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ABSTRACT

Based on the Mann-Kendall test and Sen’s slope method, this study investigates the monthly, seasonal, and
annual sea surface temperature (SST) trends in the coastal area of Hai Phong (West of Tonkin Gulf) based on the
measurements at Hon Dau Station from 1995 to 2020. The results show a sea surface warming trend of 0.02°C/year
for the period 1995-2020 (significant level o = 0.1) and of 0.093°C/year for the period 2008-2020 (significant level
o = 0.05). The monthly SSTs in June and September increased by 0.027°C/year and 0.036°C/year, respectively, for
the period 1995-2020, and by 0.080°C/year and 0.047°C/year, respectively, for the period 2008-2020. SST trends in
winter, summer, and other months were either different for the two periods or not significant enough. This may be
due to the impact of ENSO, which caused interannual SST variability in the Hai Phong coastal with two intrinsic
mode functions (IMF) signals a period of ~2 (IMF3) and ~5.2 years cycle (IMF4). A combination of these signals had
a maximum correlation of 0.22 with ONI (Oceanic Nifio Index) delayed by 8 months. ENSO events took ~8 months
to affect SST at Hai Phong coastal area for 1995-2020 and caused a variation of SST within 1.2°C.

Keywords: sea surface temperature, warming, trend, Mann-Kendall, Sen slope, ENSO, Hai Phong.

1. Introduction limited. It is a challenge for spatial planning,
management, and conservation strategies to
develop solutions for adaptation to climate
change (Groves et al., 2012; Watson et al.,
2012). Recent studies (Yu et al., 2019;
NOAA, 2021) have shown that the
manifestations of climate change are
markedly higher in these areas than anywhere
"Corresponding author, Email: vinhvd@imer.vast.vn else in the WOI’ld, including a rapid increase in

Climate change is seen to be affecting the
whole world, and there has been and still is a
growing concern about its trend and
consequences. However, understanding of
climate change effects in the coastal area is
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sea surface temperatures (SST). According to
NOAA (2021), the decadal global land and
ocean surface, average temperature anomaly
for 2011-2020 was the warmest decade on
record for the globe, with a global surface
temperature of +0.82°C above the 20th-
century average, and surpassed the previous
decadal record (2001-2010) value of +0.62°C.

Water temperature is one of the essential
control factors for water quality and marine
ecosystem health (O'Connor et al., 2007
Scholes et al., 2014). It influences several
other parameters and some physical and
chemical properties of water. For example, the
water temperature can affect aquatic
organisms' metabolic rates and biological
activity (Wetzel, 2001). It influences the
habitats chosen by marine species (EPA,
2012). Some aquatic plants thrive in warmer
temperatures, while some fish species such as
trout or salmon prefer colder streams (EPA,
2012). Increased respiration rates at higher
temperatures lead to increased oxygen
consumption, which can be detrimental if
rates remain high for an extended period.
Temperature can also inhibit plant respiration
and photosynthesis. In general, algal
photosynthesis increases with temperature,
although different species have different
maximum  temperatures  for  optimal
photosynthetic  activity (Wetzel, 2001).
Therefore, the study of rising sea temperatures
is essential to assess the effects of climate
change on marine resources and the
environment.

SST is influenced by air temperature and
factors such as solar radiation, its degree of
blockage by obstacles, the water temperature
of the rivers draining the catchments areas,
and heat exchange at the water surface.
Therefore, the wvariation of SST is more
complex than the air temperature and has a
higher spatial variation (Pasquero, 2008).

Recently studies have shown that Asia had
its warmest year on record in 2020, with a
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temperature difference of 2.07°C above the
1910-2000 average, for the first time
exceeding 2.0°C in annual data. Asia's ten
warmest years have occurred since 2002,
while the five warmest years have all occurred
since 2007 (NOAA, 2021). This is also the
33rd consecutive year that Asia has
experienced above-average temperatures.
During the 1910-2020 period, Asia's trend
was 0.17°C per decade, and the 1981-2020
trend (0.37°C per decade) was twice as high
as this longer-term trend (NOAA, 2021). Yu
et al. (2019) reported that from 2003 to 2017,
the average water temperature in the East Sea
increased by about 0.031°C/year with the
most robust warming identified in
southeastern Vietnam.

Several approaches are available for the
assessment of the trends. Among them, the
Mann-Kendall (MK) trend test (Mann, 1945;
Kendall, 1975), the Sen's slope estimator (Sen,
1968), and the Sen's Iterative trend analysis
(Sen, 2012) are most widely used for
hydrological trend analysis (Zakwan and
Ahmad, 2021; Ali et al., 2019; Giglii, 2018,
Tosunoglu and Kisi, 2017), water quality
(Hirsch et al., 1982; Hirsch and Slack, 1984;
Burn et al, 2012), temperature and
precipitation (Sang et al., 2014; Wang S. et al.,
2019), and sea-level rise (Wahl et al., 2011;
Chandler and Scott, 2011; Ca, 2017; Ozgenc
Aksoy, 2017). The MK test is usually used to
detect an increasing or decreasing trend in a
series of  hydrological, climatic, or
environmental data. The null hypothesis for
this test indicates no trend, whereas the
alternative view suggests a direction in a two-
or one-sided test as an increasing trend or
decrease trend (Pohlert, 2020). Sen’s estimator
is another non-parametric method to identify
the trend magnitude. This method computes the
linear rate of the slope and the intercept, as
shown in Sen’s approach (Sen, 1968). The
combining of MK test and Sen’s pitch is
widely documented in various literature, as a
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powerful trend test for practical analysis of
seasonal and annual trends, and is preferred
over other tests because of its applicability to
data time series that do not follow a statistical
distribution (Duan et al., 2019; Gao et al,,
2019; Dong et al., 2019, Alemu and Dioha,
2020). Thus, this study has employed the MK
trend test and Sen’s slope estimate to
understand the SST trend and significance level
in the Hai Phong coastal area.

With a long coastline and a large
continental shelf area, Vietnam is expected to
suffer many negative impacts of climate
change (ADB, 2013). Therefore, there have
been many studies on the effects of climate

temperature in the East Saunder impacts
climate change is not well documented. There
have been a few studies on the trend of SST,
but their results and variations (monthly,
seasonal) over time have not been analyzed in
detail (MONRE, 2016; Ca, 2017; Chung and
Long, 2016). In addition, the published
articles are limited to data collected until
2014. This paper aims to investigate the trend
of SST in the Hai Phong coastal area at Hon
Dau Station (Fig. 1) in recent years (1995-
2020 and 2008-2020) based on the MK test
and Sen’s slope. The trends of SST and their
descriptive statistics from this study will help
better understand the impact of climate

change on the Vietnam coastal areas. change on the marine environment in the
However, the wvariation of seawater northeast region of Vietnam’s Sea.
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Figure 1. Hon Dau station in Hai Phong coastal area

2. Material and methods
2.1. Hai Phong coastal area

Hai Phong’s coastal area is located in the
northeastern maritime region of Vietnam
(western of Tonkin Gulf), 120 km away from
Hanoi (Fig. 1). Hai Phong is the third-largest
city in Vietnam and has the largest seaport in
the northern region (Vinh & Ouillon, 2021).
With a long coastline of 125 km, including the

islands off the coast, the sea covers an area of
about 4000 square kilometers; Hai Phong
coastal areas have great potential for marine
resources. There are nearly 1,000 species of
shrimp, fish including dragon shrimps, prawns,
crabs, tortoises, oysters, dolphins, pearls,
abalone, etc., and dozens of species of seaweeds
with high economic values (Thanh et al., 2015).

A tropical monsoon climate influences this
area with a dry winter and a wet summer.
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Based on measurements at Hon Dau Station
from 1978 to 2007, the annual rainfall in the
region was 1161 mm, which is mainly
concentrated in summer with 83% of annual
rainfall between May and October (Duy Vinh
et al.,, 2018). Analysis of wind data at Hon
Dau (1960-2011) showed that the dominant
winds are from the East (NE, E, SE) and
South (SW, S, SE) directions at 72.2% in the
wet season (June to September), and from the
North (NE, N, NW) and East (SE, E, NE)
directions at 92.1% during the dry season
(December to March).

Hai Phong coastal area is strongly affected
by the hydrological regime of the Red River
(Vinh and Uu, 2013; Lefebvre et al., 2012;
Vinh and Thanh, 2014). Based on data from
1960 to 2010, the 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 109 m’ year™. The river discharge
experiences substantial seasonal variations,
with 71-79% of annual total water discharge
in the rainy season and only 9.4-18% during
the dry season (Vinh et al., 2014). The Cam-
Nam Trieu estuary is affected mainly by
diurnal tides (Minh et al., 2014). According to
the tide gauge measurements at Hon Dau
station (1960-2011), the tidal range is about
2.6-3.6 m in spring tide and about 0.5-1.0 m
in the neap wave.

2.2. Data

The SST measured data at Hon Dau Station
is used in this study. The Hon Dau station is a
national marine hydrometeorological station in
the coastal area of Hai Phong, located at
position 20°40°N-106°48°E (Fig. 1), and
established in 1958. These data are measured in
situ four times per day (at 1h, 7h, 13h, and 19h)
by the National Hydro-Meteorological Service.
The SST has been measured since 1958 but,
due to the long war and lack of funds for high-
quality equipment, the data was not of good
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quality in the period before the "Doi moi" and
was not available at certain times. Especially in
the period from 1970 to 1994, there were many
months without data. Furthermore, as rising
temperatures may be increasing in recent years,
we decided to restrict this study to good quality
data acquired since 1995 to extract trends over
the whole period 1995-2020 and the shortest
and more recent period 2008-2020.

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 SST anomaly in the Nino 3.4 region (5°N
-5°S, 120°W-170°W). An El Nifo event is
considered when the ONI exceeds the
threshold value +0.5°C for at least 5
consecutive months. Conversely, La Nina
events are defined as periods with at least five
consecutive months with an ONI below
-0.5°C (NOAA, 2020)

2.3. Methodology of trend analysis
2.3.1. The Mann-Kendall test

The Mann-Kendall test is a widely used
statistical test to identify the existence of
trends in climatological and hydrological time
series. In this test, the null hypothesis Hg
assumes that there is no trend (the data is
independent and randomly ordered), tested
against the alternative hypothesis H;, which
assumes a trend. X; and X are two subsets of
data wherei=1,2,3,...,n—landj=1i+1,1
+2,1+3,...,n.

The Mann-Kendall statistic parameter - S
is computed as follows:

S= 2?51121]'1=i+1 sign(X; — X;) (D)
Lif X; —X; >0

Sign (X, —X;)={ 0ifX;—X;=0 (2
—1if X; —X; <0
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The variance of S, VAR (S) is given by
VAR(S) = n(n—1)(2n+5)—z:;,:;1 tp(tp—1)(2tp+5) (3)
where n is the number of data points, m is the
number of unique values (without duplicates),
and t, is the number of data values in the p"
group.

The standard test statistic Z, is calculated
as follows:

S5-1

N6 for S >0
Zg=40 forS =0 “4)
ki for S < 0
JVAR(S)

A positive (negative) value of Z; indicates
an upward (downward) trend. The value of
statistic Z; is the MK test statistic that follows
a standard normal distribution with mean 0
and variance 1. To test for either an upward or
downward monotone trend (a two-tailed test)
at a level of significance, H is rejected if the
absolute value of Z, is greater than Z, .,
where Z,,, 1s obtained from the standard
normal cumulative distribution tables. If |Z| is
greater than Z,,, where o represents the
chosen significance level (o =10% at the 90%
confidence level with Zyos = 1.65; a =5% at
the 95% confidence level with Zj 5 = 1.96; a
=1% at the 99% confidence level with Z s =
2.58), then the null hypothesis is invalid
implying that the trend is significant.

The Z, value can be related to a P-value of
a specific trend. The P-value corresponds to
the probability of observing sample data at
least as extreme as the obtained test statistic.
Small p-values provide evidence against the
null hypothesis. The smaller (closer to 0) the
P-value, the stronger is the evidence against
the null hypothesis. If the P-value is less than
or equal to the specified significance level o,
the null hypothesis is rejected; otherwise, the
null hypothesis is not rejected. In other words,
if P < a, reject Hy; otherwise, if P > ¢, do not
reject Hy (Davis, 2002).

2.3.2. Sen's slope estimator

Sen (1968) proposed the non-parametric
procedure for estimating the slope of trend in

the sample of N pairs of data:
— X=Xk

Q== (5)
where i=1, ..., N. xj and x, are the data values
at time j and k (j > k), respectively.

If there is only one datum in each time

period, then N = n(nz—l)’

where n is the
number of time periods. Otherwise, if there
are multiple observations in one or more time
periods, then N < n(n-1)
number of observations.
The N values of Q; are ranked from
smallest to largest and the median of slope or

Sen’s slope, and can be calculated as follows:
Q[w] if Nis odd
2

ztQwia)/z e\ s even (©)
2

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

, Where n is the total

Qmea =

3. Results

3.1. Temporal variation of water temperature
in Hai Phong coastal area

Located in the region affected by the
tropical monsoon climate regime, the water
temperature in the Hai Phong coastal area
varies seasonally. Monthly averages calculated
over 1995-2020 show that SST increases
gradually from January to March and rapidly
from March to May, peaks in June-July (at
30.2°C on average), then decrease steadily to
January. The mean monthly SST remains
above 28°C from May (28.5°C) to September
(29.7°C). In contrast, SST remains in average
below 22°C from December (21.1°C) to March
(21.0°C), with the lowest value in January
(19.3°C) (Fig. 2, Table 1). To assess the
seasonal fluctuations of the SST, we took the
months with average temperatures greater than
29.66°C as summer months and smaller than
19.32°C as winter months. The temperature
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difference between the winter (December to
March) and summer months (June to
September) was above 10°C.

Maximum monthly SST ranged from

31.49°C in July and 21.35°C in January. From
June to September, these maximum values
exceed 30°C. During the winter months, they
never exceed 23.5°C (Fig. 2, Table 1).

35

SST (°C)

month

Figure 2. Monthly water SST (mean, max, min), and standard deviation (Red column) for the
period 1995-2020 in Hon Dau Station

Table 1. Statistical information on SST (°C) for the
period 1995-2020 in Hon Dau Station

IMonth\yearMaximum|Minimum|Mean [Std Dev| CV (%)
1 21.35 16.39 [19.27] 1.10 | 5.69
2 22.51 16.01 [19.39] 1.56 | 8.02
3 23.34 18.35 [21.03] 1.30 | 6.19
4 26.91 21.57 [24.56] 1.13 | 4.60
5 29.67 27.23 |28.46| 0.76 | 2.67
6 30.98 29.01 [30.21] 043 | 143
7 31.49 28.95 [30.21] 0.62 | 2.04
8 30.99 29.01 |30.08| 0.51 1.70
9 30.50 28.21 129.66| 0.58 1.96
10 28.96 2643 [27.83] 0.62 | 2.23
11 26.69 23.25 |24.81] 0.92 | 3.69
12 22.59 19.32 [21.12] 0.86 | 4.08

Year 26.60 24.63 |25.55] 0.43 1.69

The calculated standard deviation (Std
Dev) also shows that the summer SST is close
to the mean, with an Std Dev less than 1°C
and a coefficient of variation (CV) of about
2% in the mid-summer (Table 1). The higher
Std Dev in winter (from 0.9 to 1.6°C, with a
CV ranging from 4.1 to 8%) show that the
mean SST varies over a wider range in this
season.
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Monthly minimum SST averages ranged
from 16°C in February to 29.1°C in June and
August. In winter, these monthly minima did
not exceed 19.32°C, while in the summer, they
were no lower than 27.3°C (Fig. 2, Table 1).

3.2. Trends of SST for the period 1995-2020

The mean annual SST at Hon Dau station
over 1995-2020 varies significantly from year
to year, around a 26-year average of 25.55°C.
The yearly maximum of SST reached 26.6°C
in 2019, 1.1°C above the interannual average,
while the minimum of 24.63°C, 0.9°C below
the average, was acquired in 2011 (Table 1,
Fig. 3a). The calculations show that the mean
annual SST is close to the interannual mean
with a standard deviation of about 0.4°C and
CV values below 2% (Table 1).

The time series of annual SST at Hon Dau
station shows an apparent increase (Fig. 3a).
The linear regression equation for annual SST
shows a positive slope value (a = 0.0221) for a
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coefficient of determination R*> of 0.1536.
Therefore, 15% of the variability in the annual
SST is explained by this linear regression
model.

The trend of SST for Hon Dau station was
analyzed by the Mann-Kendall test and Sen's
slope estimator. The positive Kendall's S
value (77) indicates an upward trend of SST

over time. The Z parameter (1.68), greater
than 1.65, confirms a significant trend. The
P-value =0.094 is below the considerable
level a = 0.1 (Table 2), leading to a trend at
the 90% confidence level. Sen's slope for the
annual mean SSTs indicates an increasing
trend of 0.02°C/year at Hon Dau over 1995-
2020 (Table 2).

Table 2. Trend analysis of annual mean SST using the Mann-Kendall test and Sen’s slope for period

1995-2020
Periods/time P-value MK (Z) | MK Test (S) | Significance level (o) |Slope (°C/year) Trend
1 0.724340 -0.35 -17 0.1 -0.018 INo significant
2 0.290058 1.06 49 0.1 0.061 INo significant
3 0.145741 1.45 67 0.1 0.053 INo significant
4 0.964838 -0.04 -3 0.1 -0.001 INo significant
5 0.133919 1.50 69 0.1 0.032 INo significant
6 0.015327 2.42 111 0.05 0.027 Significant
7 0.038274 2.07 95 0.05 0.039 Significant
8 0.233951 1.19 55 0.1 0.023 INo significant
9 0.011980 2.51 115 0.05 0.036 Significant
10 0.627737 -0.48 -23 0.1 -0.007 INo significant
11 0.201105 1.28 59 0.1 0.022 No significant
12 0.964838 -0.04 -3 0.05 -0.003 INo significant
Year 0.093903 1.68 77 0.1 0.020 Significant
\Winter season 0.145741 1.45 67 0.1 0.019 INo significant
Summer season 0.008169 2.64 121 0.05 0.030 Significant
Within the year, while the mean confirms the absence of a trend at the 90%
temperature in summer shows by linear confidence level.

regression a similar increase to its annual value
(Fig 3¢, R* = 0.3094), it shows no clear trend in
winter (Fig 3b, R* = 0.011). In summer, this
linear regression model explains about 31% of
the interannual variability of SST.

The seasonal Kendall test generates an
overall figure for the year that may not include
monthly or seasonal statistics (Anghileri et al.,
2014). Therefore, we used the annual seasonal
(winter, summer) and monthly means to repeat
the Mann-Kendall test and the Sen method
overall years considered. In winter, the results
(Table 2) show a positive MK test (S = 67),
thus an increasing trend in SST over time.
However, the Mann-Kendall Z parameter
(1.45, Table 2) is lower than 1.65, indicating
the absence of a significant trend. The P-value
= 0.15, above the significant level o = 0.1,

The summer temperatures show a positive
S value (139), indicating an increasing trend
over time. The Mann-Kendall Z value (2.64,
Table 2), more significant than 1.96, and the
P-value = 0.008 below the considerable level
a = 0.05 indicate the existence of a trend at
the 95% confidence level. Sen's slope
provides a trend of increasing SST in summer
of 0.030°C/year for 1995-2020 (Table 2).

Analyses of the monthly water temperature
time series at Hon Dau station show varying
trends throughout the year (Fig. 2). On the
linear regressions, SST seems to increase
from February to September and downward in
October, December, and January. In
particular, the linear regressions for June,
July, and September show R* values of 0.24,
0.22, and 0.23, respectively (Fig. 4).
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Figure 4. Trend of monthly SST from 1995 to 2020 at Hon Dau station
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However, the application of the MK test
indicates that there 1is no statistically
significant trend for most months of the year.
The negative S-parameter in January, April,
October, and December show a downward
trend of SST in these months.

A significant positive trend was also found
in June, July. September with S values of 111,
95, and 155, respectively (Table 2), and
P-values (0.0153 for June, 0.0383 for July,
and 0.0120 for September) below the
significant level o = 0.05, which confirm the
existence of a trend at a 95% confidence level.
The Z parameter (2.07-2.51, Table 2), greater
than 1.96, demonstrates a significant trend of
increasing SST for June, July, and September.
The calculation of Sen's slopes then gives
increasing trends in monthly SST of
0.027°Cl/year in June, 0.039°C/year in July,
and 0.036°C/year in September.

However, with the significant level
a = 0.1, they did not pass the MK test because
the P-value is more significant than 0.1. The
positive S-parameter values in February,

March, May, August, and November indicate
an increasing trend of SST in these months.
Still, these are not significant as the P-values
are greater than 0.1 (Table 2).

3.3. Trends of SST for the period 2008-2020

To access the recent trend of SST in Hon
Dau, the measured data were analyzed
separately by the Mann-Kendall test and
Sen’s slope estimator for the period 2008-
2020. The result (Table 3) shows positive
values of the Mann-Kendall S-parameter at
all time scales (month, season, and year).
This means that SST has a clear upward
trend over time.

For the annual trend, the Mann-Kendall test
Z-parameter (2.5, Table 3) is higher than 1.65.
The P-value = 0.0124 is below the significant
level o = 0.05 (Table 3), indicating the
existence of a trend with a 95% confidence
level. Based on Sen’s slope, the increasing
trend of SST was 0.093°C/year at Hon Dau for
2008-2020 (Table 3), which is 4.65 times
higher than for 1995-2020 (Table 2).

Table 3. Trend analysis of SST using Mann-Kendall test and Sen’s slope for period 2008-2020
Periods/time P-value | MK (Z) MK Test (S)| Significance level (o) | Slope (°C/year) Trend
1 0.008706 2.62 44 0.05 0.237 Significant
2 0.502158 0.67 12 0.1 0.069 No Significant
3 0.044084 2.01 34 0.05 0.197 Significant
4 0.246387 1.16 20 0.1 0.078 No Significant
5 0.127204 1.53 26 0.1 0.109 No Significant
6 0.032736 2.14 36 0.05 0.080 Significant
7 0.246387 1.16 20 0.1 0.066 No Significant
8 0.760332 0.31 6 0.1 0.016 No Significant
9 0.099509 1.65 28 0.1 0.047 Significant
10 0.669334 0.43 8 0.1 0.047 No Significant
11 0.246387 1.16 20 0.1 0.096 No Significant
12 0.502158 0.67 12 0.1 0.077 No Significant
Year 0.012372 2.50 42 0.05 0.093 Significant
Winter season | 0.058588 1.89 32 0.1 0.187 Significant
Summer season | 0.246387 1.16 20 0.1 0.057 No Significant

In the winter, the Mann-Kendall parameter
Z (1.89) is more significant than 1.65, and the
P-value = 0.059 is below the considerable
level a = 0.1 (Table 3). This means a
significant trend in seasonal SST, with a value
of 0.187°C/year. In summer, on the other
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hand, the P-value = 0.246 is higher than the
considerable level o = 0.1 (Table 3), which
indicates that there is no trend at the 90%
confidence level in this season for 2008-2020.

The MK test and Sen slope were also
applied to the monthly data for 2008-2020. As
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for the period 1995-2020, the results showed
that there is no statistically significant trend in
most of the months of the year: February,
April, May, July, August, October,
November, and December, as the P-values are
greater than 0.1 (Table 3). The other months
showed a clear trend and met the criteria for
the significant level a = 0.1 (September), and
a = 0.05 (January, March, June, and
September). The slope of the increasing SST
is highest in January, with 0.237°C/year,
followed by that of March, June, and
September, with 0.197°C/year, 0.08°C/year,
and 0.047°C/year, respectively (Table 3). It
should be noted that the average water
temperatures in June and September showed a
clear upward trend clearly over the two
periods, however with slopes over 2008-2020
2.96 and 1.31 times higher than over 1995-
2020 for June and September, respectively.

4. Discussions

SST varies considerably depending on the
meteorological and climatic forcings in the

region. In particular, SST in the East Sea, as
well as in the Hai Phong coastal area, is
mainly driven by the seasonal reverse
monsoon winds blowing from the southwest
in summer and from the northeast in winter
(Vinh et al., 2018; Ku and Tseng, 2020), and
the Pacific El Nifio-Southern Oscillation
(ENSO). For example, satellite and in situ
measurements have revealed substantial
warming of the East Sea during El Nifo,
caused by the anomalous wind that is crucial
for the warming process (Wang et al., 2002;
Xiao et al., 2018). Furthermore, a double peak
in the SST evolution after El Nifio events has
been observed, with maxima occurring in
February and August (Kim and An, 2021). In
the Hai Phong coastal area, the annual
seawater temperature time series at Hon Dau
Station shows a significant interannual
variation over 1995-2020 between the lowest
value (24.63°C in 2011) and the highest value
(26.6°C in 2019). From the ONI provided by
NOAA, it can be deduced that during the
period 1995-2020, there were nine El Nifio
events and twelve La Nifa events (Table 4).

Table 4. Classification of ENSO events from 1995 to 2020

El Niflo events La Nifia events
Weak (4) Moderate (3) Strong (1) | Very Strong (2) Weak (5) Moderate (3) Strong (4)
2004-2005 1994-1995 2009-2010 1997-1998 2000-2001 1995-1996 1998-1999
2006-2007 2002-2003 2015-2016 2005-2006 2011-2012 1999-2000
2014-2015 2008-2009 2020-2021 2007-2008
2018-2019 2016-2017 2010-2011
2017-2018

Among them, there were two very strong
El Nifio events (1997-1998: ONI maximum
= 2.4; 2015-2016: ONI maximum = 2.6), one
strong El Niflo event (2009-2010: ONI
maximum = 1.6), and four strong La Nifa
events (1998-1999: ONI maximum = 1.6;
1999-2000: ONI maximum = 1.7; 2007-2008:
ONI maximum = 1.6; 2010-2011: ONI
maximum = 1.6). ENSO conditions impacted
SST in this region. The lower annual sea
surface temperature in 2008 and 2011
(Fig. 3a) corresponded to intense La Nifa

events in 2007-2008 and 2010-2011. On the
other hand, the higher annual sea surface
temperature in 1998, 2015 also corresponded
to extreme El Nifio events (1997-1998, 2015-
2016). However, the amplitude of SST and
ENSO events is not entirely straightforward,
and other factors are affecting SST variations.
For example, in 2019, there was a weak El
Nifio event (ONI maximum =0.9), but the
average annual SST in that year was the
highest (26.6°C) from 1995 to 2020;
conversely, there was a relatively high
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average yearly temperature (25.51°C) in 2000
when extreme La Nifia events occurred in this
year. It should be noted that El Nifio or La
Nifia in the region affects the summer
monsoon, which can occur in Southeast Asia
with a lag of several months compared to the
phenomenon occurring in the Central Pacific.
An example of ENSO's impact on the Mekong
River discharge increased enormously in post-
Nifia years and decrease in post-Nifio years
(Ha et al., 2018).To examine the relationship
between ENSO and SST, cross-correlation
analysis was used to detect their correlations.
For two time series SST(t) and ONI(t) with
length n, where t=1, 2...n, the cross-
correlation R(t) at delay t can be referred to
Ding et al. (2001) and Wang et al. (2018).

R _ 9sstoni (7) 7
(T) v OSSTOONI ( )

Where ogsron; () is the lag T cross-
covariance between SST(t) and ONI (t), ossr
and opy; are the variance of SST(t) and ONI
(1), respectively.

In addition, the empirical mode
decomposition (EMD) method was used to
identify the impact of ENSO on the SST
variation (Wang et al., 2018). This method
adaptively decomposes an input series into
several intrinsic mode functions (IMF) having
equal numbers of zero-crossing and extrema
(Huang et al., 1998). Envelopes of Emin(t)
and Emax(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 SST(t) and then iteratively
subtract the less dominant modes that are
local mean values in the  series,
(Emin()*tEmax(t))/2. This  procedure  is
terminated if all the dominant modes are
identified. The local mean IMF value
extracted is zero.

The detailed procedure can be expressed as:

SST(t) =XiL,d; () +r (1)  (8)
where r(t) is a monotonic function and reflects
the trend of the series SST (t). {di(t)};=1 M
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denotes M IMFs within the series. To
minimize problems of pseudo - IMF signal
and mode confusion, the mirroring extension
method that adds extrema using mirror
symmetry was applied to restrain end effects
(Rilling et al., 2003).

According to Wu and Huang (2014), the
average period of each IMF can be calculated
based on the length of original data (n) and
the number of peaks:

n

P =— )

npk
where Py is the average period of IMF k™, n is
the length of original data, and ny 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., 2018), coastal sea-level variability, and
extreme events in Cordoba, Colombian
Caribbean Sea (Genes et al., 2021). Based on
the observed data at some Vietnamese coastal
stations and an application of the EMD
method, Huy et al. (2017a) showed that the
effects of ENSO on SST tend to increase from
the north to the south.

Based on the EMD method, IMF signals
were identified from the time series of SST
at the Hon Dau station (Fig. 5). The period of
each IMF signal has been defined: IMF1
shows a period oscillation of around 6
months, IMF2 presents typical oscillations of
10.1 months, IMF3 oscillates mainly
between frequencies of 24 months (2 years),
IMF4 ranges from 62.4 months (5.2 years),
and IMF5 ranges about 13.0 years. The
periods of these signals ranged from seasonal
(0.50 years), annual (0.84 years), interannual
(2.0, 5.2 years), and decadal timescales (13.0
years). The periods of interannual variation,
2.0-year for IMF3 and 5.2-year for IMF4,
were within the El Nifio/La Nifia cycle of
2-7 years. Therefore, a new IMF3.4, the sum
of IMF3 and IMF4, was created to represent
the signal of sea-level response to ENSO.
Comparing IMF3.4 with ONI showed good
agreement between the two signals (Fig. 6b).
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A cross-correlation analysis was carried out
between IMF3.4 and ONI delayed by 8
months. The results (Fig. 6a) indicated a high
correlation between the two signals
(maximum of 0.22, exceeding the 95% lower
(-0.01) and wupper (0.01) confidence
thresholds) after an 8 month delay of the
ONI. The comparison was made between the
IMF3.4 mode and the ONI delayed by 8
months shows similar patterns of variability
to the ENSO phenomena, presenting high
values as a result of the occurrence of El

Nifio events (1997-1998, 2009-2010, and
2015-2016) and low values related to the
occurrence of La Nifla events (1995-1996,
1999-2000, 2011-2012). These results
showed that IMF3 and IMF4 identified in the
EMD analysis, which was around 0.6-0.9°C,
represent the effect of the ENSO
phenomenon on the SST at the Hon Dau
station. The total influence of ENSO
contributed a maximum of about 1.2°C (-0.7

to 0.5°C) on the SST in this region.
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Figure 5. Monthly SST and intrinsic mode function (IMF) signals identified by EMD of SST at
Hon Dau Station

According to Huy et al. (2017a), on the
southern waters of the East Sea, the period of
IMFs changed from the central region to the

south part of the East Sea. At Son Tra (Da
Nang), IMF4 (3.2 years) and IMF5 (5.3 years)
were within the El Nifo/La Nifia cycle of
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2-7 years. However, other stations (Quy
Nhon, Phu Quy, Vung Tau), besides IMF4
(2.3-2.4 years) and IMF5 (3.2-4.0 years),
there was a more IMF6 with period
5.9-6.5 years, also within the El Nifio/La Nifa
cycle. The different temperature regimes can
explain this difference with our results in the
north and south parts of the East Sea. Every

04 -
——Cross correlation - -- 95% upper
03 4--- 95% lower

Cross correlation
o)
o

-0.1 7 16 12 8 4 0 4 8 12
Delay (months) (a)

year, with one maximum and one minimum,
the IMF1 signal of the SST of the North East
Sea has around six months. Meanwhile, the
southern East Sea SST has more than two
maxima and two minima every year.
Therefore, the IMF1 signal of the SST of the
South East Sea has a period of around
3.0-4.2 months (Huy et al., 2017b).
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Figure 6. Relationship between SST and the ENSO phenomena. (a) Cross-correlation of IMF3.4 and
ONI (b) Comparison of IMF 3.4 with ONI delayed by 8 months

Many previous studies indicated that the
SST highly correlated with the ENSO
phenomenon in the East Sea. Wang et al.
(2002) reported an intense ES warm event in
1997-1998, closely related to the El Nifio
event (same as our results, see Fig. 3a), and
the variability of cold winter tongue in the ES
was closely correlated with the Nino3 SST.
Klein et al. (1999), based on 40 years of ship
observations and 10-15 years of satellite data,
reported that enhanced subsidence during El
Nifio reduces cloud cover and increases the
solar radiation absorbed by the ocean, thereby
leading to improved SST in the East Sea. The
correlation coefficient between the ENSO
index and the SST reached 0.55 with a lag
time of about 5 months from 1952 to 1992. In
contrast, Fang et al. (2006) found that the first
empirical orthogonal function of SST in the
East Sea lagged the Nifno3.4 index by about 8
months,  characterized by  basin-wide
warming. Based on the high-resolution
satellite data during 2003-2017, Yu et al.
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(2019) confirmed a significant correlation
between the SST anomaly and the Nifo3.4
index in the East Sea. The ENSO signal leads
by 8 months.

In this study, the MK test showed trends
for the series of SST with different statistical
significance. Some months had a negative
trend, but not all were statistically significant.
The trend of increasing annual SST was
confirmed in the results of this study, with the
slope of 0.020°C/year and 0.093°C/year for
the period 1995-2020 and 2008-2020,
respectively. Using the MK test and Sen’s
slope, Ca (2017) reported that the increasing
trend of SST at Hon Dau Station was 0.010 +
0.012°C/year in 1956-2012 (with increased
reliability of data over the late period). One
reason for the disparity between these results
is the rapid increase in water temperatures in
recent years. According to NOAA (2021), the
decadal surface global temperature anomaly
for 2011-2020 was 0.82°C and surpassed the
previous decadal (2001-2010) value of
0.62°C. Over the region, Fang et al. (2006)
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reported an acceleration of SST increase in
the East Sea, with rates of 0.026°C/year and
0.05°C/year over the periods 1982-2004 and
1993-2003, respectively.

It is worth noting that there are increasing
trends in SST in early (June) and late
(September) summer over both periods. In
June, SST increased by 0.026°C/year over
1995-2020 and 0.08°C/year over 2008-2020.
In September, the mean SST increased by
0.036°C/year for 1995-2020 and 0.047°C/year
for 2008-2020. This suggests the possibility of
a long summer with high temperatures in the
region due to climate change. These are initial
estimates, but they are consistent with the
warnings of Wang et al. (2021) that from
1952 to 2011, the length of summer increased
from 78 to 95 days and that of spring, autumn,
and winter decreased from 124 to 115, 87 to
82, and 76 to 73 days, respectively.
Furthermore, trends of the seasonal increase
in SST were assessed in this study, but these
trends exhibit a higher uncertainty than the
yearly values. The significant rising trend (at
the 95% confidence level) in summer SST for
1995-2020 of 0.030°C/year falls between the
trend of 0.042°C/year for the East Sea basin
average in 2003-2017 (Yu et al., 2019), and
the trend of 0.012°C/year for the same basin
in 1959-2008 (Yang and Wu, 2012). Such
disparities can be explained by differences in
location (space), data series periods, and
calculation methods (some authors refer to
trend obtained by linear regression). For
winter, the SST trend is not apparent for
1995-2020 as it did not meet the condition
a = 0.1 (90% confidence level, Table 2). In
contrast, over the period 2008-2020, the trend
of increasing SST in winter was evident (at
90% confidence level), with a slope of
0.18°C/year. The trend seems more
pronounced in summer over 1995-2020 than
over 2008-2020. The above analyses highlight
the uncertainty associated with the statistical
analysis of trends by the Mann-Kendall test

and the Sen’ slope. The uncertainly can be
related to seasonal increases and decreases
over specific periods; the smoothing effect on
increases and decreases by the trend function
over the long term; cyclical rises and falls
over irregular periods, and some random
components (Charles, 2016; Khaliq et al.,
2009). In the context of this study, ENSO
events and their effects may have significantly
affected the different seasonal and monthly
trends of SST over both periods. More than
one method should be considered for analysis
of trends, as suggested by Khaliq et al. (2009),
Kundzewicz and Robson (2013), and
implemented by Yue et al. (2002) and Kisi
(2015). According to Wang et al. (2015),
using more than one approach in trend
analysis allows for the interpretation of results
amidst existing uncertainties.

5. Conclusions

This study examines the trends of monthly,
seasonal, and annual SST at Hon Dau station
(Hai Phong coastal area), using the Mann-
Kendall test and the Sen’s slope. It also
compared significant trends over 1995-2020
and 2008-2020. The study results confirm an
increasing trend in annual SST, which was
0.02°C/year over the period 1995-2020, and
increased significantly to 0.093°C/year over
2008-2020. SST also increased in June and
September by 0.027°C/year and 0.036°C/year,
respectively, for 1995-2020, and by
0.08°C/year and 0.047°C/year, respectively,
for 2008-2020.

The uncertainty is more remarkable for
monthly or seasonal trends than yearly values.
A seasonal movement was detected for 1995-
2020, but some factors seem to impact the
statistical ~ uncertainty over  2008-2020
significantly. Interannual SST variability in
the Hai Phong coastal area (at the Hon Dau
station) for 1995-2020 was related to ENSO
phenomena. They were signals named IMF3
and IMF4 with ~2 and ~5.2 years’ cycles,
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respectively. A combined signal (IMF3.5) had
a maximum correlation of 0.22 with ONI
delayed by 8 months. So, ENSO events took
~ 8 months to affect SST at Hai Phong coastal
area for 1995-2020, causing a variation of
SST within 1.2°C.
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