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Abstract
This study examines the characteristics of the urban heat island (UHI) in Dhaka, the densely populated capital city of Bang-
ladesh under the influence of the South Asian monsoon, and its interaction with heat waves. For this, meteorological data at 
Dhaka (urban) and Madaripur (rural) stations and reanalysis data for the period of 1995–2019 are used for analysis. Here, 
the UHI intensity is defined as the urban-rural difference in 2-m temperature, and a heat wave is defined as the phenomenon 
which persists for two or more consecutive days with the daily maximum 2-m temperature exceeding its 90th percentile. 
The UHI intensity in Dhaka is in an increasing trend over the past 25 years (0.21 °C per decade). The average UHI intensity 
in Dhaka is 0.48 °C. The UHI is strongest in winter (0.95 °C) and weakest in the monsoon season (0.23 °C). In all seasons, 
the UHI is strongest at 2100 LST. The average daily maximum UHI intensity in Dhaka is 2.15 °C. Through the multiple 
linear regression analysis, the relative importance of previous-day daily maximum UHI intensity (PER), wind speed, relative 
humidity (RH), and cloud fraction which affect the daily maximum UHI intensity is examined. In the pre-monsoon season, 
RH is the most important variable followed by PER. In the monsoon season, RH is the predominantly important variable. In 
the post-monsoon season and winter, PER is the most important variable followed by RH. The occurrence frequency of heat 
waves in Dhaka shows a statistically significant increasing trend in the monsoon season (5.8 days per decade). It is found 
that heat waves in Bangladesh are associated with mid-to-upper tropospheric anticyclonic-flow and high-pressure anomalies 
in the pre-monsoon season and low-to-mid tropospheric anticyclonic-flow and high-pressure anomalies in the monsoon 
season. Under heat waves, the UHI intensity is synergistically intensified in both daytime and nighttime (nighttime only) in 
the pre-monsoon (monsoon) season. The decreases in relative humidity and cloud fraction are favorable for the synergistic 
UHI-heat wave interaction.
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1 Introduction

The urban heat island (UHI) is a phenomenon that urban 
temperature is higher than surrounding rural temperature 
(Qian et al. 2022). The UHI has been extensively studied for 
numerous cities of the world (Oke et al. 2017). Many causa-
tive factors of the UHI are suggested, which include impervi-
ous surfaces, anthropogenic heat, and three-dimensional urban 
geometry that is subdivided into radiation trapping, additional 

heat stored in vertical walls, and wind speed reduction (Ryu 
and Baik 2012). The UHI intensity depends on the population, 
size, surface characteristics, background climate of a city, 
anthropogenic activities, topography, meteorological condi-
tions, season, and the time of day (Kim and Baik 2002; Liu 
et al. 2007; Basara et al. 2008; Lee and Baik 2010; Jongtanom 
et al. 2011; Camilloni and Barrucand 2012; Cui and de Foy 
2012; Schatz and Kucharik 2014; Zhao et al. 2014; Tzavali 
et al. 2015; Du et al. 2016; Wang et al. 2016; Kotharkar et al. 
2019; Manoli et al. 2019; Zhang et al. 2022). For example, 
some cities experience stronger canopy-layer UHI in winter 
(Liu et al. 2007; Wang et al. 2016) while other cities exhibit 
stronger canopy-layer UHI in summer (Schatz and Kucharik 
2014), and the canopy-layer UHI is typically stronger in the 
nighttime than in the daytime (Kim and Baik 2002; Jong-
tanom et al. 2011; Camilloni and Barrucand 2012).
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The UHI can be altered under a heat wave, indicating the 
interaction between the UHI and heat wave (Li and Bou-Zeid 
2013). The UHI-heat wave interaction has been investigated 
for many cities of the world (Kong et al. 2021). A number of 
studies have shown the synergistic UHI-heat wave interac-
tion, that is, the enhancement of the UHI under heat waves 
(e.g., Founda and Santamouris 2017; Ortiz et al. 2018; Jiang 
et al. 2019; An et al. 2020). There are a few studies of the 
UHI-heat wave interaction for cities which are affected by 
the South Asian monsoon. Rizvi et al. (2019) showed that 
the maximum differences in canopy-layer UHI intensity 
between heat wave and non-heat wave days in Karachi, Paki-
stan are 3.0, 2.5, 2.8, and 2.7 °C when Ormara, Gwadar, 
Jiwani, and Pasni are considered as rural sites, respectively, 
indicating that the UHI-heat wave interaction in Karachi is 
synergistic. In contrast, Kumar and Mishra (2019) showed 
that under heat waves, 63% and 74% of the total urban areas 
in India exhibit declines in surface daytime and nighttime 
UHI intensities, respectively. It is known that the UHI-heat 
wave interaction varies depending on city size, background 
climate, and the large-scale (synoptic) characteristics of heat 
waves (Ramamurthy and Bou-Zeid 2017; Zhao et al. 2018; 
Park et al. 2023).

Bangladesh is one of the most densely populated coun-
tries in the world and has over 165 million inhabitants (BBS 
2022). Many cities in the country have undergone rapid and 
unplanned urbanization. The characteristics of surface UHI 
in several cities of Bangladesh have been examined, includ-
ing Chittagong (Ishtiaque et al. 2017; Roy et al. 2020; Gazi 
et al. 2021), Khulna (Islam and Islam 2013; Islam et al. 
2019; Leya et al. 2022), Narayanganj (Rashid et al. 2022), 
and Dhaka (see the references below). The surface UHI in 
Dhaka, the capital city and the sixth most densely popu-
lated city in the world (Uddin et al. 2022), has been most 
extensively studied (Ahmed et al. 2013; Parvin and Abudu 
2017; Dewan et al. 2021a, 2021b; Abrar et al. 2022; Rah-
man et al. 2022; Uddin et al. 2022). Uddin et al. (2022) ana-
lyzed the Moderate Resolution Imaging Spectroradiometer 
(MODIS)-based land surface temperature data for the period 
of 2001–2017 and showed that the daytime and nighttime 
surface UHI intensities in Dhaka significantly increased over 
years with their increasing rates of 0.03 °C per year and 
0.023 °C per year, respectively. Using the MODIS data for 
the period of 2000–2019, Dewan et al. (2021a) examined 
surface UHI intensities in five major cities of Bangladesh. 
They identified population, lack of greenness, and anthro-
pogenic forcing as the major factors that affect the surface 
UHI intensities. Dewan et al. (2021b) used the same data to 
further examine the diurnal and seasonal variations of sur-
face UHI intensity. Using the air temperature data for Dhaka 
and its adjacent suburban area, Savar, Khatun et al. (2020) 
examined the canopy-layer UHI in Dhaka for the period of 
1987–2016 and found the maximum UHI intensity of 3.5 °C.

While the previous studies of the UHI in Dhaka provide 
a comprehensive understanding of its characteristics, there 
are several areas of improvement that deserve further inves-
tigation. Firstly, all those studies except for Khatun et al. 
(2020) estimated surface UHI intensities using land surface 
temperatures derived from satellite data. For more com-
plete understanding of the UHI in Dhaka, the canopy-layer 
UHI intensity also needs to be examined. Secondly, mete-
orological variables such as wind speed, relative humidity, 
and cloud cover affect UHI intensity (Kim and Baik 2002; 
Ganbat et al. 2013). However, none of the previous stud-
ies of the UHI in cities of Bangladesh examined the rela-
tive importance of meteorological variables that affect UHI 
intensity. Lastly, the UHI-heat wave interaction in Dhaka is 
not studied yet despite the awareness of worsening thermal 
comfort in Dhaka due to urbanization and global warming 
(Shourav et al. 2018; Imran et al. 2021). These three aspects 
motivate the present study.

In this study, using long-term meteorological data and 
reanalysis data, we examine the temporal characteristics 
of the UHI in Dhaka and its interaction with heat waves. 
Section 2 describes the data and methods. In Section 3, the 
analysis results are presented and discussed. Section 4 gives 
a summary and conclusions.

2  Data and Methods

To examine the characteristics of the UHI in Dhaka, 25-year 
data at two meteorological stations from 1995 to 2019 are 
obtained from the Bangladesh Meteorological Department 
(BMD). The data include the 2-m temperature, 10-m wind 
speed, relative humidity, and cloud fraction (in octa scale) 
in 3-h intervals as well as the daily precipitation amount, the 
daily maximum 2-m temperature, and the daily minimum 
2-m temperature. Dhaka station is selected as the urban sta-
tion, and Madaripur station located on the south-southwest 
of Dhaka station is selected as the rural station (Fig. 1). 
Madaripur station is located in a highly vegetated area and 
experiences the same background climate as Dhaka station 
(Beck et al. 2018). The urban land use fraction within a 
1-km2 circle centered on Dhaka station (Madaripur station) 
in 2019, estimated using the Landsat 8 Operational Land 
Imager data (Roy et al. 2014; Ouchra et al. 2023), is 48% 
(6%). The urban land use fraction around Madaripur sta-
tion does not notably change during the study period. In 
this study, the UHI intensity is defined as the difference in 
2-m temperature between Dhaka and Madaripur stations and 
the daily maximum UHI intensity is defined as the largest 
difference in 2-m temperature between the two stations for 
each day. Excluding 2927 missing data (2% of total), 143169 
measurement data are used to calculate the UHI intensity. 
To analyze the seasonal variations of the UHI intensity, 
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the entire year is divided into four seasons: pre-monsoon 
season (March, April, and May), monsoon season (June, 
July, August, and September), post-monsoon season (Octo-
ber and November), and winter (December, January, and 
February) (Ahmed et al. 2020). For the study period, the 
annual precipitation amount averaged over the two stations 
is 1942 mm, and the percentage of precipitation amount in 
each season to the annual precipitation amount is 21% in the 
pre-monsoon season, 67% in the monsoon season, 10% in 
the post-monsoon season, and 2% in winter.

To examine the relative importance of meteorological 
variables that affect the daily maximum UHI intensity, the 
wind speed, relative humidity, and cloud fraction data at 
Dhaka station are used to perform a multiple linear regres-
sion analysis. Here, the relative importance means which 
independent variable is relatively more important one for 
the dependent variable. Following Kim and Baik (2002), the 
dependent variable is the daily maximum UHI intensity and 
the independent variables are the daily maximum UHI inten-
sity for the previous day, wind speed, relative humidity, and 

cloud fraction. For the wind speed, relative humidity, and 
cloud fraction, the values at the time of the daily maximum 
UHI intensity are used. Before the multiple linear regression 
analysis is performed, the standardization for data of each 
variable is made by subtracting their mean and then dividing 
by their standard deviation. This allows a direct compari-
son of regression coefficients of different variables and thus 
an examination of their relative importance. In classifying 
daytime and nighttime, 0900, 1200, 1500, and 1800 local 
standard time (LST) are considered as daytime and 2100, 
0000, 0300, and 0600 LST are considered as nighttime.

In Bangladesh, the occurrence of heat waves is mainly con-
centrated in May and June which belong to the pre-monsoon 
and monsoon seasons, respectively (Nissan et al. 2017). So, 
the UHI-heat wave interaction in those seasons is examined. 
In this study, the threshold air temperature in defining a heat 
wave is based on the TX90p criterion (Perkins 2015) which 
is the 90th percentile of daily maximum temperatures. This 
criterion has been widely used in defining a heat wave (Panda 
et al. 2017; Erlat et al. 2021; Engdaw et al. 2022). We adopt 

Fig. 1  (a) Land use map of Dhaka and Madaripur (contoured by 
black solid lines) and their neighboring regions in 2019 based on the 
Landsat 8 Operational Land Imager data. The locations of Dhaka and 

Madaripur stations are marked in green and red circles, respectively. 
Satellite images around (b) Dhaka station and (c) Madaripur station 
in 2023 (Google Earth image)
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the threshold duration of two days, so that in this study, a heat 
wave is defined as the phenomenon which persist for two or 
more consecutive days with the daily maximum 2-m tempera-
ture averaged for the two stations exceeding the 90th percentile 
for each season. The 90th percentile of the daily maximum 2-m 
temperature is 36.2 °C in the pre-monsoon season and 34.7 °C 
in the monsoon season. 172 days and 225 days are classified 
as heat wave days in the pre-monsoon season and monsoon 
season, respectively. The remaining 2128 and 2825 days are 
classified as non-heat wave days in the pre-monsoon season 
and monsoon season, respectively. To analyze the UHI-heat 
wave interaction, the statistical distributions and diurnal varia-
tions of the UHI intensities under heat wave and non-heat wave 
days in each season are compared. The synergistic UHI-heat 
wave interaction is referred to as the increase in UHI intensity 
during heat wave days compared to non-heat wave days (Li 
and Bou-Zeid 2013), since the increase in UHI intensity during 
heat waves indicates both the enhancement of the UHI due to 
heat waves and the enhancement of heat waves in urban areas 
due to the UHI. The daily maximum temperature, daily mini-
mum temperature, and daytime/nighttime wind speed, relative 
humidity, and cloud fraction under heat wave and non-heat 
wave days in each season are also compared to examine how 
meteorological conditions under heat waves differ from those 
under non-heat waves. For this, each meteorological variable 
is averaged over Dhaka and Madaripur stations to consider 
background meteorological conditions that affect both urban 
and rural areas. In comparing UHI intensity and meteorologi-
cal conditions under heat waves with those under non-heat 
waves, the data with daily precipitation amount at the urban or 
rural station being larger than 0.1 mm are excluded from the 
analysis (Jiang et al. 2019; Park et al. 2023).

For each of the pre-monsoon and monsoon seasons, how 
synoptic patterns under heat waves differ from the mean cli-
matology is investigated. For this, the European Centre for 
Medium-range Weather Forecasts (ECMWF) reanalysis 5 
(ERA5) data (Hersbach et al. 2020) are used. The data have 
0.25° × 0.25° horizontal resolution and 1-h temporal reso-
lution. The fields of 200-, 500-, and 850-hPa geopotential 
heights and horizontal wind velocities, vertical wind veloci-
ties, and 850-hPa specific humidity are analyzed. These levels 
are typically considered to analyze synoptic patterns associated 
with heat waves (Zhang et al. 2020; Cao et al. 2022; Cha et al. 
2022; Jiang et al. 2023).

3  Results and Discussion

3.1  Yearly, Seasonal, and Diurnal Variations 
of the UHI

In this subsection, the yearly, seasonal, and diurnal varia-
tions of UHI intensity in Dhaka are examined. Figure 2a 

shows the yearly variations of annually averaged tempera-
tures in Dhaka and Madaripur for the 25-year period. The 
yearly trends are calculated through the linear regression 
analysis. The statistical significances of yearly trends are 
determined at the 95% confidence level. Both Dhaka and 
Madaripur exhibit increasing trends in annually averaged 
temperature. The increasing rate in Dhaka (0.25 °C per dec-
ade, statistically significant) is five times larger than that in 
Madaripur (0.05 °C per decade, statistically insignificant). 
The annually averaged temperature is consistently higher 
in Dhaka than in Madaripur. The UHI intensity tends to 
increase over years, with its increasing rate of 0.21 °C per 
decade (Fig. 2b). This increasing rate is comparable to those 
in other cities [e.g., 0.31 °C per decade in Beijing, China 
(Lin and Yu 2005), 0.22 °C per decade in Athens, Greece 
(Founda et al. 2015), and 0.24 °C per decade in Lanzhou, 
China (Li et al. 2018)]. The UHI intensity averaged over 
the study period is 0.48 °C. This is much weaker than the 
UHI intensities in other cities of the world [e.g., 2.1 °C in 

Fig. 2  Yearly variations of (a) annually averaged temperatures in 
Dhaka (red) and Madaripur (blue) and their linear trends and (b) yearly 
variation of annually averaged UHI intensity and its linear trend



Characteristics of the Urban Heat Island in Dhaka, Bangladesh, and Its Interaction with Heat…

Korean Meteorological Society

Minneapolis-St. Paul, U.S.A. (Todhunter 1996), 2.2 °C in 
Seoul, South Korea (Kim and Baik 2005), 1.6 °C in Ulaan-
baatar, Mongolia (Ganbat et al. 2013), and 0.8 °C in Bang-
kok, Thailand (Arifwidodo and Tanaka 2015)]. One plau-
sible reason for the weaker UHI intensity in Dhaka is that 
the Dhaka station is located in a partially vegetated area 
(26% within the surrounding 1-km2 circle centered on the 
Dhaka station), which could mitigate the difference in 2-m 
temperature between the two stations. Khatun et al. (2020) 
found a decreasing trend of UHI intensity in Dhaka during 
1987–2016 when Savar station, which is located in a sub-
urban area, was selected and concluded that the decreasing 
trend of the UHI intensity is attributed to increasing tem-
perature in Savar due to industrialization. Another plausible 
reason for the weaker UHI intensity in Dhaka is that Dhaka 
and its surrounding areas are affected by the South Asian 
monsoon, which experience frequent and heavy rainfalls in 
the monsoon season. Precipitation weakens the UHI (Lee 
and Baik 2010) or makes the UHI disappear.

The seasonally averaged UHI intensity in Dhaka is pre-
sented in Fig. 3. The UHI is strongest in winter (0.95 °C) 
and weakest in the monsoon season (0.23 °C). The relatively 
very small precipitation amount in winter may contribute to 
the strongest UHI. The pre-monsoon season exhibits the sec-
ond strongest UHI (0.42 °C). Santamouris (2015) reviewed 
88 articles on UHI intensities in 101 cities worldwide and 
found that the UHI intensity is strongest in dry season for 
cities with climate characterized by dry and humid periods. 
The UHI intensity in Dhaka calculated in this study is, how-
ever, weaker than those in other cities with this climate [e.g., 
1.65 °C in Beijing (Yang et al. 2013), 3.9 °C in Presidente 

Prudente, Brazil (Amorim 2020), and 2.38 °C in Delhi, India 
(Kumar et al. 2023)].

Figure 4 shows the diurnal variations of annually and 
seasonally averaged UHI intensities. The diurnal varia-
tion of annually averaged UHI intensity exhibits its maxi-
mum at 2100 LST (1.00 °C) and its minimum at 1200 LST 
(−0.08 °C). A similar pattern is observed in many cities 
around the world (e.g., Basara et al. 2008; Kim et al. 2017; 
Vogel and Afshari 2020). At most of hours, the UHI is 
strongest in winter and weakest in the monsoon season. At 
2100 LST, the UHI is strongest in all seasons, being 3.3 
times larger in winter (1.70 °C) than in the monsoon sea-
son (0.51 °C). The diurnal amplitude of UHI intensity in 
winter is larger compared to those in other seasons. This 
feature also appears in Ulaanbaatar (Ganbat et al. 2013). 
In contrast, in Buenos Aires, Argentina, the largest diurnal 
amplitude of UHI intensity appears in summer (Camilloni 
and Barrucand 2012). In all seasons, the weak urban cool 
island is observed. The urban cool island is most prominent 
in the pre-monsoon season, with its maximum intensity of 
0.22 °C at 1200 LST, but weaker than the urban cool islands 
observed in several tropical cities located in Southeast Asia 
(e.g., Chow and Roth 2006; Harun et al. 2020). The urban 
cool island is primarily attributed to the shading due to the 
urban canopy, the relatively strong urban planetary boundary 
layer mixing, and the attenuation of solar radiation by urban 
air pollutants (Chow and Roth 2006; Memon et al. 2009; 
Theeuwes et al. 2015), and its causes for Dhaka deserve 

Fig. 3  Seasonal variation of UHI intensity

Fig. 4  Diurnal variation of annually averaged UHI intensity (black) 
and those of seasonally averaged UHI intensities (colored). The hori-
zontal gray line indicates zero
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further investigation. It is interesting to observe that a sec-
ondary peak in the diurnal variation of UHI intensity appears 
at 0900 LST in the post-monsoon season (0.56 °C) and 
winter (1.32 °C). The anthropogenic heat associated with 
increased transportation could be a possible contributing 
factor to these pronounced UHI intensities in the morning 
(Theeuwes et al. 2015; Wang et al. 2023), but further inves-
tigation with high-resolution anthropogenic heat emission 
data for Dhaka is needed to quantify this effect on the UHI.

3.2  Daily Maximum UHI Intensity

The characteristics of daily maximum UHI intensity in 
Dhaka and its association with meteorological variables are 
examined in this subsection. Figure 5 shows the yearly vari-
ations of annually and seasonally averaged daily maximum 
UHI intensities. The annually averaged daily maximum UHI 
intensity exhibits an increasing trend over the 1995–2019 
period (0.24 °C per decade). The increasing trend is most 
pronounced in winter (0.58 °C per decade) followed by the 
post-monsoon season (0.41 °C per decade) and pre-monsoon 
season (0.11 °C per decade). There is no increasing trend in 
the monsoon season (0.00ºC per decade). In contrast with 
Dhaka, some other cities exhibit more pronounced increas-
ing trends of UHI intensity in summer than in winter (e.g., 
Wang et al. 2016; Varentsov et al. 2020; Yao et al. 2021). For 
instance, Wang et al. (2016) showed that the increasing rate 
of the daily maximum UHI intensity in Hong Kong, China is 

larger in summer (0.14ºC per decade) than in winter (0.09ºC 
per decade). The daily maximum UHI intensity averaged 
over the study period is 2.15 °C, which is 4.5 times larger 
than the UHI intensity averaged over the same period. Over 
the study period, the seasonally averaged daily maximum 
UHI intensity is strongest in winter (2.79 °C) and weakest 
in the monsoon season (1.76 °C).

The occurrence frequencies of daily maximum UHI 
intensity at different times of day for the whole year and 
each season are presented in Fig. 6. For the whole year 
(Fig. 6a), the occurrence frequency peaks at 2100 LST 
(0.19). Interestingly, there is a clear peak in the occurrence 
frequency at 0900 LST. The difference between the day-
time and nighttime averaged occurrence frequencies is not 
large (0.01). This is in contrast with previous studies which 
typically show a pronounced higher occurrence frequency of 
daily maximum UHI intensity in the nighttime (e.g., Ganbat 
et al. 2013). In the pre-monsoon season (Fig. 6b), there are 
a distinct peak at 2100 LST (0.27) and a less pronounced 
secondary peak at 0600 LST. The monsoon season has, 
among the four seasons, only one peak in the occurrence 
frequency which occurs at 1500 LST (Fig. 6c). In the post-
monsoon season (Fig. 6d), the highest peak occurs at 0900 
LST and the second highest peak occurs at 1800 LST. In 
winter (Fig. 6e), there are the highest peak at 2100 LST and 
the second highest peak at 0900 LST. The daily maximum 
UHI intensity occurs more frequently in the daytime than in 
the nighttime in the monsoon and post-monsoon seasons, 
while the opposite is true for the pre-monsoon season and 
winter. These higher nighttime occurrence frequencies of the 
daily maximum UHI intensity in the pre-monsoon season 
and winter can be attributed to the notably strong nighttime 
UHI intensities in these seasons (Fig. 4).

Next, the relative importance of the meteorological 
variables that affect the daily maximum UHI intensity is 
investigated. Table 1 lists the standardized regression coef-
ficients of daily maximum UHI intensity for the previous 
day (PER), wind speed (WS), relative humidity (RH), and 
cloud fraction (CF) obtained by the multiple linear regres-
sion analysis using all and each season data. For all data, the 
variance explained by the multiple linear regression model 
(R2) is 20.5%. The standardized regression coefficient of RH 
is −0.31. RH is, among the four variables, the most impor-
tant variable that affects the daily maximum UHI inten-
sity. RH is negatively correlated with the daily maximum 
UHI intensity, that is, higher (lower) RH acts to weaken 
(strengthen) the UHI. The high relative humidity reduces 
the warming/cooling rate of air by increasing its thermal 
admittance, being able to decrease the UHI intensity (Schatz 
and Kucharik 2014; Thomas et al. 2014). The standardized 
regression coefficient of PER is 0.23. PER is the second 
most important variable and is positively correlated with the 
daily maximum UHI intensity. PER indicates the persistence 

Fig. 5  Yearly variation of annually averaged daily maximum UHI 
intensity (black) and those of seasonally averaged daily maximum 
UHI intensities (colored)
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of the UHI. CF is negatively correlated with the daily maxi-
mum UHI intensity (its regression coefficient is −0.09). The 
high cloud fraction hinders the receipt of shortwave radia-
tion, being able to decrease the UHI intensity (Morris et al. 
2001; He 2018). WS is, unexpectedly, positively correlated 
with the daily maximum UHI intensity, but the magnitude 
of its regression coefficient is very small (0.02) compared to 
those of the other three variables.

In seasonal classification, R2 is largest in winter (25.0%) 
followed by the pre-monsoon (21.7%), post-monsoon 
(18.0%), and monsoon (13.9%) seasons. In the pre-monsoon 
season, RH is the most important variable (regression coef-
ficient of −0.38) followed by PER (0.21), CF (0.02), and WS 

Fig. 6  Occurrence frequency of 
daily maximum UHI intensity at 
different times of day for (a) the 
whole year, (b) pre-monsoon, 
(c) monsoon, (d) post-monsoon, 
and (e) winter

Table 1  Standardized regression coefficients of daily maximum 
UHI intensity for the previous day (PER), wind speed (WS), rela-
tive humidity (RH), and cloud fraction (CF) for all data and in each 
season. R2 denotes the total variance explained by the multiple linear 
regression model, and N is the sample size. The asterisk indicates sta-
tistical significance at the 95% confidence level

All Pre-monsoon Monsoon Post-monsoon Winter

PER 0.23* 0.21* 0.05* 0.31* 0.38*
WS 0.02* –0.01 0.05* 0.00 0.02
RH –0.31* –0.38* –0.37* –0.25* –0.24*
CF –0.09* 0.02 0.07* –0.05 –0.11*
R2 (%) 20.5 21.7 13.9 18.0 25.0
N 9042 2295 3041 1521 2185
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(−0.01). In the monsoon season, RH is the most important 
variable (−0.37) and CF is the second most important vari-
able (0.07). It is notable that the regression coefficient of 
PER in the monsoon season (0.05) is much smaller com-
pared to those in other seasons. In the post-monsoon season, 
PER (0.31) is the most important variable followed by RH 
(−0.25), CF (−0.05), and WS (0.00). In winter, the relative 
importance of the four variables and the sign of the regres-
sion coefficient for each variable are the same as those in the 
post-monsoon season.

The four variables (PER, WS, RH, and CF) were previ-
ously used to study their association with the daily maxi-
mum UHI intensity through the multiple linear regression 
analysis for Seoul (Kim and Baik 2002) and Ulaanbaatar 
(Ganbat et al. 2013). Therefore, direct comparisons of total 
variances explained by the multiple linear regression mod-
els and standardized regression coefficients for the three 
cities are possible. For all data, R2 for Dhaka (20.5%) 
is smaller than R2 for Seoul (46.1%) and Ulaanbaatar 
(49.8%). PER is the most important variable for Seoul and 
Ulaanbaatar, while it is the second most important vari-
able for Dhaka. A notable difference is found in the rela-
tive importance of RH. RH is the least important variable 
for Seoul and Ulaanbaatar, while it is the most important 
variable for Dhaka. The importance of relative humidity 
on the UHI intensity was also reported in several other 
cities that experience tropical climate like Dhaka (e.g., 
Ramakreshnan et al. 2019; Kamma et al. 2020). Accord-
ing to the Köppen-Geiger climate classification (Kottek 
et al. 2006; Peel et al. 2007; Beck et al. 2018), Dhaka, 
Seoul, and Ulaanbaatar belong to tropical savannah climate 
(Aw), humid continental climate (Dwa), and cold semi-arid 
climate (BSk), respectively. Madaripur has the same back-
ground climate as Dhaka. We speculate that background 
climates are to some or a great extent responsible for the 
differences in R2 and the relative importance of the four 
variables between the three cities.

The total data are classified into daytime and nighttime 
data, and the multiple linear regression analysis is performed 
for each data (not shown). The variance explained by the 
regression model for the daytime maximum UHI intensity 
is 8.9%, and that for the nighttime maximum UHI intensity 
is 40.2%. For Seoul, the variance explained by the regres-
sion model for the nighttime maximum UHI intensity is 
also larger than that for the daytime maximum UHI inten-
sity (Kim and Baik 2002). For Ulaanbaatar, the opposite 
is reported (Ganbat et al. 2013). The ratio of the variance 
explained by the regression model for the nighttime maxi-
mum UHI intensity to that for the daytime maximum UHI 
intensity is 4.5 for Dhaka, 1.6 for Seoul, and 0.8 for Ulaan-
baatar, showing large differences. We also speculate that 
background climates are to some or a great extent responsi-
ble for these differences.

3.3  Interaction between the UHI and Heat Waves

This subsection examines the interaction of the UHI in 
Dhaka with heat waves. Figure 7 shows the yearly variations 
of occurrence frequencies of heat waves in the pre-monsoon 
and monsoon seasons. The long-term trend of occurrence 
frequency of heat waves in the pre-monsoon season  (HWpre) 
is in contrast with that in the monsoon season  (HWmon). The 
 HWpre occurrence frequency exhibits a statistically insig-
nificant decreasing trend (−2.5 days per decade), while the 
 HWmon occurrence frequency exhibits a statistically signifi-
cant increasing trend (5.8 days per decade). The increase 
in  HWmon occurrence frequency is more pronounced in the 
recent decade with its increasing rate of 12.2 days per decade 
for the period of 2008–2019.

To investigate how synoptic features under heat waves 
differ from mean climatology in each season, composite 
fields of geopotential height anomalies and horizontal wind-
anomaly vectors at the 200-, 500-, and 850-hPa levels are 
plotted (Fig. 8). Here, the anomaly at each grid point is a 
deviation from the value averaged over the days that include 
both heat wave days and non-heat wave days. Under  HWpre, 
Bangladesh is under the influence of anticyclonic-flow and 
high-pressure anomalies at the 200-hPa level whose center is 
located north of Bangladesh (Fig. 8a). This is consistent with 
the result of Zahid and Rasul (2012) that in the pre-monsoon 
season, the Tibetan high is crucial for the development of 
heat waves in the South Asian region. At the 500-hPa level, 
anticyclonic-flow and high-pressure anomalies are also 
seen (Fig. 8b). At the 850-hPa level, weak anticyclonic-
flow anomalies appear in Bangladesh but the geopotential 
height anomalies are negative (Fig. 8c). The 850-hPa ver-
tical velocity averaged over a small area (23.25–23.75°N, 
90.25–90.75°E) which includes Dhaka and Madaripur 
is −0.06 Pa  s−1. There is subsidence in the mid-to-upper 
troposphere, with vertical velocities of 0.04 Pa  s−1 at the 
500-hPa level and 0.01 Pa  s−1 at the 200-hPa level. Under 
 HWmon, high-pressure anomalies are prominent in the Indian 
region at the 850- and 500-hPa levels and the eastern edges 
of these high-pressure anomalies cover Bangladesh (Figs. 8e 
and f). At the 200-hPa level, the high-pressure anomalies in 
the lower-to-mid troposphere are not seen and southwesterly 
wind anomalies prevail (Fig. 8d). The rising motion is highly 
suppressed under  HWmon. The vertical velocity anomalies 
under  HWmon are 0.04, 0.05, and 0.03 Pa  s−1 at the 200-, 
500-, and 850-hPa levels, respectively. The anticyclonic-flow 
anomalies in the lower troposphere counteract the prevailing 
monsoonal southerly winds, hindering the moisture trans-
port from the Bay of Bengal. The 850-hPa specific humidity 
decreases in the Bay of Bengal and the study area under both 
 HWpre and  HWmon (not shown). In summary,  HWpre is asso-
ciated with anticyclonic-flow and high-pressure anomalies 
in the mid-to-upper troposphere, while  HWmon is associated 
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with anticyclonic-flow and high-pressure anomalies in the 
lower-to-mid troposphere.

Table 2 lists daily maximum/minimum 2-m temperature 
(Tmax/Tmin) and daytime/nighttime 10-m wind speed, relative 
humidity, and cloud fraction under  HWpre,  nonHWpre (non-heat 
waves in the pre-monsoon season),  HWmon, and  nonHWmon 
(non-heat waves in the monsoon season) along with their 
respective differences in each season. Under  HWpre, Tmax and 
Tmin increase by 3.4 °C and 2.8 °C, respectively. The diurnal 
temperature range increases by 0.6 °C. The daytime and night-
time 10-m wind speeds increase, while both daytime and night-
time relative humidities and cloud fractions decrease. Under 
 HWmon, Tmax and Tmin increase by 2.2 °C and 0.7 °C, respec-
tively, with 1.5 °C increase in the diurnal temperature range. 
The daytime and nighttime relative humidities and cloud frac-
tions decrease. The daytime (also nighttime) relative humidity 
is higher under  HWmon than under  HWpre. This is also true for 
non-heat waves. The difference in daytime relative humidity 
between heat wave and non-heat wave days is much larger in 
the monsoon season than in the pre-monsoon season.

Figures 9a, b, and c show the box plots of daytime and 
nighttime UHI intensities and the diurnal variations of UHI 
intensities under  HWpre and  nonHWpre. Under  HWpre, the 
statistical distributions (mean, median, upper and lower 
quartiles, and 90th and 10th percentiles) of both daytime and 
nighttime UHI intensities exhibit increasing shifts (Figs. 9a 
and b). The mean daytime and nighttime UHI intensities 
are stronger under  HWpre (0.45 °C and 1.34 °C, respec-
tively) than under  nonHWpre (0.11 °C and 1.07 °C, respec-
tively). Note that the mean daytime and nighttime urban 
(rural) 2-m temperatures are higher by 3.46 °C (3.12 °C) 
and 2.90 °C (2.52 °C) under  HWpre than under  nonHWpre, 
respectively. Thus, the increase in UHI intensity under heat 
waves represents an additional warming effect in the urban 
area in addition to background heat waves and UHI effects. 
This effect further intensifies heat waves in the urban area, 
which is called the synergistic UHI-heat wave interaction 
(Li and Bou-Zeid 2013). The 10th percentiles of daytime 
and nighttime UHI intensities under  nonHWpre are −1.05 °C 
and −0.05 °C, both exhibiting urban cool islands. The 10th 

Fig. 7  Yearly variations of 
occurrence frequencies of heat 
waves in the (a) pre-monsoon 
and (b) monsoon seasons. The 
dashed lines are their linear 
trends
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percentiles of daytime and nighttime UHI intensities under 
 HWpre are −0.33 °C and 0.47 °C, showing considerable 
increases by 0.72 °C and 0.52 °C. Meanwhile, the 90th 
percentiles of daytime and nighttime UHI intensities under 
 HWpre (1.30 °C and 2.35 °C) show relatively slight increases 
by 0.10 °C and 0.07 °C. Thus, the degree of the synergis-
tic UHI-heat wave interaction in the pre-monsoon season is 
larger in the low percentiles of daytime and nighttime UHI 
intensities than in the high percentiles of daytime and night-
time UHI intensities.

The diurnal variations of UHI intensities under  HWpre and 
 nonHWpre also indicate the synergistic UHI-heat wave interac-
tion throughout the day except for 0900 LST when the UHI 

intensity is very slightly larger under  nonHWpre than under 
 HWpre (Fig. 9c). Despite the most pronounced increase in UHI 
intensity at 2100 LST under  HWpre by 0.50 °C, the synergistic 
UHI-heat wave interaction is considerably strong in the day-
time at 1200, 1500, and 1800 LST. The increase in anthropo-
genic heat emission under heat waves has been attributed to 
a contributor to the daytime UHI-heat wave interaction (e.g., 
Zhao et al. 2018; An et al. 2020; Luo et al. 2023).

Figures 9d, e, and f are the same as Figs. 9a, b, and c 
except for the monsoon season. Under  HWmon, the statisti-
cal distribution of daytime UHI intensity does not show an 
increasing shift (Fig. 9d). The mean daytime UHI intensity 
under  HWmon (0.04 °C) is lower than that under  nonHWmon 

Fig. 8  Composite fields of geopotential height anomalies and horizontal wind-anomaly vectors at the (a) 200-, (b) 500-, and (c) 850-hPa levels 
under heat waves in the pre-monsoon season. (d, e, f) Same as (a, b, c) except for the monsoon season

Table 2  Daily maximum 2-m temperature (Tmax), daily minimum 2-m 
temperature (Tmin), and daytime/nighttime 10-m wind speed, relative 
humidity, and cloud fraction averaged over heat wave days and non-
heat wave days along with their respective differences in the pre-mon-

soon and monsoon seasons. The value of each meteorological varia-
ble is the average of the values at Dhaka and Madaripur stations. The 
asterisk indicates statistical significance at the 95% confidence level

Tmax/Tmin
(°C)

daytime/nighttime 
wind speed
(m  s–1)

daytime/nighttime 
relative humidity
(%)

daytime/nighttime
cloud fraction

HWpre 37.1/26.0 1.12/0.72 53.9/80.7 2.5/2.0
nonHWpre 33.6/23.2 0.96/0.54 57.7/82.4 3.2/2.3
HWpre –  nonHWpre 3.4*/2.8* 0.16*/0.17* –3.8*/–1.7* –0.7*/–0.3*
HWmon 35.5/27.7 0.69/0.41 67.5/86.9 4.6/3.9
nonHWmon 33.4/27.0 0.71/0.39 74.2/88.6 5.8/5.2
HWmon –  nonHWmon 2.2*/0.7* –0.02/0.03 –6.6*/–1.8* –1.2*/–1.1*
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(non-heat waves in the monsoon season) (0.07 °C), indicat-
ing a negative UHI-heat wave interaction. Under  HWmon, 
the 90th percentile (upper quartile) of daytime UHI intensity 
decreases by 0.05 °C (0.18 °C), while the 10th percentile 
(lower quartile) increases by 0.52 °C (0.10 °C). Accord-
ingly, the variability of daytime UHI intensity decreases 
under  HWmon. On the other hand, the statistical distribution 
of nighttime UHI intensity under  HWmon shows an increas-
ing shift (Fig. 9e), indicating the synergistic UHI-heat wave 
interaction. The mean nighttime UHI intensity under  HWmon 
(0.70 °C) is stronger than that under  nonHWmon (0.47 °C). 
The 90th percentile and upper quartile of nighttime UHI 
intensity increase by 0.34 °C and 0.30 °C under  HWmon 
(1.39 °C and 1.10 °C), while the 10th percentile and lower 
quartile increase by 0.17 °C and 0.23 °C under  HWmon 
(−0.04 °C and 0.42 °C). Thus, the degree of the synergistic 
UHI-heat wave interaction in the high percentiles of night-
time UHI intensity is larger than that in the low percentiles 
of nighttime UHI intensity.

The diurnal variations of UHI intensities under  HWmon 
and  nonHWmon also reveal contrasting UHI-heat wave inter-
actions in the daytime and nighttime (Fig. 9f). The UHI 
intensity in the nighttime under  HWmon is stronger than 
that under  nonHWmon by 0.20–0.30 °C. However, the UHI 

intensity in the daytime except for 0900 LST under  HWmon 
is very similar or weaker than that under  nonHWmon. At 
1500 LST, the UHI intensity under  HWmon (−0.27 °C) is 
weaker by 0.33 °C than that under  nonHWmon and has a 
daily minimum value. The minimum UHI intensity under 
 HWmon is also weaker than the daily minimum UHI intensity 
under  nonHWmon (−0.19 °C) and appears three hours later 
than that under  nonHWmon. These characteristics (stronger 
nighttime UHI intensity, slightly lower daytime UHI inten-
sity, and later occurrence of minimum UHI intensity under 
heat waves) were also evident in Guangzhou, China under 
subtropical monsoon climate in summer (Jiang et al. 2019).

Lastly, to get some insights into the UHI-heat wave inter-
action in relation to meteorological conditions, correlations 
between UHI intensity and meteorological variables are 
calculated. Note that all correlation coefficient values pre-
sented below are statistically significant at the 95% confi-
dence level. In the pre-monsoon season, the UHI intensity 
is negatively correlated with the 10-m wind speed in the 
daytime/nighttime (correlation coefficient =  −0.20/ −0.19). 
Thus, the increase in daytime/nighttime 10-m wind speed 
(0.16/0.17 m  s−1, Table 2) is not favorable for the synergistic 
UHI-heat wave interaction. The correlation between UHI 
intensity and relative humidity in the daytime/nighttime is 

Fig. 9  Box plots of (a) daytime and (b) nighttime UHI intensities and 
(c) diurnal variations of UHI intensities under heat waves (red) and 
non-heat waves (blue) in the pre-monsoon season. (d, e, f) Same as 
(a, b, c) except for the monsoon season. In the box plots, the black 

dot and horizontal line in each box denote the mean and median, 
respectively. The upper and lower edges (whiskers) denote the upper 
quartile (90th percentile) and lower quartile (10th percentile), respec-
tively. The horizontal gray lines in (c) and (f) indicate zeroes
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negative (correlation coefficient =  −0.10/ −0.41), and the 
correlation between UHI intensity and cloud fraction in 
the daytime/nighttime is also negative (correlation coef-
ficient =  −0.22/ −0.31). Thus, the decreases in daytime/
nighttime relative humidity and cloud fraction under  HWpre 
(−3.8/ −1.7% and −0.7/ −0.3, respectively, Table 2) are 
favorable for the synergistic UHI-heat wave interaction. 
In the monsoon season, there are a negative correlation 
between UHI intensity and relative humidity in the nighttime 
(correlation coefficient =  −0.33) and also a negative correla-
tion between UHI intensity and cloud fraction in the night-
time (correlation coefficient =  −0.15). Thus, the decreases in 
nighttime relative humidity and cloud fraction under  HWmon 
(−1.8% and −1.1, Table 2) are favorable for the synergistic 
nighttime UHI-heat wave interaction. The correlation coef-
ficient between UHI intensity and wind speed in the daytime 
is 0.05. It is −0.09 for relative humidity and −0.10 for cloud 
fraction. These low correlations between UHI intensity and 
meteorological variables in the daytime are a plausible rea-
son for the insignificant daytime UHI-heat wave interaction 
despite the significant decreases in daytime relative humidity 
and cloud fraction under  HWmon (−6.6% and −1.2, Table 2).

4  Summary and Conclusions

Using meteorological data and reanalysis data for the 
period of 1995–2019, this study examines the character-
istics of the UHI in Dhaka and its interaction with heat 
waves. Dhaka has experienced an increasing trend of the 
UHI intensity over the 25 years (0.21 °C per decade). The 
average UHI intensity is 0.48 °C and the average daily 
maximum UHI intensity is 2.15 °C. The UHI is strongest 
in winter and weakest in the monsoon season. In all sea-
sons, the UHI is strongest at 2100 LST and a weak daytime 
cool island appears. A multiple linear regression analysis 
is performed to examine the relative importance of the 
variables that affect the daily maximum UHI intensity. The 
selected four variables are previous-day daily maximum 
UHI intensity (PER), wind speed (WS), relative humidity 
(RH), and cloud fraction (CF). In all seasons, PER (RH) is 
positively (negatively) correlated with the daily maximum 
UHI intensity. In the pre-monsoon season, RH is the most 
important variable and PER is the second most impor-
tant one. In the monsoon season, RH is the predominantly 
more important variable than PER, WS, and CF. In the 
post-monsoon season and winter, PER is the most impor-
tant variable and RH is the second most important one.

The occurrence frequency of heat waves in Dhaka shows 
a statistically significant increasing trend in the monsoon 
season, with its increasing rate of 5.8 days per decade. The 
analysis of synoptic patterns reveals that under heat waves, 
anomaly patterns in the pre-monsoon season is distinct 

from those in the monsoon season. In the pre-monsoon 
season, heat waves in Bangladesh are associated with mid-
to-upper tropospheric anticyclonic-flow and high-pressure 
anomalies. On the other hand, in the monsoon season, heat 
waves in Bangladesh are associated with low-to-mid tropo-
spheric anticyclonic-flow and high-pressure anomalies. It 
is found that under heat waves, the UHI intensity is syner-
gistically intensified in both daytime and nighttime in the 
pre-monsoon season and in the nighttime only in the mon-
soon season. The synergistic UHI-heat wave interaction 
is associated with the decreases in relative humidity and 
cloud fraction. The synergistic UHI-heat wave interaction 
occurring in Dhaka could further amplify heat-related risks 
faced by urban residents. Therefore, when establishing pre-
paredness measures or assessing potential heat-related risks 
associated with heat waves, it is imperative to take into 
account the UHI-heat wave interaction.

In this study, through the analysis of available data, we 
examined the characteristics of the UHI in Dhaka, a city 
influenced by the South Asian monsoon. Many characteris-
tics are associated with the monsoon climate, for example, 
weakest UHI in the monsoon season and a strong dependency 
of the daily maximum UHI intensity on relative humidity, 
indicating the importance of background climate in UHI 
characteristics for a city. Bangladesh is the largest deltaic 
country in the world and vulnerable to climate change. Many 
major cities in the country including Dhaka have experienced 
rapid urbanization. To understand and cope with excess urban 
warming in major cities of Bangladesh, in-depth studies of 
the UHI and UHI-heat wave interaction for the major cities 
are needed using all available data. Also, numerical modeling 
studies that help to understand physical processes behind the 
UHI and UHI-heat wave interaction are needed.
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