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Keywords: The frequency and intensity of climate change and resulting impacts are more prevalent in South
Humidity trends Asian countries, particularly in Bangladesh. Relative humidity (RH) is a crucial aspect of climate,

Innovative trend analysis
Mann-Kendall test
Climate in Bangladesh

and higher RH variability has far-reaching impacts on human health, agriculture, environment,
and infrastructure. While temperature and rainfall have gained much research attention, RH
studies have received scant attention in the research literature. This study investigated the trends
and variability of RH levels in Bangladesh and the influence of other meteorological factors over
the past 40 years. Variabilities in the meteorological factors were identified by calculating
descriptive statistics. Innovative trend analysis (ITA) and Mann-Kendall test (MK-test) methods
were utilized to assess monthly, seasonal, and annual trends. The magnitude of temperature,
rainfall, and windspeed influences on RH variability were identified using Pearson’s correlation,
Spearman rank correlation, and Kendall correlation model. Variability analysis showed higher
spatial variations in RH levels across the country, and RH skewed negatively in all stations. Re-
sults reveal that daily, monthly, seasonal, and annual trends of RH exhibited positive trends in all
stations, with an increasing rate of 0.083-0.53% per year in summer, 0.43-0.68% per year in
winter, and 0.58-0.31% per year in the rainy season. Both ITA and MK-test provided consistent
results, indicating no discrepancies in trend results. All three models indicate that temperature,
rainfall, and windspeed have weak to moderate positive influences on changing RH levels in
Bangladesh. The study will contribute to decision-making to improve crop yields, health out-
comes, and infrastructure efficiency.
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1. Introduction

Climate change impacts are getting more intense with time. Due to their geographical location, socio-economic conditions, and
high population density, South Asian countries are more susceptible to climate change. Climate change poses a variety of risks to the
region, including sea-level rise, flooding, cyclones, droughts, and extreme temperatures [1-3]. Poverty, limited resources, weak
infrastructure, and insufficient governance exacerbate these risks. Climate change impacts are now not confined to sea level rise,
droughts, floods, and other natural hazards [4]. Climate change has intensified shifts in climatic parameters like temperature and
rainfall, further leading to abrupt changes in humidity levels [5]. Changes in relative humidity (RH) levels have significant and
far-reaching impacts on human health, agriculture, and infrastructure [6-8]. Due to overpopulation, poor infrastructure, and a highly
dependent agriculture-based economy, South Asian countries are more vulnerable to RH changes [9]. This makes understanding the
variability and trends of RH in South Asian countries crucial from a regional and global perspective since the region is home to a
significant population and contributes to global warming.

In atmospheric science, relative humidity is a concept that describes how much water vapor is in the air relative to how much water
vapor the air can hold at a particular temperature. RH is generally expressed as a percentage and is essential to climate and envi-
ronmental research. Climate science considers RH to be an important measure of the atmosphere’s moisture content, which influences
cloud formation, precipitation, and other atmospheric phenomena [10]. RH can affect regional and global climate patterns, including
the frequency and intensity of extreme weather events like floods and droughts. There are also several important applications for RH in
various fields, including agriculture, meteorology, and public health [11]. For instance, RH plays an important role in crop growth,
development, and yield in agriculture. RH measurement can provide invaluable information for air traffic control, aviation safety, and
other critical purposes in meteorology. In public health RH may influence infectious disease spread and medical treatment efficacy.
Higher RH levels affect human health by increasing heat stress while lower RH levels promote fungal growth, respiratory and allergy
problems [8-13]. Moreover, high RH levels can cause corrosion and degradation in infrastructure, while low humidity can cause
cracking and structural damage [14]. Since RH is an important component of climate science as well as a variety of other fields, the
spatiotemporal characterization of RH and its relationship with climatic factors is an important area of research that can help us better
understand climate patterns and improve environmental management and planning.

Globally, disaster frequency and severity have increased significantly, and the link between climate change and extreme events is
becoming increasingly apparent [15]. Climate change can increase the variability of RH by altering precipitation patterns and tem-
peratures, leading to increased evaporation and changes in atmospheric moisture content. Variability in RH can be extremely harmful
to people [13], agriculture [16,17], and the environment [18]. High RH can cause heat stress and increase the risk of heat stroke and
other heat-related illnesses. Furthermore, it encourages the growth of certain diseases and pests, negatively impacting crops and
livestock [19,20]. In this regard, South Asian countries, particularly Bangladesh, are at serious risk of such losses. Moreover,
Bangladesh is a densely populated developing country that is very sensitive to climate change, and the majority of people depend on
agriculture. Bangladesh is also exposed to a variety of climatic hazards and natural disasters due to its high degree of environmental
volatility [9,21-23]. Floods, riverbank erosion, and cyclones that form in the Bay of Bengal are a few of the many challenges faced by
the country every year [24]. These events cause human casualties, livelihood and crop loss, and damage to infrastructure. Therefore, it
became urgent to study and understand the impacts of meteorological changes on RH variability to better anticipate and mitigate these
negative effects. Though several prior studies investigated the variability and trends of rainfall and temperature change in different
countries [25,26], including Bangladesh [27-30], so far, very little attention has been paid on RH. In addition, no research has been
found that investigates the influence of meteorological factors on RH dynamics. A few studies have assessed the RH trends [6,31], and
all of them are based on China.

The effects of RH on people are substantial and can be very damaging when extremes are experienced over a long period of time
[12,32]. Extremes of relative humidity impact human comfort, productivity, and health by deteriorating the thermal environment
[33]. Recent studies showed evidence of thermal environmental degradation in the cities of Bangladesh [34-36]. Therefore, the study
of RH variability in Bangladesh is crucial to the current debate. In this regard, to fill the existing literature gap, this study provides a
comprehensive investigation of the spatiotemporal trends and variability of RH levels in Bangladesh, driven by other meteorological
factors. Consequently, the research makes a major contribution to climate change research by demonstrating the trends and variability
of RH levels in a South Asian country, and it is one of the first investigations into how meteorological factors influence RH levels. The
spatiotemporal characterization will help identify vulnerable communities. Overall, this study will help in sustainable decision-making
related to land-use planning, agriculture, water management, infrastructural development, and risk reduction.

2. Methods and data collection
2.1. Study area
With about 170 million people, Bangladesh is the eighth most populated country in the world. It is a developed country located in

South Asia. The country shares borders with India on the east, west, and north, as well as Myanmar on the southeast. In addition to
being a riverine country with rivers such as the Ganges, Brahmaputra, and Meghna flowing through it, Bangladesh also contains the



Md.A. Fattah et al. Heliyon 9 (2023) 19991

88°00"E 92°0'0"E
1

26°0'0"N
L
T
26°0'0"N

22°0'0"N
1
T
22°0'0"N

A Weather Stations 0 30 60

120 Kilometers A
District Boundaries et

T T
88°0'0"E 92°00"E

Fig. 1. Meteorological stations in Bangladesh.

coast of the Bay of Bengal [37]. Among the largest deltas in the world, Bangladesh contains 230 large rivers and their tributaries, as
well as a dense network of distributaries from the Ganges, Brahmaputra, and Meghna rivers. The total area of the country is 147,570
km2, most of which consists of low, flat land (about 80% is floodplain). Only in the northwest do elevations exceed 30 m above sea
level, making the majority of the country prone to flooding. Flooding occurs on a regular basis in the northern, western, central,
southern, and northeastern floodplains. In addition, the country’s population density and high population increase its exposure to such
risks [9]. The climate of Bangladesh is characterized by high temperatures, heavy rainfall, high humidity, and fairly marked seasonal
variations. Since over half of Bangladesh lies north of the Tropics, the climate is tropical most of the year because of the Himalayan
Mountain chain, with a warm, relatively uniformly humid climate throughout most of the year. The region has three main seasons:
winter (November to February), summer (March to June), and the monsoon season (July to October). The country experiences average
temperatures from 24 °C to 30 °C, humidity from 60% to 90%, and an average annual rainfall of 2500 mm [38]. Fig. 1 represents the
weather stations in Bangladesh.

Rural areas are home to the majority of the population, and agriculture provides most of the nation’s income and employment [23].
However, the country has made significant progress in recent years, with a growing economy and improved living conditions [39-41].
Despite these progresses, poverty remains a major issue in Bangladesh, with a large portion of the population living below the poverty
line. Moreover, Bangladesh is vulnerable to several natural disasters, such as cyclones, floods, and droughts, which can negatively
impact the country’s socioeconomic situation. It disrupts agriculture, damages infrastructure, and causes displacement. In addition,
the country is also experiencing industrial pollution [42], impacts of climate change, including the rise of sea levels, the increase in
temperature, and changes in precipitation patterns, which exacerbate existing vulnerabilities [9].

2.2. Data collection and descriptive statistics

To fulfill the objective of this study, we collected rainfall, Tmax, Tmin, and humidity data sets during 1981-2020 from the
Bangladesh Meteorological Department (BMD). BMD provides historical meteorological data for 34 stations and ensures data quality.
Before analyzing the data, homogenization and quality control of the data were checked. The collected dataset’s quality control for
each hydroclimatic variable was initially checked. Potential outliers, such as negative values or values exceeding the maximum
possible values, were manually checked, and corrected. We have also collected daily data from NASA Power Access and compared with
BMD data.

The mean, standard deviation, minimum, maximum, and skewness were identified to assess the variability of meteorological
factors. The standard deviation indicates how much the dataset for each climatic factor deviates from the mean value of the dataset.
The skewness of climatic variables indicates whether the dataset is symmetrical or skewed to one side. Right-skewed distributions, also
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known as positively skewed distributions, have distribution tails that extend farther to the right of the mean and have more extreme
values on the positive side of the distribution when the skewness is positive. In contrast, if the skewness is negative, the distribution is
referred to as left-skewed, or negatively skewed, meaning that the tail of the distribution extends more to the left side of the mean and
that the negative side of the distribution contains more extreme values.

2.3. Innovative trend analysis

Innovative Trend Analysis (ITA) method is a non-parametric technique introduced by Ref. [43]. It does not involve determining the
normal distribution of the data and is unaffected by the serial correlation present in the time series unlike the Mann-Kendall (MK) test.
This method allows identification of monotonic and sub-trends in a time series dataset, along with different trend combinations across
different time series periods [44]. The time series data is split into two equal sub-series which are organized in ascending order later.
The sub series are plotted on the X and Y axes, respectively, following the Cartesian coordinate system [45]. If the plotted data are
scattered on the ideal 45 line (1:1), the time series represents a monotonic trend or no trend. Aggregation of data above the ideal line
indicates to an increasing trend of the time series whereas the concentration of data below the ideal line represents a decreasing trend
of the series [46]. Concentration of the scatter points close to trend line indicates [43]. The trends of time series data can be defined as
high, medium, or low in this manner. The ITA slope was derived using Equation (1).

1 < 10(x, — xi)
B= ; — 1
Where, B represents the ITA slope, n represents the total no. of observations, x,, denotes values from the second sub-series and xy

denotes values from the first sub-series, X denotes the mean of the first sub-series values.
The significance of ITA was determined by implementing Probability Distribution Function (PDF) using Equation (2).

CL(],a) = 0 + S[TA”S 2

where, CL represents the confidence limit of ITA slope considering confidence interval of standard normal PDF to have mean of 0 and
the standard deviation (o) to be at « significance level. S;r4 denotes the assessed trend slope of ITA. The null hypothesis of no slope is
rejected if Syrp is greater than the significance level. ITA calculation in this study was conducted by adopting python script following a
95% confidence level. The average tendency of change in RH levels (in percentage) was computed using Percent Bias (PBIAS) method
[47], as shown in Equation (3).

n

Y,
PB,AS:loofzix 100 3

i=1

Where, P45 denotes precent bias, n denotes the extent of an individual sub-series, Y; and X; are the observed values for second and first
sub-series accordingly. An increasing trend is indicated by the positive values of Pgjys whereas the negative value in result indicates
decreasing trend of RH levels.

2.4. Mann-Kendal test analysis

Mann and Kendall proposed the Mann-Kendall method [48] is a non-parametric rank based statistical method. Mann-Kendall tests
measure agreement between the direction of the observed data trend and the expected direction under the null hypothesis that there is
no trend through the calculation of a test statistic, known as the Mann-Kendall statistic. The test is designed to be robust to the presence
of outliers and can be used with both short and long time series. Since the Mann-Kendall test is non-parametric, it does not make any
assumptions about the distribution of the data itself. As a result, it can be a helpful tool for choosing the best parametric model to utilize
or when the data is not normally distributed. Trend analysis of climatic data, hydrologic data and meteorological time-series data is
mostly determined using this technique [21,49-51]. Equation (4) was applied to measure the Test Statistic (S) [52,53]:

n—1 n
S=Y > Signlu—yn) 4

m=1 k=m+1

where, n denotes the total observation number, y,, and yx represents the rank of mth (m = 1,2,3 .... n-1) and kth (k =m + 1,2,3 .... n)
observations of time m and k. Significance level calculated using Equation (5).

=+Lif (i —ym) >0
Sign(yk _ym) = Olf (yk _ym) =0 S
=—Lif (s —ym) <0

further, VAR(S) is calculated using Equation (6),
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where, VAR(S) represents the variance of test statistic S, g denotes the total tied groups (sample data consisting of similar values), t;,
denotes the extent of mth tied number.
Kendall’s T (tau) was applied to determine the data statistic (S) of time series. Used Equations (7) and (8).
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Development of the Z statistic, which is a standardized test measurement is preceded by the determination of S and calculation of
VAR(S) while n > 10 [54] as shown in Equation (9).
S—
mm)
7= 0,if S=0 9
S+1
VAR(S)

fS>0

LifS<0

The increasing or decreasing time series time series trends are indicated by positive and negative Z values respectively. The
presence of no trends and trends is depicted by the null hypothesis (Ho) and the alternative hypothesis (H,) accordingly at the sig-
nificance level a = 0.05 [55]. The Mann-Kendal test was performed by application of R programming script following a 95% confi-
dence level.

Sen’s Slope Estimator was applied to detect the magnitude of RH trend [56]. The determination of slope Q is achieved from a
dataset of N pairs using Equation (10).

0=

TV 23, Nk >m 10
m

k —

where, Q; represents the median slope, x,,, and xj represent data values at time m and k respectively.
2.5. Correlation analysis

Correlation analysis is a statistical method that determines the linear relationship between any two quantitative or categorical
variables and calculates their association. The application of correlation analysis helps predict future behavior. In this study, the
correlation was performed between the four variables RH (RH), Temperature (K), Wind Speed (WS) and Precipitation (PP). Three types
of correlations were measured in this study to determine how the variables correlate with each other in different methods which are
Pearson correlation, Spearman Correlation and Kendall Rank Correlation [57]. All the analyses were performed using Python
programming.

2.5.1. Pearson correlation coefficient

British statistician Karl Pearson introduced the Pearson Correlation (Product — Moment) coefficient in 1895 [57]. The Pearson
product-moment coefficient (r,) measures the strength and direction of a linear relationship among two variables while assuming the
variables to be quantitative, normally distributed and calculated on interval scales [58]. The Pearson coefficient was determined using
Equation (11).

X -X)(Yi-7) 11
V(& -X) (S -7))

T, =

Where, r;, is the Pearson Correlation coefficient with values between — 1 <1, < 1, X; and Y; indicates the values in X and Y variables
respectively, X and Y represents the mean value of X and Y variables respectively.

2.5.2. Spearman rank correlation coefficient

Charles Spearman proposed a distribution-free non-parametric rank correlation coefficient (r5) in 1904. The arbitrary monotonic
association between two ranked variables can be measured in strength and direction by this coefficient [57]. Equation (12) was used to
calculate rg.

=t B 12
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Fig. 2. Descriptive statistics of rainfall in Bangladesh.

where, r; indicates the Spearman Rank Correlation Coefficient, d; = X’; — Y’; indicates the difference between each of the ranked
variable pairs, N denotes the total sample number.

2.5.3. Kendall Rank Correlation coefficient

In 1948, Kendall’s Tau Rank Correlation was introduced by Maurice Kendall. Kendall Rank Correlation Coefficient (z) is a non-
parametric statistic for statistical dependence measurement between two ordinal or rank-transformed variables [57]. The Tau cor-
relation coefficients were calculated using Equation (13).

ne — Ny

13
NIV - 1)

T=

where, 7 represents Kendall’s tau coefficient, n. and ng represent the number of concordant and discordant pairs respectively, n
represent the total observation number.

2.6. Kriging interpolation

The spatial distribution of RH was interpolated using Kriging Interpolation method. Kriging Interpolation can fully utilize spatial
location information of sample points on a regional variable basis and variogram-centered approach [59]. The benefit of optimal as
well as unbiased estimations, this method has been used widely over recent years [60-62]. After completing the extraction of the
variable data, the kriging interpolation was performed on the corresponding variable data based on the selected stations using ArcGIS
10.8.1. The data analysis process involved application of Python 3.9 and the “trend change” package of R programming and the maps
for data visualization were produced using ArcGIS 10.8.1.
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Fig. 3. Descriptive statistics of average temperature in Bangladesh.

3. Results and discussion
3.1. Variability of climatic factors

Spatiotemporal distributions of climatic factors help identify areas that are particularly vulnerable to climate change impacts. This
study calculated descriptive statistics (standard deviation, mean, maximum, minimum, average, and skewness) for each meteoro-
logical factor. Fig. 2(A-E) represents the outcomes of descriptive statistics of rainfall, Fig. 3(A-E) temperature, Fig. 4(A-E) wind speed,
and Fig. 5(A-E) RH in Bangladesh during 1981-2020.

Total annual rainfall for individual stations ranged from the lowest 307.62 mm (Ishurdi in 1992) to the highest 11,194 mm
(Kutubdia in 2017) during the study period. Average annual total rainfall ranged between 1080.04 mm and 2890.75 mm. Maximum
rainfall was recorded in the northeast region (Sylhet division) and in the eastern coastal districts, while annual total rainfall in the
western region ranged from 1080.04 mm to 1500 mm. Mean daily rainfall showed similar spatial variability (Fig. 2B). The annual total
rainfall in the central districts of the country recorded 1501-2100 mm (Fig. 2E). The range of STD for daily rainfall calculated
6.42-26.77 and skewness 3.70-10.51. Fig. 2A shows that the daily rainfall pattern varied mostly in the coastal region. The rainfall in
the coastal region exhibited higher skewness values. The positive skewness values for daily rainfall indicate that there were more
frequent occurrences of lower rainfall than higher rainfall across the country. Windspeed also skewed positively at all stations
(Fig. 4C), indicating more frequent occurrences of lower windspeed than higher windspeed during the study period. The average daily
wind speed ranged from 0.65 m/s to 4.19 m/s. Higher windspeed was recorded in the coastal region, especially in Chittagong, Cox’s
Bazar, Barishal, Bhola, and Kutubdia districts, where the average daily windspeed was >10.5 m/s. Windspeed in the western and
southern regions was minimal and was less than 2.1 m/s in most of the areas of the country.

Fig. 3 represents the spatial distribution of descriptive statistics for average daily temperature in Bangladesh during 1981-2020.
Analysis shows that the yearly average temperature was between 24.61°C-26.51 °C. Both the lowest and highest daily temperatures
were observed in the northwest region during winter. The average temperature was maximum (>26 °C) in the western and south-
western districts and minimum in the northeast region (Fig. 3B). During winter, the environment was comparatively warmer in the
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Fig. 4. Descriptive statistics of windspeed in Bangladesh.

southeast coastal region (Fig. 3D) and average Tmin was >14 °C. Fig. 3C shows that the temperature skewed negatively across the
country during 1981-2020, implying that the climate was warmer on most days. However, most variations in average temperature
were calculated in the northwest region (Fig. 3A). Major portions of the country exhibited similar variations in average temperature.

Fig. 5B shows that the average RH levels ranged from 58.98% to 77.63%. The atmosphere in the southeast coastal region was
mostly humid and contained a relatively high amount of moisture. The spatiotemporal distribution of the minimum RH levels also
shows a higher RH level in the coastal districts and the lowest in the northwest to central region of the country (Fig. 5D). The spatial
distribution of STD shows that RH levels varied mostly in the northwest region. Fig. 5C illustrates that the RH in Bangladesh skewed
negatively and was mostly skewed in the northwest region. The spatial distribution of skewness values suggests that the northwest
region was comparatively drier with lower RH levels. In contrast, a large portion of the eastern region experienced a more humid
atmosphere with higher RH levels during 1981-2020.

3.2. Spatiotemporal distribution of RH

Fig. 6 represents the spatiotemporal distribution of monthly and seasonal RH distributions in Bangladesh over the past four de-
cades. Seasonal distribution suggests a less humid condition in winter with RH levels between 51 and 70%, a humid condition in the
rainy season, and a less-dry to humid condition during the summer season. On average, RH was in the range of 31-50% in the
northwest region in summer, indicating a less dry condition. While, due to the influence of the Bay of Bengal, the RH level in the coastal
belt was >70%, indicating the humid conditions of summer, During the rainy season, the RH level was above 71% across the country.
Notably, about 72.71% of areas of Bangladesh were in the less-humid zone (51-70% RH level) during summer, and most of the areas
were in the center, northern, and western regions. About 7.36% of areas, particularly the northwestern zone, were in the less humid
zone, and the coastal districts of the southeast region were in the humid zone. The whole country experiences a high RH level, or humid
condition, during the rainy season. The average RH level of the winter season suggests a less humid condition. Seasonal RH distribution
suggests that only a small portion of the country experiences comfortable and healthy living conditions in the summer, and during the
other two seasons, people experience high to very high RH levels with an uncomfortable living environment. The monthly RH
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Fig. 5. Descriptive statistics of relative humidity in Bangladesh.

distribution shows a higher RH level from June to October, suggesting a discomforting condition for humans. During February and
March, the major portion of the country, from the center to the northwest, experiences a less dry environment. While in December and
January, RH levels suggest a less humid condition. However, higher RH in most months may increase discomfort in the living envi-
ronment. Furthermore, higher RH levels may make it difficult to breathe for people with respiratory conditions.

3.3. RH trends in Bangladesh

3.3.1. Monthly RH trends

This study used the MK-test to assess monthly RH trends in Bangladesh. The calculated Sen’s slope of monthly trends is presented in
Table 2, and Table 3 represents the Z-statistics. All the stations exhibited positive trends in all months, except Hatia in September,
Sandwip, and Hatia in April. The higher most increasing rate was 0.954%/year calculated for Teknaf in December. Sens’s slope values
suggest the highest increasing rate for January (0.905%/year) in Teknaf, February (0.707%/year) in Tangail, March (0.576%/year) in
Sylhet, April (0.616%/year) in Rangamati, May (0.63%/year) in Rangamati, June (0.648%/year) in Dinajpur, July (0.362%/year) in
Rajshahi, August (0.30%/year) in Rajshahi, September (0.284%/year) in Rajshahi, October (0.448%/year) in Faridpur, November
(0.713%/year) in Rajshahi, and December (0.954%/year) in Teknaf. December exhibited the higher most average RH increasing rate
(0.67%/year) while August and September exhibited lowermost increasing rate (0.11%/year) in Bangladesh. The Z-statistics showed
higher variability at different stations at different significant levels (Table 2). The scatter plots of the monthly RH trends in Fig. 8
suggest rising trends of monthly RH with a spike in the “medium” zone. The RH data points above the 1:1 line, indicating that
Bangladesh experienced a rise in its monthly RH level over the past four decades. The data points above the 5% line and 10% line,
indicating that trends were significant at a 95% confidence level and 10% confidence level, respectively.
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Fig. 6. Monthly and seasonal humidity distribution during the study period.

3.3.2. Seasonal RH trends

The ITA and MK-test were used in this study to assess seasonal RH trends in Bangladesh. The outcomes of these two methods are
presented in Fig. 7a-d and Table 1. During the summer season, the ITA slope value ranged from 0.0033 to 0.27 in the coastal region,
suggesting a relatively low RH change rate during the study period. This indicates that the RH was relatively stable in the coastal region
and had not changed significantly. ITA slopes for the summer season suggest a significant increase in RH levels in 52% of areas of the
country at a rate of 0.41% per year to 0.67% per year. The most significant rising trends were observed across the northern districts of
the country. The results of Sen’s slope were consistent with the ITA.

Seasonal RH trends in the rainy season exhibited large spatial variations. MK test analysis shows significant increasing trends in RH
levels in only two stations. Similar to the summer season, RH in the coastal region exhibited lower increasing rates or a relatively stable
RH level during the rainy season. According to the ITA slope, 11% of the country experienced the greatest increase in RH level (from
0.40%/year to 0.47%/year). In Bangladesh, the ITA and MK-test revealed a similar spatial distribution of RH increasing rates. The
northwestern region experienced the most significant rise in RH levels each year, and the central region experienced a moderate
increase.

Fig. 7 depicts a significant increasing trend in RH levels at ten stations during the winter season. Moderate rising trends in RH levels
were observed across the central and eastern regions of the country. About 5% of areas exhibited very stable RH conditions in winter;
9% showed stable conditions; 32% showed a moderately rising rate; and 27% showed a strong positive trend rate. The northern region
experienced a moderately increasing trend, the western region experienced the highest increasing trend, and the coastal region
experienced stable conditions. RH data points above the 1:1 line in all stations indicate positive trends (Fig. 8).

3.3.3. Annual RH trends

Fig. 8 represents the scatter plots of ITA for daily, monthly, seasonal, and annual RH at different weather stations in Bangladesh.
The RH data points at the maximum stations are above the 1:1 line, which indicates the rising trends of annual RH at all stations in
Bangladesh. RH data points above the 10% line in most of the stations indicate that the trends were significant at the 10% significance
level. The scatter plots in Fig. 8 demonstrate that the average annual RH in all the stations is increasing, with the median RH in the
second half of the period (2001-2020) being higher than the median RH in the first half of the period (1981-2000).

ITA slopes show that the average RH increasing rate ranged from 0.18% per year to 0.58% per year, while Sen’s slopes suggest the
range was between 0.21% per year and 0.45% per year. About 8% of areas of the country experienced stable RH conditions (ITAs of
0.18-0.26), 37% experienced a moderate rising trend, and 26% experienced a significant positive rising trend over the past four
decades. PBias values ranged between 4.20 and 21 indicating that the country experienced about 4.20%-21% higher RH levels in the
second half of the period (2001-2020). Therefore, overall, ITA and MK-Test analysis provide evidence of a statistically significant
rising trend in RH levels over the past 40 years.

3.3.4. Daily RH trends

This study used the ITA method to explore daily RH trends, which are graphically presented in Fig. 8. Scatter plots show that the
daily RH data points are above the 1:1 line, indicating positive trends at all the stations. The RH data points above the 5% line indicates
a significant rising trend in the daily RH level at the 95% confidence level. Fig. 8 shows that all the stations in Bangladesh exhibited a
significant increasing trend of RH at a 95% confidence level in the low and medium regions. The data points in the “medium” zone
were found above the 10% line, indicating a significant rise in the medium RH level in all stations at the 10% significant level. Data
points in the “high” zone found in the 1:1 line indicate that there is no significant trend or change in the daily RH pattern over time.

3.4. Influence of climatic factors

To assess the relationship between RH level and other meteorological factors (temperature, rainfall, and wind speed), three
regression models such as Pearson’s correlation, Spearman rank, and Kendall regression models were utilized (Fig. 9). Integration of
these three models provides a more robust analysis of the relationships and comprehensive insights into the influence of meteoro-
logical factors on the variability of RH in Bangladesh.

Fig. 9 suggests that there is a mix of weak to moderate positive correlations between RH levels and other meteorological factors.
Pearson’s coefficients (Pr) suggest that all the stations exhibited a positive relationship between RH and wind speed except Saidpur
station. The Spearman and Kendall models showed positive correlations for all stations. The coefficient value for windspeed was found
between —0.035 and 0.56, indicating a very weak positive correlation to a moderate positive correlation between RH and windspeed.
Analysis suggests that the RH level in Patuakhali and Sandwip has a moderately strong relationship with wind speed. No influence of
wind speed on RH was identified in Rangamati. Wind speed at other stations had a weak to moderate positive influence on the RH level.
Overall findings suggest that wind speed had a strong influence on RH variability in coastal regions. The possible reason is that the
winds blowing from the ocean are usually moist in coastal areas due to the high levels of water vapor in the air. Higher wind speeds
transport more water vapor from the ocean surface into the air, resulting in higher RH levels.

Similar to wind speed, temperature and rainfall also showed positive influences on RH in Bangladesh. The P value at different
stations ranged between 0.30 and 0.43, which indicates a moderately positive to moderately strong positive influence of rainfall on RH
in Bangladesh. No significant variations in Pr values between RH and precipitation were observed at different stations, implying that
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Table 1
Details of seasonal and annual humidity trend in Bangladesh.
Stations Annual Summer Rainy Winter
Z SS ITp PB ITs Z SS ITp PB ITs Z SS ITp PB ITs Z SS ITp PB ITs

Barisal 1.38 0.272 1 7.96 0.30 2.61 0.191 1 4.43 0.17 1.16 0.105 1 2.92 0.13 1.41 0.516 1 19.39 0.62
Bhola 1.38 0.272 1 7.96 0.30 2.61 0.191 1 4.43 0.17 1.16 0.105 t 2.92 0.13 1.41 0.516 1 19.39 0.62
Bogura 1.38 0.272 1 7.96 0.30 2.61 0.191 T 4.43 0.17 1.16 0.105 1 2.92 0.13 1.41 0.516 1 19.39 0.62
Chandpur 1.38 0.272 1 7.96 0.30 2.61 0.191 1 4.43 0.17 1.16 0.105 1 2.92 0.13 1.41 0.516 1 19.39 0.62
Chattogram 1.28 0.317 1 9.10 0.33 2.56 0.29 1 7.14 0.26 1.31 0.113 1 3.19 0.14 1.94 0.565 1 19.79 0.63
Chuadanga 2.24 0.400 1 14.08 0.44 3.22 0.341 1 11.37 0.32 1.46 0.199 1 5.71 0.25 2.09 0.68 1 31.44 0.81
Cox’s Bazar 1.13 0.166 1 4.45 0.17 3.65 0.087 1 1.89 0.08 0.55 0.056 1 1.41 0.06 1.61 0.359 1 11.76 0.40
Comilla 1.26 0.372 1 10.93 0.40 2.59 0.338 1 9.00 0.32 1.58 0.11 1 3.23 0.15 1.36 0.659 1 24.90 0.76
Dhaka 1.51 0.386 1 12.57 0.43 2.67 0.328 1 9.74 0.33 1.41 0.165 1 5.78 0.25 1.66 0.621 1 26.53 0.76
Dinajpur 1.96 0.482 1 20.83 0.61 2.97 0.559 1 27.21 0.62 1.51 0.261 1 10.63 0.44 1.99 0.605 1 31.41 0.83
Faridpur 1.84 0.489 1 19.13 0.59 2.89 0.469 1 17.82 0.49 1.28 0.311 1 10.60 0.44 1.86 0.701 1 34.40 0.89
Feni 0.8 0.344 1 10.24 0.38 2.77 0.322 1 7.81 0.29 1.41 0.1 1 2.94 0.13 1.48 0.64 1 23.64 0.76
Hatia 1.06 0.136 1 3.47 0.14 0.8 0.018 T 0.06 0.00 0.4 0.031 1 1.05 0.05 1.86 0.346 1 11.11 0.37
Ishwardi 1.84 0.489 1 19.13 0.59 2.89 0.469 1 17.82 0.49 1.28 0.311 T 10.60 0.44 1.86 0.701 1 34.40 0.89
Jashore 2.11 0.385 1 12.55 0.42 2.77 0.306 1 8.50 0.26 1.18 0.164 1 4.89 0.22 2.11 0.682 1 30.48 0.81
Khepupara 1.76 0.197 1 4.74 0.18 2.17 0.081 1 1.32 0.05 1.03 0.075 1 1.63 0.07 1.86 0.426 1 13.63 0.43
Khulna 211 0.385 1 12.55 0.42 2.77 0.306 1 8.50 0.26 1.18 0.164 T 4.89 0.22 211 0.682 1 30.48 0.81
Kutubdia 1.28 0.293 1 7.87 0.30 2.49 0.231 1 5.33 0.21 0.96 0.105 1 2.99 0.13 1.71 0.532 1 17.69 0.58
Madaripur 1.86 0.387 1 12.98 0.44 2.79 0.293 1 8.59 0.28 1.18 0.169 t 5.42 0.24 2.16 0.697 1 30.77 0.84
Maijdee 0.8 0.344 1 10.24 0.38 2.77 0.322 T 7.81 0.29 1.41 0.1 1 2.94 0.13 1.48 0.64 1 23.64 0.76
Mongla 2.31 0.28 1 7.76 0.27 2.69 0.181 T 3.85 0.13 1.58 0.117 ) 2.56 0.12 2.31 0.539 1 21.19 0.59
Mymensingh 1.58 0.43 1 15.53 0.52 2.72 0.467 1 17.61 0.54 1.81 0.198 t 6.66 0.29 1.89 0.603 1 27.19 0.77
Patuakhali 1.53 0.183 1 4.31 0.17 1.96 0.065 T 0.93 0.04 0.96 0.066 1 1.52 0.07 1.79 0.406 1 12.44 0.41
Rajshahi 1.79 0.514 1 21.48 0.62 3.07 0.509 1 22.38 0.54 1.41 0.347 T 11.95 0.48 1.96 0.695 1 36.27 0.91
Rangamati 1.68 0.438 1 17.46 0.48 2.59 0.568 1 22.18 0.44 1.61 0.245 t 7.26 0.30 2.01 0.519 1 31.69 0.75
Rangpur 2.31 0.363 1 18.21 0.56 3.22 0.393 T 25.38 0.64 1.46 0.198 1 9.46 0.39 1.96 0.533 1 24.67 0.71
Sandwip 1.18 0.175 1 4.68 0.18 2.44 0.077 T 1.27 0.05 0.88 0.07 1 1.82 0.08 1.71 0.393 1 12.77 0.43
Satkhira 2.31 0.28 1 7.76 0.27 2.69 0.181 1 3.85 0.13 1.58 0.117 1 2.56 0.12 2.31 0.539 1 21.19 0.59
Sitakunda 1.28 0.317 1 9.10 0.33 2.56 0.291 1 7.14 0.26 1.31 0.113 t 3.19 0.14 1.91 0.565 1 19.79 0.63
Srimangal 1.86 0.372 1 11.96 0.42 2.39 0.454 T 15.54 0.51 2.24 0.114 1 3.22 0.14 1.86 0.5 1 20.74 0.65
Saidpur 211 0.416 1 17.53 0.53 2.69 0.557 1 26.41 0.61 1.48 0.206 1 7.47 0.32 1.96 0.521 1 25.80 0.71
Sylhet 2.06 0.325 1 11.48 0.41 2.16 0.465 1 17.54 0.59 2.49 0.101 t 2.40 0.11 2.29 0.413 1 17.91 0.58
Tangail 1.51 0.469 1 18.57 0.59 2.49 0.496 T 19.99 0.56 1.08 0.256 1 9.43 0.39 1.86 0.66 1 31.24 0.86
Teknaf 1.86 0.467 1 13.27 0.48 2.11 0.298 1 8.33 0.30 2.44 0.246 1 7.34 0.33 2.14 0.833 1 27.97 0.86
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Table 2
Calculated Sen’s slope for monthly humidity trends in Bangladesh during 1981-2020.

Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Barisal 0.624 0.422 0.152 0.168 0.231 0.205 0.122 0.070 0.062 0.157 0.366 0.674
Bhola 0.624 0.422 0.152 0.168 0.231 0.205 0.122 0.070 0.062 0.157 0.366 0.674
Bogura 0.624 0.422 0.152 0.168 0.231 0.205 0.122 0.070 0.062 0.157 0.366 0.674
Chandpur 0.624 0.422 0.152 0.168 0.231 0.205 0.122 0.070 0.062 0.157 0.366 0.674
Chattogram 0.703 0.532 0.276 0.228 0.362 0.301 0.125 0.080 0.076 0.121 0.212 0.581
Chuadanga 0.729 0.601 0.426 0.341 0.340 0.349 0.179 0.154 0.146 0.297 0.627 0.870
Cox’s Bazar 0.442 0.291 0.138 0.057 0.106 0.060 0.037 0.016 0.035 0.117 0.193 0.418
Comilla 0.800 0.663 0.315 0.355 0.372 0.236 0.120 0.063 0.061 0.166 0.320 0.639
Dhaka 0.703 0.541 0.313 0.336 0.360 0.314 0.176 0.127 0.108 0.278 0.530 0.693
Dinajpur 0.650 0.635 0.442 0.609 0.565 0.648 0.316 0.228 0.191 0.338 0.552 0.706
Faridpur 0.728 0.631 0.479 0.496 0.488 0.549 0.315 0.257 0.247 0.448 0.687 0.835
Feni 0.800 0.685 0.320 0.301 0.348 0.242 0.120 0.075 0.061 0.131 0.258 0.553
Hatia 0.431 0.260 0.055 —0.059 0.020 0.022 0.027 0.004 —0.011 0.121 0.250 0.410
Ishwardi 0.728 0.631 0.479 0.496 0.488 0.549 0.315 0.257 0.247 0.448 0.687 0.835
Jashore 0.752 0.542 0.265 0.291 0.339 0.364 0.161 0.112 0.114 0.282 0.636 0.927
Khepupara 0.463 0.174 —0.005 0.081 0.115 0.133 0.060 0.040 0.051 0.133 0.366 0.569
Khulna 0.752 0.542 0.265 0.291 0.339 0.364 0.161 0.112 0.114 0.282 0.636 0.927
Kutubdia 0.695 0.471 0.242 0.178 0.275 0.225 0.099 0.062 0.060 0.169 0.313 0.541
Madaripur 0.752 0.578 0.266 0.314 0.345 0.344 0.169 0.119 0.103 0.289 0.618 0.897
Maijdee 0.800 0.685 0.320 0.301 0.348 0.242 0.120 0.075 0.061 0.131 0.258 0.553
Mongla 0.610 0.270 0.064 0.204 0.219 0.228 0.104 0.068 0.078 0.177 0.482 0.826
Mymensingh 0.651 0.558 0.401 0.542 0.528 0.429 0.213 0.144 0.127 0.230 0.494 0.678
Patuakhali 0.437 0.230 0.021 0.056 0.093 0.086 0.049 0.024 0.025 0.135 0.363 0.533
Rajshahi 0.740 0.691 0.492 0.539 0.513 0.591 0.362 0.300 0.284 0.416 0.713 0.825
Rangamati 0.566 0.563 0.470 0.616 0.630 0.623 0.290 0.206 0.185 0.302 0.446 0.551
Rangpur 0.553 0.491 0.342 0.480 0.374 0.369 0.164 0.104 0.125 0.311 0.597 0.703
Sandwip 0.490 0.307 0.094 —0.015 0.101 0.128 0.085 0.032 0.022 0.105 0.228 0.457
Satkhira 0.610 0.270 0.064 0.204 0.219 0.228 0.104 0.068 0.078 0.177 0.482 0.826
Sitakunda 0.703 0.532 0.276 0.228 0.362 0.301 0.126 0.080 0.076 0.122 0.212 0.581
Srimangal 0.604 0.614 0.397 0.503 0.476 0.290 0.128 0.082 0.081 0.107 0.201 0.501
Saidpur 0.519 0.515 0.428 0.611 0.568 0.638 0.219 0.168 0.136 0.261 0.441 0.580
Sylhet 0.432 0.650 0.576 0.588 0.430 0.246 0.115 0.089 0.073 0.123 0.211 0.352
Tangail 0.707 0.707 0.499 0.573 0.555 0.509 0.296 0.296 0.188 0.353 0.589 0.755
Teknaf 0.905 0.465 0.189 0.193 0.454 0.367 0.177 0.143 0.185 0.439 0.640 0.954

all regions across the country experienced similar influences of precipitation on RH. While the correlation value for temperature varied
between stations. The temperature exhibited a strong influence on the rise of RH at Cox’s Bazar station (Pr = 0.65), followed by Hatia
(Pr = 0.61), and Patuakhali (Pr = 0.60). The temperatures at Sandwip (Pr = 0.58), Khepupara (Pr = 0.54), and Kutubdia (Pr = 0.50)
stations showed a moderately strong influence on rising RH levels. Very weak or no influence was identified at Rangamati, Rangpur,
Rajshahi, Dinajpur, and Faridpur stations. The outcomes of the regression analysis suggest that temperature had the most influence on
the variability of the RH level in the coastal district. In contrast, it had the lowest or no influence in the northern region. The possible
reasons may be the location of the coastal region in proximity to large water bodies, oceanic advection, and evaporation.

4. Discussion and conclusion

RH is an important meteorological factor that contributes to plant growth and influences human living environments. This study
explored the influence of temperature, rainfall, and wind speed on the recent trends and variability of RH in Bangladesh. To assess RH
trends, ITA and MK-Test trend analysis methods were utilized. The influence of meteorological factors on RH variability was assessed
through the integration of Pearson’s correlation, Spearman rank correlation, and Kendall correlation methods.

The variability of rainfall analysis shows that the eastern region, particularly Sylhet and the eastern coastal areas of Bangladesh,
receives the maximum daily and annual rainfall. In contrast, the districts in the western and northwestern regions receive the lowest
amount of precipitation, less than 1500 mm/year. Similar to this, a prior study found the lowest rainfall in the northwest region of
Bangladesh, while the highest was in the Sylhet and Chittagong divisions [27,29]. These results are in accord with the study by Uddin
et al. [63]. According to Kamruzzaman et al. [64], the northwestern region of Bangladesh experiences frequent drought events due to
lower rainfall rates. In accordance with this study, a prior study found that the southwestern region of Bangladesh has scorching
average temperatures with an average value > 26 °C [65]. The spatial distribution of mean temperature illustrates the less warm
climatic conditions in the southeast region of Bangladesh. The spatial distribution of windspeed showed significant variations in mean
daily windspeed across the country, with the highest values in the eastern coastal region (>2.41 m/s) and the lowest in the Sylhet
division. This variability in rainfall, temperature, and wind speed led to higher RH variations across the country. Similar to
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Table 3
Z-statistics of MK-test for monthly humidity trends in Bangladesh during 1981-2020.
Stations Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Barisal 2.09 2.41 1.77 2.03 2.54 2.54 2.19 1.48 2.35 3.19 2.21 1.79
Bhola 2.09 2.41 1.77 2.03 2.54 2.54 2.19 1.48 2.35 3.19 2.21 1.79
Bogura 2.09 2.41 1.77 2.03 2.54 2.54 2.19 1.48 2.35 3.19 2.21 1.79
Chandpur 2.09 2.41 1.77 2.03 2.54 2.54 2.19 1.48 2.35 3.19 2.21 1.79
Chattogram 2.44 2.72 2.52 2.51 2.29 2.64 1.61 1.51 1.28 3.24 1.11 1.58
Chuadanga 2.61 2.97 2.73 2.81 2.26 3.53 4.09 1.76 4.09 2.04 1.79 2.04
Cox’s Bazar 2.24 2.16 2.59 1.19 3.70 1.92 1.81 0.55 —0.10 2.64 1.86 1.91
Comilla 2.49 2.74 2.53 2.49 2.56 3.09 1.73 1.46 2.25 3.51 2.24 1.71
Dhaka 231 2.51 2.47 2.59 2.59 2.41 1.94 1.46 3.24 2.16 1.94 1.96
Dinajpur 2.19 2.06 3.17 2.74 2.46 3.29 2.26 1.76 1.41 0.75 1.51 1.68
Faridpur 2.06 2.19 3.47 2.39 2.19 2.97 2.61 0.78 2.01 1.43 1.91 1.53
Feni 2.09 2.51 2.61 2.64 2.59 2.82 1.99 1.23 2.64 3.41 2.93 1.56
Hatia 3.02 2.01 0.99 -1.16 0.69 0.05 1.02 —0.23 —0.44 2.72 2.64 1.84
Ishwardi 2.06 2.19 3.47 2.39 2.19 2.97 2.61 0.78 2.01 1.43 1.91 1.53
Jashore 2.49 2.89 1.94 2.71 2.14 2.87 4.04 1.79 3.60 2.19 1.73 2.09
Khepupara 2.74 2.35 -0.15 1.65 1.76 3.06 1.03 1.16 0.78 2.41 2.31 2.01
Khulna 2.49 2.89 1.94 2.71 2.14 2.87 4.04 1.79 3.60 2.19 1.73 2.09
Kutubdia 2.06 2.24 2.44 2.26 2.39 2.61 1.68 1.51 0.70 1.68 1.73 2.01
Madaripur 2.29 2.89 1.84 231 2.01 2.77 2.49 1.33 3.39 2.09 1.91 1.91
Maijdee 2.09 2.51 2.61 2.64 2.59 2.82 1.99 1.23 2.64 3.41 2.93 1.56
Mongla 3.02 2.46 0.64 2.20 1.91 3.47 1.89 1.43 2.04 3.25 2.31 2.09
Mymensingh 2.56 2.29 3.39 2.16 2.61 2.59 1.63 1.71 3.41 2.04 1.96 1.76
Patuakhali 2.61 1.89 0.34 0.81 2.60 1.73 0.88 0.70 0.88 2.79 2.54 1.96
Rajshahi 2.39 2.34 3.39 2.64 2.36 3.37 2.36 1.58 1.71 0.98 1.48 1.61
Rangamati 2.19 2.04 3.09 2.41 2.39 3.12 2.24 1.79 2.14 0.96 1.68 1.68
Rangpur 2.39 2.74 2.83 2.94 2.14 2.82 1.71 1.43 1.21 1.16 1.58 1.91
Sandwip 2.14 2.31 0.80 -0.19 2.14 1.89 1.41 0.80 —0.10 2.53 2.14 1.73
Satkhira 3.02 2.46 0.64 2.20 1.91 3.47 1.89 1.43 2.04 3.25 2.31 2.09
Sitakunda 2.44 2.72 2.52 2.51 2.29 2.64 1.63 1.51 1.28 3.24 1.11 1.58
Srimangal 2.24 2.14 3.15 2.41 2.64 3.07 1.66 1.86 3.22 3.33 2.87 2.14
Saidpur 2.54 2.14 2.87 2.72 2.24 3.22 2.31 1.91 1.84 0.88 1.46 1.86
Sylhet 2.87 2.26 3.17 2.24 2.26 2.99 2.24 2.19 2.54 3.06 5.01 3.85
Tangail 2.21 2.19 3.14 2.11 2.41 2.72 2.06 1.41 2.59 1.31 1.31 1.43
Teknaf 2.77 2.64 2.21 1.53 2.14 3.02 3.04 2.94 2.54 2.06 2.21 1.66

temperature, rainfall, and RH level, the southeast coastal region experienced a higher RH level, i.e., humid weather states, while the
RH level in the northwest region indicates dry air. Overall, all meteorological factors exhibited higher spatial variations, with notable
differences in the eastern, western, and coastal regions. In contrast, the climate in the center region of the country exhibited an average
weather state.

The monthly, seasonal, and annual distributions of RH in Bangladesh suggest that a significant portion of the country, particularly
the central to western and northwestern regions, experienced less dry air during February and March. In February and March, the
country receives less rainfall, and the temperature remains comparatively low, which may lead to a decrease in RH levels and make the
environment dry. From April to June, the mean temperature remains high in Bangladesh and remains high until September.
Furthermore, Bangladesh receives 80% of its rainfall from June to September. Due to the higher temperature and rainfall in these
months, the RH level starts to rise from April and makes the environment hotter, especially from July to October. The findings of this
study show that entire Bangladesh experiences a humid climate condition from July to October, which suggests that people feel sticky
and sweaty in these months and that the condition is very uncomfortable for some people. These findings suggest that people in
Bangladesh feel comparatively comfortable from December to April and uncomfortable from May to November. According to the
World Bank, the climate in Bangladesh is humid subtropical characterized by high levels of humidity throughout the year, which
support the findings of this study. The Climate Change Knowledge Portal of the World Bank reported that from November to February,
Bangladesh experiences its dry season, which is less humid with an average humidity of around 50%. This outcome is consistent with
the seasonal RH distribution in this study.

The MK-test and ITA revealed that all 34 weather stations had a rising trend of annual and seasonal RH levels in Bangladesh, with
the highest increasing rate (between 0.43% and 0.68% per year) found for the winter season and the lowest rate (between 0.058% and
0.31% per year) for the rainy season. MK-test shows that RH at station 32 exhibited a significant upward trend during summer and 10
in winter. The spatial distribution of ITA and MK-test’s slope values suggests that RH change rate varies in different regions in different
seasons. The coastal districts experienced relatively stable RH levels in all three seasons, while the northern region experienced
relatively higher rising trends. Chowdhury et al. [66] conducted a study on humidity trends at six meteorological stations in
Bangladesh between 1976 and 2015, where they found rising trends, which also accord with this study. Moreover, the MK-test and ITA
outcomes yielded similar RH level change rates in all the stations. This consistency in the results of two statistical models increases
confidence in the outcomes and indicates the good accuracy of the model.

This study, while providing valuable insights, is not without its limitations. While this research has delved explicitly into the
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Fig. 7. Spatial distribution of seasonal ITA slope, Sens’s slope and PBIS of humidity trends.
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Fig. 8. Graphical representations of daily, monthly, seasonal, and yearly trends of humidity in Bangladesh using ITA.
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Fig. 8. (continued).
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Fig. 8. (continued).
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Fig. 9. Correlation coefficients at different stations.
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Fig. 9. (continued).

influence of temperature, rainfall, and windspeed on RH variability, it’s important to acknowledge the multifaceted nature of RH
determinants. Factors such as cloud cover, thunderstorms, vegetation cover, wind direction, elevation, and proximity to water bodies,
as highlighted by Liu et al. [6], also play pivotal roles in shaping RH dynamics. Moreover, this study is focused on a subset of potential
variables. Notably, Fattah and Morshed [38] have explored the correlation between vegetation cover change and RH in Bangladesh.
However, a more comprehensive understanding necessitates the exploration of the remaining factors’ contributions to RH variability.
This augmentation could provide a more holistic understanding of RH trends’ intricate interplay. Additionally, we used statistical
methods to investigate trends and influences. In these methods, linearity, stationarity, and independence of observations are assumed,
which might not fully capture the complexities of climate data, and thus, results could be influenced slightly. Notwithstanding these
limitations, this study significantly advances the discourse on climate change by bridging existing knowledge gaps. The amalgamation
of various trend and correlation models lends a heightened level of credibility to the findings, further reinforcing their significance.
This study will help policymakers and environmentalists plan for future climate risks and develop mitigation strategies. Furthermore,
on a global scale, the study hold the potential to assist policymakers in the crafting of comprehensive mitigation and adaptation
approaches, particularly in regions that are more susceptible to climate vulnerabilities.
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