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Two climate indices, TXx andPRCPTOT, representing the summermaximum temperature and annual totalmonsoonprecipitation,
respectively, in Bangladesh were computed. The temperature and precipitation measurements from 34 meteorological stations
during the temporal extent of 1948–2007 were applied for indices’ computation under thorough quality control. The spatial trends
of the indices were analyzed by applying two-dimensional least square approach along latitudes and longitudes of the observation
points. The temporal patterns of the spatial trends were identified by temporally interpolating them applying thin plate smoothing
spline method.The analyses of TXx identified regional scale spatial trends in the east-west and south-north directions, which were
increasing between 1948 and 1980s. After the 1980s the spatial trends started decreasing, and after 2000 the spatial trend along the
south-north changed its direction to the north-south and continued until present. The analyses of the PRCPTOT identified spatial
trends in the west-east and north-south directions, which were decreasing between 1948 and 1980s and thereafter increasing until
present. About half of the spatial trends were significant in F-statistics at or more than 90% confidence level. Thus, the obtained
results indicated a significant climatic shift within the regional scale of the country during the study period.

1. Introduction

In light of the recent climatic change concern, evidence has
been presented that the indices for seasonal temperature
and precipitation show augmented responses to the actual
mean climatic trend [1, 2]. The global multidimensional
trends of such climate indices have already been analyzed by
incorporating several anthropogenic and natural factors, to
predict the pattern of climate change [3–5]. As IPCC [6, 7]
put emphasis on the need for detailed information of regional
patterns of climate change, trends in seasonal climatic events
and their statistical significance have also been analyzed
in different regions of the world, that is, in Nigeria [8],
Australia [9], Asia and central Pacific [10], UK [11], and some
parts of India [12]. These studies represent that the regional
spatiotemporal trends of temperature and precipitation are
more complex and significant than the global trends; they are
particularly significant for the regions that have already been
under climate change stress, such as Bangladesh.

Bangladesh, situated in south-east Asia, is one of the
most vulnerable countries of the world regarding the adverse
impacts of anthropogenic climate change [13–17]. The total
area of the country is 147,570 square kilometer [18], approxi-
mately one-fifth of which consists of low-lying coastal zones
within one meter of the high water mark [7]. Threats of sea
level rise, droughts, floods, and seasonal shifts due to the
global warming have been presented in many recent studies
on the country [13–17, 19–21]. The mean annual temperature
increased during the period of 1895–1980 by 0.31∘C [19],
and the annual maximum temperature is predicted to be
increased by 0.4∘C and 0.73∘C by the year of 2050 and 2100,
respectively [20, 21]. Monsoon precipitation is forecasted to
be increased, and at the same time winter precipitation is
forecasted to be decreased in the coming decades [22, 23].

The temperature and precipitation fields are highly vari-
able in both space and time, and therefore they should include
both the two-dimensional space and one-dimensional time
into their trend analysis [24, 25]. To obtain an accurate
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Table 1: Name of the meteorological stations in Bangladesh with their longitudes, latitudes, altitudes, and temporal records of TXx and
PRCPTOT.

NIR Stations Longitude
(dd)

Latitude
(dd)

Altitude
(m) TXx record PRCPTOT record

1 Barisal 90.4 22.667 4 1949–1951, 1953-1954,
1956–1963, 1966–2007 1949–1951, 1953-1954, 1956–2007

2 Bhola 90.667 22.333 5 1966–1978, 1979–2007 1966–2007
3 Bogra 89.416 24.833 20 1948-1949, 1952, 1954, 1956–2007 1948–2007

4 Chandpur 90.666 23.2 7 1964, 1966–1971, 1973–1977,
1979, 1981–2007

1964, 1966–1970, 1973–1977,
1979, 1981–2007

5 Chittagong 91.866 22.316 6 1949–2007 1949–2007
6 Chuadanga 88.866 23.666 12 1989–2007 1989–2007
7 Comilla 91.2 23.45 10 1948–1962, 1964–1966, 1969–2007 1948–1962, 1964–1977, 1979–2007
8 Cox’s Bazar 92.033 21.417 4 1948–2007 1948–2007
9 Dhaka 90.4 23.683 9 1953–1973, 1975–2007 1953–1973, 1975–2007
10 Dinajpur 88.616 25.583 37 1948–1972, 1981–2007 1948–1972, 1981–2007
11 Faridpur 89.866 23.583 9 1948–2007 1948–2007
12 Feni 91.4 23 8 1973–2007 1974–2007

13 Hatiya 91.1 22.43 4 1966–1971, 1973–1980,
1982–1994, 2000–2007

1966–1971, 1973–1980,
1981–1994, 1999–2007

14 Ishurdi 89.166 24.166 14 1961–2007 1961–1966, 1968–2007
15 Jessore 89.233 23.166 7 1948–1977, 1979–2007 1948–1977, 1979–2007
16 Khepupara 90.233 21.933 9 1975–2007 1974–2007

17 Khulna 89.583 22.833 4 1948–1955, 1957–1966,
1968–1974, 1976–2007 No record

18 Kutubdia 91.833 21.833 7 1985–2007 1977, 1979-1980, 1985–2007
19 Madaripur 90.216 23.183 13 1977–2007 1977–1978, 1980–2007
20 Maijdee Court 91.133 22.833 6 1951–1956, 1958–1975, 1978–2007 1951–1975, 1978–2007
21 Mongla 89.666 22.417 2 1989–2007 1991–2007
22 Mymensingh 90.416 24.766 19 1948, 1950–2007 1948, 1951–2007
23 Patuakhali 90.417 22.333 3 1973, 1975–1979, 1981–2007 1973, 1975, 1977–1979, 1981–2007
24 Rajshahi 88.583 24.333 20 1964–1969, 1971–2007 1964–1968, 1971–2007
25 Rangamati 92.216 22.583 17 1957–2007 1957–1966, 1969–2007
26 Rangpur 89.3 25.7 34 1957–1967, 1969–1972, 1978–2007 1954–1967, 1969–1975, 1976–2007

27 Swandip 91.416 22.416 6 1966–1974, 1976–2002, 2005–2007 1966–1974, 1976–2002,
2004–2007

28 Satkhira 89.166 22.683 6 1948–1954, 1955–1967, 1969–2007
29 Sayedpur 88.833 25.766 6 1991–2007 1991–2007
30 Sitakunda 91.583 22.533 23 1977–2007 1977–2007
31 Srimongol 91.666 24.3 44 1948–1979, 1982–2007 1948–1980, 1982–2007
32 Sylhet 91.833 24.9 10 1956–1972, 1974–2007 1956–1972, 1974–2007
33 Tangail 89.833 24.166 20 1987–2007 1987–2007
34 Teknaf 92.333 20.833 6 1977–2007 1977–2007
dd: decimal degree.

prediction of the trends in climate phenomena conformant to
the real earth scenario, a three-dimensional spatiotemporal
trend analysis is very important [26, 27]. All the previous
studies on Bangladesh climate basically dealt with the one-
dimensional temporal trend of the climate phenomena and
spatial distribution of these temporal trends. No study has
so far dealt with the two-dimensional spatial trends and
the temporal distribution of the spatial trends of climate.

In addition, Shahid [23] analyzed the one-dimensional tem-
poral trends and their spatial distribution for 15 different
precipitation indices, but so far no study has been carried out
to analyze the trends of temperature indices. On one hand,
the annual mean rainfall varies from 1400mm in the west to
more than 4300mm in the east of the country [22, 23]. On the
other hand, the north-west division of Bangladesh-Rajshahi
experiences the highest temperature in summer which causes
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Figure 1: Maps of the part of Southeast Asia with the location of Bangladesh and neighboring countries and Bangladesh with the location of
34 meteorological stations for which the data is available in 2007. In general, the time series used for these stations is 1948–2007.

long-term droughts and famine in this region. The southern
coastal regions in contrast experience the lowest moderate
temperature in summer [21]. These study results provide the
evidences of spatial trends in temperature and precipitation
phenomena over the country. Therefore, a two-dimensional
spatial trend analysis of the temperature and precipitation
indices, which represent the seasonal climatic phenomena
in Bangladesh, and the temporal pattern analysis of the
spatial trends are of utmost importance for climate change
mitigation and climate resilience activities.More importantly,
the analyses of the spatial trends will provide more detailed
knowledge of the climate variability within the region over
time. A two-dimensional spatial trend surface provides indi-
cators (slopes), which are spatial characterizations of the
climatic fields in each time step. Thus the temporal interpo-
lation of the spatial trends brings important information on
regional climatic shifts, since fields of climate anomalies, once
the background climate means are removed, tend to be more
spatially coherent than the raw observations themselves [8–
12]. It is also urgent to compare between the spatial trends of
precipitation and temperature indices to discover the status
of vulnerability of the country and people with respect to the
change in both climatic phenomena.

This study, in spite of the discussion above, attempts to
provide new information on the spatial trends of the climatic
phenomena in the regional scale of Bangladesh, using long-
term observations of daily temperature and precipitation

from 34 meteorological stations during 1948–2007. It anal-
yses and compares between the two-dimensional spatial
trends of the indices for summer maximum temperature and
annual total monsoon precipitation events by fitting the two-
dimensional least square surfaces along latitudes and longi-
tudes of the observation points. The annual spatial trends are
further interpolated in time to analyze the temporal pattern
of the spatial trends of the two indices within the extent
of the study period. Two climate indices have been selected
for the spatial trend analysis and comparison, which are
recommended by the Joint Project Commission for Clima-
tology/Climate Variability and Predictability (CLIVAR) and
Joint WMO/IOC Technical Commission for Oceanography
and Marine Meteorology Expert Team on Climate Change
Detection and Indices, namely, TXx and PRCPTOT [28,
29]. In case of Bangladesh, according to the definition of
the indices, TXx represents the annual summer maximum
temperature, and PRCPTOT represents the annual total
monsoon precipitation. The representative trend surfaces of
the two indices from each decade during the study period
have been presented, and the mean trend surfaces have been
computed based on the mean spatial trends. Finally, the
change in the regional variation of climate in Bangladesh
has been analyzed, and corresponding consequences on crop
production and other resources have been predicted. These
analyses are very important for Bangladesh since any change
in the regional scale of climate can have large impacts on the
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daily life of the population that is dependent on agriculture
and threatened by devastating floods every year.

2. Material and Methods

2.1. Data, Tools, and Quality Control. The daily maximum
temperatures and daily precipitation data obtained from the
34 meteorological stations across Bangladesh for the period
between 1948 and 2007 have been utilized in this study. The
data are not available from all stations in every year because
all the stations did not start working and providing data at
the same time [30]. On one hand, temperature data from 10
stations are available for 1948which gradually increases to the
data from 34 meteorological stations by 2007. On the other
hand, precipitation data from 8 stations are available for 1948
which gradually increases to the data from 32 meteorological
stations by 2007. Therefore, the 1948–2007 period has been
chosen because it characterizes a long-term dataset for each
station and fosters the annual spatial trend analysis. The
station locations are shown in Figure 1, and their latitudes,
longitudes, and altitudes are provided in Table 1. The dataset
is provided by the Bangladesh Meteorological Department
(BMD), which is the authorized government organization for
all meteorological activities in the country [30].

The open source statistical software “RStudio” [31] with its
particular packages, “spacetime,” “intamap,” “fields,” “gstat,”
“scatterplot3d,” “maptools,” and “sm,” has been used in this
study for the climate indices computation, their spatial trend
analyses, temporal interpolation and visualization. The R-
module especially designed for climate indices computation
and data quality control entitled “RClimdex” [32] has been
adapted for this study. ASCII format for raster grids and
CSV or TXT formats for the temperature and precipitation
records have been used as the input data file as 𝑅 requires.
The temperature units are degrees Celsius (∘C), and the
precipitation units are millimeters (mm).

An exhaustive data quality control has been conducted
being aware of the fact that indices are sensitive to changes
in station location, exposure, equipment, and observer prac-
tice [32]. The procedures that have been performed are:
(1) replacing all missing values to an internal format that
the software recognizes, that is, NA, not available, and (2)
replacing all unreasonable values into NA, which include
(a) daily maximum temperature more than 60∘C (only one
observation has been identified which is unlikely for a
subtropical climate like Bangladesh [14–16]; this has been
considered as a systematic bias) and (b) daily precipitation
less than zero. The count of NA values for each month was
also recorded to ensure rational computation of the climate
indices based on their definition [32, 33]. This reduces any
systematic bias caused by changes of precipitation gauges and
temperature measurement instruments over the 60 years.

2.2. Methodological Framework

2.2.1. Indices for Summer Temperature and Monsoon Pre-
cipitation. TXx refers to the yearly maximum value of the
daily maximum temperature [28, 34]. Bangladesh has a

clearly defined summer season that is recognized in March–
June every year [14, 15]. The maximum temperature of every
year is observed during this summer season which charac-
terizes the magnitude of corresponding summer. Therefore,
TXx for Bangladesh stands for the maximum summer tem-
perature recorded in the country, and it is the most represen-
tative of the summer temperature anomaly. The formula for
calculating TXx is if TXx is the daily maximum temperatures
in period 𝑗, then the maximum daily temperature for each
period is as (1) [28]. The period 𝑗 is set to March–June for
each year.

Therefore,

TXx
𝑗
= max (TXx

𝑗
) . (1)

Considering that a single observation can be affected by
a particular synoptic episode over a limited area and may not
represent the actual overall warming or cooling tendency in
that year; the top 20% TXx over the summer period have
been averaged for each station.

PRCPTOT refers to the annual total precipitation in wet
days [28, 35]. Bangladesh has clearly defined wet days in
each year, this particular precipitation phenomenon is known
as “Monsoon” and is present in June–September every year
[7, 14, 36–38]. Therefore, PRCPTOT for Bangladesh stands
for the total monsoon precipitation in each year and it is
the most representative of the mean precipitation anomaly.
The formula for calculating PRCPTOT is if RR

𝑖𝑗
is the daily

precipitation amount on day 𝑖 in wet period 𝑗 and if 𝑙
represents the number of days in 𝑗, then PRCPTOT is as (2)
[28]. The period 𝑗 for PRCPTOT calculation is set to June–
September for each year.

Hence,

PRCPTOT
𝑗
=

𝑙

∑

𝑖=1

RR
𝑖𝑗
. (2)

These two indices have been computed from the available
temperature and precipitation data for each year of 1948–
2007 and for each station. Following the monthly NA count
for the observations, the threshold has been set to 80% for
the designated periods. Therefore the indices have only been
calculated when 80% of the daily observations of maximum
temperature and precipitation are available for the summer
(March–June) andmonsoon (June–September), respectively;
otherwise the indices have been set to NA. Table 1 demon-
strates the producible TXx and PRCPTOT records within the
temporal extent of the study with the available temperature
and precipitation data.

2.2.2. Spatial Trends of the Indices. The resulting series
of the summer temperature and monsoon precipitation
indices have been analyzed through spatial trends. Significant
correlations of the computed indices to the latitudes and
longitudes justify the spatial trend analysis (will be discussed
in Section 3). The spatial trend analysis includes fitting a
two-dimensional least square surface along latitudes and
longitudes as (3).
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Consider,

𝐵 = 𝑌 + 𝑃
1
𝐴
1
+ 𝑃
2
𝐴
2
, (3)

where B represents the least square value of the par-
ticular index and 𝐴

1
and 𝐴

2
represent the two inde-

pendent variables—longitude and latitude in two different
dimensions—along which the least square trend surface is
computed. A third dimension, altitude, could have been
included, but the correlation of the indices to altitude has
resulted insignificant. This is an artifact of the altitudes of
the stations being less than 50m. The intercept 𝑌 and slopes
𝑃
1
and 𝑃

2
of the annual spatial trends of the climate indices

have been calculated based on the fitted least square surfaces
according to

𝑌=𝐵−𝑃
1
𝐴
1
−𝑃
2
𝐴
2
,

𝑃
𝑖
=
∑ (𝐴
𝑖
− 𝐴av) (𝐵𝑖 − 𝐵av)

∑ (𝐴
𝑖
− 𝐴av)

2

,

(4)

where 𝐴av and 𝐵av indicate the average value of the 𝐴 and
𝐵, respectively. The intercept 𝑦 calculates the point at which
the least square surface of a particular index intersects the
index axis by using existing index values, latitude values and
longitude values. It determines the index surface value when
there is no spatial trend along the latitude and longitude.The
slope values 𝑃

1
and 𝑃
2
represent the trends of the index along

latitude and longitude, respectively. Trends are obtained for
each index at 60 years, the statistical significance 𝑝 of the
trends were assessed through applying the F-statistics [39],
and the number of degrees of freedomwas obtained based on
the length of the dataset, that is, 8–34 for the varying number
of spatial data points [32, 39]. According to the F-statistics,
for 8–34 degrees of freedom, statistically significant trends at
the 90% (0.05 < 𝑝 ≤ 0.1), 95% (0.01 < 𝑝 ≤ 0.05), and 99%
(𝑝 ≤ 0.01) confidence levels have been identified.

2.2.3. Temporal Interpolation of the Spatial Trends. Thespatial
trends of the indices have been interpolated in time to
analyze the temporal change in regional pattern of climate
variability. Thin plate smoothing spline method described
by Hutchinson and Hancock [40, 41] has been applied to
interpolate the spatial trend values within the temporal extent
of 1948–2007.The spatial trends of the indices are considered
as observations (𝑧

𝑖
, 𝑥
1𝑖
, 𝑥
2𝑖
, . . . , 𝑥

𝑑𝑖
) measuring a dependent

variable 𝑧 and predictor variables 𝑥
1
, 𝑥
2
, . . . , 𝑥

𝐷
which are

included in a set of time domain𝐷. If 𝑧 has both continuous
long-term variation as well as discontinuous and random
short-term variation, then the data model can be expressed
as (5)

𝑧
𝑖
= 𝑔 (𝑥

1
, 𝑥
2
, . . . , 𝑥

𝐷
) + 𝜖
𝑖

(𝑖 = 1, . . . , 𝑛) , (5)

where 𝑛 is the number of data observations, 𝑔 is a slowly
varying continuous function, and 𝜖

𝑖
is the realization of a

random variable 𝜖. The function 𝑔 represents the temporarily
continuous long range variation in the process measured
by 𝑧
𝑖
. The errors of 𝜖

𝑖
are assumed to be independent with

mean zero and variance 𝜎2. The thin plate smoothing spline
predicts the process 𝑔 in (5) by a suitably continuous function
𝑓 that is able to separate the continuous signal 𝑔 from the
discontinuous noise 𝜖

𝑖
. This function can be estimated by

minimizing

1

𝑛

𝑛

∑

𝑖=1

(𝑧
𝑖
− 𝑓
𝑖
)
2

+ 𝜆𝐽
𝐷

𝑚

(𝑓) (6)

over functions 𝑓 ∈ 𝑋, where 𝑋 is a time function whose
partial derivatives of total order 𝑚 are in 𝐿

2

(𝐸
𝑑

). The 𝑓
𝑖

are values of the fitted function at the 𝑖th measurement,
𝜆 is a fixed smoothing parameter, and 𝐽

𝐷

𝑚

(𝑓) is a measure
of the roughness of the function𝑓 in terms of 𝑚th order
partial derivatives.The thin plate smoothing spline represents
a smooth gradual increase or decrease of the spatial trend
values along the time series.

3. Results

3.1. Spatial Trends of the Temperature and Precipitation Indi-
ces. The computed values of the climate indices—TXx
and PRCPTOT—vary between 30∘C–46∘C and 750mm–
4516mm, respectively. Figure 2 represents the distribution
of the computed TXx and PRCPTOT values at every station
in every year. A general spatial trend of the indices over
the study area during the study period can be observed. On
one hand, in almost all the years, the maximum TXx values
ranging between 38∘C and 46∘C are observed at the stations
situated in the north-western, whereas the minimum TXx
values ranging between 30∘C and 32∘C are observed at the
stations situated in the south-eastern parts of the country.
There is a gradual increase in the TXx values from the south-
east to the north-west of the country in all years which
provides evidence that spatial trend in the TXx index exists in
the same direction. On the other hand, the calculated maxi-
mum PRCPTOT values which range 2000mm–4500mm are
observed at the stations situated in the south-eastern and the
minimum PRCPTOT values which range 750mm–1500mm
at the stations situated in the north-western parts of the
country. There is also a gradual increase in the PRCPTOT
values from the north-west to the south-east of the country
out of the precipitation noise in all the years, which clearly
indicates a spatial trend in the PRCPTOT index from the
north-west to south-east.

Moreover, the calculated correlation-coefficients of the
TXx with the stations’ latitudes and longitudes are 0.34
and −0.52, respectively, which indicates that the spatial
dependence of the index is more dominant in the west-
east direction than in the south-north direction. Similarly,
the correlation-coefficients of PRCPTOT with the stations’
latitudes and longitudes are −0.42 and 0.55, respectively,
which indicates that the spatial dependence of the index is
more dominant in the east-west direction than in the north-
south direction. In parallel, the correlation of both TXx and
PRCPTOT with altitude has also been computed, which are
found insignificant, and therefore the decision is made that
altitude does not affect any of the indices in their spatial
dependence.
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Table 2: Yearly spatial trends and intercepts of the indices for the temperature and precipitation over Bangladesh during 1948–2007.

Years
TXx PRCPTOT

Intercept
(∘C)

Trend-longitude
(∘Cdd−1)

Trend-latitude
(∘Cdd−1)

Intercept
(mm)

Trend-longitude
(mmdd−1)

Trend-latitude
(mmdd−1)

1948 103.8016 −0.7537∗∗∗ 0.0625 −29088.7 376.9 −143
1949 68.3107 −0.2333∗∗∗ −0.5117 −23148.8 333.5 −223.8∗∗

1950 73.4924 −0.4364 0.1456 −4596.5 195.8 −483.2∗

1951 125.5522 −0.9277∗∗∗ −0.2017 −29394.81 350.62 −38.25
1952 17.360687 −0.007369 0.911620 −15961.6 238.2 −161.9∗∗∗

1953 78.5432 −0.5917∗∗ 0.4979∗ −15137.5 245 −221.8∗

1954 161.1209 −1.5983 0.9162 −10420.3 197.2 −233.4∗∗

1955 198.2763 −1.6914∗∗ −0.3202 −37526.6 382.6∗∗∗ 196.2
1956 222.6913 −1.9503∗ −0.2872 −29687.48 348.799∗ 5.367∗∗

1957 144.29750 −1.14795 −0.09892 −17896.22 206.47 21.77
1958 161.4466 −1.5386∗ 0.7119∗ −30510.06 336.95∗∗ 51.96
1959 195.1917 −1.7594∗ 0.1079∗∗ −23323.1 288.6∗∗∗ −45.7∗∗∗

1960 25.3299 −0.1297 1.1547∗ −2568.8 93.29 −178.83
1961 179.60017 −1.56272 0.04544∗∗ −18565.7 323.8∗∗∗ −383.1∗

1962 137.363 −1.240 0.557 −31848.51 360.01∗ 29.38∗∗

1963 165.88467 −1.42300∗ 0.03316 −33962.83 380.80∗ 45.02∗∗∗

1964 159.5418 −1.2443 −0.4053 −44464 465.7∗ 169.9
1965 165.0051 −1.5313∗ 0.5039∗ −25449.01 316.44∗∗∗ −54.99
1966 101.2386 −0.8977 0.7845∗∗ −38080.81 451.77∗ −49.72∗

1967 −4.64955 0.42860 0.06532 −31650.7 396.2∗∗ −110.6∗∗

1968 104.3254 −0.9106∗∗ 0.6626∗ −47098.03 534.94∗ 20.13∗∗

1969 192.1136 −1.6794∗ −0.1081 −27956.9 369.6∗∗ −157.6∗∗

1970 162.1099 −1.5462∗ 0.6616∗ −35447.65 395.05∗ 59.78
1971 30.6352 −0.0764 0.5080∗∗ −7052.3 200.9 −402
1972 173.6323 −1.6547∗ 0.5991∗ −25619.05 291.13∗∗ 22.49
1973 156.567 −1.598 1.098 −5934.26 96.83 −59.97
1974 160.5881 −1.4366 0.2716 −34744.4 441.6∗∗ −145.7∗∗

1975 168.8692 −1.6862∗ 0.9412∗ −11241.5 194.5 −215.0∗

1976 254.41470 −2.39811 0.04196∗∗∗ −47562.3 490.9∗ 210.3
1977 112.5683 −0.9820 0.5351 −10141.5 188.2 −228.3∗

1978 72.3471 −0.5746∗∗∗ 0.7181 −16762.9 240 −143.4∗∗

1979 215.8671 −2.0008 0.1767 −10600.1 102.9 121.4
1980 176.1498 −1.5847 0.2362∗ −2900.498 46.222 1.344
1981 98.0694 −0.7403 0.2140 −21583.3 296.3∗∗ −155.8∗

1982 108.0663 −0.8164∗ 0.1579∗ −30514.4 413.8∗∗ −215.5
1983 123.6575 −0.9997 0.1674∗ −35315.24 411.807∗ −8.191∗∗

1984 122.0941 −1.0714 0.5498 −12669.5 193.4 −115.2∗∗∗

1985 198.261425 −1.775920 −0.007286∗ −22804.02 283.93∗∗ −55.01∗∗

1986 159.2983 −1.4260 0.3307 −12779.4 195.0∗∗ −134.3
1987 200.0741 −1.7634 −0.1075 −33677.72 401.94∗∗ −23.91∗∗

1988 156.13074 −1.33725 0.08981∗ −44693.04 502.69 46.42∗∗

1989 195.5940 −1.8502 0.4334 −49170.7 517.8 161.7
1990 90.2426 −0.6675∗∗ 0.2680∗ −25302.23 312.52∗ −58.26∗

1991 108.60294 −0.81179∗ 0.08409∗ −29569.9 381.8 −129.7
1992 166.5412 −1.4896 0.2765 −20994.75 257.81∗ −40.51∗

1993 100.70048 −0.72120∗ 0.03924∗∗ −45265.5 478.7 163.3
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Table 2: Continued.

Years
TXx PRCPTOT

Intercept
(∘C)

Trend-longitude
(∘Cdd−1)

Trend-latitude
(∘Cdd−1)

Intercept
(mm)

Trend-longitude
(mmdd−1)

Trend-latitude
(mmdd−1)

1994 151.8259 −1.3179 0.2347 −14942.1 243.8∗∗ −246.7
1995 183.0792 −1.5888 −0.0298 −24787.1 266.1∗∗ 107.5
1996 155.78969 −1.32219 0.07176 −18987.7 258.6∗∗ −119.9
1997 102.0541 −0.7728 0.2109 −29502.38 355.16 −34.13
1998 127.94642 −1.00331 0.02429∗ −41110.5 480.8 −19.3∗

1999 97.3587 −0.7064∗∗ 0.1831∗∗ −16258.9 247.4∗∗ −176.6
2000 97.24909 −0.65306 −0.04446∗∗ −31375.2 399.6∗ −135.3
2001 83.09171 −0.50906∗∗ 0.03273∗∗∗ −23168.2 324.1∗∗ −188.6∗

2002 160.745 −1.208 −0.618 −17521.24 219.80∗∗∗ −18.59∗∗∗

2003 247.777 −2.013∗∗ −1.180 −31519.6 396.3∗ −116.5
2004 1.8089 0.1002 1.1987∗∗∗ −26830.19 330.83∗ −42.72∗

2005 165.6108 −1.3359 −0.2931∗∗ −19607.49 260.30∗∗ −96.51∗

2006 104.1688 −0.6952∗ −0.1426 −11883.7 205.3∗∗ −218.5
2007 121.1362 −0.9814 0.2382 −29451 357.95 −40.97
∗99% level of significance (𝑝 ≤ 0.01); ∗∗95% level of significance (0.01 < 𝑝 ≤ 0.05); ∗∗∗90% level of significance (0.05 < 𝑝 ≤ 0.1); dd: decimal degree.

These significant observations lead to the detailed analy-
ses of the spatial trends in the climate indices. Representative
examples of the approaches are presented in Figure 3. Since
space is two-dimensional, the spatial trend analysis of the
indices requires fitting a two-dimensional least square surface
along latitudes and longitudes, which have been represented
by the dotted regular grids. Least square surface of TXx com-
puted for 2007 represents the increasing spatial trend with
the increasing latitudes and decreasing longitudes, whereas
the least square surface of PRCPTOT for 2007 represents
the increasing spatial trend with the decreasing latitudes and
increasing longitudes (Figure 3). The corresponding trend
(slope) values with the intercepts represent the attitudes of
the spatial trends.

Similar approach, as presented in Figure 3, has been
applied to analyze the spatial trends of the two indices in
every year of 1948–2007. The intercepts and the spatial trend
values of the indices with their F-statistical significances at
the three particular confidence levels are presented in Table 2.
As observed in Figure 2, in most of the years, TXx shows
a spatial trend increasing along latitudes and decreasing
along longitudes, whereas PRCPTOT shows a spatial trend
increasing along longitudes and decreasing along latitudes.
Statistically significant spatial trend values have been resulted
which represents a significant two-dimensional spatial trend
in the climate variability over Bangladesh in regional scale.

An in-depth analysis has been performed on the obtained
spatial trend values from Table 2. In spite of the F-statistical
significance, as presented in Figure 4(a), on an average 22.92%
of the spatial trend values show statistical significance at
99% confidence level. Another 18.75% and 7.08% of the
spatial trend values on average show statistical significance
at 95% and 90% confidence levels, respectively. Therefore
48.75% of the spatial trend values on average show statistical
significance at 90% or more than 90% confidence level,

which represents that the spatial trends in the indices and
thereby the regional climate variability over years are very
significant in Bangladesh. In this circumstance, some parts
of Bangladesh represent more vulnerability due to climate
change than the others.

As presented in Figure 4(b), the comparison of the relative
values of the spatial trends depicts that, in 75% of the years,
TXx shows an increasing trend along latitudes and, in around
90% of the years, the spatial trends of TXx along latitudes
are lower than the spatial trends of TXx along longitudes.
In contrast, in around 96.67% of the years, TXx shows a
decreasing spatial trend along longitudes, when around 90%
of the spatial trends of TXx along longitudes are higher
than the ones along latitudes. These results clearly illustrate
that the spatial trend of TXx in Bangladesh increases along
latitudes and decreases along longitudes, and the trend along
longitudes is more dominant than the trend along latitudes.
This proves that the relative western regions of the country
are experiencing the steadily higher temperatures in summers
than the eastern regions of the country.The relative northern
regions of the country are also experiencing the steadily
higher temperatures in summers than the relative southern
regions of the country, but not as severely as the western
regions of the country.

Figure 4(b) also depicts that the spatial trends of PRCP-
TOT along latitudes in 71.67% of the years show decreasing
tendency, and 83.33% of the spatial trends of PRCPTOT
along latitudes are lower than the ones along longitudes.
In contrast, in all the years (100%), the spatial trends of
PRCPTOT along longitudes show increasing tendency when
83.33% of the trends are higher than the ones along latitudes.
This proves the fact that the spatial trend of PRCPTOT in
Bangladesh increases along longitudes and decreases along
latitudes, and it is more dominant along longitudes than the
one along latitudes. Therefore, the relative eastern regions



8 ISRN Atmospheric Sciences

21
22
23
24
25

21
22
23
24
25

21
22
23
24
25

21
22
23
24
25

21
22
23
24
25

1948 1949 1950 1951 1952 1953 1954 1955 1956 1957 1958 1959

1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971

1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983

1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995

89 91 89 91 89 91 89 91 89 91 89 91

89 91 89 91 89 91 89 91 89 91 89 91

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007

(29.45, 30.72]
(34.54, 35.81]
(35.81, 37.09]
(38.36, 39.63]
(39.63, 40.91]
(44.73, 46]

TXx (∘C)

(a)

PRCPTOT (mm)

21
22
23
24
25

1948

89 91

1949 1950

89 91

1951 1952

89 91

1953 1954

89 91

1955 1956

89 91

1957 1958

89 91

1959

1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970

21
22
23
24
25

1971

21
22
23
24
25

1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983

1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994

21
22
23
24
25

1995

21
22
23
24
25

89 91

1996 1997

89 91

1998 1999

89 91

2000 2001

89 91

2002 2003

89 91

2004 2005

89 91

2006 2007

(602.1, 903.2]
(1806, 2107]
(2107, 2409]
(2710, 3011]
(3011, 3312]
(4215, 4516]

(b)

Figure 2: Computed (a) TXx and (b) PRCPTOT at every station and its spatial dependence over Bangladesh in every year during 1948–2007.
The computed TXx and PRCPTOT values are in ∘C and mm, respectively.
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Figure 3: Representative least square surfaces, presented by the
dotted regular grids, of (a) TXx and (b) PRCPTOT for 2007
applying corresponding intercepts and trends (slopes), fitted along
the longitudes and latitudes.

of the country are experiencing steadily higher amount
of monsoon precipitation than the regions situated in the
relative western part of the country. In a similar fashion, the
southern coastal regions of the country are also experiencing
higher monsoon precipitation than the northern regions
but not as higher as the eastern regions. Nevertheless, a
few deviant tendencies of the spatial trends contrary to the
usual tendencies have also been observed from the analyses
as represented in Figure 4(c). 3.33% of the spatial trends
of TXx show increasing tendencies along both latitudes
and longitudes, whereas around 25% of the trends show
decreasing tendencies along both dimensions.

28.33%of the spatial trends of PRCPTOT show increasing
tendency along both latitudes and longitudes, but none of the
trends shows decreasing tendency along both dimensions.
After all, majority of the trends’ tendencies have been con-
sidered as the mean actual spatial trends of the indices for
the summer temperature and monsoon precipitation over
Bangladesh during 1948–2007. The temporal period of 1948–
2007 consists of six decades, and the least square trend
surfaces of the TXx and PRCPTOT indices from each decade
are presented in Figure 5.The surfaces show the indices values

in regular grids calculated by fitting the least squares using
the corresponding intercepts and trends (slopes) along the
latitudes and longitudes as shown in Figure 3.

The decadal least square surfaces of TXx (Figure 5(a))
represent the actual dominant spatial trend from the eastern
regions to the western regions of the country. The surface
of 1978 represents the spatial trend from the south-east to
north-west regions of the country. In 1958, the midwestern
regions and north-western regions experienced the summer
maximum temperature up to 50∘C. Generally, these regions
experience the summer maximum temperature of 40∘C–
45∘C. In contrast, the eastern regions of the country generally
experienced the summer maximum temperature around
35∘C, though in 1968 and 1998 a few hill tracts regions of the
south-eastern region experienced themaximum temperature
slightly towards 40∘C in summer time.

In contrast to the least square surfaces of TXx, the decadal
least square surfaces of PRCPTOT (Figure 5(b)) represent
the dominant spatial trend from the western regions to the
eastern regions of the country. In 1968 and 1988 onwards,
the north-eastern and south-eastern regions of the country
experienced the annual monsoon precipitation of 4000mm–
4500mm. In 1958 and 1978, the tendency is 2000mm–
3000mm for these regions. The northern regions of the
country, violating the traditional trend, also experienced the
monsoon precipitation of around 2500mm in 1958, 1988,
and 1998, which is basically experienced in the south and
midwestern regions of the country generally. Following the
typical spatial trends, the western regions of the country
always experienced the monsoon precipitation less than
1500mm.

3.2. Temporal Interpolation of the Spatial Trends in Climate
Indices. The spatial trend values of the TXx and PRCPTOT
have been interpolated in time applying the thin plate
smoothing spline with several iterations. The interpolated
splines of TXx and PRCPTOT are presented in Figure 6. The
number of iterations used to best fit the smoothing spline in
spite of the general cross-validations is 11–13, and the resulted
smoothing parameters (𝜆) range 0.71–1.02. The interpolated
splines of the spatial trends of TXx are very similar and
used the same number of iterations and almost the same 𝜆.
In contrast, the interpolated splines of the spatial trends of
PRCPTOT are very different which have been reflected in
the different number of iterations required and the different
smoothing parameters calculated. The interpolated splines
depict the continuous change in the spatial trends of the
indices during 1948–2007, which is very important to take
into account for regional climate variability analyses of
Bangladesh.

Figure 6(a) shows that almost throughout the study
period, TXx represents increasing spatial trend along latitude
and decreasing spatial trend along longitude. The increasing
trend values (+ slopes) along latitudes have been increasing
from around 0.1 to around 0.35 within 1948–1972, after-
wards the increasing trend values have been decreasing and
after 2000 they have been representing decreasing trends
(− slopes) below 0. In a similar way and as have been
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Figure 4: Percentage of the (a) F-statistically significant spatial trends at 99%, 95%, and 90% confidence levels; the (b) increasing and
decreasing spatial trends of TXx and PRCPTOT and their comparative values; (c) comparative increasing and decreasing spatial trends
of the TXx and PRCPTOT along latitudes and longitudes.

analyzed before, the decreasing trend values (− slopes) along
longitudes have been increasingwithin 1948–1980 from−0.85
to −1.25. Afterwards, the decreasing trends (− slopes) have
been decreasing again till 2007. These results illustrate that
the spatial variability of the annual maximum temperature in
Bangladesh has been increasing from 1948 until around 1980,
and since then it has been decreasing again. The tendency
of the variability is from the southern and eastern regions
towards the northern and western regions, though after 2000
the tendency has been changed from south-north to north-
south. If the tendency continues, there will be a complete
change in the usual spatial trend ofTXxover Bangladesh.This
is an evidence of the regional shift of climate in Bangladesh.

Figure 6(b) depicts that throughout the study period
PRCPTOT represents decreasing spatial trend along latitude
and increasing spatial trend along longitude. The decreasing
trend values (− slopes) along latitudes have been decreas-
ing from around −130 to around −60 within 1948–1985,
afterwards the decreasing trend values (− slopes) have been
increasing until 2007, and most likely they will continue
increasing. In a sharp contrast, the increasing spatial trends
(+ slopes) of the PRCPTOT along longitudes display cyclic
order in their change with time. In 1955–1965 and 1979–1990,
the increasing trend values (+ slopes) along longitudes have
been increasing from around 260 to 360. In the remain-
ing years, they display a decreasing tendency in a similar
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Figure 5: Representative trend surfaces of (a) TXx and (b) PRCPTOT from each decade, fitted using the least square approach with
corresponding intercepts and trend (slope) values from Table 2.
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Figure 6: Temporally interpolated spatial trend values of (a) TXx and (b) PRCPTOT along longitudes and latitudes in the extent of 1948–2007,
fitted by the thin plate smoothing spline.
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Figure 7: Mean trend surfaces of (a) TXx and (b) PRCPTOT with gridded mean indices values, fitted by the two-dimensional least square
approach with the mean intercepts and mean trend (slope) values.

range. Since 1990 and until 2007, the increasing trends (+
slopes) have been decreasing, and most likely it will con-
tinue decreasing in the next decade. These results illustrate
that the spatial variability of the monsoon precipitation in
Bangladesh is highly discontinuous despite of the spatial
trends, but no evidence of the shift of the precipitation regime
has been observed. Precipitation by nature is a very noisy
phenomenon, and therefore high variation in the tendency
of the spatial trend of the PRCPTOT is expected. But it is
also important to consider that the rain-fed agriculture of

Bangladesh is highly and adversely affected by the intense
spatial variation of the monsoon precipitation. This also
creates dilemma in the flood mitigation planning.

Themean least square surfaces of the TXx and PRCPTOT
considering the trends along latitudes and longitudes during
the time period of 1948–2007 have been computed and
presented in Figure 7. The surfaces represent the actual
mean trend behavior of the indices and thereby the expected
climate regime of summer temperature andmonsoon precip-
itation in Bangladesh. According to the computed surfaces,
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the summer maximum temperature in Bangladesh varies
from 44∘C to 32∘C in the spatial direction from the west
to the east of the country. The monsoon precipitation of
the country varies from 700mm to 3800mm in the spatial
direction from the midwest to the north-east and south-
east of the country. Therefore, both of the indices show high
spatial dependence in their behavior. The western regions
of the country are the warmest, and the south-eastern and
eastern regions of the country are the coolest in summer.
Heat waves and droughts are most likely to occur in the
western regions from this point of view. In addition, these
regions experience the least monsoon precipitation, which
will decrease the rain-fed crop production potentials in those
regions and will create severe scarcity of water resources.
But the combined phenomena increase the tea production
potentials in the north-eastern regions of the country, though
the observed shift in the temperature regime which resulted
in the temporal interpolation might decrease this potential.

3.3. Discussion of the Results. According to the results
obtained, there is a clear significant spatial trend in both of the
climatic indices’ tendency and variability over Bangladesh.
The summermaximum temperature decreases, and themon-
soon precipitation increases towards the southern coastal
zone and the eastern hill tract zone of the country.These par-
ticular spatial trends of the indices are describable from the
geographic location and terrain distribution in Bangladesh
and in the neighboring countries, as presented in Figure 8.
The southern periphery of the country is bordered by the
Bay of Bengal, which mingles with the Indian Ocean at
the far south. The eastern periphery of the country is
characterized by the hills, which are further extended to
the small mountains of Assam and Mizoram regions of
India. The expansion of the ocean in the south and hills
at the east of Bangladesh are presented in blue and green
legends, respectively (Figure 8). Another important terrain
characteristic is the location of Mount Himalaya in Nepal,
close to the north-western periphery of the country. From
the perspective of geographic location, Bangladesh is situated
in the windward part of the monsoon wind. The funnel-
shaped exposure to the ocean allows plenty of rain-wind
to propagate over the country and finally obstructed by the
elevated mountains causing heavy rainfall in monsoon.

Therefore the highest monsoon precipitation occurs in
the eastern part of the country because of geographical
closeness to the mountainous area. Mount Himalaya has also
an impact, which is visible in the relative higher monsoon
precipitation in the neighboring areas at the typical north of
Bangladesh fromFigures 5 and 7. Closeness to the ocean leads
to the higher monsoon precipitation events in the southern
coastal zones than in the northern zones. And due to the less
precipitation events and higher distance from themountains,
the western and northern parts of the country experience
higher summer maximum temperatures. This can also be
explained by the lapse rate of temperature phenomenon
[42], which increases the temperature with the decreasing
elevation. So, despite Bangladesh being a flat region, altitudes
have a clear impact on the precipitation and temperature

although the correlation of the station altitudes with the
indices has been resulted insignificant. This contradiction
has resulted because of the fact that the precise altitudes
of the meteorological station locations do not represent the
altitudes of the corresponding geographical areas and are
below 50m. More importantly, none of the stations is located
in the high elevated hills which could represent the correlated
values of the indices with altitudes. The bounded continuum
of precipitation and lapse rate of temperature should be
taken into account for such analyses, which are subject to
further research on the distribution of the climate indices in
Bangladesh. The number of meteorological stations available
in the country is not enough to predict spatiotemporal
climatic trend with acceptable accuracy [43]. Innovative
and complex models have to be adapted to design climate
variability in Bangladesh more accurately. The observations
from the stations of neighboring countries can be taken into
account to predict the climate trend into larger spatial extent,
which might bring interesting results in the spatial trends
inside the boundary of Bangladesh.

An increase in the spatial trends of TXx and a decrease
in the spatial trends of PRCPTOT until the 1980s have been
observed from the temporal interpolation. Since then, until
the current stage, the spatial trends of TXx and PRCPTOT
are in the decreasing and increasing stages, respectively.
As previous studies on Bangladesh represent the increasing
temporal trend in temperatures and monsoon precipitation,
the results from this study represent an alarming stage of
climate change in the country. In light of the increasing
temporal trend and decreasing spatial trend of TXx, it is
comprehensible that the summer maximum temperature is
increasing in the relative cooler regions and decreasing in
the warmest regions of the country. This will entail a clear
climatic shift in terms of temperature in Bangladesh, which
is devastating for such an agriculturally dependent economy.
While, in light of the increasing temporal and spatial trend
of PRCPTOT, it can be clearly stated that the monsoon
precipitation is increasing more and more in the wet regions
and decreasing in the dry regions of the country. This will
entail the increasing flood risk in the wet regions and drought
risk in the dry regions and put the underground water table
and soil moisture into risk since they are highly dependent on
the monsoon precipitation. The case might be that the TXx
and PRCPTOT are increasing in time in all the regions of the
country, which depicts the much higher increase in TXx and
PRCPTOT in the relative cooler andwet southern and eastern
regions of the country. But the situation of climate change and
threats due to the climatic shift remain the same.

The mean spatial trends of TXx observed in the country
are −1.13∘Cdd−1 along longitude and 0.22∘Cdd−1 along lati-
tude, whereas themean spatial trends of PRCPTOT observed
are 314.58mmdd−1 along longitude and −77.28mmdd−1
along latitude. These trends represent the complete opposite
continuous spatial variation of these climate phenomena
along the same axes. But the spatial trend of TXx along
latitude has shifted to the opposite direction since 2000. This
indicates that the southern coastal regions of the country have
been experiencing higher summer maximum temperature
than the northern regions since 2000. Generally, the northern
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Figure 8: Geographic coastal and windward location of Bangladesh in relation to the Indian Ocean, Mount Himalaya, and other small
mountains in India in the eastern border.The ocean is represented by blue, and hills inside Bangladesh boundary at the southeastern part are
represented by green legends. The directions of both arrows represent the increase in TXx and decrease in PRCPTOT.

regions of the country represent the warmer regions; there-
fore there has been a clear shift in the temperature regime
of Bangladesh. The study shows conformant results in the
change of temperature and precipitation regimes to Bhowmik
and Cabral’s [44], Shahid’s [22], and the other studies’ results
discussed in Section 1.

4. Conclusion

Previous studies have proved that one of the most impor-
tant questions regarding climatic events is whether their
occurrence is changing over space and time, and can be
characterized by their frequency and statistical significance.
This paper presents analyses of the spatial trends in two
different annual indices representing summer temperature
andmonsoon precipitation for Bangladesh.The analyses have
been conducted using long-term datasets for 34 meteorolog-
ical stations under quality control, in general, for a temporal
extent between 1948 and 2007.

As predicted by IPCC [7], increases in climate stress
events such as floods, droughts, and heat waves will pose
further challenges to South-Asian farmers. IPCC [7] also
reveals a decrease of about 20% in precipitation at the high
latitudes in most subtropical land regions. Bangladesh, being
a subtropical South-Asian country, entails similar risk of

climate change to the farmers, who are contributing signif-
icantly to the national GDP. In light of the results from this
study, many regions of the country will lose their particular
crop productivities. Bhowmik and Costa [45] have already
discovered the decrease in the nonrain-fed irrigated crop
production with the decrease in precipitation in Bangladesh.
Further threats aremost likely to take place in the near future,
which must be taken into account in the climate resilience
activities in the country.

There are other indices available for temperature events
thanTXx, which are urgent to analyze for Bangladesh to track
the actual change in temperature. Nevertheless, it is difficult
to forecast regional variability of climate phenomena and
their potential effects on agriculture by using global climate
models. Such regional studies on Bangladesh using the
regional datasets will bring benefit to the climate variability
analyses for South Asia and eventually for the world.
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