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Abstract: The 10th percentiles (10P) of the daily minimum (Tmin) and maximum (Tmax) during
1971–2000 were determined to estimate a threshold for cold days. This 10P (a standard of extreme
climatic condition suggested by the World Meteorological Organization) threshold was applied with
the daily Tmin and Tmax in the winter months (December, January, and February) of 2000 to 2021
to calculate the number of cold days, and consecutively, cold spells, and their trends. A cold day
was declared when the daily Tmax and/or Tmin was lower than that of the 10P threshold, and the
average temperature was ≤17 ◦C in a weather station. In this research, the cold days and spells
were categorized into five classes, namely extreme (≤13 ◦C), severe (>13–14 ◦C), very (>14–15 ◦C),
moderate (>15–16 ◦C), and Mild (>16–17 ◦C). Moreover, a cold spell was considered when such
cold days persisted for ≥2 consecutive days in at least two nearby stations. The results revealed
a higher number of average cold days during winter in the western and northwestern districts of
Bangladesh, and it reduced gradually in the south, southeast, and northeast. Dinajpur and Rajshahi
districts showed the highest number of extreme and severe categories of cold days, i.e., 4.81 and
3.24 days/year, respectively. Rajshahi division had the highest number of cold spells on average
(3.24/year), and Rangpur division had the highest number of extreme-category (the category that
carries the lowest temperature range, ≤13 ◦C) cold spells (1.29/year). January was the coldest month,
with the maximum number of cold days and spells. The highest average number of cold days (25.54%)
was observed during the second ten days of January (i.e., 11–20 January). Significant increasing
trends were found in the cold days of 11–20 December (5 stations), 21–31 December (3 stations), and
the month of December (13 stations). In contrast, significant decreasing trends were noticed for the
1–10 January period in three weather stations. Our proposed 10P method could be used to determine
the cold days and spells in Bangladesh that might be useful for the policy makers in formulating
appropriate strategies in minimizing the impact of cold regimes during the winter season.

Keywords: air temperature; cold severity; cold-related mortality; trend analysis; cold days and spells;
weather station

1. Introduction

Cold days and spells in the winter season are considered a natural disaster in many
subtropical countries of the globe, including Bangladesh. Such a cold phenomenon is often
accompanied by a sudden drop in air temperature, sometimes within a single day. The cold
severity in Bangladesh during winter depends on several factors, which vary with space
and time [1,2], including (i) high wind speed, (ii) high relative humidity, (iii) less solar
radiation in winter, and (iv) cold waves from the north and northwest from the Himalayas.
In fact, the country suffers from cold severity every winter, which has a devastating effect
on the country’s economy. It disrupts the transportation sectors, especially waterways;
causes extensive damage to agricultural crops; and impacts tourism [3]. Moreover, every
winter, cold-related diseases such as pneumonia, asthma, diarrhea, influenza, respiratory
complications, and cardiovascular diseases threaten public health [4–6]. In many cases,
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these diseases are the cause of death (mortality), especially for children, the elderly, and
homeless people [4,7–9]. The mortality increases dramatically (two to three times) when
the temperature exceeds a threshold value, for example, 34 ◦C in Shanghai [10]. Cold
weather becomes more detrimental at the beginning of winter season because people are
not well prepared and do not take any preventive measures against the cold at that time [11].
Recently, extreme weather events, including cold spells, are experiencing an increase, not
only in intensity, but also in frequency, because of climate change [12–15]. Residents of
altitudes and higher latitudes, with longer winters, are generally well prepared to deal with
cold and their related effects [16]. However, countries located in the subtropical regions,
such as Bangladesh, with a shorter winter season, are relatively less prepared to deal with
the cold [17]. In addition, research related to cold weather phenomena has been carried
out in developed countries more than in developing countries [17]. Thus, it is critical to
conduct research on cold weather events in Bangladesh to address the adverse effects of
cold days/spells that would facilitate policy development and adaptation strategies in
minimizing mortality during the winter season.

To define cold days/spells, one of the simplified methods is to use a single threshold
of a specific air temperature corresponding to the daily maximum (Tmax), minimum (Tmin),
or average (Tavg) temperature [6,18,19]. Using such a single threshold of temperature
for a country creates some issues, which are not appropriate for the following instances:
(i) large waterbodies being present in some parts of a country [20], as areas adjacent to
waterbodies usually have mild temperature; (ii) countries spanning over a larger range
of latitudes [21,22], as higher latitudes predominate relatively cooler temperatures [23,24];
and (iii) diverse topography, which produces temperature variations, even in cases of
narrow latitude [25]. In Bangladesh, a single Tmin threshold of ≤10 ◦C is used for the whole
country to define a cold day, and a cold spell is declared when at least two nearby weather
stations show three and more consecutive cold days [26,27]. Generally, northwestern and
western regions of Bangladesh experience relatively low temperatures in the winter season
compared to the rest of the country, especially the southeastern and southern regions
close to the Bay of Bengal [4,28]. A fixed air temperature threshold is used to define cold
days/spells in the case of long-term temperature data unavailability; however, the data are
available now. Therefore, it is necessary to change the conventional method and introduce
a contemporary method (e.g., relative approach) to determine the cold days/spells and
their severity in the winter season in Bangladesh.

Relative methods, such as (i) standard deviation (SD), and (ii) percentile methods,
are contemporary and commonly used in the literature to identify cold days using long-
term temperature data. These approaches have significant advantages over the fixed
threshold method of detecting cold days. For instance, (i) they identify extreme events
more accurately and (ii) they provide proper analysis and comparison of the results [29].
In the SD method, long-term temperature data are used to calculate the daily normal and
deviation (σ). Different SD values (e.g., 3, 2, 1.5, 1.25, and 1) are used to define cold days in
different regions of the world. Furthermore, researchers have used the 1st, 3rd, 5th, and
10th percentiles of Tmax, Tmin, and/or Tavg over the long-term temperature data to identify
cold days and spells in different regions and countries (see Table 1).
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Table 1. Example studies that used the percentile method to define cold spell.

Reference Period Region/Country Temperature Percentile Data Used Defining a Cold Spell

[17] 2006–2009 Guangdong, China

Tmin

5th 3 cities Cold days continue for ≥5 consecutive days.

[11] 1975–2003 Castile—La Mancha,
Spain 5th 5 weather stations Tmin < 5th percentile, differs from station to station.

[30] 1961–2018 China 5th 1629 weather stations Cold days continue for more than 3 days.
[31] 1961–2018 Huai River Basin, China 10th 134 weather stations Cold days continue for at least 3 consecutive days.
[32] 1981–2014 South America 10th 851 GSOD station data Cold days continue for 3 consecutive days.

[12] 2007–2009 Shanghai, China

Tavg

5th 1 weather station Cold days continue for at least 4 consecutive days.
[33] 2006–2011 China 5th 66 communities Cold days continue for 2 consecutive days.
[22] 2007–2013 China 5th 31 provincial capitals Cold days continue at least 2 consecutive days.
[34] 1996–2004 Brisbane, Australia 1st 1 weather station Cold days continue for 2–4 consecutive days.

[35] 1994–2007 Taiwan 1st or 5th or 10th 4 cities Cold days for 2–3 and >3 days for 1st percentile; and 3–8 days
and >8 days for 5th and 10th percentiles.

[8] 2001–2009 Shanghai, China 3rd 1 weather station Two categories: cold days continue for at least
5 and 7 consecutive days.

[36] 1999–2007 Yakutsk, East Siberia 1st and 3rd 1 weather station Cold days continue for ≥9 and ≥3 consecutive days with
3rd and 1st percentiles.

[37] 2000–2006 Moscow, Russia 1st and 3rd 1 weather station Cold days continue for ≥9 and ≥6 consecutive days with
3rd and 1st percentiles.

[38] 1987–2000 USA 1st to 5th 99 cities Cold days continue for 2 or more consecutive days.

[39] 1962–2006 USA 3rd and 5th 209 cities in 9 climatic
regions Cold days continue for 2, 3, or at least 4 consecutive days.

[40] 1992–2015 Korea and Japan 1st or 3rd or 5th 47 prefectures (Japan) and
6 cities (Korea) Cold days for 2 or more consecutive days.

[22] 2007–2013 China Tmin or Tavg 3rd or 5th 31 capital cities Cold days for 2–5 consecutive days; 5th percentile and
2 consecutive days were more suitable.

[41] 1995–2015 Europe Tmin and Tmax 10th
Extended ensemblesystem

of ECMWF; model
resolution 32 km (T639).

Cold days continue for at least 3 consecutive days.
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Here, the objective of this research is to implement the widely used percentile method
(e.g., 10 percentile) to (i) determine the number of cold days and spells and (ii) perform their
trend analyses using the Mann–Kendall (MK) test [42] and Sen’s slope estimator (SSE) [43],
during the winter season in Bangladesh over the period 2000–2021.

2. Materials and Methods
2.1. Study Area

Bangladesh is in southern Asia, with an area of 147,540 km2 and extents between
88◦01′–92◦41′ E longitude and 20◦34′–26◦38′ N latitude (see Figure 1) [44]. The country
consists of eight administrative divisions, namely Chattogram, Dhaka, Rajshahi, Khulna,
Barishal, Sylhet, Rangpur, and Mymensingh. It is a plain land with an average elevation of
12 m (above mean sea level), except for the southeast mountainous region, with 600–1200 m;
and the northeast and northwest hillock regions, with 60–150 and 105 m, respectively [45,46].
Major geographic features include the Bay of Bengal in the south, and the Himalayas in the
north of the country. Typically, tropical climatic conditions, with seven subclimatic zones
(see Figure 1), prevail in the country [4], which define the four discrete seasons, namely
summer (March–May), monsoon (June–September), fall (October–November), and winter
(December–February) [27]. The annual average rainfall is about 2400 mm [47], in which
71% occurs in the monsoon [27]. The annual average temperature is 25 ◦C, with an average
of 17 to 20.6 ◦C during the winter [48].
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Figure 1. Meteorological stations in eight divisions of the study area, Bangladesh.

2.2. Data

Observations of daily Tmax and Tmin at the 29 weather stations across the country (see
Figure 1) were acquired from the Bangladesh Meteorological Department (BMD) for the
period 1971–2021, except limited periods for Khepupara (1975–2021), Feni (1973–2021), and
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Patuakhali (1973–2021). Three-hourly air temperature (Ta) data were also collected from
2000 to 2021 for all weather stations.

The seven subclimatic zones of Bangladesh were based on Rashid [49]. The divi-
sion boundary shapefile of Bangladesh was acquired from the HDX (Humanitarian Data
Exchange) of OCHA (United Nations Office for the Coordination of Humanitarian Af-
fairs) [50], and the coordinates and attributes of the weather stations from BMD.

The mortality database used in this study was adopted from Alam et al. [4], and the
results of SD methods in defining cold days and spells from Alam et al. [28].

2.3. Methods

A schematic diagram (see Figure 2) illustrated the proposed methods applied in this
study. The major approaches and steps to calculate cold days and spells in the winter
season of Bangladesh are discussed in Sections 2.3.1–2.3.3.
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Figure 2. A schematic diagram demonstrates identifying the cold days and spells during winter
using the proposed percentile method.

2.3.1. Data Quality Control

During the quality inspection of the acquired air temperature data, the presence of
outliers in the dataset were removed using the following conditions: (i) daily Tmax < Tmin,
(ii) Ta, Tmax, or Tmin < 0 (zero), and (iii) irregular change in Ta, Tmax, or Tmin values in
consecutive days for a station compared to the neighboring stations. Note that about
4.8% of the total data were unavailable, and data were missing for the Chattogram station
during 2003–2007 due to reconstruction activities, which were made over with the data of
Chattogram Ambagan weather station, 9 km away.

After removing any potential inconsistencies in the dataset, the daily time series of
Tmax and Tmin were used as the input into the Climpact [51], a software package that quickly
analyzes climate indices using daily weather data, to calculate the extreme events of cold
days and spells during the winter months.

2.3.2. Calculation of Percentiles and Cold Days

The percentile method was implemented to calculate cold days during the winter
months in this study. The 10th percentiles of Tmax and Tmin were used in this study to
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determine extreme temperatures such as cold days, a standard suggested by the World
Meteorological Organization (WMO) [52]. First, 10th percentiles of daily Tmax and Tmin
were calculated for each weather station from December 1970 to February 2000. Next,
cold days were determined for the period December 2000–February 2021 in each station
following the conditions of Equations (1) and (2). The indices for two extreme events out
of the 27 WMO-proposed events were examined in this study: cold days (Tx10p) and cold
nights (Tn10p).

Txpq < Txpq10 (1)

Tnpq < Tnpq10 (2)

where Tx and Tn are the daily maximum (Tmax) and minimum (Tmin) temperatures, respec-
tively, on a day p for a period q; and Txpq10 and Tnpq10 are the 10th percentiles for daily Tmax
and Tmin, respectively.

2.3.3. Recalculation of Cold Days and Spells

A preliminary assessment of the determined cold days indicated more cold days
in the southern coastal stations compared to others (see Figure 3). For the relationship
between cold days/spells and cold-related mortality, the thresholds of Tavg were adopted
from Alam et al. [28], including an assumption that modification would be required in the
warmer coastal stations, where fewer deaths were observed in winter [4]. This is unusual,
because the coastal stations are supposed to show fewer cold days due to the nearby Bay
of Bengal. Hence, the cold days were recalculated by integrating the Tavg (calculated from
3-hourly air temperature, Ta) threshold (Tthreshold) of 17 ◦C (adopted from Alam et al. [28])
to the initial calculation. The recalculated cold days were further categorized into five
classes according to the temperatures, namely (i) extreme (≤13 ◦C), (ii) severe (>13–14 ◦C),
(iii) very (>14–15 ◦C), (iv) moderate (>15–16 ◦C), and (v) mild (>16–17 ◦C).
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Figure 3. Primary estimation of average cold days using 10 percentile extremes for the winters of
2000–2001 to 2020–2021. Black dots are the meteorological stations with their IDs in blue numbers.

To determine a cold spell, the recalculated cold days were used with the criteria that
at least two consecutive cold days were found in two or more surrounding stations.

2.3.4. Trend Analysis of Cold Days and Spells

The rate of change in cold days and spells over the study period was determined
by a trend analysis using MK test [42] and SSE [43]. MK and SSE are commonly used
approaches for nonparametric data such as air temperature. The seasonal (winter), monthly
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(three winter months), and 10-day scales (9 units over the 3 winter months) trends for cold
days were determined for 29 meteorological stations, and seasonal and monthly trends of
cold spells were estimated in the 8 divisions of the country.

The S statistics of MK test were performed using Equations (3) and (4).

S =
n−1

∑
k=1

n

∑
j=k+1

sgn
(
xj − xk

)
(3)

sgn
(

xj − xk
)
=


+1 i f

(
xj − xk

)
> 0

0 i f
(
xj − xk

)
= 0

−1 i f
(
xj − xk

)
< 0

(4)

where the number of observations is n; k is the number ranges from 1 to n − 1, j = k + 1
(i.e., j increases the value of k by 1). The mean value of S is 0 (zero), and its change could be
computed using Equation (5).

var(S) =
n(n− 1)(2n + 5)

18
(5)

Furthermore, the Z statistics were calculated to determine the rate of change using
Equation (6) when the number of observations was more than 10 (n > 10), with 99, 95, and
90 percent significant levels. Here, the positive and negative outcome values specify the
increasing (upward) and decreasing (downward) rate of changes, respectively.

Z =


S−1√
var(S)

i f S > 0

0 i f S = 0
S+1√
var(S)

i f S < 0
(6)

The magnitude of change was calculated using SSE through Equation (7).

β = Median
( xj − xi

j− i

)
, j > i (7)

where β is the magnitude of the extreme indices of the SSE.

3. Results
3.1. Primary Estimation of Cold Days

Spatial distribution of the primary estimation of average cold days across Bangladesh
for the winters of 2000–2001 to 2020–2021 is shown in Figure 3. The highest numbers of
cold days were found in the southeastern stations of Hatiya and Sandwip, with 28.24 and
27.71 days/year (d/yr), respectively. In contrast, the lowest numbers of cold days were
observed in northeastern Sylhet (10.1 d/yr) and southeastern Cox’s Bazaar (7.76 d/yr)
stations. In fact, higher numbers of cold days were exhibited at every station in the northern
and northwestern parts of the country (i.e., Mymensingh, Rangpur, and Rajshahi divisions)
in compared to the country average of ~16.51 d/yr, with the exception of the Rangpur
(15.48 d/yr) and Bogura (15.19 d/yr) stations. In general, a higher number of cold days
were seen in the southern, southwestern, and western stations of the country, and gradually
decreased to the northeast and southeast.

3.2. Final Estimation of Cold Days

The final estimation of cold days across Bangladesh, using the Tthreshold of 17 ◦C in
the winter months from 2000–2001 to 2020–2021, is shown in Figure 4a–d. The average
number of cold days were reduced drastically in the southeastern and southern coastal
stations in compared to the primary estimation (see Section 3.1) for the winter season
(Figure 4d), including December (Figure 4a), January (Figure 4b), and February (Figure 4c).
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In contrast, when the Tthreshold value was used, not much effect was found in the western
and northwestern regions. In general, the number of cold days in winter were higher
in the northwest and west (Rangpur and Rajshahi divisions), and reduced gradually
towards the northeast, east, south, and southeast of Bangladesh (Figure 4d). The highest
average numbers of cold days were found in the districts of Rajshahi (6.05 d/yr) and
Dinajpur (6.0 d/yr) in December (Figure 4a); Bogura (8.33 d/yr), Rajshahi (7.86 d/yr),
Dinajpur (7.86 d/yr), and Ishwardi (7.48 d/yr) in January (Figure 4b); Dinajpur (2.19 d/yr)
and Rajshahi (2.05 d/yr) in February (Figure 4c); and Dinajpur (16.05 d/yr), Rajshahi
(15.95 d/yr), and Bogura (14.71 d/yr) in the whole winter season (Figure 4d). On the
other hand, the lowest average numbers of cold days were noticed in Sylhet (5.14 d/yr),
Chattogram (2.0 d/yr), Sandwip (4.86 d/yr), Teknaf (0.05 d/yr), and Cox’s Bazar (0.71 d/yr)
stations. In the coastal regions, the average cold days ranged from 1–3, 1–5, 0.2–0.8, and
2–8 days/year in December, January, February, and the whole winter season, respectively.
In addition, in the case of the entire country, the average numbers of cold days were 2.9,
5.2, 0.7, and 8.8 days/year in December, January, February, and the whole winter season,
respectively. Overall, the highest and lowest numbers of cold days in the winter season
were noted in January and February, respectively.
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Cold Days Category

Spatial distribution of the average mild to extreme categories of cold days during the
winter periods (2000–2001 to 2020–2021) across Bangladesh is presented in Figure 5a–e.
The category of mild cold days (Figure 5a) was observed mostly in the southern coastal
regions, including Khepupara (4.43 d/yr), Feni (4.38 d/yr), Bhola (4.33 d/yr), and Hatiya
(3.90 d/yr); the hill district Rangamati (4.76 d/yr); and lower in the central regions. Mod-
erate cold days (Figure 5b) occurred across Bangladesh, in an irregular fashion. Very
(Figure 5c) and severe (Figure 5d) cold days were noticed highest in Rajshahi (3.24 d/yr)
and Ishwardi (4.14 d/yr) stations. The highest numbers of extreme cold days (Figure 5e)
were found in Dinajpur (4.81 d/yr) and Rangpur (3.48 d/yr) stations in the northwest of
the country. In contrast, no severe and extreme categories of cold days were reported in
the south and southeastern coastal stations, including Teknaf, Cox’s Bazar, Chattogram,
Hatiya, Sandwip, M Court, and Khepupara (Figure 5e).
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In terms of administrative divisions, the extreme-category cold days were in Dhaka
(0.79 d), Rajshahi (2.79 d), and Rangpur (4.14 d) in each year, on average (Figure 5e).
Moreover, Khulna (1.16 d/yr), Mymensingh (1.71 d/yr), Rangpur (2.67 d/yr), and Rajshahi
(2.76 d/yr) divisions showed the severe category (Figure 5d). Moreover, Sylhet (1.98 d),
Dhaka (2.24 d), Khulna (2.27 d), Rangpur (2.64 d), Mymensingh (2.76 d), and Rajshahi
(3.6 d) divisions revealed very cold days each year (Figure 5c). In general, extreme, severe,
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and very cold days were predominant in the northwestern and western divisions, such
as Rangpur, Rajshahi, the northern part of Khulna, and the western part of Mymensingh.
In contrast, moderate-category cold days exhibited no pattern across the divisions, and
the mild category occurred mostly in the southern and southeastern coastal divisions, i.e.,
Khulna (southern part), Barishal, and Chattogram.

3.3. Determination of Cold Spells

Administrative-division-level monthly and seasonal averages of cold spells during
the winters from 2000-01 to 2020-21 are presented in Figure 6a–d. The results reveal that
the highest number of average cold spells was found in January (Figure 6b). In December
(Figure 6a), January (Figure 6b), and the winter season (Figure 6d), higher numbers of cold
spells were found in Rajshahi division, decreasing gradually towards Sylhet division. In
contrast, a lower number of average cold spells was observed in Dhaka division and the
surrounding areas, in the central part of Bangladesh (Figure 6c). On the seasonal scale, the
average number of cold spells was higher in Rajshahi division (3.24 spells/year) and lower
in Mymensingh (2.05 spells/year) and Sylhet (2.14 spells/year) divisions.
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Cold Spells Category

Figure 7a–e present five different categories of average cold spells from 2000-01 to
2020-21 winters. High values of the mild (Figure 7a) and moderate (Figure 7b) categories
were mostly observed in the southern coastal stations. In contrast, high numbers of the
very (Figure 7c) and severe (Figure 7d) categories were prominently found in the northeast,
north and northwest, and west. Moreover, the highest average spells in the extreme
(Figure 7e) category were noticed in the northwest, which gradually decreased towards the
east, south, and southeastern regions. The extreme category was the highest in Rangpur
(1.29 spells/year) and Rajshahi (1.0 spells/year) divisions, and the lowest in Barishal and
Chattogram, with 0.19 spells/year.
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3.4. Trends in Cold Days and Spells

Significant trends were observed in the number of cold days (≥90% confidence level)
in three 10-day periods of the winter months, i.e., 11–20 December, 21–31 December, and
1–10 January (Table 2). For instance, cold days of six weather stations in Rajshahi, Rang-
pur, and Mymensingh divisions exhibited significant increasing trends for the period of
11–20 December, with magnitude ranges from 0.45 to 1.88 days/decade. In the period of
21–31 December, three stations in Dhaka, Barishal, and Chattogram divisions (southern part
of the country), one in each, demonstrated increasing trends with magnitude ranges from
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1.43 to 1.85 days/decade. However, three stations, one in Khulna division and two in Chat-
togram, indicated decreasing trends (magnitude ranges from −0.29 to −1.03 days/decade)
in the cold days of the 1–10 January period. At the monthly scale, cold days in 13 weather
stations showed significant trends in December, with 90 and 95% confidence levels; how-
ever, no significant trends were observed in January and February. The increasing trends
of cold days were found to be highest in Rajshahi and Madaripur (3.33 days/decade),
followed by Mymensingh (3.25 days/decade) and Bhola (3.04 days/decade). Furthermore,
the total number of cold days in the winter season did not show any significant trend over
the study period from 2000–2001 to 2020–2021.

Table 2. Significant trends of cold days/decade in different meteorological stations of Bangladesh for
the periods of 11–20 December, 21–31 December, 1–10 January, and the month of December, during
2000–2001 to 2020–2021. CL is the confidence level.

Period Station Days/Decade CL Period Station Days/Decade CL

11–20
December

Dinajpur 1.88 99

December

Dinajpur 2.86 95
Rangpur 0.45 95 Rangpur 2.86 90
Rajshahi 1.14 90 Rajshahi 3.33 90
Bogura 0.57 95 Jessore 2.68 90

Ishwardi 1.43 95 Khulna 0.91 90
Mymensingh 1.18 99 Satkhira 2.40 90

21–31
December

Madaripur 1.60 90 Madaripur 3.33 95
Bhola 1.85 95 Mymensingh 3.25 95
Feni 1.43 90 Barisal 1.72 90

1–10 January
Satkhira −0.67 90 Bhola 3.04 95

Chandpur −1.03 90 Khepupara 1.34 90
M. Court −0.29 90 Feni 2.00 95

Sitakunda 1.21 90

Significant monthly and seasonal trends were not observed in the number of cold
spells during the study period.

4. Discussion

The primary estimation showed a general pattern of having a higher number of cold
days in the western and northwestern parts of the country, which decreased gradually
towards the northeast and southeast, and some coastal stations in the south having a higher
number of cold days (see Figure 3). However, coastal stations were supposed to have a
smaller number of cold days compared to other parts of the country due to their close
presence to a larger waterbody, the Bay of Bengal. This was discussed in detail by Alam
et al. [4,28], including the relationship with water depth for any variations observed in the
coastal stations [28]. The study also indicated that the occurrence of more cold days had
a relationship with higher elevation. Nevertheless, the final estimation, using a Tthreshold
(17 ◦C) approach to remove the discrepancies (between observed and calculated cold days),
was able to minimize the number of cold days in the coastal stations, where appropriate. In
fact, a similar approach was also reported in other studies when methods such as SD [28]
and absolute threshold [53] were applied.

In this study, the application of the 10-percentile (10P) method was applied to calculate
the final estimation of cold days and spells during the winter season in Bangladesh to
understand its performance in comparison to the SD method and the traditional BMD
threshold. The results were validated by Baten et al. [53], who determined cold days and
spells from the daily temperature dynamics during 1988–2017, but the used method of
the absolute Tmin threshold was different than our proposed 10P. At present, BMD uses
10 ◦C thresholds of Tmin for calculating cold days in Bangladesh. This threshold of Tmin is
applicable all over the country (e.g., coastal stations, hilly stations, and plain land), but the
dynamics of temperature are not uniform all through. The long-term average Tmin observed
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in the month of January at northeastern Sreemangal station for the periods of 1961–1990
and 1991–2020 is 8.89 ◦C and 9.84 ◦C, and at southeastern Cox’s Bazaar station is 14.80 ◦C
and 15.54 ◦C, respectively. The long-term average minimum temperature at Sreemangal
is found below 10 ◦C, but the threshold of minimum temperature for identification of
cold is 10 ◦C, which is not justifiable. The threshold of minimum temperature should
be a few degrees lower than that of the average minimum temperature. The 10P of
temperature depends on the station itself, and it varies from station to station. In the case
of the threshold of minimum temperature, the diurnal temperature range (DTR) is not
considered. Alam et al. [4] observed when the maximum temperature is less than or equal
to 21 ◦C, the cold-related mortality is found to be at its maximum, which indicates the
dependence on maximum temperature. Therefore, a case study was considered for the
period 3–7 January 2023, in winter, to evaluate the SD, 10P, and BMD threshold methods’
calculated categories of cold days (see Table 3) with the newspaper’s reported intensity
of cold conditions. In fact, the daily national newspapers usually publish articles on the
intensity of cold conditions in different parts of the country, including the number of
cold-related deaths (mortality).

Table 3. Categories of the estimated cold days in the weather stations during 5–7 January 2023, using
SD, 10P, and BMD threshold methods. Cold days were categorized as mild (Mi), moderate (Mo), very
(Ve), severe (Se), and extreme (Ex).

Station Name
5 January 6 January 7 January

SD 10P BMD SD 10P BMD SD 10P BMD

Dinajpur Mi Mi Mi
Rangpur
Bogura Ve Mi Mo Ve Mo

Rajshahi Mo Mo Mi Ve Ve Ve Ve Mi
Ishurdi Ve Ve Mi Mo Mo Ve Ve Mi

Mymensingh Mi Mi Mo Mo Ve Ve Mi
Sylhet

Sreemangal Mi Mi
Dhaka Mi Mo Se Se

Faridpur Mi Ve Ve Ex Ex Mi
Madaripur Ve Ve Se Se Ex Ex Mi

Jessore Mo Mo Mi Mi Mi Mi Ex Ex Mi
Khulna Mi Mi Mi Mi Se Se
Satkhira Mi Mi Mi Mi Se Se Mi
Barisal Mo Mi Mo Ve Mi
Bhola Mi Mi Ve Ve

Patuakhali
Khepupara

Comilla Mo Mo Ve Ve Ve Ve
Chandpur Mi Mi Ve Ve Ve Ve

Feni Mi Mi Mo Mo Mi Mi
M. Court Mi Mi Mi Mi

Hatiya
Sandwip

Sitakunda
Chattogram
Rangamati

Cox’s Bazaar
Teknaf

SD = standard deviation; 10P = 10 percentile; BMD = Bangladesh Meteorological Department.

According to BMD, mild cold weather was occurring in certain regions of the country
during the period 5–7 January 2023. However, it did not reflect the actual cold conditions
reported in the newspapers, where felt like cold conditions were much worse in most parts
of the country, except for the southern coast and few areas in the hill tracts (see Table 3).
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BMD is considered a cold day when the minimum temperature is less than or equal to 10 ◦C.
According to BMD, the maximum temperature and or DTR has no effect on a cold day.
Our calculation from the 10P method, including the SD method [28], presented stations in
those areas with moderate (Mo) to extreme (Ex) cold days, where BMD provided only mild
(Mi) cold days, even in fewer stations (see Table 3). Our 10P calculation nearly matched
with the newspapers reporting cold conditions in different areas of the country during
the case study period.

For instance, two leading national daily newspapers published the following articles
related to the period of 5–7 January 2023. The intensity of cold conditions increased in
Dhaka, and continued. The lowest temperature was recorded 8.4 ◦C in Chuadanga (The
Daily Ittefaq, 7 January 2023) [54]. Severe cold and dense fog disrupted normal life in most
parts of the country, including the capital city, with a temperature of 12.5 ◦C (Prothom
Alo, 7 January 2023). The number of child patients increased in Khulna Medical College
Hospital due to the cold weather severity in Khulna and the surrounding areas (Prothom
Alo, 7 January 2023). Large areas of the country, including Dhaka, were shivering due to a
continuous cold during the last few days. Although the minimum temperature at Dhaka
was 11.5 ◦C on 7 January 2023, it felt like the condition was much lower (Prothom Alo,
8 January 2023).

• Therefore, it warrants declaring the cold days and spells in Bangladesh using a revised
and effective method such as 10P for better preparedness and to save vulnerable lives.

Considering significant increasing trends observed in the number of cold days during
the winter months in many weather stations, Bangladesh requires an institutional frame-
work to mitigate the high cold-related mortality [4]. This could include building heated
shelters to refuge the vulnerable population during the high intensity of cold days and
spells, which would minimize cold-related mortality.

5. Conclusions

The temperature thresholds were used with the daily Tmin and Tmax for the winter sea-
sons from 2000 to 2021 to calculate the cold days, cold spells, and their rate of change. The
cold days and spells were further categorized into five classes, namely extreme (≤13 ◦C), se-
vere (>13 to 14 ◦C), very (>14 to 15 ◦C), moderate (>15 to 16 ◦C), and mild (>16 to 17 ◦C). A
higher number of cold days occurred in the western and northwestern parts of Bangladesh,
with an average of 4–6, 6–8, 1–2, and 12–16 days per year in December, January, February,
and the entire winter season, respectively. The period of 11–20 January showed the highest
number of cold days (25.54%) in the winter months. In general, higher cold days were
observed in the northwest and west, and it declined gradually towards the south, southeast,
and east of the country. Likewise, the number of very, severe, and extreme categories of cold
days was higher in the western to northwestern regions, reducing linearly towards the east
and southeast and found minimum in the coastal areas. On the other hand, the mild and
moderate categories of cold days were found to be higher in number in the southern coastal
stations and gradually decreased towards the north and northwest. Cold spells followed
nearly similar patterns of cold days in time and space, with few exceptions. The significant
increasing trends of cold days were found during 11–20 December, 21–31 December, and
the whole month of December for a total of 5, 3, and 13 weather stations, respectively. In
contrast, significant decreasing trends were noticed during 1–10 January in three stations.
Overall, the proposed 10P method portrayed a better scenario of cold days/spells in time and
space, compared to the traditional single BMD threshold for the entire country. Based on the
above findings, the proposed 10P method could be used in Bangladesh for calculating cold
days and spells, with a thorough review before applying it for operational purposes.
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