneous. The changes in RSL in Hong Kong lag the changes of ENSO and PDO many of the time. This time lag varies from about 6-30 months, depending on the period. The differences in sea-level dynamics in different parts of Hong Kong are likely because the western sea of Hong Kong is more influenced by inland rivers and interacts less with currents and heat transfer on the upper layer of the western Pacific.

These findings will help to understand the mechanism of sea-level dynamics and its relationship with climate teleconnection, providing more information for Hong Kong to cope with global climate change and RSLR.
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