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Abstract In this study, the spatiotemporal variability of
trends in extreme precipitation events in Ho Chi Minh City
during the period 1980-2017 was analyzed based on sev-
eral core extreme precipitation indices (Rx1day, Rx5day,
CDD, CWD, R20mm, R25mm, R95p, and SDII). The non-
parametric Mann—Kendall and Sen’s slope methods were
used to compute the statistical strength, stability, and
magnitude of trends in annual rainfall, as well as the
extreme precipitation indices. We found that 64% of the
stations had statistically significant upward trends in yearly
rainfall, with high magnitudes frequently observed in the
northern and southern regions of the city. For the extreme
precipitation indices, only SDII and R25mm showed
dominantly significant trends. Additionally, there were
increasing trends in the frequency and duration at the
southern and central regions of the city during the study
period. Furthermore, El Nifio-Southern Oscillation and
Pacific Decadal Oscillation positively correlated with the
duration and negatively correlated with the intensity and
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frequency of extreme precipitation. Thus, water manage-
ment plans should be adjusted appropriately to reduce the
severe impacts of precipitation extremes on communities
and ecosystems.

Keywords Spatiotemporal trend - Extreme
precipitation - Extreme precipitation indices - Ho Chi
Minh City

1 Introduction

Precipitation has widely been recognized as a fundamental
element of the hydrological cycle and a critical meteoro-
logical variable for investigating hydrometeorological
processes. In particular, the spatiotemporal patterns of
precipitation and precipitation-related extremes are widely
considered the key factors influencing natural ecosystems
and human society (Rosenzweig et al. 2002; Revadekar and
Preethi 2012; IPCC 2013). Many researchers have indi-
cated that the impacts of extreme climate events on the
natural environment and human society are far outweigh
the effects of normal climate conditions (Field et al. 2012;
Barrett and Santos 2014; Guan et al. 2014; Mei et al. 2018).
The increased precipitation extremes in terms of frequency
and intensity induce natural hazards and disasters, includ-
ing droughts, floods, salinity intrusion, and soil erosion,
which cause huge damages on natural ecosystems and
socioeconomic development (Wang et al. 2017). A global
risk report developed by the World Economic Forum
(WEF) highlighted that extreme weather events and dis-
asters rank among the top three risks that have the most
severe impact on human society, for example, on urban
water supply and agriculture (WEF 2018). Consequently,
extreme climate events, especially precipitation extremes,
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have received a high priority and concerns from scientists
and governments. Thus, a comprehensive understanding of
historical trends of such events is necessary to introduce
climate change mitigation and adaptation plans to prepare
for possible future changes.

Various studies have been carried out over the past
decades to understand the behaviors of precipitation
extremes on different spatiotemporal scales. On a global
scale, the precipitation extremes have generally increased,
especially in the Northern Hemisphere mid-latitude region
(Alexander et al. 2006; Alexander 2016). Donat et al.
(2016) found increasing trends of total precipitation and
extremes in various regions. On a continental scale, there
was an increasing trend in precipitation over Europe in the
period 1951-2010 (van den Besselaar et al. 2013). In South
Asia, there was also an increasing trend of most precipi-
tation extremes during the period 1971-2000 (Sheikh et al.
2015). Endo et al. (2009) demonstrated that the intensity of
precipitation extremes had dominantly upward trends in the
period 1950-2000. In comparison with global and conti-
nental studies on precipitation extremes, regional studies
may have more practical importance in developing adap-
tation and mitigation strategies to precipitation-related
disasters (Li et al. 2018). Regional trends of extreme pre-
cipitation events may vary largely from place to place due
to disparities in geographical and climatic features (Tan
et al. 2017). For example, in the same tropical area, the
frequency and intensity of extreme precipitation events
show increasing trends in the Kelantan River Basin
(Malaysia) (Tan et al. 2017), but this is not true for Western
Thailand (Sharma and Babel 2014). Therefore, studies on
regional trends of extreme precipitation events are very
necessary, especially in the context of climate change.

There have been a rising number of studies on trend
analysis of regional precipitation extremes in recent years
(Lupikasza 2010; Gocic and Trajkovic 2013; Tian et al.
2017; Pinskwar et al. 2019). For instance, Li et al. (2018)
used the Mann-Kendall test and extreme precipitation
indices to investigate trends of precipitation extremes in
Singapore during 1980-2013; they found that the fre-
quency and intensity of precipitation extremes had signif-
icant rises. Tan et al. (2017) investigated the
spatiotemporal patterns of precipitation extremes in the
Kelantan River Basin in Malaysia during 1985-2014 using
14 extreme precipitation indices and Mann—Kendall and
Sen trend tests; they found that the intensity and frequency
of the precipitation extremes had upward trends. Another
study by Supari et al. (2017) for the period 1983-2012
showed that insignificant trends with low spatial consis-
tency of precipitation occurred over Indonesia. In the
aforementioned studies, extreme precipitation indices as
recommended by the Expert Team on Climate Change
Detection and Indices (ETCCDI) and parametric and non-
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parametric statistic tests (for example, Mann—Kendall test,
Sen’s slope, and Pettit tests) were applied to detect the
trends in precipitation extremes in different temporal
scales. Additionally, this approach has been broadly used
for studies on trend analysis of climatology in recent years
(Wang et al. 2016; Zhang et al. 2017).

Vietnam, a tropical country in Southeast Asia, is highly
vulnerable to adverse impacts of climate change and cli-
mate extremes (IMHEN and UNDP 2015). In the period
1997-2016, Vietnam suffered approximately 216 extreme
climate events, which caused an annual economic loss of
approximately 0.55% of gross domestic product (GDP))
(Eckstein et al. 2017). Only a few studies have been con-
ducted to analyze trends in extreme precipitation events in
Vietnam. Ho et al. (2011) found a downward trend in
heavy precipitation events in most regions of Vietnam,
except for the Red River Delta and North Central Vietnam
during 1961-2007. Ngo-Duc (2014) reported a downward
trend in the precipitation extremes in northern coast and an
upward trend in southern coast of Vietnam from 1961 to
2011. The two macro climate extreme studies focused on
the trends in precipitation extremes at the country level.
However, there is a lack of analysis on meso climate
extremes, where local geophysical phenomena and geo-
graphical features may influence precipitation characteris-
tics. Therefore, basin-wide or provincial-scale studies are
essential to enhance the understanding on the variation of
local precipitation extremes and to help local governments
gain scientific information for disaster risk management. In
addition, climate variability in Vietnam is modulated by El
Nifio Southern Oscillation (ENSO) and Pacific Decadal
Oscillation (PDO) (Nguyen et al. 2014; D’Arrigo and
Ummenhofer 2015; Gobin et al. 2016). The two phenom-
ena are linked to significant anomalies in precipitation
across Vietnam (Binh et al. 2019). However, the relation-
ship between precipitation extremes and large-scale pat-
terns of climate variability, that is, global mean
temperature, ENSO, and PDO, in Vietnam is not well
understood.

The objectives of this study were to detect the spa-
tiotemporal trends of extreme precipitation events and their
correlations with large-scale climate circulation patterns in
the period 1980-2017. Ho Chi Minh City (HCMC) was
selected as the case study for this investigation to help us
understand rainfall variability in megacities over the last
few decades. Additionally, HCMC was ranked 6th of 51
“extreme risk” cities with the highest vulnerability to cli-
mate change and weather extremes (UN 2014). The results
obtained from the present study may provide scientific
references for disaster risk reduction in HCMC in the
context of climate change.
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2 Study Area and Data

This section presents the brief information about the study
area and data used in this study.

2.1 Study Area

Ho Chi Minh City is the largest and most populous city in
southern Vietnam. It is also the most significant economic
hub in the country, contributing approximately 21% of
Vietnam’s overall GDP (HCMC-SO 2017). The total area
of HCMC is approximately 2095 km?, and the population
was 8.4 million in 2016 with the highest population density
of 4029 people per km? in Vietnam (HCMC-SO 2017)
(Fig. 1). Approximately 50% of its area has a low elevation
varying from 0 to 1.5 m above the mean sea level; thus, it is
very vulnerable to floods if the water level reaches 2.0 m
based on future climate change scenarios (WB 2010).

Ho Chi Minh City has a tropical monsoon climate with
two distinct dry and wet seasons. The annual rainfall varies
between 1700 and 2300 mm, and the annual average
temperature ranges from 27 to 28 °C (HCMC-SO 2017).
The city is frequently affected by floods from upstream
rivers, high tides, and the increasing trend of extreme
rainfalls due to the impact of climate change. The esti-
mated cost for mitigation and adaptation is expected to be
highest in the East Asia region (WB 2010; van Leeuwen
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Fig. 1 Map of Ho Chi Minh City and locations of 11 rain gauges used
in this study

et al. 2016). Therefore, more comprehensive research in
this area on these topics is encouraged by the city
government.

2.2 Data

In this study, observed daily precipitation data recorded
from 11 rain gauges in HCMC and its neighboring areas
during the period 1980-2017 were provided by the Hydro-
Meteorological Data Center of Vietnam. The locations of
these stations are illustrated in Fig. 1. These rain gauges
were selected because they can provide complete daily
precipitation data series in the period 1980-2017 and they
have sufficient density and spatial coverage across the
study area, which are very essential to analyze extreme
events extensively.

To guarantee the reliability and consistency of rainfall
data before calculating the extreme precipitation indices
and conducting the trend analysis, data quality control
method and homogeneity assessment were applied. Data
quality and homogeneity tests were performed by using the
RClimDex package (Wang and Feng 2004) and RHtest
package (Wang and Feng 2013), which were approved and
recommended by the World Meteorology Organization
(WMO) for meteorological data processing and analysis of
extreme climate indices (Tian et al. 2017).

Additionally, three sets of time series data of large-scale
patterns of atmospheric and ocean circulation, including
global mean temperature, ENSO, and PDO downloaded
from the website of the National Oceanic and Atmospheric
Administration Earth System Research Laboratory
(NOAAESRL)," were used to investigate the possible
impacts of large-scale atmospheric and ocean circulation
patterns on the precipitation extremes in HCMC.

3 Methodology

This section presents the methods used in this study to
analyze the spatiotemporal trends of extreme precipitation.

3.1 Precipitation Extreme Indices

To identify and estimate climate extremes (for example,
temperature and precipitation), a set of 27 extreme climate
indices computed from daily temperature and precipitation
data series has been developed and is highly recommended
by the Expert Team on Climate Change Detection and
Indices (ETCCDI) (Karl et al. 1999; Peterson et al. 2001).
There are many published studies using these recom-
mended indices in analyzing climate extremes (van den

! https://www.esrl.noaa.gov/psd/data/climateindices/list/.
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Besselaar et al. 2013; Sheikh et al. 2015; Tian et al. 2017,
Wang et al. 2017; Li et al. 2018). To provide useful
information for the extreme precipitation analysis in
HCMC, eight extreme precipitation indices were chosen
for this study (Table 1) to consider three major attributes of
extreme events, namely, intensity, frequency, and duration.
All these indices were directly derived from the observed
daily precipitation data of 11 rain gauges in HCMC using
the RClimDex package (Wang and Feng 2004).

3.2 Descriptive Statistics

Prior to analyzing the extreme precipitation indices, it is
crucial to perform a preliminary study on annual and sea-
sonal daily precipitation data by using descriptive statistics,
namely, minimum, maximum, median, and mean values,
and standard deviation (STD), coefficient of variance (CV),
kurtosis, and skewness. These statistics would provide an
initial evaluation of the dispersion and distribution of the
data series.

To analyze the temporal distribution of precipitation
over time, the precipitation concentration index (PCI)
(Oliver 1980) was used. The PCI values were calculated on
an annual scale according to the equation below:

12 2
421"2:")" 5% 100 (1)
(Zi:lpiz)

where p; is the rainfall amount of month i. A classification
of PCI values was proposed by Oliver (1980), where values
of less than 10 represent a uniform monthly distribution of
rainfall (that is, low precipitation concentration), values
between 11 and 15 denote moderate concentrations, values
ranging from 16 to 20 indicate high concentrations, and
those above 21 express very high concentrations of
precipitation.

PClLanual =

3.3 Trend Analysis

The widely used method for analyzing the trends of
extreme precipitation is the non-parametric Mann—Kendal
test. Statistical significance of trends in precipitation
extremes is determined using the method proposed by
Lupikasza (2010).

3.3.1 Mann—Kendall Test

In the climatic and hydrologic fields, trend analysis is
among the most popular techniques for detecting underly-
ing patterns of tendencies in time series. One of the well-
known trend tests is the non-parametric Mann—Kendall test
(Mann 1945; Kendall 1955), which only requires data to be
independent and randomly ordered, that is, no serial
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correlations exist among the observations. This technique
is recommended by WMO as an advantageous method to
test the significant monotonic trends in hydrometeorologi-
cal time series and has been widely applied in detecting the
significance of trends in hydrometeorological extremes
(Tan et al. 2017; Ahmad et al. 2018; Li et al. 2018). The
Sen’s slope estimator has been applied to estimate the
magnitudes of the trends (Sen 1968).

The existence of serial autocorrelation in observed
hydrometeorological data would affect the detection of
deterministic trends in the data series or increase the
rejection of a null hypothesis of no trend (von Storch
1995). Therefore, it is necessary to conduct an intermediate
step called the pre-whitening process of data series for
acquiring correct trends. In this study, trend-free pre-
whitening (TF-PW) was applied for pre-whitening the
observed data series before trend analysis. This method is a
useful tool for reducing the serial autocorrelation of
hydrometeorological data (Hamed 2009). The detailed
procedure of this approach was outlined by Gocic and
Trajkovic (2013).

3.3.2 Trend Percentage and Stability

Generally, trend test results are strongly influenced by the
investigated time periods; thus, it has been suggested to
analyze long-term persistence when assessing the signifi-
cance of trends in hydrometeorological time series (Lupi-
kasza 2010; Wu et al. 2014). In order to detect the long-
term persistence on the decadal scale or longer, the
20-year, 25-year, or 30-year moving period is often used.
In this study, the statistical significance of the trends of
each of the extreme precipitation indices was determined
over each of the 25-year moving periods during 1980-
2017. Furthermore, for the spatial analysis of the trend
significance, a station was considered to have a dominantly
increasing (or decreasing) trend if the number of 25-year
moving periods with significant increasing (or decreasing)
trends was higher than the number of significant decreasing
(or increasing) trends.

The strength of the statistically significant trends was
classified by the significance level (p value) with the fol-
lowing categories: very strong trend: p-value<0.05; strong
trend: 0.05<p-value<0.1; weak trend: 0.1 <p-value<0.2;
insignificant trend: p-value>0.2 (Wu et al. 2014). The
percentage of statistically significant trends for every
extreme precipitation index was calculated according to the
following equation:

— Npj
mj = Nex K x 100% (2)

where m; is the percentage of the specific type of trend
strength for a certain extreme index j, Ns is the total
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Table 1 List of the eight extreme precipitation indices used in this study

Type Indices  Name Definition Unit
Intensity indices RXlday Max 1-day precipitation amount Monthly maximum 1-day precipitation mm
RX5day Max 5-day precipitation amount Monthly maximum 5-day precipitation mm
R95p Very wet days Annual total precipitation when precipitation>95th percentile mm

SDII Simple daily intensity index Annual total precipitation divided by the number of wet days mm/day
Frequency R20mm Number of heavy precipitation days Annual count of days when precipitation>20 mm days
indices R25mm  Number of very heavy precipitation Annual count of days when precipitation>25 mm days

days
Duration indices CDD Consecutive dry days Maximum number of consecutive days with precipitation<  days
1 mm

CWD Consecutive wet days Maximum number of consecutive days with precipitation>  days

1 mm

number of stations, K is the total number of 25-year
moving periods, and N, is the number of the specific type
of trend strength.

Then, the stability of trends was calculated as the per-
centage of the number of 25-year moving periods with
statistically significant trends at the significance level of
0.2 with respect to the total number of 25-year moving
periods. This method simplifies the evaluation of the sta-
bility of trends direction in the long-term period (Wu et al.
2014). The equation for calculating the stability of the
significant trends along with the specific direction (upward
or downward) is as follows:

S, = Kijj + Koy + Ky 3)
K

where §;; is the trend stability at station i for extreme index
J» K is the total number of 25-year moving periods, and K;;,
K»jj, and K3; are the number of 25-year moving periods
that have very strong, strong, and weak trends at station
i for index j, respectively. The detailed description of the
equations for determining the trend significance and sta-
bility could be found in the studies by Wu et al. (2014) and
Lupikasza (2010). According to Lupikasza (2010), the
suggested classification of trend stability is as follows:
unstable trend: 0%<S<15%; poor trend: 15%<S5<25%;
stable trend: 25%<S5<50%; strongly stable trend: 5S0%<S<
75%; and very strongly stable trend: $>75%.

Finally, the Sen’s slope estimator method was applied to
calculate the trend magnitudes of each of the 25-year
moving periods during 1980-2017 at every station for
every extreme precipitation index. Subsequently, the
averaged quantities were computed by taking the arith-
metic average of the trend magnitude values for all 25-year
moving periods at each station and each respective extreme
index during the study period 1980-2017.

3.4 Spatial Interpolation

The spatial distribution of extreme precipitation indices
was generated using inverse distance weighting (IDW).
This method was selected for this study because it has been
broadly applied in spatial interpolation applications of
precipitation data (Hadi and Tombul 2018; Cooper 2019).
The fundamental assumption in the IDW method is that the
interpolated points are the most affected by the nearest
points and the least affected by the most distant points.

4 Results and Discussion

This section presents trend analysis results for precipitation
extremes and discusses these results in relation to similar
studies.

4.1 Statistical Characteristics and Annual
Precipitation Trends

The areas with lower rainfall amount presented higher
rainfall variability. The mean annual precipitation in the
study area ranged from 1043 mm in the southeastern region
(Can Gio) to 1930 mm in the central area (Tan Son Hoa),
and the standard deviation varied between 240 mm (Tam
Thon Hiep) and 472 mm (Nha Be). In this case study, the
skewness values fluctuated between —0.97 and 1.10 and
increased from the northwestern to the southeastern parts
of the city. Most of the stations in HCMC had a positively
skewed distribution of annual rainfall data and high
skewness values concentrated in the city center and the
range of kurtosis value of yearly precipitation data series at
the 11 rain stations ranged between —1.39 and 2.86. In
particular, the negative values of kurtosis were located in
the northwestern and southeastern parts of the city, and the
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positive values were detected in the central area. With the
high positive values of skewness and kurtosis, the distri-
bution of data tended to be right skewed and had heavy
tails or outliers; in other words, extreme rainfall events are
more likely to occur in the central region of HCMC (in-
cluding Binh Chanh, Cat Lai, Nha Be, and Tan Son Hoa)
than in the northwestern and southeastern areas.

Precipitation concentration index values showed a uni-
form pattern over the study area, ranging between 14.96
and 18.25, which demonstrated a moderate precipitation
concentration. There was a north (lower) to south (higher)
gradient in the average annual PCI values with the mini-
mum and maximum yearly PCI values at Cu Chi and Can
Gio, respectively. In terms of the variability of annual
precipitation, the CV values fluctuated between 0.14 and
0.35, with lower values found in the center of the city and
higher values in the northwestern and southeastern sides.

Lag-1 autocorrelation coefficients of annual rainfall data
series during the period 1980-2017 were calculated and the
results indicate that the annual rainfall data series at Hoc
Mon, Cat Lai, Can Gio, and Bien Hoa Stations had sig-
nificant serial correlations. Thus, those stations were
selected for application of the TF-PW technique to remove
the influence of autocorrelation before applying the Mann—
Kendall test. Results from the Mann—Kendall trend tests
show that the increase in annual rainfall amounts was the
dominant and significant trends. Increasing patterns were
detected at Hoc Mon, Can Gio, Bien Hoa, and Vung Tau
Stations (Z>0 and p-values at the 5% significance level).
High magnitudes of trends were found outside the central
part of the city. The most remarkable magnitude was
18.68 mm/year at Can Gio in the southeastern area and the
second highest value was 12.75 mm/year at Hoc Mon in the
northwestern area. On the annual scale, only the Vung Tau
Station showed a significant decreasing trend at 6.85 mm/
year.

4.2 Spatiotemporal Analysis of Extreme
Precipitation Indices

This section presents the temporal variability results of
extreme precipitation, followed by the spatial analysis
results.

4.2.1 Temporal Distribution of Spatially Averaged Extreme
Precipitation Indices

To obtain an overview of the trends in the extreme pre-
cipitation indices during the period 1980-2017 over the
entire study area, the areal mean values of each index were
calculated by averaging the respective annual extreme
values computed for the 11 stations. We found that there
was no significant trend for most of the indices except for
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SDII and CDD. In particular, the RXIlday, R20mm,
R25mm, CWD, and R95p had increasing trends, while
RX5day exhibited a decreasing trend (Fig. 2); however,
these trends were insignificant. In contrast, the SDII index
showed a very strongly significant downtrend, with a
decreasing magnitude of 0.11 unit per year; CDD presented
a weakly decreasing but strongly stable trend with a
magnitude of 1.22 units per year.

4.2.2 Spatial Distribution of Temporally Averaged Extreme
Precipitation Indices

Except for the significant differences in spatial distribution
between CDD and CWD indices due to their negative
correlation, the spatial distribution of the remaining indices
illustrated a relative similarity, with higher values observed
in the central region and lower values found in the northern
and southern parts of the city (Fig. 3).

The variant range of average CDD was between 82.0
and 120.3 days, with the highest value at Can Gio Station
and the lowest at Tan Son Hoa Station. Longer CDD were
observed in the northwestern and southeastern parts of the
city, whereas shorter durations were detected in the central
region. On the contrary, the number of CWD showed an
increasing trend in most of the central region (except for
Cat Lai Station) and tended to decrease in the northwestern
and southeastern parts of the city. The CWD values ranged
from 6.6 to 10.2 days.

For the R20mm and R25mm indices, there were no
remarkable differences between the spatial distributions of
the two indices over the study area. The values of R20mm
varied between 22.3 and 53.5 days, and R25mm fluctuated
from 11.9 to 44.2 days. Both R20mm and R25mm pre-
sented a west-to-east increasing gradient with the highest
value observed in the eastern side of the central area (Cat
Lai). In terms of RX1day and RX5day, the spatial patterns
of these indices were similar to those for R20mm and
R25mm. Specifically, the values of the indices increased
from the western to the eastern parts of the city. Lower
values of RXlday and RX5day were observed in the
northwestern and southeastern regions while high values
were found in the central region. The mean values of
RXl1day ranged between 69.7 and 114.2 mm, and the
values of RX5day varied between 138.5-232.0 mm.

Regarding the amount of extreme precipitation, the
spatial variability of R95p presented similar behavior with
that of RX1day. The mean values of R95p ranged from
288.7 mm (Can Gio) to 464.2 mm (Tan Son Hoa), and the
central part of the city had high values (between 350 and
475 mm) while the northwestern and southeastern regions
had lower values of less than 375 mm. For SDII, the spatial
patterns were also comparable to that of RX5day. There
was a west-to-east increasing gradient of rainfall intensity.
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RXlday: Max 1-day precipitation amount; RX5day: Max 5-day

The results indicate that the mean values of SDII in most
regions of the city varied between 14 and 18 mm/day,
excluding the small part of the central region (surrounding
Cat Lai Station), and the highest average value of precip-
itation intensity was 31.3 mm/day.

4.3 Trend Analysis of Extreme Precipitation Indices

Regarding the trend analysis results for extreme precipi-
tation, the trend strength, stability, and magnitude are
presented as follows.

4.3.1 Spatiotemporal Distribution of Trend Strengths
in Extreme Precipitation Indices

There were significant upward trends in 5 out of 8 extreme
precipitation indices during the period 1980-2017. An
overview is showed in Fig. 4. The prominent significant
downward trends were found in SDII, R20mm, and CDD,
with the highest total percentage of decreasing trends
observed in SDII at 54.55% (including 43.51% of very
strong downward trends). These trends indicate that the
duration and amount of extreme precipitation tended to
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precipitation amount; R95p: Very wet days; SDII: Simple daily
intensity index; R20mm: Number of heavy precipitation days;
R25mm: Number of very heavy precipitation days; CDD: Consec-
utive dry days; CWD: Consecutive wet days

increase while their average intensity had decreased in the
period 1980-2017 over the entire study area.

When considering all types of trend strengths, statisti-
cally insignificant trends were the most frequent type in
most parts of the study area (67% of the stations) (Fig. 4).
There were significantly decreasing trends of 20% at the
stations (comprising 15% of very strong and 5% of weak
trends) and considerably increasing trends of 13% at the
stations (10% of very strong, 1% of strong, and 2% of weak
trends). In general, strong and very strong trends in either
downward or upward direction were observed in the
northern and southern sides of the city. Notably, RX1day,
RX5day, and R95p frequently had very strong upward
trends at Can Gio Station and very strong downward trend
at Cu Chi Station. For R20mm and R25mm, there were
small differences in the spatial distribution of trends over
the study area. In particular, more significantly upward
trends were observed in R25mm than those of R20mm,
especially in the central and southern regions. For CDD
and CWD, a negative correlation in the spatial distribution
of trends over the study area was observed. Insignificant
trends were observed for CDD at most of the stations over
the study area, but CWD had decreasing trends in some
parts of the central region (Tan Son Hoa and Cat Lai). For
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Fig. 3 Spatial distribution of extreme precipitation indices during the
period 1980-2017 in Ho Chi Minh City. RXlday: Max 1-day
precipitation amount; RX5day: Max 5-day precipitation amount;
R95p: Very wet days; SDII: Simple daily intensity index; R20mm:

SDII, strong downward trends were found in 6 out of 11
stations, which possibly indicate a decreasing tendency in
the intensity of extreme precipitation.

In general, considering all types of significant trends in
the extreme precipitation indices, the tendency of the
amount and duration of precipitation extremes generally
increased in the southern part of HCMC and decreased in
the northern and central parts during the period 1980-2017.
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wet days

The intensity of extreme events tended to decline in most
parts of the study area.

4.3.2 Stability of Trends in Extreme Precipitation Indices
Stable trends (66% of the stations) were more frequently

observed in the extreme precipitation indices than unsta-
ble patterns (34% of the stations) during the study period in
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HCMC (Table 2). Even though significantly increasing
trends less frequently appeared than significantly decreas-
ing trends as mentioned above, the increasing trends were
more stable than the decreasing trends with 6% and 3% of
the stations higher with and without counting poorly
stable trends, respectively. Moreover, strong and very
strong stability (7>50%) were the most frequent observa-
tions for downward trends (13% of the stations for both
criteria of stability), whereas stable stability values (25%<
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7<50%) were mainly found in the uptrends at 12% of the
stations.

Figure 5 illustrates the spatial interpolation results of
stability of trends in extreme precipitation indices based on
the calculation results at the 11 rain stations. Generally,
there was a distinctive stability of trends regarding spatial
patterns and unstable trends (0% <7<25%) were observed
frequently in the central region of HCMC. Regarding each
extreme precipitation index, the unstable trends (18-55%
of the stations) dominated in the study area, especially in
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Fig. 4 Percentages of trend
strengths in extreme 40+
precipitation indices during the
1980-2017 period in Ho Chi
Minh City. RX1day: Max 1-day
precipitation amount; RX5day:
Max 5-day precipitation
amount; R95p: Very wet days;
SDII: Simple daily intensity
index; R20mm: Number of
heavy precipitation days;
R25mm: Number of very heavy
precipitation days; CDD:
Consecutive dry days; CWD:
Consecutive wet days
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the central region. Moreover, stable upward trends (27—
45% of the stations) were recorded more frequently than
stable downtrends (9-27% of the stations), except for SDII
and CDD. Strongly and very strongly stable upward trends
were regularly observed in the southern region (Can Gio
and Tam Thon Hiep) for RX1day, RX5day, R95p, R25mm,
and CWD, whereas CDD, R20mm, and SDII showed
stable and strongly stable downtrends in these regions.
Furthermore, 27% and 36% of the stations respectively
presented strongly and very strongly stable downtrends in
SDII, which covered most of the study area. On the con-
trary, most of the extreme precipitation indices expressed
strongly and very strongly stable downtrends in the
northern region, except for RXlday and CDD, which
showed unstable trends according to their spatial patterns
of trend strengths.

4.3.3 Trend Magnitude in Extreme Precipitation Indices

For CDD, the average magnitude of trends showed nega-
tive values in the entire study area, with the strongest
decreasing rates of 1.2-2.3 days per year in the southern
region (Tam Thon Hiep) and some areas in the center
(Fig. 5). In the remaining regions (73% of the stations), the
magnitude of the trends had decreasing rates of 0.1-
1.2 days per year.

In contrast, CWD presented an inverse spatial distribu-
tion of trend magnitude over the study area relative to
CDD. The highest increasing rates of 0-0.2 day per year
were mainly observed in the southern region and many
parts of the central region, which corresponded to the
stable and strong upward trends recorded in these regions.
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Also CWD decreased at a rate of 0-0.1 day per year in
some parts of the northern and central regions of HCMC.

RX1day, RX5day, and R95p were quite similar in the
spatial distribution of trend magnitudes, with an increasing
gradient of magnitude values from the northwestern to
southeastern sides. For RX1day, the average magnitude of
trends had positive values in almost all regions (64% of the
stations) with increasing rates of 0—2 mm per year. RX5day
had decreased mainly in the northern region at rates of 0.2—
1.8 mm per year. In contrast, the upward trends in RX5day
were observed in most of the remaining regions (except for
Tam Thon Hiep Station) with increasing trends of 0—
2.6 mm per year. For R95p, positive trends were observed
in 64% of the stations with increasing trends of 1-16 mm
per year. However, only 14% of these stations showed
significantly and strongly stable upward trends; these are
mainly located in the southern side of the city in the period
1980-2017.

For R20mm and R25mm, there were fewer differences
in the spatial distribution of trends over the northern region
and most parts in the central area; however, in the southern
region of the study area, different spatial distributions were
observed. Particularly, significant downtrends were found
in the northern parts for both R20mm and R25mm with
decreasing rates of 0.24 and 0.18 days per year, respec-
tively. In the central and southern regions, both indices
showed insignificantly increasing trends in most stations.
For SDII, very strong and stable downtrends appeared over
the study area. A negative magnitude of trends was found
in 73% of the stations with rates of 0-0.4 mm/day per year.
The highest decreasing velocity was observed at Cat Lai
Station (at rates of over 0.37 mm/day per year).
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Table 2 Percentage of stations classified by different types of trend
strengths and stability in Ho Chi Minh City during the period 1980—
2017

Downwards (%) Upwards (%)

Trend strengths T w s Vs w s Vs
RX1Day 91 0 0 0 0 0 9
RX5Day 73 0 0 9 0 0 18
SDII 45 0 0 55 0 0 0
R20mm 73 0 0 18 0 0 9
R25mm 45 18 0 0 9 0 27
CDD 82 9 0 9 0 0
CWD 64 9 0 9 0 9
R95p 64 0 0 18 9 0
% of stations in total 67 5 0 15 2 1 10
Downwards Upwards
Trend stability ur p S S§ VSSs P S S§ VSS
RX1Day 45 0 9 18 18 0 9
RX5Day 270 0 9 9 0 18 9 9
SDII 18 0 0 27 36 0o 9 0 0
R20mm 36 0 0 0 18 o 9 9 9
R25mm 18 9 0 18 9 0 9 18 18
CDD 55 9 0 9 0 0 0 O
CWD 18 0 0 18 9 0 18 9
R95p I8 0 0 9 9 18 18 9
% of stations in total 34 3 1 13 13 6 12 9

IT insignificant trends; w weak, s strong, vs very strong, UT unsta-
ble trends, P poor, S stable, SS strongly stable, VSS very strongly
stable

RXlday: Max 1-day precipitation amount; RX5day: Max 5-day
precipitation amount; R95p: Very wet days; SDII: Simple daily
intensity index; R20mm: Number of heavy precipitation days;
R25mm: Number of very heavy precipitation days; CDD: Consecu-
tive dry days; CWD: Consecutive wet days

4.4 Correlation Between Precipitation Extremes
and Large-Scale Patterns of Atmospheric
and Ocean Circulation

The Pearson correlation coefficient was applied to calculate
the relationship between the precipitation extreme indices
in HCMC and large-scale patterns of atmospheric and
ocean circulation, including global mean temperature,
ENSO, and PDO in the period 1980-2017, and the results
are presented in Table 3. The global mean temperature had
a negative correlation with the duration of precipitation
extremes (CDD and CWD) and a positive correlation with
the intensity and frequency of the annual total precipitation
(PRCPTOT) and precipitation extremes (R20mm, R25mm,
R95p, RX1day, RX5day, and SDII). In contrast to the
global mean temperature, ENSO and PDO had positive

correlations with the duration of precipitation extremes and
negative correlations with the intensity and frequency of
precipitation extremes. However, most of the correlations
were statistically insignificant, except for CDD. The results
were almost identical to the findings of Limsakul and
Singhruck (2016) and Tan et al. (2017), who reported
negative correlations of precipitation extreme indices with
ENSO and PDO in Thailand and Malaysia.

4.5 Discussion

Any changes in the climatic condition could cause risks to
socioeconomic development or even disasters; thus, the
spatiotemporal analysis of variability of rainfall and
extreme rainfall events should be studied carefully to guide
policymakers and planners. By analyzing long-term rainfall
data, we found a higher rainfall intensity in the central
region and significantly increasing trends were found in the
northern and southern regions. The results of the trend
analysis of annual rainfall in this study were consistent
with findings by Phuong et al. (2019), who reported that
increasing trends were dominant in most parts of the city.
Additionally, Nguyen et al. (2014) indicated that annual
rainfall had increasing trends in the period 1971-2010 in
South Vietnam, including HCMC.

Climate change not only affects the occurrence and
severity of flood but also drought events. We also found
that in all stations, the CV values varied between 0.14 (Tan
Son Hoa) and 0.35 (Can Gio) and showed very high vari-
ations in rainfall amounts and distribution patterns, indi-
cating a serious potential of drought vulnerability over the
city (Oscar Kisaka et al. 2015). If agricultural activities
remain the same in the future in the northern part, further
research regarding the assessment of drought possibility in
the city would be highly recommended. In this study, the
PCI results on an annual scale described a moderate pre-
cipitation concentration with an increasing gradient of
irregularity from the northwestern (14.96) to the south-
eastern sides (18.25) of the city. The result could be used
for studying drought and flood risks in the city and iden-
tifying potential drought-prone areas during the dry season.

For the analysis of average extreme precipitation indices
on temporal and spatial scales, we used eight indices to
consider three major characteristics of rainfall extremes,
namely, intensity, duration, and frequency. In general, the
frequency (R20mm and R25mm) and intensity (RX1day,
RX5day, and R95p) of extreme precipitation in HCMC had
increasing trends in 1980-2017. However, the SDII value
(ratio of annual rainfall to rainy days) showed a decreasing
trend. This can be explained by the fact that the wet days
significantly increased. In recent years, the shifting activity
of tropical cyclones during September—November from the
northward to the southward direction has occurred in
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Fig. 5 Spatial distribution of the stability of trends in extreme
precipitation indices, along with the corresponding trend strengths at
each station in Ho Chi Minh City. The minus (—) symbols were used
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RXlday: Max 1-day precipitation amount; RX5day: Max 5-day

Vietnam (Darby et al. 2016). Thus, HCMC has been sig-

nificantly affected by tropical cyclones. This may cause
increases in the frequency and intensity of extreme
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precipitation amount; R95p: Very wet days; SDII: Simple daily
intensity index; R20mm: Number of heavy precipitation days;
R25mm: Number of very heavy precipitation days; CDD: Consec-
utive dry days; CWD: Consecutive wet days

precipitation and wet days in HCMC. The increasing trends
of intensity and frequency of extreme rainfall are in
accordance with those observed in Singapore (Li et al.
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Fig. 5 continued

2018) and Muda River Basin (Malaysia) (Tan et al. 2019).
In general, the rainfall extremes had increasing trends of
intensity and frequency in Southeast Asia. Regarding the
rainfall duration, CDD and CWD presented decreasing and
increasing trends, respectively. The increasing trends of
CWD and wet days are in agreement with a well-known
finding by Kruk et al. (2015) that CWD is increasing in the
wet regions. In another work, Khoi and Trang (2016)
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computed five extreme precipitation indices to investigate
the changes in frequency, intensity, and duration of the
extremes in HCMC during the period 1980-2013.
Although the study only provided brief information about
the spatial distribution of trends in extreme precipitation
indices, which was primarily based on the magnitude of
trends and did not consider the significance and stability of
trends, the findings were consistent with our results in term
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Table 3 Correlation between global mean temperature (GMT), El Nifio Southern Oscillation (ENSO), and Pacific Decadal Oscillation (PDO),
and precipitation extreme indices in Ho Chi Minh City for the period 1980-2015

CDD CWD R20mm R25mm R95p RX1day RX5day SDII PRCPTOT
GMT —-0.09 -0.3 0.35 0.26 0.32 0.17 0.28 0.31 0.26
ENSO 0.40% 0.14 —0.28 -0.32 —0.28 0 —0.16 -0.12 —-0.37
PDO 0.51%* 0.34 -0.24 —0.26 —0.32 -0.27 —0.01 —0.21 —-0.25

*Significance level of 0.05

RX1day: Max 1-day precipitation amount; RX5day: Max 5-day precipitation amount; R95p: Very wet days; SDII: Simple daily intensity index;
R20mm: Number of heavy precipitation days; R25mm: Number of very heavy precipitation days; CDD: Consecutive dry days; CWD: Con-

secutive wet days; PRCPTOT: annual total precipitation

of spatial distribution of trend magnitudes over the study
area in the period 1980-2017.

The negative correlations of intensity and frequency of
extreme rainfall and ENSO and PDO indicate that HCMC
is prone to having higher amounts of rainfall and more
extreme events during La Nifia and PDO cool phase, and
vice versa during El Nifio and PDO warm phase. Duc et al.
(2018) stated that ENSO has significant effects on rainfall
in South Vietnam. Moreover, Nguyen-Thi et al. (2012)
mentioned that ENSO (La Nifia events) has strong effects
on rainfall due to tropical cyclones in Vietnam. Generally,
increasing impacts of ENSO and shifting in the tracks of
tropical cyclones are possible reasons for increases in the
frequency and intensity of extreme rainfall in recent years.

Recently, HCMC is facing a serious problem related to
urban flooding due to high tides and heavy rainfalls. Thus,
increasing intensity of rainfall and extreme rainfall would
exacerbate this problem and cause adverse impacts on
infrastructure and socioeconomic development in the city.
Storch and Downes (2011) stated that the local government
should take into consideration the increasing trends of
rainfall and propose appropriate rainfall storage plans for
flood risk management in HCMC. Furthermore, the
increasing rainfall in the northern parts of the city could
impose more potential threats to the reservoir in the
upstream side of the city.

Previous studies reported that the underlying trends in
climate extremes do not only depend on the long-term
variability but also on the characteristics of seasonal dis-
tribution (Lupikasza 2010). Therefore, it is necessary to
analyze and identify the linkage between the spatiotem-
poral variation in precipitation extremes and seasonality of
precipitation, as well as the correlations in annual extreme
precipitation indices.

5 Conclusion
In this study, we investigated the temporal and spatial

variability of precipitation and extreme precipitation in
HCMC during the period 1980-2017 through daily rainfall
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data analysis of 11 meteorological stations across the study
area. The main conclusions can be summarized as follows:
(1) The annual precipitation had uptrend in HCMC during
1980-2017, with high magnitudes found in the northern
and southern areas of the city; (2) Regarding the extreme
precipitation, the intensity and frequency of extreme pre-
cipitation had uptrends. In terms of the duration of extreme
precipitation, CDD and CWD showed downtrend and
uptrend, respectively; and (3) ENSO and PDO had a neg-
ative connection with the intensity and frequency of
extreme precipitation and a positive connection with the
duration of extreme precipitation in the period 1980-2017.
Regarding the global mean temperature, it had a positive
connection with the intensity and frequency of extreme
precipitation and a negative connection with the duration of
extreme precipitation.

The results of this study contribute to the analysis and
assessment of the temporal and spatial variability of pre-
cipitation and extreme precipitation in the period 1980-
2017. It can also provide a scientific reference for policy-
makers and city planners in developing, designing, and
proposing the urban strategic development plans with
integrated climate change mitigation and adaptation.
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