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ABSTRACT

The Hai Phong coastal area (Northwest of the Vietnam East Sea) is prosperous and densely populated, but it is
also a place that is considered likely to be severely affected by sea-level rise. Based on the tide gauge measurement
data at Hon Dau station during 1960-2020, the sea-level rise trends were analyzed and linked to the El Nifio Southern
Oscillation (ENSO). The analyses were carried out separately for the whole period (1960-2020) and for the last
19 years (2002-2020) by the Mann-Kendall test and Sen’s slope estimator. The Empirical Mode Decomposition
method was used to identify the role of ENSO on the water level variability. The results showed a significant sea-
level rise trend with a 95% confidence level. The average annual rates of sea-level were 3.56 mm/year and
7.78 mm/year over the periods 1960-2020 and 2002-2020, respectively, indicating a sea-level rise of about 21.4 cm
over 60 years and a significant acceleration in sea-level rise recently (14.7 cm over the last 19 years). Sea-level that
rose during El Nifio events and declined during La Nifia, related to ENSO with cycles of 2 and 6.1 years. From 1960
to 2020, ENSO events took four months to impact the sea-level in the Hai Phong coastal area, causing sea-level
variability within -3.7 to 7.2 cm over 1972-2020.

Keywords: Sea-level rise, ENSO, interannual sea-level variability, Hon Dau, Hai Phong.

1. Introduction risen very little over the past 1000 years,
recent analyses using historical tide gauge
measurements indicated a much higher global
SLR (around 2 mm/year) for the 20™ century
(Douglas 2001, IPCC, 2001, 2007). Moreover,
the IPCC (2021) reported that the average rate
of SLR has increased faster than expected in a

Sea-level rise (SLR) is one of the most
significant effects of climate change. It has
drawn international attention because future
SLR would cause severe impacts in various
parts of the world. While mean sea-level has

“Corresponding author, Email: hainm@imer.vast.vn few recent decades: 1.3 mm/year (1901-
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1971), 1.9 mm/year (1971-2006), and
3.7 mm/year (2006 -2018).
Unlike infrequent large typhoons or

earthquakes that can reshape the coastline
within hours, the impacts of SLR are typically
slow, repetitive, and cumulative (Fitzgerald et
al., 2008). Immediate effects include
submergence, increased flooding, and
saltwater intrusion into surface water, whereas
long-term effects will increase coastal erosion
and cause saltwater intrusion into
groundwater. In addition, coastal wetlands
will struggle to keep pace with SLR if
sediment supplies are insufficient (Nicholls
and Cazenave, 2010). The effects of SLR
have significant socioeconomic consequences
for the many coastal communities around the
world (Small and Nicholls, 2003). Increased
coastal erosion as a result of accelerated SLR
poses a severe threat to economies worldwide.
As the population increases, coastal areas are
also likely to experience additional stresses
from land-use and hydrological changes
(Nicholls et al., 2007). These changes can
have devastating effects on coastal habitats
further inland, leading to flooding of
wetlands, salt contamination of aquifers and
agricultural soils, and loss of habitat for fish,
birds, plants and many species (Anthoff et al.,
2006; Almeida et al., 2016; Church et al.,
2013).

The water elevation of the sea varies in
time and space due to physical processes, such
as tide and waves. Mean sea-level at a given
position is defined as the height of the sea
surface averaged over a period of time, such
as a month or a year, that is long enough to
largely eliminate fluctuations caused by tide
and waves (Baede, 2007). Mean sea-level also
has a spatial distribution on a global scale due
to phenomena that dominate regional and
local scales. As a result, local mean sea-level
changes usually differ from the global oceans.
In the Vietnam East Sea, researchers indicated

that sea-level has continued to rise (Milne et
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al., 2009; State Oceanic Administration,
2019).

Besides the long-term rising trend, there
are variations in the sea-level (from month to
decadal time scale). Tidal oscillations,
atmospheric pressure variation, sea surface
winds, and ocean circulation patterns, as well
as the interaction between the ocean and
atmosphere, such as the ENSO (El Nifo-
Southern  Oscillation)  phenomena  that
contribute to the movements and
redistribution of seawater on local and/or
regional scales (Moon et al., 2015; Muis et al.,
2018). Many studies reported that the sea-
level variation in many areas of the Pacific
Ocean is associated with the ENSO (Enfield
and Allen, 1980; Moon et al., 2015; Han et el.,
2019; Wang et al., 2018a; Genes et al., 2021).
Nerem et al. (2010) reported that detrended
global mean sea-level changes are correlated
to ENSO occurrences, with positive/negative
sea-level anomalies observed during El
Nifio/La Nifia. In the Northwestern Pacific
Ocean, the sea-level variation and ENSO have
also been investigated. Some results showed
that sea-levels at low latitudes, i.e., tropical
and subtropical were more responsive to
ENSO than at mid-high latitudes (Yuan et al.,
2009). Wang et al. (2018a) also reported that
ENSO and sea-level anomalies correlations
were the largest in the Vietnam East Sea
(> 0.6), weaker in the East China Sea (> 0.4 in
most areas), and weakest in the Bohai and
Yellow Seas (< 0.4), and all correlation
coefficients being statistically significant at
the 95% confidence level. Wang et al. (2018b)
also showed that the significant oscillation
periods of ENSO phenomena at a timescale of
4-7 years existed in the sea-level of the
Vietnam East Sea with a maximum amplitude
of oscillation was 1.5 cm. Notably, based on
the Empirical mode decomposition (EMD)
method in recent research, Wang et al.
(2018a) announced that interannual sea-level
change in the Pearl River Estuary responded
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to ENSO with ~3-month lag, which caused
sea-level to fluctuate from -8.70 to 8.11 cm.
Based on the EMD method, Vu Duy et al.
(2022) found that ENSO events took ~ 8
months to affect SST at Hai Phong coastal
area for 1995-2020, and causing a variation of
SST within 1.2°C.

Vietnam is considered one of the most
affected countries by climate change
(Dasgupta et al., 2009; IPCC, 2007, A.D.B.,
2013). Thus, many studies have estimated the
manifestations of climate change here,
especially SLR. According to Tuong (2001),
SLR varied between 1.75 and 2.56 mm/year
during 1961-2000 in four coastal stations of
Vietnam: Hon Dau (North), Da Nang, Quy
Nhon (Center), and Vung Tau (South).
MONRE (2016) reported that the mean sea-
level of all tide gauges was 2.45 mm/year, and
increased significantly to 3.34 mm/year over
the period 1993-2014. Recently, Ca (2017)
illustrated that sea-level at Hon Dau tide
gauge increased by 2.5 mm/year from 1957 to
2012. However, the SLR trend and its
variations (at monthly and seasonal scales) in
the coastal area of the Vietnam East Sea have
not been analyzed in detail. The data have
only been updated to 2014. In addition, the
relevant studies on the effect of ENSO
phenomena on sea-level variation in the
coastal area of Vietnam have not
demonstrated the contribution of ENSO and
its latency to sea-level variation. Therefore,
this paper aims to study the sea-level trend
(annual, seasonal, monthly) at Hon Dau tide
gauge in the Hai Phong coastal area, from
1960 to 2020, with a specific analysis of the
recent trend over 2002-2020, as well as the
ENSO impact on the sea-level of the study
area.

2. Material and methods
2.1. Hai Phong coastal area

The Hai Phong coastal area is located in
the western part of the Gulf of Tonkin, with

high biodiversity, affluent marine resources,
and high economic activities. Based on
observations for 60 years (1958-2017) at Hon
Dau station, the average air temperature was
23.8°C, with an increasing trend. While the
average temperature was below 20°C in the
winter, it was above 27°C in summer.
Analysis of measurements over 1958-2017 at
the Hon Dau station showed that the average
annual rainfall was 1563 mm. The rainy
season is from May to October, with an
average rainfall of 350 mm (Vinh et al,
2018).

The Hai Phong coastal area is strongly
affected by its hydrological regime of the Red
River (Vinh and Uu, 2013; Lefebvre et al.,
2012; Vinh and Thanh, 2014). Red River
discharge at Son Tay (near the apex of the
Red River delta) has varied over the range
80.5 (2010)-160.7 (1971) x 10° m’ year™, with
an average value of 110.0 x 10° m’
year'. River flow encompasses strong
seasonal variations, with 71-79% of the total
annual water discharge in the rainy season and
only 9.4-18% during the dry season (Vinh et

al., 2014).
Hai Phong coastal area 1is strongly
influenced by tidal propagation. Several

mechanisms are responsible for the tidal
asymmetry, such as the higher wave celerity
at high water level than at low water level,
and the difference of bottom friction at high
and low water levels. As a result, flood tide is
shorter than the ebb tide in the Cam-Nam
Trieu estuary (Lefebvre et al., 2012). The tidal
asymmetry can also be illustrated from water
level and water discharge measurements at the
hydrologic station in the estuary. While the
flood period lasted 9 to 10 hours, the ebb tide
lasted 14 to 15 hours at spring tide (Vinh &
Ouillon, 2021). The study area is affected by
tides that are mainly diurnal, with a range of
2.6-3.6 m in spring tide and about 0.5-1.0 m
in a neap tide (Vinh and Hai, 2020).
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2.2. Data and methods

Hourly sea-level measurements at the Hon
Dau station (20°40°N-106°49°E) (Fig. 1) were
collected by the Vietnam  Hydro-
Meteorological Data and Information Center
and analyzed from 1960 to 2020 (61 years) to
calculate the sea-level trend. The Hon Dau
station is located next to Hon Dau Island
(Fig. 1), about 20 km to the Northern border
part and 15 km to the Southern border part of
Hai Phong coastal area. Therefore, sea-level
data at the Hon Dau station can be represented
for the coastal area with a radius of 15 to 20
km of Hai Phong coastal area. This study also
analyzed data from 2002 to 2020 (19 years)
separately to clarify the recent trend.

In addition, monthly mean Oceanic Nifio
Index (ONI) data for the period 1995-2020
were extracted from the NOAA Center for
Weather and Climate Prediction database
(http://www.cpc.ncep.noaa.gov). The ONI is
used to identify El Nifio (warm) and La Nifia
(cold) events in the Tropical Pacific. The ONI
is based on the 3-month moving average of
the sea surface temperature (SST) anomaly in
the Nifio 3.4 region (5°N-5°S, 120°W-
170°W). An El Niflo event is considered as
such when the ONI exceeds the threshold
value +0.5°C for at least 5 consecutive
months. Conversely, a La Nifa event is
defined as a period with at least five
consecutive months with an ONI below -
0.5°C (NOAA, 2020).
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Figure 1. The Hai Phong coastal area and the Hon Dau station (Vu Duy et al., 2022)

The trend is defined as the general
movement of a series or the change in the
dependent variable over a long period
(Webber and Hawkins, 1980). The non-
parametric Mann-Kendall (MK) test was
derived from Mann (1945) by Kendall (1975).
The Sen slope calculation was based on a
1950 proposal by Theil, developed by Sen in
1968 (Sen, 1968; Theil, 1950). This method is
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commonly used to quantify linear trends in
time series (Gliner, 2017). In addition, the
mean, standard deviation (SD), and
coefficient of variation (CV) of sea-level were
calculated.

2.2.1. The Mann-Kendall test

This method is widely used in many types
of research due to some advantages: not being
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affected by missing data and the length of
time series; can tolerate outliers in data, and
only require data to be independent (Oztopal
and Sen, 2017; Wu and Qian, 2017; Kisi,
2015, Shadmani et al.,, 2012). Combining
with the Sen’s slope, the MK test have
been widely used for detecting trends in
hydrometeorological time series such as
groundwater (Helsel and Hirsch, 1992), water
quality (Hirsch et al., 1982; Hirsch and Slack,
1984; Burn et al., 2012), streamflow (Douglas
et al., 2000; Serinaldi et al., 2018), lake level
(Chebana et al., 2017), temperature, and
precipitation (Sang et al., 2014; Wang et al.,
2019), and SLR (Wahl et al., 2011; Chandler
and Scott, 2011; Ca, 2017; Ozgenc Aksoy,
2017). MK test and Sen’s slope are less
sensitive to outliers (Hamed and Rao., 1998;
Hamed, 2007), determined by the ranks and
sequences of time series rather than the
original They are robust when
dealing with nonnormally distributed data,
censored data, and time series with
missing values (Hirsch and Slack, 1984),
which are commonly
hydrometeorological time series (Duan et al.,
2019; Gao et al., 2019; Dong et al., 2019).
Therefore, this study employed the Mann-
Kendall trend test and Sen’s slope to estimate
the SLR trend and its significance level in the
Hai Phong coastal area.

The Mann-Kendall avoids local maximum
values of the data series. The null hypothesis,
H,, is that the data compare the relative
magnitude of elements in the data series, a
population with independent realizations that
do not follow any trend. The alternative
hypothesis, Hj, is that the data follow a clear
monotonic trend.

The Mann-Kendall S statistic is calculated
by analyzing all possible pairs of
measurements in the data set. If the earlier

values.

encountered in

measurement is less in magnitude than a later
one, S is incremented by one. On the other
hand, if an earlier value is greater in
magnitude than a later sample, S is
decremented by one.

The Mann-Kendall statistic parameter, S is
computed as follows:
S =YY sign(X; — X)) (1)
where X and X are random variables (divided
the given time series X into two variables, as
Xl, Xz, [ Xi, and Xi+1, Xi+2,..., XJ)

1ifX; —X;>0

Sign (X; —X;) =4 0if X; —X; =0 2)

-1if X; —X; <0
The variance of S, VAR (S) is given by
VAR(S) =
n(n-1)(2n+5)-3pL, tp(tp—1)(2tp+5) 3)
18
The standard test statistic Zs is calculated
as follows:
s-1
N7 forS >0
Zs =30 forS=0 “4)
S+1
\/’T(S) forS <0

where n is the number of data points, m is the
number of unique values (without duplicates)
and t, is the frequency of the p" value. If |Z|
is greater than Z,,, where o represents the
chosen significance level (o =10% at the 90%
confidence level with Zgos = 1.65; a =5% at
the 95% confidence level with Zg s = 1.96;
a =1% at the 99% confidence level with
Zooos = 2.58), then the null hypothesis is
invalid implying that the trend is significant.
A positive value of Z indicates an
increasing trend, and a negative value
indicates a decreasing trend. Using P-value
calculated for Z, Hy is rejected if P < a.

2.2.2. The Sen's slope estimator

Sen (1968) proposed the non-parametric
Sen’s slope statistics. The slope for each pair
of data may be calculated as follows:
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_ XX

where j=1, ..., N; x; and xy are the data values
at time j and k (j > k), respectively.
Sen's slope estimator can be calculated as

follows:
Nt1.

Q[ > ] if N is odd

Qm = + (6)
Injz*Qu+2)/2 Z(N”)/Z if N is even

The Q,, sign reflects data trend, while its
value indicates the steepness of the trend.

2.2.3. Cross-correlation between ENSO and
sea-level variation

To examine the relationship between
ENSO and sea-level, cross-correlation
analysis was used. For two time series SL(t)
and ONI(t) with length n, where t =1, 2...n,
the cross-correlation R(t) at delay t can be
referred as (Ding et al., 2001; Wang et al.,
2018a)

_ OsLoni (D)
RO = Fosuoom @

Where: SL is sea-level; gg;on; (T) is the
lag T cross-covariance between SL(t) and
ONI(t), og;, and g,y are the variance of SL(t)
and ONI(t), respectively.

2.2.4. Impacts of ENSO on frequency and
magnitude of local sea-level variation

The Empirical mode decomposition
(EMD) method was used to identify the
impact of ENSO on the sea-level variation.
This method adaptively decomposes an input
series into several intrinsic mode functions
(IMF) having equal numbers of zero-crossing
and extrema (or numbers differing at most by
one). Envelopes of E..(t) and E,.(t) are
estimated from interpolation between local
minima and maxima, respectively (Huang et
al., 2003). The EMD procedure can ascertain
the dominant modes in the series SL(t) and
then iteratively subtract the less dominant
modes that are local mean values in the series
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(Emin(t)+Emax(t))/2.  This
terminated if all the dominant modes are
identified. The
extracted is zero.

The detailed procedure can be expressed
as:

procedure s

local mean IMF wvalue

SL(t) = %L1 d; () +7 (1) (8)
Where r(t) is a monotonic function and
reflects the trend of the series SL(t). {di(t)};=1
M denotes M IMFs within the series. To
minimize problems of pseudo - IMF signal
and mode confusion, the mirroriing extension
method that adds extrema wusing mirror
symmetry was applied to restrain end effects
(Rilling et al., 2003).
According to Wu and Huang (2004), the
average period of each IMF can be calculated
based on the length of original data (n) and

the number of peaks:
n

Pe=- ©)
pk

In which, P, is the average period of
IMF k™ n is the length of original data, and
np is the number of local peak values of the
IMF k.

The EMD method was used to evaluate the
impact of ENSO on interannual sea-level
variability in the Pearl River Estuary (Wang et
al., 2018a), coastal sea-level variability, and
extreme events in Cordoba, Colombian

Caribbean Sea (Genes et al., 2021).
3. Results

3.1. Temporal variation of the sea-level in
Hai Phong coastal area

The measured data at Hon Dau station
were analyzed from 1960 and 2020 and given
in Fig. 2. The results showed that the average
water level in this area was 190.54 cm. They
have tended to be high in recent years,
especially from 2016 to the present, the
average water level was above 202 cm. The
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average maximum and minimum sea-levels
were 206.1 cm (2017) and 165.2 cm (1963),
respectively. The lowest value was in
February @ and  March, with  about
181 cm, then they gradually increased and
reached 208.26 cm in October. The standard
deviation (SD) and coefficient of wvariation
(CV) were 8.58 cm and 4.5%, respectively
(Table 1).

During 1960 -2020, the maximum monthly
water levels were above 201 cm, reaching
more than 226 cm in October and November.
The lowest monthly water level varies
between 152.68 and 179.61 cm. The lowest
water level occurred from February to May,

260

with a value below 155 cm. Average monthly
water levels tended to be higher in September-
November (198-208 cm), especially in
October (208 cm). On the other hand, the
lowest values were from February to April,
with 181-182 cm (Fig. 3, Table 1).

The descriptive statistics of the sea-level,
such as the mean, SD, and CV, are presented
in Table 1. The SD of the monthly mean sea-
level did not differ much from month to
month, ranging from 8.73 to 10.69 cm. On the
other hand, the CV varied from 4.58 to 5.68%
(Fig. 3, Table 1). As shown in Fig. 4, a linear
regression described an increasing trend for
all months.

Sea level (cm)
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Figure 2. Average annual sea-level at Hon Dau
station (1960-2020)
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Figure 3. Average monthly sea-level at Hon Dau
station (1960-2020)

Table 1. Statistical information of sea-level (cm) at the Hon Dau station (1960-2020)

Month Maximum Minimum Mean SD (cm) CV (%)
January 207.50 157.19 185.66 9.78 5.27
February 201.95 155.81 181.56 10.32 5.68
March 201.49 152.88 181.29 10.01 5.52
April 203.39 155.56 182.28 9.82 5.39
May 207.74 155.49 185.57 10.12 5.45
Jun 205.71 161.13 187.01 9.07 4.85
July 206.65 163.76 188.88 8.86 4.69
August 212.67 168.33 190.43 8.73 4.58
September 213.34 171.25 198.61 9.23 4.65
October 236.05 171.79 208.26 10.69 5.14
November 226.66 179.61 203.12 9.46 4.66
December 212.73 166.20 193.85 9.82 5.07
Average 206.06 165.23 190.54 8.58 4.50
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Figure 4. Monthly average sea-level at Hon Dau station (1960-2020)

116



Vietnam Journal of Earth Sciences, 44(1), 109-126

3.2. The trend of sea-level in Hai Phong
coastal area

The sea-level trend was calculated at the
Hon Dau station for the periods 1960-2020
and 2002-2020. The results of the Mann-
Kendall test on the monthly data are presented
in Tables 2 and 3. The P-values for all months
were approximately zero in 1960-2020 and
ranged from 0.00001 to 0.04 in 2002-2020,
which was below the considered significance
level a of 0.05. Therefore, the H, hypothesis
was rejected. The rejection of the null
hypothesis means the presence of a trend in
the series is statistically significant. The

was 2.90 mm/year in September (rainy
season).

During the period 2002-2020, the highest
monthly trend was observed in January with a
rate of change of 10.28 mm/year, while the
lowest trend was observed in August, with
4.41 mm/year. In the other months, the rate of
sea-level change varied from 4.81 mm/year to
8.93 mm/year. Between 1960 and 2020, the
difference in monthly sea-level rates was only
1.17 mm/year, which was about five times
smaller than in 2002-2020.

Table 3. The trend of sea-level rise (mm/year) in
Hai Phong coastal area (2002-2020)

results fshov&ﬁzd a s}ilgniﬁfiant pos;[ive trer(lid Month Pvalue |Z-stat sl::tli: 3efl Trend
Z>() for all months and over the periods -
(1960)2020 d 2002-2020. Thi p that January 0.00001 | 4.34 | 10.28 |Significant|
- an -220. s means tha February 0.0032 [2.94| 893 [Significant
the mean sea-level has been and tends to rise March 0.005 | 2.8 | 837 |Significant
along the Hai Phong coastal area. April 0.002 |3.08| 8.86 [Significant
) ) May 0.04 |2.03| 4.81 [Significant
Table 2. The trend of sea-level rise (mm/year) in Tune 0.006 |2.73| 4.88 [Significan
Hai Phong coastal area (1960-2020) July 0.004 |2.87| 6.09 [Significant
Rate of August 0.025 1224 | 441 [Significant
Month — |P-value| Z-stat | o, g | Trend September | 0.0026 |3.01 | 7.96 [Significant
January 0 6.68 3.91 Significant October 0.0016 |3.15| 9.45 [Significant]
February 0 5.82 3.93 Significant November 0.0001 |3.85| 7.40 [Significant]
March 0 6.37 4.05 Significant December 0.036 2.1 5.51 |[Significant|
April 0 6.78 4.07 Significant Dry season 0.00012 | 3.85 | 8.88 [Significant]
May 0 6.61 4.06 Significant Rainy season 0.0016 |3.15| 5.50 [Significant]
June 0 6.33 3.11 Significant Average 0.00004 | 4.13 | 7.78 |Significant]
July 0 5.83 3.13 Significant
August 0 | 577 3.13 Significant The study area is affected by the Red river
September 0 4.64 2.90 Significant t h . disch . .. .
October 0 1553 3.56 Significant| SYStem, whose river discharge is minimum in
November | 0 | 6.24 381 |Significant] the dry season (December, January and
December 0 |6.17 3.88 Significant| February) and maximum in the rainy season
Dryseason | 0 | 7.16 3.92 Significant|  (June, July and August) (Vinh et al., 2014).
Rainy season| 0 | 6.64 3.01 Significant|  yye applied the Mann-Kendall method to test
Average 0 7.66 3.56 Significant

Using Sen’s approach, the sea-level change
(in mm per year) of each time series exhibits a
statistically ~ significant monotonic trend
(Tables 2 and 3). The monthly average rate
from 1960 to 2020 varied from 2.90 mm/year
to 4.07 mm/year, which was lower than that
from 2002 to 2020. While they were highest
from March to May (transition season), with
values of 4.05-4.07 mm/year, the lowest value

the trend and calculated Sen’s slope to
distinguish between SLR in the dry and rainy
seasons. An increasing seasonal trend was
detected for both periods (Z>0), with Z-stat
greater than Zggs = 2.58, indicating a
significant trend at the 99% confidence level.
Over 1960-2020, the SLR in the dry season
was 3.92 mm/year, which was 0.91 mm/year
higher than in the rainy season. Over 2002-
2020, it is 8.88 mm/year in the dry season and
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5.50 mm/year in the rainy season. The SLR
was higher in the dry season than in the rainy
season in both periods.

Table 2 and 3 also indicate an annual
increasing trend at the 99-100% confidence
level (Z>0, Z-sta > Z o905 = 2.58). The average
annual rate of SLR was 3.56 mm/year in
1960-2020, lower than the recent period 2002-

2020 (7.78 mm/year), which shows that the
SLR is increasing.

3.3. Relationship between the sea-level and
ENSO phenomena

Based on the EMD method, IMF signals
were identified from the time series of sea-
level at the Hon Dau station (Fig. 5).
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Figure 5. Intrinsic mode function (IMF) signals identified by EMD of sea-level at Hon Dau Station
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The period of each IMF signal has been
defined: IMF1 shows a period oscillation of
around 2.2 months, IMF2 presents typical
oscillations of 5.2 months, IMF3 presents
typical oscillations of around 11.6 months,
IMF4 oscillates mainly between frequencies
of 24 months (2 years), IMF5 ranges from
73.2 months (6.1 years), IMF6 ranges about
15.3 years, and IMF7 has a period oscillation
of around 30.5 years. The periods of these
signals ranged from seasonal (0.2 and 0.4
years), annual (0.97 years), interannual (2.0,
6.1 years), and decadal timescales (15.3 and
30.5 years). Among them, the periods of
interannual variation, 2.0-years for IMF4 and
6.1-years for IMF5, were within the El
Nifio/La Nifa cycle of 2-7 years. Two of these
signals IMF4 and IMF5 had a range of around
20 cm and 9 cm, respectively (Fig. 5).

For comparison purposes, in accordance
with previous studies (Wang et al., 2018a;
Genes et al., 2021), a new signal was created
from the sum of the IMF4 and IMFS5 signals
to represent the signal of sea-level response to
ENSO, which was called IMF4.5.
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The relationship between IMF4.5 and ONI
was determined by using the cross-correlation
coefficient. The results (Fig. 6a) indicated a
high correlation between the two signals
(maximum of 0.27, exceeding the 95% lower
(-0.04) and upper (0.04) confidence
thresholds), and after 4-month delay of the
ONI. Considering the results of the cross-
correlation analysis, a comparison was made
between the IMF4.5 mode and the ONI
delayed by 4 months. Figure 6b illustrates the
results that IMF4.5 shows similar patterns of
variability to the ENSO phenomena:
presenting high values as a result of the
occurrence of El Nifio events (1965-1966,
1986-1987, 2004-2005, 2014-2015, and 2018-
2019) and low wvalues related to the
occurrence of La Nifia events (1983-1984,
1988-1989, 2005-2006, 2016-2017). IMF3
and IMF4 were identified in the EMD
analysis, with around -10-10 cm, representing
the effect of the ENSO phenomenon on the
sea-level at the Hon Dau station. The total
influence of ENSO contributed a maximum of
about 20 cm (-10 to 10cm) on the sea-level at
this region (Fig. 6b).
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Figure 6. Relationship between sea-level and the ENSO phenomena. (a) Cross-correlation of IMF4.5 and
ONI (b) Comparison of IMF 4.5 with ONI delayed by 4 months

4. Discussions
4.1. Sea-level rise

This study focuses on the analysis of in-
situ tidal gauge measurements at the Hon Dau

station over different periods. All months
showed a statistically significant increasing
trend (p < 0.05). The average rate of SLR
during the period 2002-2020 was
7.78 mm/year, higher from 4.22 mm/year than
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during the period 1960-2020 (3.56 mm/year),
indicating a rise of about 21.4 cm over 60
years (14.7 cm over the last 19 years) and a
significant acceleration in SLR recently.

The trend of SLR is consistent with the
research results of the Ministry of Natural
Resources and Environment (MONRE, 2016),
Ca (2017), and Huan (2016) at the Hon Dau
station. Note, however, that the value of SLR
over the period 1960-2020 was slightly lower
than the result obtained by Ca (2017) for the
period 1957-2012 (3.78 mm/year) and higher
than the calculation by Huan (2016) from in
situ data of the Hon Dau station between 1957
and 2015 (2 mm/year). Our result was higher
than the calculation obtained over the period
1960-2014 at the Hon Dau station (2.02
mm/year) and the average water level rise at
all coastal stations of Vietnam in the period
1993-2014 (3.5 mm/year) (MONRE, 2016).
These results provide further evidence, if
needed, of the SLR in the Hai Phong coastal
area. Moreover, the manifestation of climate
change (SLR) has been more evident in recent
years.

In addition, global SLR also shows
considerable variability in its rate. While
mean sea-level has risen very little over the
past 1000 years, recent analyses using
historical tide gauge measurements indicated
a much larger global SLR, of the order 1.5 to
2.0 mm/year for the 20th century (Douglas,
2001). This increase was10 times higher than
in previous centuries (Cheikh et al., 2021).
Church and White (2006) reported a
noticeable increase in the global mean sea-
level rate. While it only rose by about 1.6
mm/year in 1880-2009, it significantly
increased for 1993-2009, with 3.2 + 0.4
mm/year and 2.8 £ 0.8 mm/year from satellite
and in-situ data, respectively. The IPCC report
(2013) indicated that the global average SLR
was 1.7 mm/year between 1901 and 2010, 2.0
mm/year between 1971 and 2010, and 3.2
mm/year between 1993 and 2010. The latest
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IPCC report (2021) updated these figures and
indicated that the average rate of sea-level had
increased faster than expected in recent
decades: 1.3 mm/year over 1901-1971, 1.9
mm/year over 1971-2006, and 3.7 mm/year
for 2006 -2018. SLR is subject to considerable
interest in the current context of global
warming. The reasons for this rise result from
two major processes: the thermal expansion of
the ocean caused by variations in the thermal
content of the ocean and the inflow of
freshwater into the ocean caused by the
melting of the polar ice caps and mountain
glaciers, as well as potential exchanges with
continental water reservoirs (Cazenave et al.,
2018; Cogley, 2009; Oerlemanns et al., 2007).
In the short term, SLR fluctuates partly due to
volcanic eruptions. The volcanic eruptions of
Mt Agung in 1963, El Chichon in 1982, and
Mt Pinatubo in 1991 were likely to have
contributed to the small drops of sea-level in
the next few years (Church et al.,, 2006;
Gregory et al., 2006; Domingues et al., 2008).

4.2. Impact of the ENSO phenomena

Like other marine regions in the Pacific
Ocean, the coastal area of Hai Phong in
particular and the Vietnam East Sea, in
general, are also clearly affected by the ENSO
phenomena, which are often characterized by
temperature anomalies in the tropical Pacific.
This phenomenon can affect global
temperature, atmosphere pressure, weather
patterns, and reflect large-scale atmosphere
pressure fluctuations between the western and
eastern tropical Pacific through the Walker
circulation (Webster and Yang, 1992).
Therefore, the seawater level is one evident
factor affected by ENSO (Barnard et al.,
2015; Becker et al., 2012; Miles et al., 2014;
Zhang & Church, 2012). In our study, the
ENSO phenomena have clearly affected the
variability of sea-level in Hai Phong coastal
area. The biggest values of IMF4.5 (changed
from around -10 to 10 cm) between 1960 and
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1971 (Fig. 6b) were directly related to the rise
of the annual water level after 1963 to 1966
(Fig. 3). Moreover, the Hon Dau station is
located very close to the Van Uc River mouth,
about ten kilometers. Therefore, water
elevation may have been influenced by fluvial
water of the historical Red River Delta flood
in 1971. So, these results are also consistent
with a report that decadal trends in the global
reconstruction of sea-level vary from 0 to 4
mm/year during the period 1950-2000, with a
maximum during the 1970s (White et al,
2005).

During the period 1972-2020, the effect of
ENSO on sea-level at the Hon Dau station
was smaller than the 1960-1971, and mainly
between -3.7 to 7.2 cm. In the relevant study
conducted by Genes et al. (2021) in Moiiitos,
Cordoba (Colombian Caribbean Sea), their
results also showed the trend of the SLR
(from Sen’s slope) of about 3.9 mm/year, the
contribution of ENSO (by the IMF4.5) to
water level variation in this area of around 8
cm. On the other hand, based on the EMD
method, Wang et al. (2018a) found the
contribution of the ENSO phenomenon on
interannual sea-level variability in the Pearl
River Estuary for 1953-2013 was around from
-8.70 to 8.11 cm. In our study, a good
agreement (cross-correlation = 0.27, Fig. 6a)
between the two signals (IMF4 and ONI) after
a 4-month delay of the ONI indicated that it
took 4 months for the tropical ENSO to affect
sea-level in the Hai Phong coastal area.
Meanwhile, relevant research in Moiiitos,
Genes et al. (2021) reported that the highest
cross-correlation (0.65) between IMF4.5 and
the ONI occurred after a 5-month. Wang et al.
(2018a) also showed that sea-level in the Pearl
River Estuary responded to ENSO with
around 3-month lag, and the maximum
correlation of ONI and local sea-level
anomalies from tide gauge station was 0.38.
The above analysis results show a certain
match between the results of our study and the

previous related research results (Wang et al.,
2018a; Genes et al., 2021).

In this study, two IMFs signals have shown
that sea-level variability at around 2.0 years
(IMF4, Fig. 5) and 6.lyears (IMF5, Fig. 6)
can be connected to the ENSO index. These
results are slightly different from previously
related publications. By the data in 1953-
2013, Wang et al. (2018a) also found two
IMFs signals connected to the ENSO
phenomena at the Pearl River Estuary: 3.56-
year for IMF4 and 5.02-year for IMFS5. On the
other hand, based on the analysis from
measure data for 1993-2015 at Moiiitos,
Genes et al. (2021) indicated that three IMFs
signal possibly related to the impact of the
ENSO on sea-level: 1.0-1.5 years for IMF4,
2.7-3.3 years for IMF5, and 2.6-6.0 years for
IMF6. The above results show that the sea-
level variability with different cycles related
to ENSO is different in the regions. This was
confirmed in some previous research (Wang
et al, 2018; Wang et al., 2018b; Genes et al.,
2021).

5. Conclusions

This study estimated the mean sea-level
change in the Hai Phong coastal area from the
in-situ data of the Hon Dau station for 1960-
2020 and 2002-2020. The Mann-Kendall test
was performed to identify statistically
significant trends in these series. The results
showed an increasing sea-level with a 95-
100% confidence level. The magnitudes of the
seasonal changes were estimated by Sen’s
approach. The rates of mean sea-level were
3.56 mm/year and 7.78 mm/year from 1960 to
2020 and from 2002 to 2020, respectively,
indicating a much faster rising trend in recent
decades. This trend was also observed for
each month of the year, with a more marked
increase in the dry season than in the wet
season. Over the period 1960-2020, the
average rates of SLR on a month-by-month
basis did not differ significantly, with a

121



Nguyen Minh Hai et al.

difference of less than 1.17 mm/year.
However, this difference increased
dramatically between 2002 and 2020 to
4.41 mm/year.

Interannual sea-level change in the Hai
Phong coastal area was related to ENSO,
which was around 2.0 (IMF4) and 6.1-
years’cycle (IMF5). A new signal was created
from the sum of these signs, which we have
called IMF4.5, representing the ENSO
phenomenon’s effect on the sea-level
variation in the study area. The maximum
correlation between it and ONI was 0.27, after
4 months with respect to the occurrence of the
ENSO phases. Between 1960 and 2020,
ENSO events took 4 months to maximum
impact on the sea-level in the Hai Phong
coastal area, causing sea-level variability
within 20 cm for 1960-1971 and -3.7 to
7.2 cm for 1972-2020.

The sea-level at the Hon Dau station, a
tidal gauge station with the longest and best
data series in the coastal area of Vietnam,
showed significant rises and inter-annual
variabilities. = These  variabilities  were
significantly affected by climate change and
ENSO events. The results of this study
provide important insights for SLR prediction
in the study area. The ENSO effects should
also be considered when implementing inter-
annual predictions in the Hai Phong coastal
area.
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