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1 | INTRODUCTION

There is widespread agreement that extreme weather and climate change have been and will continue to be the greatest threat 
to humankind (Stern, 2008). The link between climate change and extreme weather, especially heat waves, is well documented 
(Luber & McGeehin, 2008). Although adaptation and medical advances have mitigated the adverse health effects of extreme 
events, climate change could reverse this trend (Ebi et al., 2021). As extreme weather events occur more frequently, the number 
of people affected will increase. A recent estimate from Zhao et al. (2021) indicates that non-optimal temperatures are linked 
with around 5 million deaths worldwide per year, accounting for 9.43% of all deaths, of which 8.52% are cold-related and 0.91% 
are heat-related. Understanding the effects of extreme weather on health is extremely important for the design of policies that 
adapt for climate change.

In this study, we examine the effect of temperatures on the monthly province-level rate of mortality in Vietnam during the 
2000–2018 period. By exploring a number of ways to measure temperature distribution, we uncover several interesting findings 
on how temperatures affect mortality. While large literature consider the mortality impact of increases in average temperature 
measured by bins, we focus on more complex relationships between the duration and extend of extreme weather events. We 
begin with examining non-linear relationship between mortality and temperature. Using the number of days (within a month) 
in 3-degree (or 2-degree) temperature bins to capture the non-linear relationship between temperature and mortality, we do not 
find significant effects of low and high temperature bins relative to the reference temperature bin (21–24°C). However, if a 
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medium temperature from 15 to 30°C is used as the reference bin, we find a significant effect of high but not low temperatures. 
An additional day with a mean temperature over 30°C relative to a 15–30°C day increases the monthly mortality rate by 0.78%.

Measuring the temperature effect using absolute temperature can be associated with bias since local people have the capac-
ity to adapt to steady temperatures, whether high or low. Therefore, we use temperature shocks, which are measured by the 
number of days with a daily mean temperature below the fifth percentile or above the 95 th percentile of the province-specific 
temperature distribution during the past 20 years. We find significant effects from both low and high temperature extremes. 
An additional day with a mean temperature at or below the fifth percentile of the temperature distribution relative to a day 
within the fifth-95 th percentile range, increases the monthly mortality rate by 0.5%. The corresponding figure for the effect 
of a high temperature extreme is 0.73%. A problem with recording the number of days with temperature extremes is that this 
does not capture the duration of these extremes. Thus, we define a heat wave as three or more consecutive days with a daily 
mean temperature at or higher than the 95 th percentile of the province-specific temperature distribution, and a cold wave as at 
least three consecutive days with a daily mean temperature at or below the fifth percentile of the province-specific temperature 
distribution. We find that a cold wave longer by one additional day within a month increases the monthly mortality rate by 0.6%. 
The corresponding figure for an additional day in a heat wave is 0.7%. Our estimates are robust for different definitions of cold 
and heat waves as well as different specification and placebo tests.

The findings concerning the smaller effect of temperature bins but higher effect of cold and heat waves suggest that people 
living in cold or hot areas may be acclimatized or able to adapt to low or high temperatures, but are more vulnerable to temper-
ature shocks, especially when these shocks are prolonged. Cold and heat waves put a strain on human cardiovascular and 
respiratory systems and as a result, the number of deaths caused by these waves is higher than the number due to excessive 
temperatures alone. Furthermore, we find a heterogeneous effect from cold waves on mortality across provinces with different 
adaptive strategies. The effect of cold waves on mortality tends to be lower in provinces with a higher level of air-conditioning 
and in provinces with higher public spending on health. Cold waves also push people to migrate from their provinces, and prov-
inces with higher emigration rates are less affected by cold waves. Our study confirms the adverse effect of extreme weather on 
health and suggests the important role of adaptation and coping strategies to reduce this effect.

Using the estimated effect of cold and heat waves on monthly mortality rate, we predict the number of deaths caused by 
the cold and heat waves over time. It is estimated that cold and heat waves account for 1.42% of all deaths in Vietnam during 
the 2003–2017 period (cold and heat waves account for 53% and 47% respectively). We project the economic cost of mortality 
caused by cold and heat waves by multiplying the number of deaths with a statistical life value of 0.342 million USD (Viscusi 
& Masterman, 2017). The cost that we are willing to pay to avoid the mortality of 2468 people is estimated at 0.84 billion USD 
(at constant 2015 prices) in 2017, equivalently 0.44% of GDP in that year.

Finally, we use projected daily data for Vietnam to forecast cold and heat waves in the 2020–2100 timeframe using several 
Representative Concentration Pathway (RCP) scenarios. The number of days with cold waves is expected to drop rapidly, 
approaching zero in the 2050s. On the other side, the number of days with heat waves grows dramatically, peaking in about 
2060. The RCP 6.0 scenario has the most heat waves, whereas the RCP 2.6 scenario has the fewest. Heat-related deaths are 
expected to rise in the future, reaching a peak around 2060. These findings raise severe concerns regarding the health repercus-
sions of future heat-related events in Vietnam.

Our study contributes to the related literature in several ways. Firstly, it provides recent empirical evidence on the effect 
of temperature on mortality in a lower middle-income country. Located in South East Asia, Vietnam is ranked as one of the 
top five countries most likely to be affected by climate change (World Bank and Asian Development Bank, 2020). Accord-
ing to MONRE  (2009), the average surface temperature in Vietnam is predicted to rise by 1.1–3.6°C this century. While 
the effect of temperature on mortality has been well documented in high-income countries (e.g., Anderson & Bell,  2011; 
Barreca, 2012; Barreca et al., 2016; Deschenes & Greenstone, 2011; Deschênes & Moretti, 2009; Karlsson & Ziebarth, 2018; 
Mullins & White, 2020), there is less evidence concerning this effect in low- and middle-income countries (e.g., see a review 
from Dimitrova et al., 2021). The effect of temperature on health and mortality tends to be greater in lower-income countries 
(Basu, 2009; Burgess et al., 2017; Carleton et al., 2020; Lee & Li, 2021), partly because of their limited coping and adaptive 
capacities.

Burgess et al. (2017) show a higher effect from high temperatures on mortality in India than in the US. Recently, Cohen 
and Dechezleprêtre (2019) estimate that suboptimal temperatures, mainly cold, cause nearly 4% of all deaths in Mexico. Lin 
et al. (2021) find that drought increases infant mortality and reduces birth weight of children in China. Existing studies show a 
wide diversity of empirical results, a situation which calls for more empirical findings to better understand the effect of temper-
ature on mortality. 1 Using Russian data, Otrachshenko et al. (2017) present evidence that mortality will be increased because of 
both hot and cold days. However, extremely cold events (below − 30°C) may reduce mortality because of risk aversion behav-
iors. Related to cold waves, Otrachshenko et al. (2018) find that single cold days do not have a significant effect on mortality 
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NGUYEN Et al. 3

in Russia, but a spell of at least 3 cold consecutive day increases mortality. The method used in this paper is similar to that was 
used by Otrachshenko et al. (2018) and our results complement to their findings.

The second contribution of this study is to confirm the short-term effect of cold and heat waves on mortality. A challenge in 
studying the temperature-mortality relationship is to understand the channels through which temperatures can cause mortality. 
A direct effect of extreme temperature fluctuations is a deterioration in people's health. Hot temperatures can have direct, short-
term effects on mortality by increasing the risks of cardiovascular, respiratory, cerebrovascular and blood cholesterol problems, 
especially in children and older people (see review by Basu & Samet, 2002; Xu et al., 2012). Extreme temperatures can have a 
medium-term effect on mortality through increasing the risk of contracting disease. Climate variability can affect the survival 
rate and transmission of viruses and bacteria. Temperature and precipitation are found to strongly affect the spread of dengue, 
cholera, malaria, diarrhea, and several infectious diseases (e.g., Jahani & Ahmadnezhad, 2011; Levy et al., 2016).

Another indirect mechanism through which extreme temperatures cause deteriorating health is their negative effect on income. 
High temperatures increase discomfort and tiredness, resulting in reduced labor productivity (e.g., Deryugina & Hsiang, 2014; 
Somanathan et al., 2021). Several studies document the negative effect of extreme temperatures on agricultural production and 
economic growth (e.g., Deschênes & Greenstone, 2007; Dell et al., 2009; Miller et al., 2021; Otrachshenko & Popova, 2022). 
Our study shows that cold and heat waves have only a short-term effect on monthly mortality in Vietnam. There are no signifi-
cant lagged effects of cold and heat waves on mortality. In addition, we do not find significant effects of cold and heat waves on 
income. These findings suggest that cold and heat waves cause deaths by increasing people's health problems directly.

Recent studies focus on the heterogeneous effects of climate change and adaptation strategies to mitigate the effects of temper-
ature on mortality (e.g., Banerjee & Maharaj, 2020; Barreca et al., 2016; Burgess et al., 2017; Cohen & Dechezleprêtre, 2019; 
Heutel et al., 2020; Mullins & White, 2020). Several studies find that greater access to air-conditioning mitigates the adverse 
effect of heat waves (e.g., Barreca et  al., 2016; Heutel et  al., 2020). Cohen and Dechezleprêtre  (2019) investigate the link 
between temperature and mortality in Mexico and discover that enrollment in Mexico's national health insurance scheme 
reduces the impact of a cold day on mortality by 35%. On the other hand, Mullins and White (2020) find that access to primary 
care services mitigates the harmful effects of heat but not cold in the US. Our study supplements related studies by showing 
that provinces with a higher number of air-conditioners and higher public spending on health are less affected by cold waves. 2 
Moreover, we find that people are more likely to emigrated from provinces with more cold waves and as a result, emigration 
tends to mitigate the effects of cold waves on mortality.

The remainder of the paper is structured as follows. The second section discusses the data sets used in this study and 
provides a descriptive analysis of mortality in relation to temperatures in Vietnam. The third and fourth sections present the 
method of estimation and the effect of temperature on mortality, respectively. The fifth section estimates the number of deaths 
caused by cold and heat waves and projects the number of deaths under different temperature scenarios in the coming years. 
Finally, the sixth section offers a concluding summary.

2 | DATA SETS AND DESCRIPTIVE ANALYSIS

This study relies on the two main data sets. The first is the monthly mortality rate of provinces during the 2000–2018 period, 
provided by General Statistics Office of Vietnam (GSO). The mortality rate is computed from the Population Change and Family 
Planning Surveys, which have been conducted annually by the GSO since 2000. The sample size of these surveys is representative 
at the provincial level. Monthly mortality rates can be estimated separately for males and females and for different age groups.

Together with economic growth, Vietnam has experienced improvement in health. Life expectancy has increased from 73 
to 75 from 2000 to 2018 (World Bank, 2020). However, the crude mortality rate has not declined during this period. Estimates 
from the Population and Planning Surveys show that the raw mortality rate for all ages was around 5 deaths per 1000 people 
during the 2000–2018 period (see Figure A.1 in the Appendix). A major reason why the mortality rate has not decreased during 
the past 2 decades is the decline in the fertility rate. The government has recommended family planning with a limit of two chil-
dren per family since 1988. The dramatic decline in birth rates is the most important reason for population aging in Vietnam. 3 
When the mortality rate is computed for different age groups, we can see a decline in the mortality rate, especially for children 
under 5 and people aged 60 and older (Figure A.1 in the Appendix).

The second data set comprises weather data. Temperature and precipitation measurements are sourced from the Vietnam 
Institute of Meteorology, Hydrology and Climate Change. This data set is an administrative source covering data from all 172 
weather stations in Vietnam (as shown in Figure A.2 in the Appendix) and provides daily precipitation, and daily minimum, 
mean and maximum temperatures. Our data on mortality is taken from the province-by-month mortality rate. Thus, we need to 
link the weather data from the stations to the provincial-level data. Currently, Vietnam has 63 provinces covering 705 districts. 
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NGUYEN Et al.4

We first match each district with the nearest weather station (the shortest distance from the district's centroid to the station). 
The temperature and precipitation at a weather station are used for the temperature and precipitation of a matched (nearest) 
district. Next, we estimate temperature and precipitation for a province by the average weighted temperature and precipitation 
of districts in the province with weight equal to district area. 4

Vietnam is a tropical country with two areas with different climates. North Vietnam has four seasons and winter has 
significantly lower temperatures and less precipitation than summer. On the other hand, South Vietnam has two seasons, the 
dry season from November to April and the rainy season from May to October. Compared with the North, temperatures in the 
South show lower 12-month variation. The average daily temperature for the whole country is around 25°C. This average is 
computed from the daily provincial average and reflects the variation across provinces and the 12-month variation. The average 
temperature remained very stable during the 2000–2018 period (See Figure A.3 in the Appendix).

Vietnam's 63 provinces are grouped into 6 geographic regions: the Red River Delta, Northern Midlands and Mountains, the 
Central Coast in the North and the Central Highlands, and the Southeast and Mekong River Delta in the South (see Figure A.3 
in the Appendix for the average daily regional temperature from 2000 to 2018). The Southeast and Mekong River Delta have the 
highest average daily temperature at around 27°C, while the Northern Midlands and Mountains have the lowest average daily 
temperature at around 22°C. Figures A.4 and A.5 in the Appendix present the average daily temperature across months in six 
regions. The hottest month is June in the North and April in the South. January and December are the coldest months in all regions.

Figure 1 presents the geographic maps of the mortality rate and temperatures (averaged over the 2000–2018 period). 5 The 
mortality rate and the average temperature were fairly similar between provinces within a region. The maps show that the 
mortality rate was higher in the North, which has a lower average temperature, than in the South. It suggests a negative corre-
lation between temperature and mortality. This is because northern regions which are located in mountains and have lower 
temperature have lower living standards, while southern regions, especially Southeast region, have high temperature but also 
higher living standards (Lanjouw et al., 2017). Thus, the correlation between mortality and temperature might be caused by 
other factors, and this correlation does not reflect the causal effect of temperature on mortality.

F I G U R E  1  Mortality rate and temperatures. (a) Mortality rate (per 1000 people). (b) Average daily temperature (degrees Celsius). (a) 
presents the crude death rate of each province in a year, measured by the number of deaths per 1000 of the population. The map shows the mortality 
averaged over the 2000–2018 period. (b) presents the average of the daily mean temperature of each province over the same period.
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NGUYEN Et al. 5

As mentioned earlier, the main objective of this study is to examine the effect of weather extremes on mortality. Thus, we 
follow previous studies on the effect of temperature on mortality (e.g., Barreca et al., 2016; Deschenes & Greenstone, 2011; 
Mullins & White, 2020) and construct seven temperature bins according to the number of days per month and daily mean 
temperatures. The seven bins are comprised of the following temperature groupings, in degrees Celsius: 0–15; 15–18; 18–21; 
21–24; 24–27; 27–30; 30+. 6 We use 15°C instead of 12°C to define the lowest temperature bin, since daily mean temperatures 
fall below 12°C in only 1% of the number of the province-by-day observations. Similarly, 30°C instead of 33°C is selected to 
define the highest temperature bin because there are only a few province-by-day observations with the daily mean temperatures 
above 33°C (accounting for around 0.08%). Moreover, the WHO (2018) suggests that the range of minimum risk for higher 
temperatures is about 15–30°C. Temperatures lower than 16°C (61°F) with humidity above 65% were associated with respira-
tory hazards. The average number of days per year with daily mean temperatures falling into seven bins for the 2000–2018 
period is presented in Figure A.7 in the Appendix.

We focus on the effect of weather extremes, which are measured by cold and heat waves occurring within a month. 
Although there is no universal definition of a heat wave (Meehl & Tebaldi, 2004), it is often measured by a period of abnor-
mally warm weather. There are two issues in defining a heat wave: selection of a temperature threshold and definition of the 
number of consecutive days of prolonged heat. Most studies use a threshold of a given percentile such as the 90th, 95th or 
98th percentile of the temperature distribution of a specific location (e.g., see the review by Perkins & Alexander, 2013; and 
Perkins, 2015). Several studies use an absolute temperature threshold, such as 30–35°C. However, using a common temper-
ature threshold may not be appropriate in a country with varying climates (Anderson & Bell, 2009; Kent et al., 2014). More 
important, this definition does not capture exogenous weather shocks for local people. People in warm areas are familiar 
with high temperatures and have adapted to them. The effect of a 30°C temperature can be very different for people in the 
Southeast compared with those living in the Central Highlands. Similarly, temperatures below 15°C may be harmful for 
people in the Southeast and the Mekong River Delta but not for people in the Red River Delta and Northern Midlands and 
Mountains.

Another issue in measuring heat waves is whether excessively warm periods define a specific season, such as summertime, 
or the entire year (Perkins & Alexander, 2013). In this study, the threshold for a heat wave is set for all seasons of the year, not 
just summer or winter. Certainly, heat waves are more likely to happen in summer. The definition of heat waves in winter where 
there are daily temperatures above the 95 th percentile of the winter distribution is not appropriate for the purpose of measuring 
the effect of heat waves on health. Warmer days in winter are not harmful for health.

The second issue in defining a heat wave is the duration of consecutive days equal to or above the temperature threshold. 
Exposure to hot weather over several consecutive days has a more detrimental effect on health than exposure to a few hot days 
occurring separately. For example, Otrachshenko et al. (2018) show that single cold days do not matter to mortality in Russia, 
but cold waves with at least 3 cold consecutive day increase mortality. A heat wave is often defined as at least 3 or 5 consecutive 
days with daily temperatures above a given threshold (e.g., see review Perkins & Alexander, 2013; and Perkins, 2015).

In this study, we define a heat wave as 3 or more consecutive days with a daily mean temperature at or above the 95th percen-
tile of the province-specific temperature distribution during the past 20 years. Similarly, we define a cold wave as occurring 
when the daily mean temperature over at least 3 consecutive days is equal to or below the fifth percentile of the province-specific 
temperature distribution. For robust analysis, we also define heat waves (and cold waves) as at least 5, 7, and 9 consecutive days 
when the daily mean temperature is at or above the 95 th percentile (and at or below the fifth percentile) of the province-specific 
temperature distribution. We also consider thresholds at the 10 th and 90 th percentiles of the temperature distribution. The regres-
sion results using these thresholds are very similar to those using the thresholds at the 5th and 95th percentiles.

Figure 2a presents the average number of days per year of cold and heat waves, defined on the basis of the 5 th and 95 th 
percentiles of the province-specific temperature distribution. The numbers are computed as the annual average across the prov-
ince. For example, the first bar in Figure 2a indicates that the annual provincial average number of consecutive days in cold 
waves, defined as at least 3 consecutive cold days, is 14. The average number of consecutive days in cold waves, defined as at 
least 9 consecutive cold days, is only 5.2. It should be noted that this average is below 9, since there are a number of provinces 
which do not experience a cold wave at all in some years. The average number of consecutive days in heat waves is lower. For 
example, the average number of consecutive days in heat waves, defined as at least 3 and 9 consecutive hot days, is 10.4 and 
2.4, respectively. Figure A.8 in the Appendix shows the fluctuation in the average number of consecutive days in cold and heat 
waves per year from 2000 to 2018.

Figure 2b presents the average percentage of months in which at least one cold or heat wave occurred during 2000–2018. 
A month is considered to have a cold/heat wave if there is at least one day of a cold/heat wave in the month. The percentage is 
averaged across provinces. It shows that on average, 16.7% of months in 2000–2018 experienced at least one cold wave, defined 
as at least 3 consecutive cold days. For heat waves, the average percentage of months which experienced at least one heat wave 
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NGUYEN Et al.6

with 3 or more consecutive hot days, is 13.6%. When cold/heat waves are defined as of longer duration (at least 5, 7, and 9 
consecutive days), the percentage of months with at least one cold/heat wave is smaller.

3 | ESTIMATION METHODS

3.1 | Effects of cold and heat waves on mortality

We start with the estimation of the non-linear effect of temperature on mortality. A popular approach to estimate the climate 
effect is to define the distribution of temperatures by different bins, for example, the number of days with certain temperature 
levels within a time period (e.g., Deschenes & Greenstone, 2011; Dell et al., 2009; and Deryugina & Hsiang, 2017). 7 Our 
regression model is expressed as follows:

log
(

𝑦𝑦𝑝𝑝𝑝𝑝𝑝𝑝
)

= 𝛼𝛼1 +

7
∑

𝑗𝑗=1

𝛽𝛽𝑗𝑗Temp𝑝𝑝𝑝𝑝𝑝𝑝 +𝑋𝑋𝑝𝑝𝑝𝑝𝑝𝑝𝜃𝜃1 + 𝑃𝑃𝑝𝑝𝑝𝑝 +𝑀𝑀𝑝𝑝𝑝𝑝 + 𝑇𝑇𝑝𝑝𝛿𝛿1𝑝𝑝 + 𝜀𝜀𝑝𝑝𝑝𝑝𝑝𝑝, (1)

where 𝐴𝐴 𝐴𝐴𝑝𝑝 is the mortality rate of province p in month m of year t (per 100,000). We use both the mortality rate and the log of the 
mortality rate as the dependent variables. 𝐴𝐴 Temp𝑝𝑝𝑝𝑝𝑝𝑝 denotes variables indicating the number of days in a province-year-month where 
the daily mean temperature falls into one of seven temperature bins, as defined in Figure A.7 in the Appendix. Thus the 21–24°C 
bin is used as the reference, and we assume the zero effect of this temperature range on mortality. According to the WHO (1990), 
comfortable indoor temperatures are between 18 and 24°C (64–75°F). The coefficient of a temperature bin in the regression is 
interpreted as the effect of an additional day in this bin on the mortality rate relative to the effect of a day in the 21–24°C bin.

One issue in estimating the temperature bins is the assumption that the effect of temperature on the mortality rate is constant within 
each bin. To examine this assumption, we also try 2-degree temperature bins (i.e., below 14°C; 14–16; 16–18; 18–20; 20–22; 22–24; 
24–26; 26–30; 30–32; 32+°C); the results are very similar. For interpretation, we use the results from 3-degree temperature bins.

𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝 is a vector of control variables. Our main control variables include the yearly temperature average, which is calculated 
by averaging the daily mean temperatures in the province, and total annual precipitation. We do not control for the monthly 
temperature since it can be affected by the temperature bins. The control variables should not be affected by the treatment vari-
ables (Angrist & Pischke, 2008; Heckman et al., 1999). Our main purpose is to estimate the total instead of the partial effect 
of temperature on mortality (Duflo et al., 2007). For sensitivity analysis, we try different models, which vary the number of 
control variables. Specifically, we try to control for the monthly mean temperature and monthly precipitation in addition to the 
annual mean temperature and total annual precipitation. We also try to control for the bins of monthly precipitation. Another 
explanatory variable is the humidity level, which might be correlated with temperature and health. However, in our case this 

F I G U R E  2  Cold and heat waves. (a) The average number of consecutive days in cold and heat waves. (b) The percentage of months with 
cold and heat waves. (a) presents the average number of days per year in cold and heat waves, defined based on the 5th and 95th percentiles of the 
province-specific temperature distribution and varying durations of consecutive days. (b) presents the average percentage of months in which at 
least one cold or heat wave (defined on the basis of varying durations of consecutive days) occurred during the 2000–2018 period.
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NGUYEN Et al. 7

variable is not statistically significant in regression of mortality. Regressions using different specification are reported in the 
Appendix. Overall, the effect of temperatures is very similar in these models.

We also control for the province-by-month fixed effects, 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝 , and year-month fixed-effects 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚 . The monthly province 
fixed effects control not only for the time-invariant characteristics of a province (including observed time-invariant variables, 
such as geography, and unobserved time-invariant variables, such as historical culture) but also local seasonality. In addi-
tion, we include the province-specific time trend, 𝐴𝐴 𝐴𝐴𝑝𝑝 , which allows for province-specific time trends in the mortality rate. 
However, controlling for these time trends might absorb the effect of temperature and bias its effect (Baum-Snow & Lutz, 2011; 
Wolfers, 2006). Thus, for sensitivity analysis, we also try the model without the province-specific time trend. Several studies 
also control for quadratic time trends. In our study, a large number of province-specific quadratic time trends are not statis-
tically significant at conventional levels. Moreover, including area-specific quadratic time trends might increase bias in the 
estimate of the effect of the treatment variable (Wolfers, 2006). In the Appendix, we also report the estimated effects of temper-
ature from models, including the province-specific quadratic time trends. The results are very similar to those from models 
using only province-specific linear time trends. For interpretation in the main text, we will use results from models with only 
province-specific linear time trends.

In the second model, we estimate the effect of cold and heat waves on mortality using the same specification as (1):

log
(

𝑦𝑦𝑝𝑝𝑝𝑝𝑝𝑝
)

= 𝛼𝛼2 + 𝛽𝛽2𝑐𝑐Cold𝑝𝑝𝑝𝑝𝑝𝑝 + 𝛽𝛽2𝐻𝐻Heat𝑝𝑝𝑝𝑝𝑝𝑝 +𝑋𝑋𝑝𝑝𝑝𝑝𝑝𝑝𝜃𝜃2 + 𝑃𝑃𝑝𝑝𝑝𝑝 +𝑀𝑀𝑝𝑝𝑝𝑝 + 𝑇𝑇𝑝𝑝𝛿𝛿2𝑝𝑝 + 𝑢𝑢𝑝𝑝𝑝𝑝𝑝𝑝, (2)

where 𝐴𝐴 Cold𝑝𝑝𝑝𝑝𝑝𝑝 is the number of consecutive days in a cold wave and 𝐴𝐴 Heat𝑝𝑝𝑝𝑝𝑝𝑝 is the number of consecutive days in heat waves 
in province p in month m of year t. Cold and heat waves are defined in the previous section. A cold wave is defined as at least 
a given number of consecutive days (3, 5, 7 and 9 days) with a daily mean temperature at or below the fifth percentile of the 
province-specific temperature distribution, while a heat wave is defined as at least a given number of consecutive days (3, 5, 7 and 
9 days) with daily mean temperatures at or above the 95 th percentile of the temperature distribution. The reference group is days 
without cold/heat waves (days with temperature falling within the fifth-95 th percentile temperature range). A heat wave (or cold 
wave) can span over 2 consecutive months, and we still count the number of heat (or cold wave) happening in each month. For 
example, in a 5-day heat wave in a given province, there can be 2 days in June and 3 days in the following July. Then, the variable 
heat wave, 𝐴𝐴 Heat𝑝𝑝𝑝𝑝𝑝𝑝 , is equal to 2 for June and 3 for July. In addition to measuring the variables “cold/heat waves” by the number 
of consecutive days in the waves, we also use dummy variables indicating whether a cold or heat wave occurs within a month.

The panel data on provinces suggest that the error terms can be correlated within provinces over time. Thus, standard errors 
should be clustered at the provincial level. In addition, there can be a seasonal effect on mortality. Although we control for 
year-month fixed effects, the error terms can still be spatially correlated between provinces within a month. We adopt the multi-
way clustering technique of Cameron et al. (2011), which allows us to deal simultaneously with the correlation of error within 
provinces over time and between provinces within a month. For sensitivity analysis, we also try one-way clusters at the provin-
cial level and find that the results are very similar. For interpretation, we use results from two-way clustered standard errors.

Another issue is whether to apply weights to the regression of Equations (1) and (2). When using area-level data to estimate 
the effect of temperature on area mortality, most studies apply weighted regression, where weights are equal to the square root 
of a province's population (e.g., Barreca et al., 2016; Deschenes & Greenstone, 2011; Deschênes & Moretti, 2009; Mullins & 
White, 2020). Applying weights can partially address the issue of heteroscedasticity and obtain the effect of temperature on the 
average person instead of the average province (Barreca et al., 2016; Deschênes & Moretti, 2009). In this study, we use three 
weighting schemes: no weighting, weighting by the current population of a province, and weighting by a province's population 
in 1999 (i.e., the population before the 2000–2018 period of analysis). Weather extremes can cause inter-provincial migration in 
Vietnam (Nguyen, 2021). Using the 1999 population can avoid the effect of temperature on the population of provinces during 
the 2000–2018 period. The estimated coefficients of cold and heat waves are insensitive to different weighting schemes. For 
interpretation, we use the results employing weighting by a province's population in 1999. Results without weighting and those 
using current population weights are reported in the Appendix.

3.2 | Heterogeneous effects and adaption strategies

Next, we examine the heterogeneous effect of cold and heat waves on mortality across several provincial characteristics. We 
include interactions between a variable of interest (denoted by 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝 ), such as a province's per capita income, and cold and heat 
waves in regression:

log(𝑦𝑦𝑝𝑝𝑝𝑝𝑝𝑝) = 𝛼𝛼3 + 𝛽𝛽3𝑐𝑐Cold𝑝𝑝𝑝𝑝𝑝𝑝 + 𝛽𝛽3𝐻𝐻Heat𝑝𝑝𝑝𝑝𝑝𝑝 + 𝜇𝜇𝑐𝑐Cold𝑝𝑝𝑝𝑝𝑝𝑝𝐼𝐼𝑝𝑝𝑝𝑝 + 𝜇𝜇𝐻𝐻Heat𝑝𝑝𝑝𝑝𝑝𝑝𝐼𝐼𝑝𝑝𝑝𝑝 + 𝐼𝐼𝑝𝑝𝑝𝑝𝜋𝜋 +𝑋𝑋𝑝𝑝𝑝𝑝𝑝𝑝𝜃𝜃3 + 𝑃𝑃𝑝𝑝𝑝𝑝 +𝑀𝑀𝑝𝑝𝑝𝑝 + 𝑇𝑇𝑝𝑝𝛿𝛿3𝑝𝑝 + 𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝. (3)
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NGUYEN Et al.8

The interaction variables include the proportion of adults with tertiary education, the log of per capita income, the number 
of households with air conditioners, population density, emigration and immigration rates, government spending on health, 
and the number of hospitals in the provinces. The variables of air-conditioning, migration and the health care system reflect 
the adaptation strategies of inhabitants and the local government to cope with weather extremes. The interaction variables are 
measured annually instead of monthly. A problem with these variables is that they can be affected by temperatures. To mitigate 
this problem, we use 1-year lags of these variables instead of their values in the current year.

It should be noted that we do not estimate Equation (3) using the interactions between temperature extremes and all the 
interaction variables at the same time, since using many interactions makes it difficult to interpret the results and might cause 
a multicollinearity problem. For each regression, we include only interactions between one interaction variable, such as per 
capita income or population density, and cold/heat waves. In addition, there can be an endogeneity problem of interacted 
variables, and in this study we are not able to estimate the causal effect of the interacted variables as well as the interaction 
terms. As a result, the estimates of the interaction variables should be interpreted as an association estimate instead of the 
causal effect.

The control variables in Equation (3) are the same as those in Equation (2) and include annual average temperature (in 
degrees Celsius), annual precipitation (mm), province-specific time trends, monthly provincial fixed effects, and year-by-month 
fixed effects. Standard errors are also clustered at the province and year-by-month levels.

3.3 | Estimation of deaths caused by cold and heat waves

We can examine the cost of cold and heat waves by predicting the number of deaths they cause in a province in a given month. 
In the counterfactual scenario in which there are no cold or heat waves, the expected mortality rate is estimated using Equa-
tion (2) as follows:

log
(

�̂���_0
)

= �̂2 +�����̂2 + ��� +��� + ���̂2� + �̂��� = log
(

����
)

− �̂2Cold��� − �̂2�Heat���, (4)

where �̂���_0 is the predicted mortality rate in the absence of cold/heat waves in a province in month m of year t, while 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝 is 
the observed mortality rate in the province in that month. The observed mortality rate is the mortality rate with cold/heat waves 
that has already occurred. 𝐴𝐴 Cold𝑝𝑝𝑝𝑝𝑝𝑝 and 𝐴𝐴 Heat𝑝𝑝𝑝𝑝𝑝𝑝 are the number of days in the cold/heat waves occurring during the month. We 
use the definition of cold or heat waves of at least 3 consecutive days for estimating the cost of cold/heat waves. Parameters 
with the elongated circumflex denote estimates from regressions of Equation (2). The mortality rate in the absence of cold or 
heat waves is then:

�̂��� = ���
[

log
(

����
)

− �̂2�Cold��� − �̂2�Heat���
]

. (5)

The number of deaths caused by the cold or heat waves in a province within a month is the difference in the observed mortality 
rate and the counterfactual mortality rate multiplied by the population of the province:

�̂��� =
(

���� − �̂���
)

������ =
{

���� − exp
[

log
(

����
)

− �̂2�Cold��� − �̂2�Heat���
]}

Pop���, (6)

where 𝐴𝐴 Pop𝑝𝑝𝑝𝑝𝑝𝑝 is the population of province p in month m in year t. We compute the total number of deaths due to cold or heat 
waves for the whole country in a given year t by taking the sum of Equation (6) across months (m) and provinces (p):

�̂� =
∑

�,�

{

���� − exp
[

log
(

����
)

− �̂2�Cold��� − �̂2�Heat���
]}

Pop���. (7)

We can use Equation (7) to estimate the number of deaths caused by cold or heat waves separately.
Finally, we estimate the economic cost of mortality caused by cold or heat waves by multiplying the number of deaths with 

a value of a statistical life (VSL). In this study, we use a VSL of 0.342 million USD. This estimate for Vietnam is taken from 
Viscusi and Masterman (2017) and is very similar to a VSL estimate for Southeast Asia of 0.359 million USD (Saluja et al., 
2020).
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NGUYEN Et al. 9

4 | EMPIRICAL RESULTS

4.1 | Effect of weather events on mortality

Table 1 reports the effect of temperature on mortality using the regression models specified in Equations (1) and (2). The control 
variables include the average of yearly temperature, total annual precipitation, provincial monthly fixed effects, year-month 
fixed effects, and the province-specific time trend. The effects of the temperature bins on the mortality rate and the mortality 
rate log are reported in columns 1 and 2 of Table 1. The 21–24°C bin is used as the reference. The coefficients of the temper-
ature bins measure the estimated effect of one additional day in these bins on the mortality rate (and the log of the mortality 

T A B L E  1  Regressions of mortality rates for all ages on climate variables.

Explanatory variables

Dependent variables

Mortality 
rate 
(deaths per 
100,000 
people)

Log of 
mortality 
rate

Mortality 
rate 
(deaths per 
100,000 
people)

Log of 
mortality 
rate

Mortality 
rate 
(deaths per 
100,000 
people)

Log of 
mortality 
rate

(1) (2) (3) (4) (5) (6)

Number of days 0–15°C 0.2500** 0.0047 0.1976 0.0032

(0.1197) (0.0032) (0.1264) (0.0032)

Number of days 15–18°C 0.1004 0.0026

(0.0868) (0.0028)

Number of days 18–21°C 0.0859 0.0018

(0.0706) (0.0022)

Number of days 21–24°C 0 0

Number of days 24–27°C −0.0645 −0.0025

(0.0450) (0.0017)

Number of days 27–30°C −0.0589 −0.0027

(0.0586) (0.0023)

Number of days 30°C + 0.0855 0.0036 0.1774** 0.0078**

(0.0989) (0.0042) (0.0753) (0.0036)

Number of days below the 5th percentile of daily temperature 0.1675** 0.0050**

(0.0809) (0.0025)

Number of days above the 95th percentile of daily temperature 0.1288** 0.0073**

(0.0626) 0.0029)

Annual average temperature (°C) 0.7554** 0.0273*** 0.6631** 0.0253** 0.6751** 0.0260**

(0.2981) (0.0097) (0.3015) (0.0101) (0.3024) (0.0102)

Annual precipitation (mm) 0.2320* 0.0078 0.2503* 0.0081 0.2534* 0.0081

(0.1339) (0.0053) (0.1347) (0.0053) (0.1353) (0.0053)

Province-specific time trend Yes Yes Yes Yes Yes Yes

Province-by-month fixed effects Yes Yes Yes Yes Yes Yes

Year-by-month fixed effects Yes Yes Yes Yes Yes Yes

Constant 21.0210*** 3.0228*** 22.3605*** 3.0273*** 22.0299*** 3.0040***

(7.2461) (0.2292) (7.6248) (0.2527) (7.6658) (0.2573)

Observations 12,639 12,639 12,639 12,639 12,639 12,639

R-squared 0.334 0.306 0.335 0.310 0.335 0.311

Note: This table reports the regression of the mortality rate and the log of the mortality rate on the number of days in different temperature bins in a month, as well as 
other control variables. Robust standard errors in parentheses. Standard errors are clustered at the province and year-by-month levels.
***p < 0.01, **p < 0.05, *p < 0.1.
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NGUYEN Et al.10

rate) relative to a day in the reference bin. In the regression of the mortality rate, only the number of days in the 0–15°C bin is 
statistically significant at the 5% level. However, when the log of the mortality rate is used as the dependent variable, none of 
the temperature bins are statistically significant at the conventional level.

Figure A.9 in the Appendix presents the point estimates and the 95% confidence intervals of the effect of the temperature 
bins on the mortality rate and the log of the mortality rate. The figures show a U-shaped relation between the temperature and 
the mortality rate. The estimates of the low- and high-temperature bins are positive but not statistically significant at the conven-
tional level. In Table A.1 in the Appendix, we use the 2-degree temperature bins, with the 22–24°C bin as the reference. Most 
coefficients of the temperature bins are not statistically significant.

In columns 3 and 4 of Table 1, we only include the number of days below 15°C and those above 30°C. This means that a 
temperature range between 15 and 30°C is used as the reference. The coefficients of the number of days above 30°C are positive 
and statistically significant at the 5% level. Thus, when middle temperature bins are combined and used as the reference, we find 
significant effects from high temperatures. An additional day with a mean temperature over 30°C (relative to a day between 15 and 
30°C) leads to an increase in the monthly mortality rate of 0.1774 deaths per 100,000 (column 3 of Table 1). When the dependent 
variable is a log of the mortality rate, the estimated effect is 0.0078. This means that an additional day with a mean temperature 
over 30°C increases the monthly mortality rate by 0.78% (column 4 of Table 1). This point estimate is larger than the point estimate 
that Deschenes and Greenstone (2011) found for the US. They report that an additional day with a mean temperature above 90°F 
(around 32°C) results in an increase in the annual mortality rate of about 0.11%. The effect on the mortality rate for Vietnam is quite 
similar to the approximately 0.7% effect of high temperatures on the mortality rate that Burgess et al. (2017) found for India. The 
two countries are at similar economic levels, and this may explain the similar effect of temperature on mortality in these countries.

We can compute the elasticity of the mortality rate with respect to the number of days with a mean temperature above 30°C 
to gain insight into the magnitude of the effect of high temperatures. The average number of days with a mean temperature 
above 30°C within a month across province-by-year observations is only 0.97. At 3.87 days, June is the month with the highest 
average number of days above 30°C. An additional hot day (above 30°C) means 26% of the average number of hot days occur in 
June. Roughly speaking, if the number of hot days in June increases by 26%, the mortality rate increases by 0.78%. This implies 
that the elasticity of the mortality rate to the number of hot days in June is equal to 0.03.

The last two columns in Table 1 show the effect of the number of days with temperature extremes. Days of high temperature 
extremes are defined as days when the daily mean temperature is at or higher than the 95 th percentile of the province-specific temper-
ature distribution during the past 20 years. Days of low temperature extremes are days when the daily mean temperature is equal to 
or below the fifth percentile of the province-specific temperature distribution. The results show that both low and high temperature 
extremes increase the monthly mortality rate. An additional day with a mean temperature at or below the fifth percentile of the temper-
ature distribution, relative to a day within the fifth-95 th percentile range, results in an increase in the monthly mortality rate of 0.5%. 
The corresponding figure for the effect of high temperature extremes is 0.73. The point estimate of the effect of high temperature 
extremes is higher than that of low temperature extremes, but the difference is not statistically significant at conventional levels.

Table 1 shows a positive and significant correlation between annual mean temperature and the mortality rate. According to 
column (2), a 1°C increase in the annual average temperature is associated with a 2.73% increase in the monthly mortality rate. 
Annual precipitation is statistically significant at the 10% level in regressions of the mortality rate but not in regressions of the 
log of the mortality rate.

4.2 | Effects of cold and heat waves on mortality

The effects of cold and heat waves on mortality are summarized in Figure 3. In this figure, we graph the point estimate and 
the 95% confidence interval of the effects of cold and heat waves on the monthly mortality rate (panels A and B of the figure) 
and the log of the monthly mortality rate (panels C and D of the figure). The full regression results are reported in Tables A.2 
and A.3 in the Appendix. The estimated effects of cold and heat waves on the mortality rate and the log of the mortality rate are 
very similar. For interpretation, we use the results from the effects on the log of the mortality rate.

Consistent with previous studies on cold and heat waves such as Anderson and  Bell (2011), Son et  al.  (2012), Azhar 
et al. (2014), Otrachshenko et al. (2017), Otrachshenko et al. (2018), we find an increasing effect of both cold and heat waves 
on mortality in Vietnam. Panel C plots the estimated coefficients of occurrence of at least one cold or heat wave within a month. 
All the coefficients of the cold and heat waves are positive, indicating a higher risk of mortality during weather extremes. The 
effect of cold waves as well as heat waves tends to increase when they last longer. A cold wave with at least 5 consecutive 
cold days increases the monthly mortality rate by around 4.9% (significant at the 10% level), while a cold wave with at least 9 
consecutive cold days increases the mortality rate by 6.5% (significant at the 5% level). Compared with a cold wave, the effect 
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NGUYEN Et al. 11

of a heat wave on the mortality rate is greater and more significant. The mortality rate in a month increases by 13.5% if there 
is a heat wave of at least 9 consecutive days in the month, indicating the substantial effect of a prolonged severe heat wave. 
However, a heat wave of at least 9 consecutive days rarely occurs. During the 2000–2018 period, the average percentage of 
months in which a heat wave of at least 9 consecutive hot days occurred was only 2.1% (Figure 2).

Figure 2d depicts the estimated coefficients of the number of consecutive days in cold and heat waves on the log of mortality 
rates. When cold and heat waves are measured by the number of consecutive days, their effect estimates are statistically more 
significant. All the estimates are positive and statistically significant at the 5% level. The point estimate of the effect of a hot 
day is greater than that of a cold day, but the difference is not statistically significant. An additional day in a cold wave lasting at 
least 3 consecutive days (relative to a day within the fifth-95 th percentile temperature range) leads to an increase in the mortality 
rate of 0.6%. The corresponding figure for an additional day during a heat wave is 0.7%. During a cold or heat wave, defined as 
at least 9 consecutive days, an additional day increases the mortality rate by 0.6% and 1.2%, respectively.

Deschênes and Moretti (2009) suggest that there is a so-called harvesting effect of temperature extremes. If temperature 
extremes mainly affected people with very poor health, mortality will increase in the first few days following a cold or heat 

F I G U R E  3  Estimated effects (and 95% confidence interval) of cold and heat waves on the mortality rate for all ages. (a) Estimated effect 
on the mortality rate of cold and heat waves. (b) Estimated effect on the mortality rate of the number of days in cold and heat waves. (c) Estimated 
effects of cold and heat waves on the log of the mortality rate. (d) Estimated effects of the number of days in cold and heat waves on the log of the 
mortality rate. This figure reports the estimated effects and their 95% confidence interval of cold and heat waves on the mortality rate (measured by 
the number of deaths per 100,000 people in a month) and the log of the mortality rate in the provinces. A cold (heat) wave is defined as at least k 
(3, 5, 7, and 9) consecutive days with a daily mean temperature at or below the fifth percentile (at or above the 95th percentile) of the temperature 
distribution of a specific province. The control variables include the annual average temperature (in degrees Celsius), annual precipitation (mm), 
province-specific time trend, province-by-month fixed effects, and year-by-month fixed effects. The full regression models are presented in 
Tables A.2 and A.3 in the Appendix.
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NGUYEN Et al.12

wave but then tend to decrease. It means that cold and heat waves can have a large and positive effect on mortality in the short 
term but then a negative effect in the medium or long term. In our study, we do not have data on daily mortality to test the 
harvesting effects exactly according to the approach of Deschênes and Moretti (2009). However, we try to include 1-month and 
2-month lagged variables of cold and heat waves to examine the lagged effects of cold and heat waves (reported in Table A.4 in 
the Appendix). Most lagged variables of cold and heat waves are not statistically significant, implying that there is no support-
ive evidence on the harvesting effects in our study.

The effect of cold or heat waves might depend on the temperature of the proceeding days. For example, there can be some 
warm days that are not considered too extreme as a heat wave happen just before a heat wave. The effect of heat waves might 
be stronger because the human bodies are exhausted because of relatively long and hot temperatures. We examine this issue 
by measuring the cold and heat waves using the thresholds of the 10 th and 90 th percentiles of temperature distribution instead 
of the 5 th and 95 th percentiles. The effect estimates of cold and heat waves using lower thresholds are reported in Table A.5 in 
the Appendix. Comparing Tables A.3 and A.5, we do not see evidence that cold/heat waves with lower thresholds but longer 
duration (e.g., a 7-day cold defined at the 10 th percentile) have a higher effect on mortality than cold/heat waves with higher 
threshold but shorter duration (e.g., a 5-day cold defined at the fifth percentile). We further examine this issue by using an 
approach from Otrachshenko et al. (2018), which combine the number of days in both temperature bins and cold/heat waves in 
one regression of mortality. The results are reported in Table A.6 in the Appendix. Overall, the results are similar to those from 
separate regressions of the mortality rate (and log of the mortality rate) on temperature bins and cold/heat waves. Temperature 
bin variables are not statistically significant, while most variables of cold/heat waves are positive and statistically significant.

Another issue is influence that the daily spread between minimum and maximum temperature might have on the impact of 
mortality. It is possible that during heat waves, the lower the nighttime temperature, the better the body can cope with higher 
daytime temperatures. To examine this issue, we compute the average of daily minimum temperature of heat waves within a month. 
For example, if there were two 3-day heat waves in a given month, we compute the average of daily minimum temperature of these 
days (6 days) in the two heat waves. Then, we include an interaction between this average daily minimum temperature of heat 
waves and the number of heat wave days in the regression. Similarly, we control for the average of the daily maximum temperature 
of cold waves and included an interaction between this variable and the number of cold wave days in the regression. The regression 
results are reported in Table A.7 in the Appendix. All the interactions are not statistically significant, indicating that there are no 
heterogenous effects of cold/heat waves across the daily maximum/minimum temperature of the cold/heat waves.

Finally, we argue that cold and heat waves cause mortality mainly through the adverse effect on health, for two reasons. 
Firstly, cold and heat waves have only short-term effects on mortality. As mentioned in the previous paragraph, Table A.4 in the 
Appendix indicates that cold and heat waves do not have medium- or long-term effects on mortality. Secondly, we do not find 
a significant effect of cold and heat waves on income (see Table A.26 in the Appendix). Thus, income is not a means through 
which cold and heat waves increase mortality.

4.3 | Robustness analysis

In this section, we conduct a series of robustness checks to examine the interval validity of our estimated effect of weather 
extremes on mortality. Firstly, we try different measures of the dependent variable. For interpretation, we use the crude mortal-
ity rate and the log of the crude mortality rate as the dependent variables in regressions. An issue with the crude mortality rate 
is that it depends on the age distribution of the population. The effect of weather extremes on the mortality rate may depend on 
the makeup of the population rather than the risk of death.

To examine this issue, we use age-adjusted mortality rates, which rely on a fixed age distribution over years and across prov-
inces. An age-adjusted mortality rate for province p in year t is computed as a weighted average of age-specific mortality rates 
for the province, with weights equal to the proportion of the population of the corresponding 5-year age group in a baseline year 
(e.g., see the formula in Mullins & White, 2020). In this study, we divide the population into 5-year age groups, drawing on the 
1999 Vietnam Population and Census. These weights are applied for all provinces in all years. Table A.8 presents regressions 
of the age-adjusted mortality rate and the log of the age-adjusted mortality rate on cold and heat waves using the same model 
specifications as Tables A.2 and A.3. The estimated effects of cold and heat waves on the age-adjusted mortality rate are very 
similar to the estimated effects on the crude mortality rate, implying that the effect of cold and heat waves on the crude mortality 
rate is not the result of age distribution.

Secondly, we use different measures of temperature and weather extremes. As presented in Table 1 and Table A.1, we 
use different temperature bins to examine the non-linear effects of temperature on mortality. We define cold and heat waves 
according to duration — 3, 5, 7, and 9 consecutive days. In regressions, cold and heat waves are measured by both dummy 
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NGUYEN Et al. 13

variables, which indicate the occurrence of the cold and heat waves, and the number of consecutive days in these waves. In 
addition to using the 5 th and 95 th percentiles to define a cold or heat wave, we also use the thresholds of the 10 th and 90 th percen-
tiles. Regressions of the mortality rate on these weather extreme variables are reported in Table A.5 in the Appendix. Overall, 
cold and heat waves, which are defined based on the 10 th and 90 th percentiles of the temperature distribution, also increase the 
mortality rate, but their effects are smaller than the effects of cold and heat waves, which are defined based on the 5 th and 95 th 
percentiles of the temperature distribution (Table A.3 in the Appendix).

Thirdly, we examine the sensitivity of estimates of the impact of cold and heat waves to different model specifications. In 
previous regressions, we control for the average of yearly instead of monthly temperatures and rainfall to avoid the effect of cold 
and heat waves on the control variables. In Tables A.9 and A.10 in the Appendix, we control for monthly temperatures and month 
rainfall and note that controlling for these variables does not change the coefficients appreciably. We also classify monthly rain-
fall into different bins, that is, the number of months with different precipitation level of 0–50 mm; 50–100 mm; 100–200 mm; 
200–300 mm; 300–400 mm; 400–500 mm; and 500+ mm. The results are reported in Table A.11 in the Appendix. All these bins 
are not statistically significant. Regarding the estimates of cold and heat waves, they are very similar to those reported in Figure 3.

Figure A.5 shows a difference in the variation in the daily temperature between regions. To capture this issue, we compute the 
standard deviation of the daily (mean) temperature within a month and the standard deviation of the daily (mean) temperature within 
a year for all provinces, and control for these variables in regressions. Table A.12 in the Appendix show that the effect of cold and 
heat waves on mortality stay unchanged when we control for the standard deviation of the daily temperature. We also control for the 
average humidity of months in the model. Table A.13 in the Appendix shows that this variable is not statistically significant, and the 
effect estimates of cold and heat waves on mortality are almost the same as those in model without controlling for humidity.

Next, Tables A.14 to A.16 report different model specifications which differ in the number of control variables. More 
specifically, Table A.14 reports regressions without controlling for annual mean temperature and rainfall. We also exclude 
province-specific time trends, since controlling for them might absorb the effect of temperature and bias its effect (Baum-
Snow & Lutz,  2011; Wolfers,  2006). In Table  A.15, on the other hand, we include both the province-specific time trend 
and province-specific time trend squared. Regressions presented in Table A.16 feature additional control variables, including 
number of hospitals, population density, and the proportion of the urban population. The effect estimates of cold and heat waves 
in Tables A.14 to A.16 are very similar to those from the main models that are used for interpretation in the previous section.

Fourthly, we examine whether the estimates are sensitive to the use of weighting schemes. Table A.17 in the Appendix 
reports regressions without population weights, and Table A.18 in the Appendix presents regressions which use the weights of 
the current population instead of the population in 1999. As we can see, different weighting schemes do not affect estimates of 
the effect of cold and heat waves.

Finally, we conduct a placebo test by running a regression of the mortality rate on the 1-month and 2-month leads of cold 
and heat waves. We use both the mortality rate and the log of the mortality rate as the dependent variables. The cold and heat 
waves are measured by both dummy variables and the number of consecutive days of cold or heat. The regression results are 
presented in Tables A.19 to A.22 in the Appendix. There are 32 regressions in total. Almost none of the coefficients of cold and 
heat waves are statistically significant at conventional levels. Among 64 estimated coefficients of cold and heat waves, there 
is only one estimated coefficient which is statistically at the 10% level. This placebo test suggests that cold and heat waves are 
exogenous and can be regarded as random in the mortality equation.

4.4 | Heterogeneous effects and adaptions

This section explores whether the effect of cold and heat waves varies across different population groups and provinces with 
different characteristics. Children and older people are more vulnerable to weather extremes than others (e.g., see Basu, 2009; 
Arbuthnott & Hajat, 2017; Geruso & Spears, 2018). Table 2 presents the coefficients of the number of days in cold and heat 
waves in regressions of the mortality rate for different age groups. There are 32 regressions in total, and the table presents only 
the estimated coefficients of the number of days in cold and heat waves for each regression. The regression specifications are 
the same as those in Table A.3 in the Appendix.

The results suggest that only older people, especially those over 80, are affected by weather extremes. Almost no coeffi-
cients of cold and heat waves are statistically significant for people below 40. For people aged over 40, all the estimated coeffi-
cients of cold and heat waves are positive, indicating an adverse effect on health for this group. The effect on the mortality rate 
of people over 80 is notably higher than it is for younger people.

It should be noted that we use the mortality rate instead of the log of the mortality rate as the dependent variable, since the 
monthly mortality rate for some population subgroups in some provinces is equal to zero. We apply the inverse hyperbolic sine 
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NGUYEN Et al.14

transformation (𝐴𝐴 arsinh(𝑥𝑥) = ln(𝑥𝑥 +
√

1 + 𝑥𝑥2)) , which has a similar interpretation as the log function but can avoid a zero value 
of the dependent variable. 8 Regressions of arsinh (the mortality rate) are presented in Table A.23 in the Appendix. The effect 
of cold and heat waves is greater for older people, especially those over 80. An additional day in cold and heat waves leads to 
an increase in the monthly mortality rate of people over 80 by 0.0246% and 0.0396%, respectively. 9

Several studies suggest gender differences in the impact of climate change of health, and empirical findings are mixed 
(see a review of Gender & Alliance,  2016). For example, a higher effect of heat waves on mortality of men is found in 
Russia (Otrachshenko et al., 2018) and Australia (Coates et al., 2014), while a large effect on mortality of women is found in 
India  (Azhar et al., 2014) and Korea (Son et al., 2012). In Table 2, we also explore the difference in the effect of cold and heat 
waves on the mortality of men compared with women. Overall, we find a significant effect of cold waves (measured by 3 and 5 
consecutive cold days) on the mortality rate of men and a significant effect of heat waves (measured by 3 and 5 consecutive hot 
days) on the mortality of women. Data limitation does not allow us to explore the possible reason for the gender differences in 
the impact of temperature extremes. However, according to WHO (2014), the gender differences might be due to differences in 
health status, exposure to weather extremes and access to health care and adaption measures. It should be noted that when we 
measure the cold and heat waves at least 9 consecutive days with temperature extremes, we find that both women and men are 
affected by both cold and heat waves. It means that both men and women cannot resist longer spells of temperature extremes.

T A B L E  2  Regression of mortality rates for different population groups.

Explanatory variables

Dependent variables

Mortality 
rate of 
people 
aged 0–4 
(deaths 
per 
100,000 
people)

Mortality 
rate of 
people 
aged 5–15 
(deaths 
per 
100,000 
people)

Mortality 
rate of 
people 
aged 
16–39 
(deaths 
per 
100,000 
people)

Mortality 
rate of 
people 
aged 
40–59 
(deaths 
per 
100,000 
people)

Mortality 
rate of 
people 
aged 
60–79 
(deaths 
per 
100,000 
people)

Mortality 
rate of 
people 
aged 80+ 
(deaths 
per 
100,000 
people)

Mortality 
rate of 
males 
(deaths 
per 
100,000 
people)

Mortality 
rate of 
females 
(deaths 
per 
100,000 
people)

(1) (2) (3) (4) (5) (6) (7) (8)

# days with at least 3 consecutive days 
below the 5 th percentile of temperature

0.0891 0.0409 −0.0401 0.1513* 0.8443 5.2655*** 0.2940** 0.0743

(0.1421) (0.0267) (0.0587) (0.0760) (0.5369) (1.9113) (0.1190) (0.0768)

# days with at least 3 consecutive days 
above the 95th percentile of temperature

−0.0294 −0.0002 −0.0512 0.2518** 0.4004 4.5024** 0.1193 0.1647*

(0.1517) (0.0382) (0.0537) (0.1224) (0.4869) (2.0700) (0.1044) (0.0832)

# days with at least 5 consecutive days 
below the 5th percentile of temperature

0.1617 0.0318 −0.0122 0.1558* 0.8126 4.3609** 0.2737** 0.0752

(0.1482) (0.0224) (0.0519) (0.0785) (0.4943) (2.0221) (0.1127) (0.0706)

# days with at least 5 consecutive days 
above the 95th percentile of temperature

−0.1212 0.0264 −0.0254 0.2554* 0.5119 4.5884* 0.1525 0.1924*

(0.1499) (0.0430) (0.0627) (0.1342) (0.4683) (2.3812) (0.1035) (0.1090)

# days with at least 7 consecutive days 
below the 5th percentile of temperature

0.1671 0.0555* −0.0505 0.1288* 0.9184 4.0651* 0.2349** 0.0972

(0.1580) (0.0326) (0.0544) (0.0749) (0.5677) (2.0609) (0.1161) (0.0729)

# days with at least 7 consecutive days 
above the 95th percentile of temperature

−0.0297 −0.0143 −0.0439 0.2302 1.0251* 6.9202*** 0.1975* 0.2851**

(0.1548) (0.0438) (0.0616) (0.1649) (0.5177) (2.4346) (0.1082) (0.1290)

# days with at least 9 consecutive days 
below the 5th percentile of temperature

0.1640 0.0485 −0.0298 0.1810* 1.3919** 4.1322** 0.3063** 0.1342*

(0.1717) (0.0299) (0.0634) (0.1007) (0.6492) (2.0547) (0.1296) (0.0767)

# days with at least 9 consecutive days 
above the 95th percentile of temperature

0.0282 −0.0018 −0.0748 0.2076 0.8034* 8.6812*** 0.2171** 0.2716**

(0.1683) (0.0494) (0.0680) (0.1813) (0.4470) (2.4793) (0.1055) (0.1313)

Observations 12,639 12,639 12,639 12,639 12,639 12,639 12,639 12,639

Note: This table reports the coefficients of the number of days in cold and heat waves in regressions of the mortality rate for different age groups. A cold (heat) wave 
is defined as at least k (3, 5, 7, and 9) consecutive days, where the daily mean temperature is at or below the 5th percentile (at or above the 95th percentile) of the 
temperature distribution for a specific province. There are 32 regressions in total. The regression specifications are the same as those in Table A.3 in the Appendix. The 
control variables include annual average temperature (in degrees Celsius), annual precipitation (mm), province-specific time trend, province-by-month fixed effects, and 
year-by-month fixed effects. Robust standard errors in parentheses. Standard errors are clustered at the province and year-by-month levels.
***p < 0.01, **p < 0.05, *p < 0.1.
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NGUYEN Et al. 15

We also estimate the effect of cold and heat waves on mortality for different regions: North (Red River Delta & Northern 
Midlands and Mountain Areas), Central (Central Coast & Central Highland and South (Southeast & Mekong River Delta). 
Table A.25 in the Appendix shows that cold and heat waves have no significant effects on mortality in the North. On the other 
hand, both cold and heat waves increase mortality in the South, which is the hottest region in Vietnam. For the Central, heat 
waves have positive and significant effects on mortality. This finding indicates that if the global temperature continues to 
increase, people in the hot areas will be more strongly affected.

Next, we examine the adaption issue by estimating the heterogeneous effect of weather extremes across different province 
characteristics, using the regression specified in Equation (3). We select the characteristics that reflect the different strategies that 
people adopt to adapt to temperature fluctuations. Specifically, eight variables that interact with the number of days in cold and heat 
waves include education level, per capita income, air-conditioning, population density, emigration and immigration rates, govern-
ment spending on health care, and the number of hospitals in a province. As mentioned in Section 4.2, to avoid the problem that the 
interaction variables are also affected by temperature, we use 1-year lags of these variables instead of their values in the current year.

Table 3 reports the estimated coefficients on interactions between the number of days in cold and heat waves (measured by 
3, 5, 7 or 9 consecutive days with temperature extremes) and interaction variables in regressions of the log of the mortality rate 
for all ages. There are 32 regressions in total. The control variables include annual average temperature (in degrees Celsius), 
annual precipitation (mm), province-specific time trends, province-by-month fixed effects, year-by-month fixed effects, and the 
interaction variables (the same regression specifications as Table A.3 in the Appendix).

The effect of temperature on health tends to be greater in lower income countries (Basu, 2009; Burgess et al., 2017; Carleton 
et al., 2020). However, in our study almost none of the interactions between weather extremes, education level, and per capita 
income of the provinces are statistically significant (columns 1 and 2 of Table 3). Possibly, average income does not capture 
the income distribution for people within a province. Higher per capita income in a province does not mean higher income 
for most people in it. To explore this issue further, we regress the log of per capita income on cold and heat waves using the 
province-by-year data level (there are no monthly data on per capita income). Cold and heat waves are also determined for a 
year rather than for a month, as in previous regressions. 10 Compared with a regression using province-by-month observations, 
a regression using province-by-year observations naturally has larger standard errors because of the smaller sample. Table A.26 
in the Appendix shows that cold and heat waves have no significant effect on per capita income or on education level.

We expect that higher access to air-conditioning can mitigate the adverse effect of heat waves (e.g., Barreca et al., 2016; 
Heutel et al., 2020). However, we do not find a significant effect from the interactions between heat waves and the number of 
households with air-conditioners (column 3 of Table 3). On the other hand, coefficients on the interaction between cold waves 
and the air-conditioning variable are negative and significant. This suggests that the effect of cold waves on mortality is smaller 
in provinces where there is more air-conditioning.

To examine whether people respond to cold waves by purchasing air-conditioners, we regress the number of households with 
air-conditioning on the number of days in cold and heat waves and other control variables. The regressions use province-by-year 
observations, since the dependent variables are measured at the provincial level. Cold and heat waves are also defined for a year 
instead of for a month, as in the previous regressions. 11 Regression results from Table A.26 (column 3) shows that there are no 
significant effects from cold or heat waves on the number of households with air-conditioning.

Interactions between cold/heat waves, population density, and the immigration rate are not statistically significant, suggest-
ing that the effect of cold/heat waves does not differ across provinces with different population densities and immigration rates. 
However, coefficients on the interactions between cold waves and the emigration rate are negative and significant (column 5, 
Table 3). This indicates that provinces with a higher rate of emigration tend to experience a smaller effect from cold waves. People 
can respond to temperature extremes by migration (e.g., Cattaneo & Peri, 2016; Deschênes & Greenstone, 2007). Table A.26 
in the Appendix reports the regression of emigration and immigration rates on cold and heat waves using province-by-year 
data. It shows that cold waves tend to increase the emigration rate. Cold waves can drive people directly to emigrate from their 
provinces for health reasons, or indirectly though income pressures by reducing agricultural production (e.g., Deschênes & 
Greenstone, 2007; Burke et al., 2015). In this paper, we argue that cold waves mainly cause emigration for reasons of health, 
since there are no significant effects of cold waves on per capita income (column 2 in Table A.26 in the Appendix). In addition, 
the effect of cold waves on emigration is similar in regression with and without controlling for per capita income (Tables A.26 
and A.27 in the Appendix). This implies that income is not an important channel through which cold waves induce migration.

Better provision of health care can be an important factor reducing the adverse effect of temperature on mortality (e.g., 
Mullins & White, 2020). We examine this issue by including interactions between cold/heat waves and public spending on 
health and the number of hospitals in the provinces. This approach shows that the effect of cold waves on the mortality rate 
tends to be smaller in provinces with higher spending on health. Provinces that spend more on health care tend to have better 
healthcare facilities and staff, helping to mitigate the adverse effect of weather extremes on people's health. According to 
column 7 of Table 3, if a province's health spending increases by 1%, the magnitude of the effect of a cold wave (measured by 
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NGUYEN Et al. 17

the number of days with at least 3 consecutive days below the fifth percentile of temperature) on the log of the mortality rate 
decreases by 0.000019 (equal to 0.0019/100). This magnitude is equal to 0.33% of the effect of cold waves on the log of the 
mortality rate, which is equal to 0.0057 (Figure 3d).

Unlike health spending, the variables “air-conditioning” and “emigration” are not measured in log form. Thus, we cannot 
directly compare the role of air-conditioning, emigration and health spending in reducing the effect of cold waves on mortality 
using estimates from Table 3. For comparison, we can compute estimates of interactions corresponding to the percentage change 
in the air-conditioning rate and the emigration rate. Estimates of the interactions between cold waves (measured by the number 
of days with at least 3 consecutive days below the fifth percentile of temperature) and the air-conditioning rate and the emigration 
rate are −0.0328 and −0.2445 (columns 3 and 5 of Table 3), respectively. Using these estimates and the rates of air-conditioning 
and emigration in the pool sampled, we can compute the percentage changes. If the air-conditioning rate increases by 1%, the 
magnitude of the effect of cold waves (measured by the number of days with at least 3 consecutive cold days) on the log of the 
mortality rate decreases by 0.000016. The corresponding figure for the emigration rate is 0.000038. This suggests that emigration 
has a relatively more important role in reducing the effect of cold waves on mortality than air-conditioning and health spending.

5 | PROJECTION OF MORTALITY CAUSED BY COLD AND HEAT WAVES

5.1 | Mortality caused by cold and heat waves

Table 4 estimates the number of deaths caused by cold and heat waves over time. In this table, a cold/heat wave is defined as at 
least 3 consecutive days which have a daily mean temperature at or below the fifth percentile (or at or above the 95th percentile) 
of the temperature distribution for a specific province. Column 1 reports the number of deaths, which is computed directly 
from the annual population surveys. Columns 2 and 3 estimate the number of deaths in the absence of cold and heat waves, 

T A B L E  4  Estimation of the number of deaths caused by cold and heat waves.

Year

Observed 
number 
of deaths

Number 
of deaths 
if no cold 
waves

Number 
of deaths 
if no heat 
waves

Number of 
deaths due to 
cold waves

Number of 
deaths due to 
heat waves

Total number 
of deaths due 
to cold and 
heat waves

Percentage of 
deaths caused 
by cold and 
heat waves

Percentage 
of cold wave 
related 
deaths

Percentage 
of heat wave 
related 
deaths

(1) (2) (3) (4) = (1) - (2) (5) = (1) - (3) (6) = (4) + (5) (7) = (6)/(1) (8) = (4)/(6) (9) = (5)/(6)

2003 326,319 325,255 325,093 1064 1226 2290 0.70 46.5 53.5

2004 324,901 322,160 323,177 2741 1724 4465 1.37 61.4 38.6

2005 312,682 309,701 311,049 2981 1633 4614 1.48 64.6 35.4

2006 367,523 366,302 366,027 1221 1496 2717 0.74 44.9 55.1

2007 349,754 348,057 347,820 1697 1934 3631 1.04 46.7 53.3

2008 300,264 295,260 300,064 5004 200 5204 1.73 96.2 3.8

2009 283,293 280,652 282,431 2641 862 3503 1.24 75.4 24.6

2010 338,773 338,018 333,329 755 5444 6199 1.83 12.2 87.8

2011 350,934 345,986 350,718 4948 216 5164 1.47 95.8 4.2

2012 368,245 366,201 366,673 2044 1572 3616 0.98 56.5 43.5

2013 394,071 390,140 392,056 3931 2015 5946 1.51 66.1 33.9

2014 375,823 371,507 372,525 4316 3298 7614 2.03 56.7 43.3

2015 355,470 352,482 350,330 2988 5140 8127 2.29 36.8 63.2

2016 373,777 371,649 368,117 2128 5660 7788 2.08 27.3 72.7

2017 335,408 334,791 333,557 617 1851 2468 0.74 25.0 75.0

Total 5,157,237 5,118,161 5,122,966 39,076 34,271 73,346 1.42 53 47

Note: This table estimates the number of deaths caused by cold and heat waves over time. A cold (heat) wave is defined here as at least 3 consecutive days with a daily 
mean temperature at or below the 5th percentile (at or above the 95th percentile) of the temperature distribution in a specific province. Column 1 reports the number 
of deaths, computed directly from annual population surveys. Columns 2 and 3 estimate the number of deaths in the absence of cold and heat waves, respectively. 
The number of deaths caused by cold and heat waves is presented in columns 4 and 5, respectively. The number of deaths due to both cold and heat waves and the 
corresponding percentage of all deaths are reported in columns 6 ad 7, respectively. The percentage of cold wave and heat wave related deaths in total deaths caused by 
cold and heat waves are presented in columns 8 and 9, respectively.
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NGUYEN Et al.18

respectively. The number of deaths caused by cold and heat waves is presented in columns 4 and 5, respectively. In 2017, it is 
estimated that cold and heat waves caused 617 and 1851 deaths, respectively. The total number of deaths due to both cold and 
heat waves (reported in column 6) is estimated at 2468 for 2017, accounting for 0.74% of all deaths in this year (reported in 
column 7). The number of deaths caused by cold or heat waves in a year depends on the number of cold and heat waves that 
occur that year. The number of fatalities due to cold or heat waves was highest in 2015 and lowest in 2009.

To compare mortality caused by cold and heat waves, columns 8 and 9 present the number of cold/heat wave related deaths 
in total deaths caused by both. For the entire 2003–2017 period, cold and heat waves account for 1.42% of all deaths in Vietnam. 
Among the deaths caused by these waves, cold waves account for 53%, while heat waves account for 47%.

We can estimate the economic cost of mortality caused by cold and heat waves by multiplying the number of deaths with a statis-
tical life value of 0.342 million USD (Viscusi & Masterman, 2017). Table 5 shows that the putative cost of preventing the mortality of 
2468 people is estimated at 0.84 billion USD (at constant 2015 prices) in 2017, the equivalent of around 0.44% of GDP in that year.

5.2 | The projection

In this section, we project daily data for Vietnam by adopting different RCP scenarios to predict cold and heat waves in the 50 
future years from 2020 to 2070. The RCP is a greenhouse gas concentration trajectory projected for the future. In the IPCC's 
fifth Assessment Report in 2014, four paths were employed for climate modeling and research. Different climate futures 
described in the pathways are all considered feasible, depending on the amount of greenhouse gases emitted in the coming 
years. The RCPs are labeled according to a possible range of radiative forcing values in the year 2070 (2.6, 4.5, 6, and 8.5 W/
m2, respectively) (IPCC, 2019).

For simplicity, we assume that people's health status and economic conditions as well as their adaptation to climate changes 
will remain unmodified in the future. Thus, we use the same 5th and 95th percentiles, defined from the temperature distribu-
tion in 2000–2018, to project the cold and heat waves in the 50 years to come, that is, for the 2020–2070 period. Figure 4a,b 
present the projected number of consecutive days of cold and heat waves under different RCP scenarios. In this graph, a cold 
(heat) wave is defined as at least 3 consecutive days which have a daily mean temperature at or below the fifth percentile (at 
or above the 95th percentile) of the temperature distribution for a specific province. Since the average temperature is projected 
to increase in the coming year, the number of days of cold waves decreases quickly and is close to 0 in the 2050s. On the other 

T A B L E  5  Estimated economic cost of 
cold and heat waves.

Year

Number of deaths 
due to cold and 
heat waves

WTP to reduce deaths caused 
by cold and heat waves 
(constant 2015 US$ billion)

GDP (constant 
2015 US$ 
billion)

WTP as a 
percentage 
of GDP (%)

(1) (2) (3) (4)

2003 2290 0.78 80.22 0.98

2004 4465 1.53 86.26 1.77

2005 4614 1.58 92.77 1.70

2006 2717 0.93 99.25 0.94

2007 3631 1.24 106.32 1.17

2008 5204 1.78 112.34 1.58

2009 3503 1.20 118.41 1.01

2010 6199 2.12 126.01 1.68

2011 5164 1.77 133.88 1.32

2012 3616 1.24 140.90 0.88

2013 5946 2.03 148.54 1.37

2014 7614 2.60 157.43 1.65

2015 8127 2.78 167.94 1.66

2016 7788 2.66 178.38 1.49

2017 2468 0.84 190.53 0.44

Note: This table estimates at 0.342 million USD the economic cost of mortality caused by cold and heat 
waves, multiplying the number of deaths by statistical life value (Viscusi & Masterman, 2017). It also reports 
this cost as a proportion of GDP. The 2018 data contains the data mortality from January to April 2018. Thus 
we do not present the estimate for the 2018 years.
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NGUYEN Et al. 19

hand, the number of days of heat waves increases significantly and reaches a maximum about 2060. The number of heat waves 
is largest for the RCP 6.0 scenario and smallest for the RCP 2.6 scenario.

We multiply the projected number of days of cold and heat waves by their estimated effect on the mortality rate (0.18 and 
0.14 as indicated in Figure 4d) to predict the number of deaths per 100,000 people caused by cold and heat waves in the coming 
years. It should be noted that we use estimates of the effect of cold and heat waves on the mortality rate instead of on the log 
of the mortality rate for the projection. The mortality rate is better for measuring the number of deaths caused by temperature 
extremes in the future. Figure 4 shows that the shape of the number of deaths caused by cold and heat waves (presented in 
Figure 4c,d) is very similar to that of the cold and heat waves, since we use constant effect estimates of cold or heat waves on 
mortality. The number of deaths caused by heat waves will increase in the future. These findings raise serious concerns about 
future heat-related health consequences for Vietnam.

In the Figure 4, the projected figures of RCP6.0 and RCP2.6 intersect. This is consistent with previous studies which also 
show the pattern of intersection between RCP6.0 and RCP2.6, for example, Chen et al.  (2022) and even Martínez-Solanas 
et al.  (2021). It's also worth reminding that this paper used weather data that were developed using insights from the local 
climate community and were also bias-corrected using the local climate data repository (see Tran-Anh et al. (2022) for more 
information about the dataset). Tran-Anh et al.  (2022) also show that trends of RCP scenarios intersect (Figure 10 in their 

F I G U R E  4  The projected number of consecutive days in cold and heat waves and the number of deaths under different Representative 
Concentration Pathway (RCP) scenarios. (a) The projected number of consecutive days in cold waves. (b) The projected number of consecutive days 
in heat waves. (c) The projected number of deaths per 100,000 people due to cold waves. (d) The projected number of deaths per 100,000 people 
due to heat waves. This figure presents the projected number of consecutive days in cold and heat waves according to different RCP scenarios and 
the estimated number of deaths due to these waves in 50 years from 2020 to 2070. A cold/heat wave is defined as at least 3 consecutive days with a 
daily mean temperature at or below the fifth percentile (at or above the 95th percentile) of the temperature distribution for a specific province.
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NGUYEN Et al.20

study). The use of local climate community helps better reflection Vietnam's climate projections, and might contain some 
differences from that exhibited at the global scale or in other areas - such as Europe as shown in Martínez-Solanas et al. (2021).

6 | CONCLUSION

Understanding the effect of weather extremes on health has received great attention from scholars and practitioners. In this study, we 
examine the effects of cold and heat waves on mortality in Vietnam during the 2000–2018 period. There are no medium-term effects 
from cold and heat waves, but we find robust evidence for the short-term effect of cold and heat waves on mortality. An additional 
day in a cold wave, defined as at least 3 consecutive cold days, increases the mortality rate by 0.6%. The corresponding figure for a 
day in a heat wave is 0.7%. For cold/heat waves, which are defined as at least 9 consecutive cold/hot days, an additional day in a cold/
heat wave increases the mortality rate by 0.6% and 1.2%, respectively. We find heterogenous effects across age, gender and regions. 
Cold and heat waves have a higher effect on older people, especially those over 80. Overall, male mortality rates are more affected 
by cold waves, while female mortality rates are more affected by heath waves. By geographical regions, cold and heat waves are 
more likely to affect mortality of people in South than North. There is a heterogeneous effect from cold waves on mortality across 
provinces with different adaptation strategies. The effect of cold waves on mortality tends to be lower in provinces with a higher 
degree of air-conditioning. Cold waves also push people to migrate out of their provinces, and provinces with higher emigration rates 
are less affected by cold waves. Public spending on health also mitigates the effect of cold waves on mortality.

Indeed, heat- and cold-related events are among the deadliest extreme events, but are underrepresented in the estimated 
(economic) burden of extreme weather events because they are less visible (being more widespread and resulting in less easily iden-
tifiable deaths than those caused by hurricanes, floods or wildfires), seemingly less costly to society (due to their limited impact on 
insured assets such as infrastructure, cultures, and property), and often affect the most vulnerable segments of the population such as 
the poor and older people with less economic impact and visibility, both globally and within a specific country. In addition, although 
only mortality is considered here, a growing body of literature links heat to a wide range of adverse health effects as well as the 
resulting loss of productivity and work time. Finally, the heat-and cold-related health effects are somewhat preventable, unlike other 
natural hazards (volcanoes, landslides, tsunamis or earthquakes) or other extreme weather events (hurricanes, floods or wildfires).

Limaye et al. (2020) suggest that the climate change could have a large and negative impact on health if communities are not 
well prepared for the climate change. Our findings, therefore, suggest several important policy implications. Firstly, not only heat 
but also cold waves are very harmful for health, particularly for older people in hot areas. In Vietnam, older people over 80 years 
of age are currently eligible for social pensions and free health insurance. 12 The government should consider lowering the age 
threshold to 70 years so that more older people can receive assistance to improve their nutrition and health care in the face of 
weather-related shocks. Secondly, support measures should be tailored to different groups such as males/females and people in 
different regions because of the heterogenous effect of cold and heat waves. Thirdly, these findings suggest the important role 
of adaptive and coping strategies from both the government and households to reduce the adverse effect of climate change and 
weather extremes. Borg et al. (2021) show that climate change can cause more economic loss for low- and middle-income coun-
tries and countries with warmer climates. Thus, the government of Vietnam needs to improve the health care system, especially 
in rural and remote areas, while households can install air-conditioning systems to cope with temperature shocks.
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ENDNOTES
  1 Numerous studies show heterogenous effects from climate events on health and infectious diseases (e.g., see review by Jahani & Ahmadnezhad, 2011; 

Phalkey et al., 2015; Levy et al., 2016).
  2 Although air-conditioners are mainly used to cool air, they can also warm air. Moreover, it can be associated with electric heaters. In our data sets, 

there are no information on electric heaters. Possibly, people respond to more temperature extremes by purchasing not only air-conditioners but 
also electric heaters.

  3 Vietnam is among the most rapidly aging countries in the world. According to the GSO (2019), the aging index, which is equal to the ratio of the 
number of people from 60 to the number of children below 15 (measured in percent), has increased over time. The aging index increased by 13.3 
percentage points from 35.5% in 2009% to 48.8% in 2019.

  4 We do not match provinces with the nearest weather stations (using the distance between a province's centroid to the stations) since the weather 
stations are not located spatially in a random manner (see Figure A.2 in Appendix).

  5 Figure A.6 in the Appendix presents the provincial map of annual rainfall averaged over the 200–2018 period.
  6 In estimating the effect of temperature bins on mortality, we also try 2-degree temperature bins (i.e., below 14°C; 14–16; 16–18; 18–20; 20–22; 

22–24; 24–26; 26–30; 30–32; 32+°C). The results are very similar to those obtained by using 3-degree temperature bins. For interpretation, we use 
the results from 3-degree temperature bins.

  7 For other methods and definitions, see the review by Hsiang (2016) and Kolstad and Moore (2019).
  8 Discussion of the arsinh transformation and its application can be found in several studies, such as those of Pence  (2006), and Card and 

DellaVigna (2020).
  9 Another model which can address the problem of zero values in the dependent variable is the Poisson regression. We tried to estimate by means 

of the Poisson model, in which the dependent variables are the number of deaths per 100,000. There are no problems with zero inflation in the 
dependent variables. However, there is an indication of overdispersion; that is, the variance of the dependent variables is remarkably higher than 
their mean. Therefore, we also used a negative binomial regression. The estimated coefficients on cold and heat waves are very similar to those in 
the model using the arsinh of the mortality rate. Table A.24 in the Appendix reports the estimates from the negative binomial regression.

  10 The control variables include annual average temperature (in degrees Celsius), annual precipitation (mm), the log of per capita income of prov-
inces, province fixed effects and year fixed effects.

  11 The control variables include annual average temperature (in degrees Celsius), annual precipitation (mm), province fixed effects and year fixed 
effects.

  12 Decree 20/2021/NĐ-CP “Provisions on social support policies for social protection people” issued by the Government of Vietnam on 15/03/2021. 
Available at: https://thuvienphapluat.vn/van-ban/Van-hoa-Xa-hoi/Nghi-dinh-20-2021-ND-CP-chinh-sach-tro-giup-xa-hoi-doi-voi-doi-tuong-bao-
tro-xa-hoi-467723.aspx.
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