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Air temperature and humidity have a great impact on public health, leads to heat stress. The US National Weather Service uses temperature and relative humidity to build a heat index (HI) as a metric to identify the thresholds for heat stress as felt by the public. Under climate change conditions and especially in hot humid weather during summer, the number of hot days in Hanoi has increased in recent times. Subsequently, the heat index is rising in both number of occurrences and level of intensity leading to increasing temperature stress on people’s health. The daily heat index for the future was simulated using maximum daily temperature and minimum daily relative humidity based on climate change scenarios. Maximum daily temperature was provided by the climate change model, while minimum daily relative humidity was estimated from the following: maximum daily temperature, mean daily temperature and daily rainfall. Results show that in the future, the heat index will increase by 0.0777°C/year in the RCP 4.5 scenario and 0.08°C/year in the RCP 8.5 scenario. Number of weeks with heat at danger tends to increase to 5.5 weeks/5 year for scenario RCP 4.5, and it is 6 weeks/5 years under RCP 8.5 scenario. In particular, the number of days of heatstroke over a 30-year period (from 1991 to 2020) amounted to only 4, that is an average of 0.13 days of the year, which represents a very rare weather phenomenon in the past. In contrast, under an RCP 4.5 scenario in the future over a 30-year period, the average number of days per year will be 2, 57 days; while the average number of days per year under an RCP 8.5 scenario would be 3, 87 days. This phenomenon will be mainly concentrated in the months of June, July, and August. Projections of this type are a key tool for communities working out how they will adapt to heat stress in the context of climate change.
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1 INTRODUCTION
In recent years, heat waves have occurred on a large scale, and the number of prolonged heat waves has risen (Wang et al., 2016; Luo et al., 2022). Coumou and Robinson (2013) stated that due to climate change, a global temperature increase of approximately 0.5°C compared with temperature in the 1970s has strongly elevated the occurrence-probability of heat extremes on monthly to seasonal time scales. Studies on heat stress and public health have confirmed that climate change will increase the frequency and intensity of heatwaves (Kovats and Hajat, 2008). Im et al. (2017) assessed heat stress based on the heat index of wet thermometers in South Asia (including Vietnam) using data for the period 1976–2005 and climate change scenario data. He examined Wet bulb temperature (Tw), the lowest temperature to which air can be cooled by the evaporation of water into the air at a constant pressure. The results of this study show that wet-bulb temperature tends to increase at the end of the 21st century. Li et al. (2018) examined apparent temperature (AT), a measure of relative discomfort made possible by combined heat and high humidity under climate warming simulations. It emerged that AT has increased faster than air temperature over land. In their study, Zhu et al. (2019) used high-resolution projections and an ensemble of 10 indices to quantify the impacts of climate change on Human-Perceived Temperature Extremes and related perceived extremes. They also set out to address uncertainties in both empirical indices and emission scenarios over China. Recently, Li et al. (2020) stated that rapid warming is occurring in Summer Wet Bulb Globe Temperature in China with Human-Induced Climate Change. Zhu et al. (2021) showed that in the context of climate change, day-night hot extremes in a warming climate increased. Other research also indicates a rapid increase in extreme temperatures, a decline in the number of severe cold spells and an increase in the number of heat waves and droughts in Vietnam (Ha and Tan, 2009; Le et al., 2018). Tai and Quang (2020) recently detected an increase in the perceived temperature and excess heat coefficient through meteorological data in Quang Nam (Vietnam) from 1979 to 2019.
Hot weather can be very detrimental to human health. Many studies have been conducted on heat and its impact on public health. To determine the risk of weather causing people to experience heat stress, many heat stress indices were developed and these can be classified as those based on: physical factors of the environment, thermal comfort assessment; “rational” heat balance equations; and physiological strain (National Weather Service, 2022a). For example, effective temperature is based on equivalent subjective estimates of thermal sensation of the thermal environment with different combinations of air temperature, air velocity, and humidity (Houghten, 1923). Wet Bulb Globe Temperature (WBGT) is based on temperature, humidity, wind, solar radiation, and other weather parameters (National Weather Service, 2022b), while AT is an indicator for the heat-human body and can be calculated directly from standard meteorological variables (Steadman, 1979, 1984). Meanwhile, Heat Index (HI) measures how hot people really feel when relative humidity is factored in with the actual air temperature (National Weather Service, 2021). Heat Index is an indicator that is popular and easy to implement and will be selected for this study.
Wu et al. (2017) evaluated Heat Index in Chinese territory during the years 1961–2014 based on effective temperature (ET), which is an empirically determined index in terms of temperature, humidity and air movement. It relates to the physiological sensation of warmth or cold felt by the human body. The authors divided the temperature levels into: very cold, cold, cool, comfortable, warm, hot, and very hot. The areas with the highest degree of heat stress were around the Ganges and Indus deltas. Zhang et al. (2019) used daily meteorological data including: maximum temperature, relative humidity and wind speed for the period 1960–2016 at more than 500 meteorological stations to evaluate the spatial distribution of heat stress index. The US National Weather Service employs temperature and relative humidity to develop the heat index as a metric for establishing the risk thresholds for heat warnings issued to the public. The NOAA website offers Heat Forecast Tools, and included here is a heat stress assessment hierarchy, which is a map that predicts heat stress risk zones in the United States (National Weather Service, 2021).
In the research by Opitz-Stapleton et al. (2016) a number of different heat indices to determine the degree of heat stress in the context of climate change in Da Nang (Vietnam) were examined. These authors utilized meteorological data series for the period 1970–2011. Their results show that night-time temperatures are still too high after hot days, meaning that recovery of one’s health after a long working day is compromised and leads to heat stress. Ma et al. (2019) reported the impact of temperature extremes on respiratory systems. According to (McGregor and Vanos, 2018), high temperature and humidity, weak wind, and direct sunlight are combinations that weaken the human body’s ability to maintain body temperature, causing heat stress. Kjellstrom et al. (2019a) suggest that the basic environmental factors causing heat stress are temperature, humidity, radiant heat, and air velocity. Furthermore, the elderly, obese, and those with poor health and poorly adapted to high temperature are prone to heat stress. By the year 2030, an increase in heat stress due to climate change will greatly compromise work-related productivity and this means the loss of an equivalent of 80 million full-time jobs (Kjellstrom et al., 2019b). The 1995 Chicago heat wave study showed that during that summer, there were 11% more hospital admissions than average for comparison weeks and 35% more than expected among patients aged 65 years and older (Semenza et al., 1999). Dang et al. (2019) discovered a link between temperature, the number of people hospitalized due to heat stress, mortality in tropical developed countries as well as the ability to adapt to extreme weather conditions. The study by Phung et al. (2017) provides important evidence concerning the expected impacts of extreme weather with reference to climate change, and climate change adaptation programs need to be implemented in the healthcare sector to protect people from the effects of extreme weather events such as heatwaves in Vietnam. Based on the above research, it can be seen that research on heat stress has attracted much scientific attention. However, no future heat stress assessments based on day-to-day scenarios are currently available.
The study by Argüeso et al. (2015) evaluated the relationship between urbanization and heat stress in the context of climate change for Sydney, Australia. Their results show that the expansion of the urban area and the increasing population worsen the risk of heat stress. Luo and Lau (2018) in their analysis show that due to the strong urbanization process in eastern China, heat stress in that region also increases; heat stress in urban areas is always higher than that in rural zones. Urbanization tends to have stronger intensifying effects on heat stress in urban agglomerations with higher population density in low-altitude areas (Luo and Lau, 2021). According to Varentsov et al. (2018) who conducted research on the Moscow, both extensive and intensive urban growth have led to warming of 0.2–0.3°C in the historical city center. They are strongly amplified under heat wave conditions and becoming increasingly noticeable in terms of heat stress conditions. Tai and Quang (2020) recently detected an increase in the perceived temperature and excess heat coefficient through meteorological data in Quang Nam (Vietnam) from 1979 to 2019. Again in Vietnam, Dao (2013) has shown that due to the urban effect in Hanoi, the temperature in the inner city is about 1–2°C higher than the suburban areas, while the relative humidity in the inner city area is higher and the wind speed is weaker in the suburban areas. Based on these findings, urbanization is triggering higher heat stress levels in Hanoi and proving to be increasingly serious.
This research contributes to the knowledge on this subject by building a multivariable regression equation to estimate heat index from meteorological variables under current climate conditions. The equation will estimate the future heat index and evaluate any changes in the heat index for Hanoi, Vietnam. Hanoi is now one of the world’s most populated cities with more than eight million people. Population, socio-economic activities, along with the heat island effect are the factors that make Hanoi experience a higher maximum temperature value than surrounding cities. This study successfully identifies temperature stress in time (month) to help the community adapt to future temperature change conditions. It also introduces measurements for people to cope with this situation. The research was conducted for two climate change scenarios, specifically the average low greenhouse gas emissions (RCP 4.5) and high greenhouse gas emissions (RCP 8.5). These are the latest scenario versions issued by the Ministry of Natural Resources and Environment (MONRE)—CARE in Vietnam in 2020 (Vietnam Center of Hydro-Meteorological Data, 2021).
2 METHODOLOGY AND DATA
2.1 The study area
Hanoi is located in the center of the Red River Delta, at 20°34′–21°18′ North latitude and from 105°17′ to 106°02′ East longitude (Figure 1). The city covers an area of 3,358.6 km2, accounting for 1% of the natural area of the whole country. Most of Hanoi is located in the Red River Delta with an average elevation of 5–20 m above sea level. The hilly areas are concentrated in the north and west of the city with an altitude of 20–400 m. The population of the city in 2020 amounted to 8.2 million people, accounting for 8.5% of the country’s population. The population density is 2,480 people/km2, 8.3 times higher than the average population density of the whole country (General Statistics Office, 2021). Hanoi has a Tropical monsoon climates with hot wet summer and dry cold winter (Nguyen and Nguyen, 2004). The average annual temperature is 24.5°C, while average annual relative humidity is 78.4%. Hanoi’s climate is seasonal with cold winters compared to other cities in the world at the same latitude due to the influence of cold air from the north.
[image: Figure 1]FIGURE 1 | Hanoi’s location and climatology.
2.2 Data analysis
In this study the following data were used:
– Daily maximum temperature, daily minimum temperature, daily mean temperature, total daily rainfall, daily average relative humidity, daily minimum relative humidity at Lang meteorological station (Hanoi); hourly temperature and relative humidity over a 30-year period: 1991–2020 (Vietnam Center of Hydro-Meteorological Data, 2021).
– Data of daily maximum temperature, daily minimum temperature, daily mean temperature, total daily rainfall according to the average low greenhouse gas emissions scenarios (RCP 4.5) and high greenhouse gas emissions scenarios (RCP 8.5) for the period 2021–2050 issued by the Ministry of Natural Resources and Environment (MONRE)—CARE in Vietnam in 2020 (Vietnam Center of Hydro-Meteorological Data, 2021).
2.3 Methodology
2.3.1 Heat index and preliminary analysis of model variables
The HI is usually calculated at immediate or hourly stages (Dahl et al., 2019) and the highest HI is the most important factor in health risk. For this reason, it is very important to identify which is the highest value of HI during each day and what variables are significant for estimating this highest HI (HImax). According to Matveev (1976), daily temperature fluctuations on clear days reach their maximum during 03:00 p.m.–04:00 p.m. each day. Daily relative humidity also varied on clear days and has been going in the opposite direction to temperature, reaching its minimum at 03:00 p.m.—04:00 p.m. Analysis of the hourly data series for the period 1991–2020 at Lang meteorological station (Hanoi) discovered that at the highest temperature of the day (95.5% at 03:00 p.m.), this agreed with the smallest relative humidity of 90.7% at 15:00 and highest HI of the day (94% at 03:00 p.m.) (Figure 2). Consequently, the daily maximum temperature (Tmax) and daily minimum relative humidity (RHmin) served to estimate daily maximum heat index HImax values.
[image: Figure 2]FIGURE 2 | Daily change in maximum temperature and relative minimum humidity in the period 1991–2020 at lang meteorological station.
The assumption in this research is that Tmax and RHmin are consistently inversely related and that this relationship does not change in the future.
2.3.2 HImax estimation
The general algorithms used to estimate HI (Anderson et al., 2013) are shown in Figure 3.where:
[image: image]
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[image: Figure 3]FIGURE 3 | Algorithms used to calculate heat index (HI) Anderson et al. (2013).
The above equations require two variables and these are daily temperature and daily relative humidity (RH). The equation was applied to calculate the HImax. In this case, the model variable will be daily maximum temperature and daily minimum relative humidity (RHmin). The daily maximum temperature was issued by the climate change model. However, daily minimum relative humidity is not available in the climate change model and has been estimated by a multivariable linear regression which will be described in the following section.
Heat stress (HImax) values are divided into six categories according to danger level to human health as documented in Table 1 below.
TABLE 1 | Heat stress conditions.
[image: Table 1]2.3.3 Multivariable linear regression in RHmin estimation
In the multivariable regression model (Taylor, 1997), the dependent variable RHmin is described as a linear function of the independent variables, as follows:
[image: image]
where:
[image: image] denote daily maximum temperature, daily minimum temperature and total daily rainfall, respectively.
[image: image] are regression coefficients of the variables [image: image].
a is constant.
The regression coefficient [image: image] and a were calibrated using observed data.
3 RESULTS
3.1 Results of model calibration and validation
The period from 01/01/1991 to 31/12/2010 served to calibrate the model parameters while data covering the period 01/01/2011–31/12/2020 was used to validate the model. The model was calculated at daily step.
3.1.1 Calibration process
HImax is calculated based on Tmax and RHmin. In this study, it emerged that there is a good correlation between dependent variable (RHmin) and independent variables (daily maximum temperature, daily mean temperature, daily precipitation). Using SPSS software for data from 1/1/1991 to 31/12/2010, the study derived a regression equation between RHmin and Tmax, Tmean and it is written as follows:
[image: image]
The regression statistic results are summarized below:
- Adjusted R2 = 0.56 meaning that the independent variables can explain 56% of the RHmin. Durbin-Watson value equals 1.11, indicating there is no autocorrelation between independent variables. This is a sound basis for building a complex regression equation between the dependent and independent variables.
- The sig value of the F test for Mean Square is less than 0.05, signifying that the regression model is suitable, while the sig value in the t test of the regression coefficient less than 0.05 confirms that the independent variable affects the dependent variable. Based on the histogram, it is evident that the Regression Standardized Residual mean is close to zero, Std. Dev=1, hence the distribution is approximately normal. The P-P Plot reveals the percentiles in the distribution of the residuals diagonally, and consequently the assumption of normal distribution of the residuals is valid in this case and the regression equation is reliable.
Hence, Eq. 7 can determine the value of daily minimum relative humidity based on daily mean temperature, daily maximum temperature, and daily precipitation. This RHmin can be applied in the algorithms in Figure 3 to calculate HImax for the period from 1/1/1991 to 31/12/2010.
To assess how well the model performed, the model HImax and the “observed” HImax were compared. The observed HImax is calculated by the same algorithm described in Figure 3. However, RHmin is the observed values recorded at the meteorological station instead of the RHmin estimated from the regression equation.
Nash-Sutcliffe model efficiency coefficient (NSE) is an objective function used for evaluating how well the model performs:
[image: image]
where:
[image: image] is model HImax at day t; [image: image] is observed HImax at day t;
[image: image] is average observed HImax during the simulation period T
The NSE is 0.98 and this reveals there is good agreement between the model and observed HImax (Figure 4). Hence the regression model fits the calibration period.
[image: Figure 4]FIGURE 4 | Scatter plot between observed HImax and mode HImax for the period 1991–2010.
3.1.2 Validation process
The model was validated using data for 1/1/2011–31/12/2020. Figure 5 shows scatters between model and observed HImax. There is a good agreement between the observed and model values indicated by NSE of 0.94. Based on these findings, the model can be used to simulate HImax for the future climate change scenarios.
[image: Figure 5]FIGURE 5 | Scatter plot between observed HImax and mode HImax for the period 2011–2020.
3.2 Assessment of changes in HImax according to climate change scenarios
3.2.1 Yearly change of HImax
Daily HImax were calculated under RCP 4.5 and RCP 8.5 scenarios and have been averaged for each year. Average yearly values are plotted in Figure 6.
[image: Figure 6]FIGURE 6 | Historic and future annual averge HImax showing a linear fit to the trend for 2021–2050 under RCP 4.5 (blue) and RCP 8.5 (red).
The yearly fluctuation and changing trend of HImax according to the historical data, RCP 4.5 and RCP 8.5 scenarios are shown in Figure 6. According to the RCP 4.5 scenario, the linear fit for HImax increase has a coefficient of determination which is R2 = 0.89. This strongly suggests a highly reliable trend for an annual increase in HImax. The results obtained from the regression equation demonstrate that the average annual HImax increases by 0.0777°/year. Under RCP 8.5, it can be seen from Figure 6 that there is a close correlation between the rise of HImax and time with R2 = 0.86, meaning that the annual increase in HImax is reliable. It can be observed from the regression equation that the annual HImax will increase by 0.0797°/year.
In conclusion, in the context of climate change it is estimated that annual HImax will increase between now and 2050. Annual HImax increase according to RCP 8.5 is in 0.002°/year higher than that for RCP 4.5.
3.2.2 Fluctuation in monthly average of number of days having HImax > 41° in the past and future
Judging by the data series (daily maximum temperature, daily average temperature, daily total rainfall), and based on Eqs 1–4, HImax can be calculated. It was found that the monthly average days with HImax > 41 reached the highest value in June, July, and August at 15–19 days. From November to March there is no day with HImax > 41 (Figure 7). In October, the average number of days with HImax > 41 amounts to only 1.3 days. Thus, it can be seen that HImax exhibits a clear seasonal variation. The largest HImax for the period 1991–2020 is 57.4°C on 6/8/2012. During this day, the daily mean temperature was 26.5°C, the highest temperature of the day is 34.9°C and the lowest relative humidity for that day is 82%. Although the maximum temperature on 6 August 2012 was not the highest during the period 1991–2020, the relative humidity remained high, so any effect on the body was most pronounced during this time.
[image: Figure 7]FIGURE 7 | Monthly average of number of days having HI > 41 in the period 1991–2020 and in the period 2021–2050 under RCP 4.5 and RCP 8.5.
The main similarity between HImax in the future and in the past is that the highest value of HImax (HImax > 41°C) falls in the months of June, July, and August.
There is a difference between HImax in the future and in the past. The month with the highest number of days with HImax > 41°C in the period 2021–2050 under both scenarios RCP 4.5 and RCP 8.5 falls in July, while for the period 1991–2020 it is in June. Referring to 1991–2020, June has a maximum of about 20 days with HImax > 41°C, but on average for the years 2021–2050, the number of days with HImax > 41°C in months June, July, and August a accounts for more than 25 days.
3.2.3 Fluctuation in number of days having HImax > 54°C by month for the period 2021–2050
The number of days having HImax > 54°C over the past 30 years was not obvious, occurring only once in June and three times in August (Figure 8). With four such occurrences in the past, it proves that this phenomenon is simply a rare extreme weather event. The number of days with HImax > 54°C in the period 2021–2050 under the RCP 4.5 scenario, there will be is an average of 2, 57 days of the year while for the RCP 8.5 scenario it will amount to is an average of 3, 87 days of the year, mainly in June, July, and August. There is a particular spike of HI in June, and this is also the month with the highest number of days with HImax > 54°C for the year.
[image: Figure 8]FIGURE 8 | Monthly average of number of days having HI > 54 in the period 1991–2020 and in the period 2021–2050 under RCP 4.5 and RCP 8.5.
HImax does not occur between October of the previous year and April of the following year in the RCP 4.5 scenario. Neither does it occur from November of the previous year to April of the following year in the RCP 8.5 scenario.
3.2.4 Assessing the change in number of days with HImax at the danger level
This study discovered an increasing trend in the number of HImax days at a dangerous level during the period 1991–2020. The number of days with HImax at danger increased from 62 days/year for the decade 1991–2001, rising to 71 days/year for the decade 2001–2010 and 94 days for 2011–2020. This represents an average increase of 9.7 days/year over each decade (Figure 9).
[image: Figure 9]FIGURE 9 | Number of days with HImax at dangerous levels in different decades.
Similarly, for the period 2021–2050, it can be observed that for the RCP 4.5 scenario, the average number of HImax days posing a danger rose by 12–19 days/year on average per decade. Meanwhile under the RCP 8.5 scenario, the number of HImax days at dangerous levels increased by an average of 16–23 days/year over each decade.
3.2.5 Number of weeks per 5 years having an average HImax at danger and extreme danger levels
It is well known that heatwaves do pose a serious danger and particularly for vulnerable people such as the elderly and children. Figure 10 depicts the number of weeks per 5 years where the average HImax is above the upper 41°C (NW5YHI41), which means Danger and Extreme Danger to humans. According to the historical data, NW5YHI41 continuously increased through a 5-year period in the past. In the future, the rise of NW5YHI41 can be seen in Figure 9. According to the RCP 4.5 scenario, the linear fit for NW5YHI41 rise has a coefficient of determination R2 = 0.98, indicating a highly reliable increasing trend in NW5YHI41. The results obtained from the regression equation show that the NW5YHI41 increases by 5.5 weeks every 5 years. Referring to the RCP 8.5 scenario, there is a close correlation between the rise of NW5YHI41 and time with R2 = 0.97, meaning that the annual increase in NW5YHI41 is valid. It can be seen from the regression equation that the NW5YHI41 will increase by 6 weeks every 5 years.
[image: Figure 10]FIGURE 10 | Number of weeks every 5 years having an average HImax at dangerous levels in different decades.
In conclusion, in the context of climate change it is estimated that NW5YHI41 will increase between now and 2050. Annual HI increase according to RCP 8.5 is 0.5 weeks every 5 years, which is higher than that for RCP 4.5.
3.2.6 Assessing the change in number of days per year with HImax at the extreme danger level
On days with HImax > 54°C which is very dangerous to human health, heatstroke is highly likely to occur. During the period 1991–2020, there were only 4 days with HImax > 54°C, and these happened in 1997, 2012, 2014, and 2015. However, in the 30-year period from 2021 to 2050, under the RCP 4.5 scenario, the number of days with HImax > 51°C was 73 and under RCP 8.5, this number of days was 116. Figure 8 shows that the number of days with HImax > 51°C in the future is rising. Based on yearly maximum values with HImax > 51°C for the period 2021–2050 according to RCP 4.5 and RCP 8.5, a trend line of the number of days with HImax > 51°C was built. The upward trend in the number of days per year under the RCP 4.5 scenario is clearly shown in Figure 11 (blue colour). It is worth noting here that the number of days per year increases by 0.24 and the reliability level is high (R2=0.89). The number of days per year under the RCP 8.5 scenario rises by 0.35 with a high reliability level (R2=0.88). For the RCP 8.5 option, the number of days with HImax > 51°C is 1.6 times higher than under RCP 4.5.
[image: Figure 11]FIGURE 11 | Heat index using daily mean temperature and heat index using highest temperature for the period 1991–2020 at lang meteorological ststion (Hanoi).
4 DISCUSSION
Hanoi’s climate can be described as one being moist with mild and dry winters, where the winter is not hot, the summer temperature is relatively high, humidity remains high all year round and the heat island effect makes the hot weather in Hanoi increasingly fierce and having a worsening impact on the human body (Dao, 2013). To evaluate the combined effects of heat and humidity on the human body, HI is a widely used index. The aim of the project is to calculate HImax for the future given the encroaching danger posed by climate change. To develop a viable heat index, a temperature and relative humidity context is required, but in the climate change scenario devised by the Vietnam Ministry of Natural Resources and Environment, the relative humidity factor is not available in the climate change model applied to Hanoi. Based on Eq. 7, it is possible to determine the daily minimum relative humidity value based on daily mean temperature, daily maximum temperature, daily minimum temperature and daily precipitation.
Estimates of HImax changes in this paper are projections of what is likely to occur based on the following assumptions.
- Assessment of correlation between daily minimum relative humidity and some meteorological features
The relative humidity (RH) is the ratio of the amount of water vapor actually in the air to the maximum amount of water vapor required for saturation at that particular temperature (Ahrens, 2009). The maximum amount of water vapor required for saturation depends entirely and proportionally on the temperature. If the air mass is considered to be static, assuming the amount of water vapor in the air does not change, when the air temperature reaches the highest point of the day (Tmax), the largest amount of water vapor required for saturation will be respectively the highest, so relative humidity will decrease and reach the lowest value of the day. It can therefore be concluded that Tmax is inversely proportional to RHmin. The higher Tmean, the smaller the difference between Tmean and Tmax, then the less RHmin changes during the day, meaning the Hmin is larger. Thus, it can be reasonably stated that relative humidity value during the day is inversely proportional to Tmax and to Tmean.
- Identifying the highest HI time of the day
A major reason for conducting this study is to evaluate the largest HI fluctuations in the future, as a warning that the health of people in the community must be protected. To do this, it is necessary to choose the highest HI time of the day. The question is asked: when is the highest HI value of the day? Figure 10 shows the difference between HI calculated based on daily mean temperature and daily mean relative humidity (a) and HI calculated based on highest temperature of the day, lowest humidity of the day (b). In case (b) the number of HI days at danger will be higher than case (a). Specifically, according to the calculation for 30 years, in the case based on daily average temperature and humidity values, the number of HI days above normal level is 48%. In the case of calculating HI at the time of the highest temperature of the day, the number of HI days above the normal level is 67%. Similarly, if calculating the number of HI days at danger level during the highest temperature of the day, it is nearly 7 times higher than the case based on the daily mean temperature and humidity values (Figure 11).
Subsequently, it can be determined that HI is highest at the time of the highest temperature and lowest relative humidity during the day.
- Assessing the seasonality of HImax.
Research results show that in the past and future scenarios, from November to March there is no day with HImax > 41°C. The fluctuation in the number of days with HImax at Danger level and Extreme danger follows a general rule for both scenarios. Here the months with the number of HImax days at Danger level and especially Extreme danger are concentrated in June, July, and August. If in the past the Extreme danger level was simply a rare weather phenomenon, it will appear more regularly in the future and mainly during these months. This outcome confirms the distinct seasonality of Hanoi’s climate with winters being greatly influenced by the polar air masses coming from the north.
- Evaluating the research results and potential accuracy
The months June, July, and August experience the most days with HImax > 41°C in a given year. The number of days with HImax > 41°C is likely to increase significantly in the future, for both RCP 4.5 and RCP 8.5 scenarios. The number of days having HImax > 51°C in the future is going to be much more than in the past. From the past to the future, it is observed that number of weeks every 5 years having a weekly average HImax > 41°C increases. The number of days having HImax > 51°C in the past are rare occasions. In the future the number of days having HImax > 51°C will be more than in the past and happen: 1) in most years under the RCP 4.5 scenario; and 2) all years under the RCP 8.5 scenario and the trend will not abate.
Thus, the reality of climate change is very evident in terms of the increasing average annual HI, increasing number of weeks with HImax > 41°C and the number of days with HImax > 54°C. These are days when heatstroke is highly likely to occur, so determining the time pattern and intensity of HI is important in protecting the health of people in the community, especially those who work outdoors, people with cardiovascular disease, high blood pressure and underlying diseases. In June, with the sudden increase in the number of days of extreme danger, people need to protect themselves and the healthcare/medical sector must be prepared when the number of patients suffering from heatstroke spikes. This study will be practical if the research results are combined with the statistics on the number of people who have had a stroke in Hanoi, Vietnam. Its findings can also help officials and policymakers assess the spatial variation of HI in Hanoi and for other cities.
5 CONCLUSION
This study classifies HI by evaluating its effects on the human body. Our findings highlight that under both RCP 4.5 and RCP 8.5 scenarios there is an increased risk of HI in both intensity and number of days at danger and extreme danger levels.
The mean annual HImax intensity will increase by 0.0875°C/year under RCP 4.5 and 0.09°C/year under RCP 8.5 in the period 2021–2050. The number of HImax days marked as dangerous is also likely to increase significantly in the future. On average, the number of days with HImax > 41°C in the months of June, July, and August for the years 2021–2050 is greater than for 1991–2020 by about an average of 10 days. A notable feature is that in the past there were only four HI occurrences at the Extreme danger level. The number of days with HImax > 54°C over 2011–2050 under the RCP 4.5 scenario, there will be is an average of 2, 57 days of the year, under the RCP 8.5 scenario, there will amount to is an average of 3, 87 days of the year, mainly concentrated in the months of June, July, and August. Especially the number of days at extreme danger increases very rapidly during the period 2021–2050, increasing to 0.24 day/year for scenario RCP 4.5 and 0.34 day per year for scenario RCP 8.5.
Given the fluctuation of HImax over time, especially when the days that are likely to cause a stroke will be more frequent in the future compared to the past, it is necessary to develop specific plans and policies for infrastructure and medical staff to protect outdoor workers, the elderly, the very young and people with pre-existing medical conditions. The potential risk posed by weather is reflected in the heat index which is getting stronger in intensity during the months of June, July, and August, but especially in June.
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