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Abstract: Understanding changes in precipitation extremes is critical for designing mitigation
measures for the potential implications of a warming climate. This study assessed changes in the
magnitude and frequency of precipitation extremes over Vietnam using high-quality gridded daily
precipitation observations from 1980 to 2010. The annual maxima precipitation was analyzed to detect
historical changes in the magnitude of precipitation extremes, while the number of heavy precipitation
events, defined using the peak-over-threshold approach, was used to assess changes in the frequency
of precipitation extremes. We found a strong signal of changes in the frequency of heavy precipitation,
with 28.3% of Vietnam's landmass exhibiting significant increasing trends. The magnitude of annual
maxima precipitation shows a mixed pattern of changes, with less than 10% of Vietnam’s landmass
exhibiting significant (both increasing and decreasing) trends. To identify possible mechanisms
driving changes in precipitation, we assessed the relationship between inter-annual variations in
precipitation extremes and climate variability represented by the teleconnection patterns of the
Northern Hemisphere. Using five climate indices, we found that teleconnections across the Indian
and Pacific Oceans have implied large control over the characteristics of precipitation extremes across
Vietnam, with up to 30% of Vietnam'’s landmass exhibiting a significant relationship.
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1. Introduction

Amongst the implications of climate change, the intensification of precipitation extremes is one
of the most concerning components [1,2]. The key mechanism driving the intensifying precipitation
extremes is the Clausius—Clapeyron relation [3]. This relation suggests that more moisture is held in
the atmosphere in a warming climate, leading to a potentially higher magnitude of precipitation when
atmospheric moisture is released [4,5], although the rate of changes may vary substantially depending
on strategies for selecting stations, assessment techniques, and reference periods [6-8]. The potential
changes in precipitation extremes are of significant importance, as precipitation extremes have a broad
range of implications to natural and human systems, from increasing flood risks [9-11] to altering
ecological systems [12-14], and degradation of water and air quality [15,16]. As a result, detecting
and attributing changes in precipitation extremes is essential for decision-makers to design mitigation
strategies for the potential impacts of climate change.
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Changes in precipitation extremes at the regional scale, however, are not necessarily consistent
with that observed at the global scale, owing to the influence of other factors that may impose a
significant effect on regional precipitation patterns: land-use changes may alter surface moisture and
energy distribution that are important in the formation of mesoscale convection [17]; and increasing
aerosol due to air pollution can alter cloud microphysics and modulate precipitation patterns [18,19].
As a result, precipitation extremes can be characterized by a downward trend, or a mix of both upward
and downward trends at the regional scale [20-23]. For instance, the western contiguous United States
is associated with a tendency toward decreasing changes in precipitation extremes, while an increasing
trend is more apparent over the eastern side [24]; southern-central Australia has a more negative
trend, relative to northern Australia [5]; and precipitation extremes generally exhibit increasing trends
in northeastern Pakistan, whereas southwestern Pakistan is characterized by decreasing trends [25].
Regional and national assessments, therefore, are important to provide a holistic understanding of
changes in precipitation extremes in response to a warming climate, especially for regions of which
precipitation extremes have a significant impact on natural and human systems.

In Vietnam, the easternmost country of Southeast Asia, precipitation extremes have influenced
many aspects of life. Having a long coastal line, Vietnam is characterized by strong activities
of tropical cyclones and abundant rainfall concentrated over the rainy season [26]. There has been
intensive research documenting the multifaceted challenge facing Vietnam in a changing climate [27,28],
including problems closely related to precipitation extremes, such as increasing risks of flooding [29,30],
crop damage [31], and landslides [32,33]. Despite the significance of precipitation extremes, only a
handful of studies have examined changes in precipitation extremes across Vietnam [34,35], and related
these changes to potential large-scale mechanisms [36]. To date, Phan-Van et al. [34] has provided the
most comprehensive assessment of historical changes in precipitation extremes, and have found a mix
of increasing and decreasing trends across 170 rain gauges. Subsequently, there has been a substantial
improvement in precipitation observations across the country [37-40], providing new opportunities to
assess changes in precipitation extremes in finer detail and to relate these changes to possible driving
mechanisms, such as large-scale atmospheric circulations that have a strong influence on Vietnam'’s
climate [28,38,41].

This study aims to complement the state of understanding of changes in precipitation extremes
across Vietnam. We used the Vietnam Gridded Precipitation (VnGP) dataset [37], a high-quality
gridded data product of daily precipitation, to derive two precipitation indices representing the
magnitude and frequency of precipitation extremes. The significance of changes in precipitation
extremes was then assessed at both regional and national scales. To identify possible mechanisms
modulating precipitation extremes in Vietnam, we furthermore evaluated the relationships between
variations of precipitation extremes and five climate indices representing teleconnections of climate
variability of the Northern Hemisphere.

2. Data and Methodology

Within this study, the VnGP dataset [37] is used as the basis for precipitation observation. VnGP is
a 31-year-long (from 1980 to 2010) daily gridded precipitation dataset with a 0.1-degree x 01-degree
longitude-latitude resolution. VnGP was developed using the Spheremap interpolation technique [42]
from daily precipitation records of 481 rain gauges across Vietnam, and has been used as the observation
basis to evaluate global precipitation data products over Vietnam [39,43,44]. As the country has a
spatially heterogeneous climate, owing to the combined influences of the complex geographical and
climatological gradients [38], we adopted an established approach [28,45,46] and conducted a regional
assessment across seven climate regions: the Northwest region (denoted as R1), the Northeast region
(denoted as R2), the Red River Delta region (denoted as R3), the North Central region (denoted as R4),
the South Central region (denoted as R5), the Central Highland region (denoted as R6), and the
South region (denoted as R7). Figure 1 shows the topography of Vietnam, based on hydroSHEDS
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elevation data [47], and maps of seven climate regions determined by the Vietnam Hydrometeorological
Atlas [46].
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Figure 1. The seven climate regions of Vietnam (polygons bounded by black lines) as defined in the
Vietnam Hydrometeorological Atlas. The elevation across these regions is also shown for reference.

2.1. Precipitation Extremes and Climate Indices Representing Large-Scale Climate Variability

We processed the VnGP data at each grid cell to obtain two variables representing the magnitude
and frequency of precipitation extremes. In particular, we used the block maxima approach and
derived the annual maxima precipitation time series (denoted as the PMAX variable) to represent
the magnitude of precipitation extremes. To identify the frequency of heavy precipitation days,
the peak-over-threshold approach was applied. Within this approach, we first calculated the 95th
percentile of the empirical distribution of daily precipitation. The number of days with a precipitation
above the threshold per calendar year were subsequently counted to obtain the frequency of heavy
precipitation time series (denoted as a N95 variable). Figure 2 shows an example of deriving PMAX
and N95 time series from daily precipitation.

We used five climate indices to represent the teleconnections of climate anomalies in the
Northern Hemisphere. These indices were downloaded from the NOAA Global Climate Observing
System website (https://psl.noaa.gov/gcos_wgsp/Timeseries; last access: 10 May 2020), and are described
as follows:

e The nino3.4 sea surface temperature (SST) index. The nino3.4 index is one of the most prominent
SST-based indices that are used to monitor the El Nifio—Southern Oscillation (ENSO). This index
was calculated as the average anomaly of SST (relative to the base period from 1961 to 1990) over
the region 5° N to 5° S and 170° W to 120° W [48].

e  The Southern Oscillation Index (SOI). The SOl is an indication that has been used extensively to
represent the phase and intensity of ENSO. The values of SOI are calculated as the difference of
sea level pressure measured at Tahiti and that measured at Darwin [49].


https://psl.noaa.gov/gcos_wgsp/Timeseries
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e  The Pacific Decadal Oscillation (PDO) index. The PDO Index represents a concise description of
large-scale patterns of inter-decadal climate variability over the Pacific. The index is defined as
the average of the monthly sea surface temperature (SST) for 20° N-70° N over the North Pacific.
The global average anomaly is then subtracted to account for global changes in temperature [50].

e  The Pacific North American (PNA) Index. The PNA index is an indicator of low-frequency
variability in the Northern Hemisphere mid-latitudes [51]. The PNA index is identified as
geopotential height fluctuations, of which the positive phase features above-average heights in
the vicinity of Hawaii and over Alberta, Canada, coinciding with below-average heights centered
over the southern Aleutian Islands and the Gulf Coast region of the United States [52].

e  The Dipole Mode Index (DMI). The DMI is used to represent the Indian Ocean Dipole (also known
as the Indian Nifio) events. The DMI is calculated as the difference of spatially averaged SST
between the tropical western and eastern Indian Ocean [53].
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Figure 2. An example of deriving the annual maxima precipitation (PMAX) and heavy precipitation
days (N95) time series from daily precipitation. (a) Daily time series (black histogram) and the PMAX
events (red dots). (b) Daily time series (black histogram) and the peak-over-threshold events (blue dots);
the horizontal dashed line represents the threshold (the 95th percentile of the empirical distribution).
(c) The values of the N95 variable (i.e., the number of heavy precipitation days per year; heavy
precipitation events were identified in Figure 2b).

2.2. Analysing Changes in Precipitation Extremes

In trend detection studies, it is important to determine the statistical test that fits the characteristics
of the examined variables [54,55]. To quantify the monotonic trend in the PMAX index at a specific
grid cell, we used the normalised Theil-Sen slope [56,57] given by:

PMAX; - PMAX;

j—i

Tg = median

)
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T¢ X 10years
Ty = ——— %100 2)
PMAX,

where 7, is the Theil-Sen slope estimator for grid cell g, which is defined as the median of the average
annual difference in PMAX between all possible pairs of years i and j (where i, j € (1980, 2010), and i < j);
T, is the normalized trend, expressed in a percentage of changes per decade relative to the mean of
all PMAX values of that grid cell (PMAX¢). The significance of local trends was then assessed using
a Mann-Kendall test at the 5% significance level [58,59]. The ‘Kendall’ package [60] within the R
statistical software environment [61] was used for this purpose.

We used the Poisson regression to model the frequency of heavy precipitation (N95 variable),
which was assumed to follow a Poisson distribution [62,63]. Specifically, the number of heavy
precipitation days for year i (N95;) at a specific grid cell has a Poisson probability distribution of mean
u as follows:

N95; ~ Poisson ;) 3)

wherei =1,..., 31, corresponding to the reference period from 1980 to 2010.
Parameter ; is modelled as a log-linear function of the calendar year C; € (1980, 2010)), expressed as:

log(ui) = o+ p1Ci 4)

where 1 is the Poisson coefficient for predictor C, and is estimated using a maximum likelihood.
The built-in ‘glm’ function within the R statistical software environment [61] was used to estimate ;.

In the Poisson regression model (i.e., Equation (4)), exp(Bo) equals to the mean u of all N95 values
for a specific grid cell, and represents the expected value of N95 when C = 0. The regression coefficient
pB1 is used to infer changes in the frequency of heavy precipitation, as follows:

- If By = 0: the expected N95 equals to exp(Bp), and N95 does not have any relationship to C;
- If B1 > 0: when C increases by one, the expected N95 increases by a factor of exp(B1) > 1;
- If B1 < 0: when C increases by one, the expected N95 decreases by a factor of exp (1) < 1.

The significance of temporal changes in the frequency of heavy precipitation was evaluated
using a null hypothesis test approach. Specifically, a grid cell was determined to be associated with a
significant change in the frequency of heavy precipitation if the Poisson coefficient f; is statistically
different from zero at the 5% two-sided levels (i.e., p-value < 0.05). The sign of §; was then used
to determine whether the local trend is significantly increasing (81 > 0) or significantly decreasing
(B1 <0).

To determine whether the proportion of grid cells showing significant trends over a specific spatial
domain (e.g., Vietnam) is produced by random chance, a field significance test [59] was conducted.
Specifically, we used a block bootstrapping resampling technique with replacement [58] to derive
the distribution of the null hypothesis that the percentage of significant trends occur due to random
chance. The null hypothesis would be rejected when the true percentage is outside the 95% confidence
interval of the resampled distribution, that is, the true percentage is higher than the 97.5th percentile of
the resampled distribution. More details on the field significance test are presented in Do et al. [58]
and Do et al. [57].

2.3. Assessing the Relationship between the Characteristics of Precipitation Extremes and
Teleconnection Patterns

We used the Mann-Kendall test to investigate the relationship between the magnitude
of precipitation extremes and the climate indices representing large-scale teleconnections of
climate anomalies. Here, the null hypothesis Hy is defined as there is no relationship between
a specific climate index and PMAX variable. The null hypothesis is rejected at the 5% two-sided level
if the p-value of the test statistic (Kendall’s 7) is lower than 0.05. Depending on the value of 7 (i.e.,
positive or negative), we can infer if there is a positive or negative relationship between PMAX and the
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corresponding climate index. Field significance over a specific spatial domain is also assessed using a
resampling technique (similar to that described in Section 2.2).

The relationship between the frequency of heavy precipitation and climate indices was assessed
by the Poisson regression of N95 values against each of the climate indices, which follows a similar
approach described in Equation (4). For the statistical significance of the relationship, we compared
the p-value of the Poisson coefficient 1 to the significance level. The frequency of heavy precipitation
is significantly related to climate indices at the 5% two-sided level if the p-value is lower than 0.05.
The sign of §; was then used to infer whether the frequency of heavy precipitation at a specific grid
cell is significantly increasing (1 > 0) or decreasing (51 < 0). Field significance over a specific spatial
domain is also assessed using the resampling technique previously described in Section 2.2.

It is informative to note that the climate indices are available only at the monthly time-step,
while the precipitation extreme variables (either PMAX or N95) have a yearly time-step. Therefore,
we derived yearly values of each climate indices as the averages over the period in which most
of the heavy precipitation events occurred [62,64]. Figure 3 shows the fraction of PMAX events
classified into each calendar month, confirming the strong seasonality of precipitation extremes across
Vietnam [39,41,65,66]. Of all PMAX events, 66% are concentrated over the July-October period. As a
result, yearly climate indices were aggregated using monthly values of climate indices from July
to October.
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Figure 3. Fraction of annual maxima precipitation events across Vietnam classified into each
calendar month. The period from July to October, in which about two-third of annual maxima
precipitation events are concentrated, was used to derive yearly time series of climate indices.

3. Results and Discussion

3.1. Spatial Pattern of Precipitation Across Vietnam

Figure 4 shows the spatial variation of annual and extreme precipitation across seven climate
regions of Vietnam. The annual precipitation varies substantially across these regions and is higher than
1000 mm over the vast majority of Vietnam’s landmass (more than 99% of all grid cells). Central Vietnam
has the highest amount of annual precipitation, with the average annual precipitation gets above
3000 mm over many locations (Figure 4a). The average annual maxima precipitation (PMAX) also
has a wide range, from less than 50 mm to above 200 mm (Figure 4b). The spatial pattern of average
PMAX is similar to that of average annual precipitation, with the majority of grid cells over central
Vietnam having an average value of PMAX of above 200 mm. The 95th percentile of daily rainfall has
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a smaller range (from 12 mm to 56 mm) relative to the range of the average PMAX and also shares a
similar spatial variation (Figure 4c) to that of PMAX and annual precipitation.

20
20

oy
£ 220
5[ 205
5|5
gt
&t
g e
HEE)
H

H

H

2

15

115
100

15
95th Percentie Precipitation [mm]

10

Figure 4. Characteristics of precipitation across Vietnam: (a) average annual precipitation, (b) average

annual maxima precipitation, and (c) the 95th percentile threshold. Seven climate regions are also
shown as polygons bounded by black lines.

3.2. Changes in the Magnitude and Frequency of Precipitation Extremes Across Vietnam

Figure 5 shows trends of annual maxima precipitation across the country mainland, over which
approximately 52% grid cells exhibits an increasing trend (Figure 5a). Atregional scales, Red River Delta
(R3) and North Central (R4) are dominated by a decreasing trend, while increasing trends appear more
notably over the Northeast (R2), Central Highland (R6) and South (R7) regions. In addition, a mixture
of both increasing and decreasing trends is apparent over the Northwest (R1) and the South Central
(R5), indicating the spatially heterogeneity of changes in the magnitude of precipitation extremes.
These results are generally consistent with a previous investigation using gauged rainfall from 1979 to
2012 [34], indicating the robustness of PMAX trends detected using different datasets. More importantly,
more than 90% of Vietnam's landmass is not associated with a significant trend (Figure 5b). Of all grid
cells, only 5.0% (3.6%) exhibits significant increasing (decreasing) trends at the 5% level and this result
is not field significant (Figure 5c,d).

Frequency
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Figure 5. Changes in annual maxima precipitation across Vietnam from 1980 to 2010. (a) Normalized
Thiel-Sen slope (expressed in % change per decade) of annual maxima precipitation across seven
climate regions (polygons bounded by black lines). (b) The significance of trends: blue (red) cells
indicate locations associated with statistically significant increasing (decreasing) trends at the 5% level.
(c) The null-hypothesis distribution (grey histogram) and the observed value (red dot) of the percentage
of grid cells showing significant increasing trends. (d) Similar to (c), but for significant decreasing
trends. The blue lines in (c) and (d) represent the 97.5th percentile of the null-hypothesis distribution.

The frequency of precipitation extremes has an overall increasing trend over Vietnam, with 67%
of all grid cells characterized by a positive Poisson coefficient p; (Figure 6a). This increasing trend is
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particularly notable over South Central and South Vietnam, notwithstanding how a similar pattern
is also observed across other regions. Note that these results are only partially consistent with
Phan-Van et al. [34], which found an apparent decreasing trend in the number of heavy precipitation
days over the Northwest and Northeast regions. The inconsistent pattern found between this study
and Phan-Van et al. [34] is likely due to the methodological choices, as the Sen slope estimator was
used in Phan-Van et al. [34]. Figure 6b shows the significance of trends detected from the N95 variable
across Vietnam, which further confirms the dominant increasing trend across Vietnam. Of all grid cells,
28.3% exhibits significant increasing trends, while only 3.8% exhibits significant decreasing trends.
The percentage of grid cells showing statistically significant increasing trends was field-significant
(Figure 6¢), whereas the percentage of grid cells showing statistically significant decreasing trends was
not field-significant (Figure 6d).

Frequency

O Insig. o 5 10 15 20 25 30
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10

[ 5 10 15 20 25 20
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Figure 6. Changes in the frequency of heavy precipitation across Vietnam from 1980 to 2010.
(a) Poisson regression coefficient 81 across seven climate regions (polygons bounded by black lines).
(b) The significance of changes: blue (red) cells indicate locations associated with statistically significant
increasing (decreasing) trends at the 5% level. (c) The null-hypothesis distribution (grey histogram)
and the observed value (red dot) of the percentage of stations showing significant increasing trends.
(d) Similar to (c), but for significant decreasing trends. The blue lines in (c,d) represent the 97.5th
percentile of the null-hypothesis distribution.

Table 1 shows the percentage of cells showing significant trends (either increasing or decreasing)
of PMAX and N95 over each of the regions, which were used to assess whether changes in precipitation
extremes had a strong regional signal. Considering trends of PMAX, there are four regions (Northwest,
Northeast, Central Highland and South) showing more grid cells with significant increasing trends than
significant decreasing trends, and three regions (Red River Delta, North Central and South Central)
showing the opposite pattern (more grid cells with significant increasing trends). The percentage of
significant trends is only field significant over the Southern (for increasing trend) and Red River Delta
(for decreasing trend). As a result, the hypothesis that there is a significant increase in the magnitude
of precipitation extremes is not supported by this analysis for the majority of regions (six out of seven).
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Table 1. The percentage of grid cells showing significant changes (at the 5% level) in the magnitude
(PMAX variable) and the frequency (N95 variable) of precipitation extremes across seven climate
regions. The results at the national scale are also shown (the last row). The field significance of
increasing and decreasing trends is highlighted in bold.

Region Trends of PMAX Variable Trends of N95 Variable

% Sig. Increase % Sig. Decrease % Sig. Increase % Sig. Decrease
Northwest (R1) 11.5 0.4 32.3 0.4
Northeast (R2) 43 2.6 12.6 43
Red River Delta (R3) 0.0 11.0 5.8 2.4
North Central (R4) 2.0 3.6 14.1 2.0
South Central (R5) 1.8 4.6 70.7 0.3
Central Highland (R6) 2.8 0.2 29.8 8.1
South (R7) 12.3 3.4 38.0 4.8
Vietnam 5.0 3.6 28.3 3.8

Across all regions, the signal of increasing trends of the frequency of precipitation extremes is
substantially strong, with the percentage of grid cells showing significant increasing trends ranging
from 5.8% (Red River Delta) to 70.7% (South Central). The percentage of grid cells exhibiting significant
decreasing trends is substantially low, less than 10% across all regions. Interestingly, field significance
was only found for increasing trends over the Northwest and South regions, indicating that a large
percentage of grid cells showing significant increasing trends may occur due to random chance.
For instance, the null-hypothesis of the field significance test was not rejected over the South Central
region, despite the fact that more than 70% of all grid cells in this region shows significant increasing
trends. Nevertheless, the assessment at the regional scale confirms the dominant upward change in
the frequency of heavy precipitation across Vietnam.

3.3. Relationship between Precipitation Extremes and Climate Indices Representing Teleconnections

The previous section indicates that precipitation extremes have changed substantially during the
reference period over many regions, especially for the frequency of precipitation extremes. To explore
the possible large-scale mechanisms driving these changes, this section assesses the relationship
between precipitation extremes and five climate indices representing teleconnections of climate
anomalies over the Northern Hemisphere.

The spatial variations of the relationships between PMAX and the five climate indices are shown
in Figure 7. At the national scale, less than 10% of Vietnam’s mainland is associated with significant
(either positive or negative) relationships between PMAX and each of the five climate indices. Of all
indices, DMI has the most notable negative relationships with PMAX (Figure 7e); having 7.3% of
all grid cells shows a significant negative relationship, and this number is field-significant (Table 2).
Among the other four climate indices, the SOI index shows an overall positive relationship with PMAX
(Figure 7b), while a mixture between local negative and positive relationships is apparent across the
other three indices (Figure 7a,c,d).
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Figure 7. Maps showing the significant relationships between annual maxima precipitation and climate
indices representing teleconnections: (a) nino34, (b) the Southern Oscillation Index (SOI), (c) the Pacific
Decadal Oscillation (PDO) index, (d) the Pacific North American (PNA) Index, and (e) the Dipole Mode
Index (DMI). Blue (red) pixels indicate a significant positive (negative) relationship at the 5% level.
Seven climate regions are also shown (polygons bounded by black lines).

Table 2. The percentage of grid cells showing a significant relationship (at the 5% level) between the
magnitude of precipitation extremes and the five climate indices across the national and regional scale.
Field significance of the relationship has been highlighted in bold.

% of Grid Cells Showing Significant % of Grid Cells Showing Significant

Region Positive Relationship Negative Relationship

nino3.4 SOI PDO PNA DMI nino34 SOI PDO PNA DMI

Northwest (R1) 20.4 0.4 0.8 3.1 0 0.4 1.2 1.5 0.8 1.9

Northeast (R2) 2.6 1.1 1.5 0.6 0.4 0.2 0.2 24 0.6 0.6
Red River Delta (R3) 2.1 13.9 1.0 0 0 9.7 1.3 0.5 2.6 11.3
North Central (R4) 0 4.8 1.2 0 0 14.1 0 24 13.7 12.5
South Central (R5) 0 10.1 3.7 4.0 0 24 0 11.6 24 18.6

Central Highland (R6) 0.8 3.2 1.4 0 3.8 0.4 0.6 1.6 4.6 9.9

South (R7) 0.2 1.6 0.2 0.8 54 0.8 0.2 9.0 2.6 1.8

Vietnam 29 47 1.3 1.0 1.7 3.2 0.5 4.2 34 7.3

The percentage of grid cells showing significant (either positive or negative) relationships between
climate indices and PMAX varies substantially across regions. However, there is limited evidence to
reject the null hypothesis that the regional relationship was found due to random chance, especially over
the Northeast and Central Highland regions. Specifically, the field significance of positive relationships
with PMAX is only detected in the Northwest for nino3.4, and the Red River Delta for SOI. On the
other hand, the field significance of negative relationships with PMAX is found in the North Central
region for nino3.4, the South Central region for DMI, and the South region for PDO.

Figure 8 shows the statistical significance of the relationship between the frequency of heavy
precipitation and each of the five climate indices. In addition, the percentages of grid cells associated
with significant relationships are shown in Table 3. Compared to the relationship with PMAX, climate
indices have stronger relationships with N95, although the signal is less apparent for PNA (Figure 8d)
relative to the other four indices (Figure 8a—c,e). Field significance at the national scale is detected
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for three climate indices: positive relationships for SOI (25.3% of cells showing significant positive
relationships), and a negative relationship for nino3.4 and PDO (21.7% and 30.0% of cells showing
significant positive relationships, respectively).

105 110 115 105 10 115 105 110 115

O Insig.
DMI |- | ® Sig. Neg.
M Sig. Pos.

105 110 115 105 110 115

Figure 8. Maps showing the significant relationships between the frequency of heavy precipitation days
and climate indices representing teleconnections: (a) nino34, (b) the Southern Oscillation Index (SOI),
(c) the Pacific Decadal Oscillation (PDO) index, (d) the Pacific North American (PNA) Index, and (e) the
Dipole Mode Index (DMI). Blue (red) pixels indicate a significant positive (negative) relationship at the
5% level. Seven climate regions are also shown (polygons bounded by black lines).

Table 3. The percentage of grid cells showing a significant relationship (at the 5% level) between the
frequency of precipitation extremes and the five climate indices across the national and regional scale.
The field significance of the relationship is highlighted in bold.

% of Grid Cells Showing Significant % of Grid Cells Showing Significant

Region Positive Relationship Negative Relationship
nino3.4 SOI PDO PNA DMI nino3.4 SOI PDO PNA DMI
Northwestern (R1) 5.4 0.8 12 9.2 42 0 11.5 16.5 2.7 0
Northeastern (R2) 5.0 12.0 0.2 3.7 1.8 5.2 3.9 19.4 2.6 0.2
Red River Delta (R3) 8.9 0.5 0 0 2.1 2.6 9.2 19.9 2.1 0.5
Central-Northern (R4) 0 26.2 0 0 0 20.6 0 25.0 1.2 43.1
Central-Southern (R5) 0 97.3 0 0 0 92.7 0 83.5 19.5 85.7
Central Highland (R6) 2.4 20.6 1.6 133 111 17.7 3.0 19.2 48 28.6
Southern (R7) 0 28.3 3.8 5.0 22 23.3 0 34.5 22 2.0
Vietnam 3.2 25.3 11 49 3.5 21.7 3.7 30.0 47 19.7

The relationships between N95 and each of the climate indices, when disaggregated across seven
regions, are generally consistent with the results obtained at the national scale. There is no evidence to
reject the null hypothesis (i.e., the percentage of grid cells showing significant relationships is introduced
by random chance) for the relationship between PNA and N95 across all regions. In addition, field
significance was not detected over three northern regions (the Northwest, Northeast, and Red River
Delta) and one southern region (Central Highland) regardless of the climate index used. The South
Central region was the one exhibiting the strongest evidence of a significant relationship between
NO95 and climate indices. Specifically, field significance was detected for the positive relationship
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between N95 and SOI (97.3% of all grid cells showing significant positive relationships), and for a
negative relationship between N95 and nino3.4, PDO, and DMI (the percentage of grid cells showing
significant negative relationships is 92.7%, 83.5%, and 85.7%, respectively). Finally, positive (negative)
relationships between N95 and SOI (PDO) are also field-significant over the South region, of which
28.3% (34.5%) grid cells show significant positive (negative) relationships.

4. Conclusions

This paper evaluated changes in precipitation extremes across Vietnam using a high-quality
gridded precipitation dataset available from 1980 to 2010. The study also used five climate indices
(nino3.4, SOIL, PDO, PNA, and DMI) to examine the range of the relationships between precipitation
extremes and teleconnection patterns of the Northern Hemisphere across Vietnam. The results are
summarized as the following:

1.  Annual maxima precipitations have a mixed pattern of changes over the reference period, with less
than 10% of the total landmass exhibiting significant trends. A field significance assessment was
conducted at the national and regional scales, which found evidence of an increasing trend only
for the South region.

2. The frequency of heavy precipitation shows an apparent upward change, with 28.3% of Vietnam's
landmass exhibiting significant increasing trends, and this number is field-significant. A similar
pattern was also found across the regions, and field significance was found for increasing trends
over the Northwest and South regions.

3. Thereis limited evidence for a significant relationship between teleconnections and the magnitude
of precipitation extremes at the national scale. Specifically, less than 10% of Vietnam’s landmass is
associated with a significant relationship (either positive or negative) between the PMAX variable
and the climate indices, of which only the negative relationship between DMI and PMAX was
field-significant. At the regional scale, the magnitude of precipitation extremes had significant
relationships with nino3.4 over the Northwest and North Central regions; with SOI over the Red
River Delta region; with DMI over the South Central region; and with PDO over the South region.

4.  The signal of the relationships between teleconnections of climate variability and the frequency
of precipitation extremes is significantly strong from the national to the regional scales. At the
national scale, the frequency of precipitation extremes has an overall positive relationship with
SOl (field-significant), and an overall negative relationship for the other climate indices (field
significance was found for nino3.4 and PDO). At the regional scale, the relationships between
the frequency of precipitation extremes and climate indices are not field-significant over the
Northwest, Northeast, Red River Delta, and Central Highland regions. For the other three regions,
the relationships between the frequency of precipitation extremes and climate indices follow
similar patterns to that detected at the national scale.

This study complements previous findings of changes in precipitation extremes in
Vietnam [34,36,40], suggesting the presence of a strong regional signal for an increase in the frequency
of precipitation extremes. The strong influence of teleconnections of climate anomalies on the
characteristics of precipitation extremes also suggests a potentially higher magnitude of changes as a
response to rising temperature. To better understand these changes, future research should focus on
quantifying the scaling relationships between temperature and precipitation extremes, as well as on
how large-scale climate variability will modulate precipitation extremes in the future. The effects of
changes in aerosol and land management across the country on precipitation extremes should also be
assessed, as these factors can impose a greater impact on regional patterns of precipitation relative to
global warming or teleconnections climate variability. In addition, attention should also be paid to
investigating the implication of changes in precipitation extremes on streamflow regimes, which is of
significant importance to design mitigation measures for hydrological extremes, such as flash floods
and landslides.
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