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Fig. 6. Spatial distribution of cold extreme temperature indices: (a) TNn, (b) TXn, (c) TN10P, (d) TX10P, (e) DTR. See Table 2
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other words, the cold extremes are heading towards
a warmer condition with a decrease in both magni-
tude and frequency.

Positive trends were found for both for cold days
(TX10P) and nights (TN10P), which is consistent with
a warming climate. Coherent decreasing trends over
the country were observed in both TX10P and
TN10P. In a warming climate, it is to be expected that
the number of cold days and cold nights will be
lower. Compared to TX10P, TN10P showed signifi-
cant positive trends in many stations. Increasing
trends were seen for TX10P all over the country,
while stations in a clustered region in the southeast
had positive trends in TN10P.

The trends in the diurnal temperature range (DTR),
which is the average difference between the daily
maximum and daily minimum temperature, were
mixed. An almost equal number of positive (nega-
tive) as well as significant (non-significant) trends

was found. A negative trend in DTR means that daily
minimum temperature is increasing more than daily
maximum temperature. A positive trend indicates
the opposite, i.e. that daily maximum temperature is
increasing faster than daily minimum temperature.
The change of trends in warm (TX90P) and cold
indicators (TN90P) requires closer examination to
understand the relationships between them. To facil-
itate this, we performed linear regression analysis
between the trend of cold and warm indices (Fig. 7).
Trends per 100 days were plotted instead of the orig-
inal percentage of the trend values. The negative
regression line between warm days (TX90P) and cold
days (TX10P) indicates that both indicators show a
warming trend. While warm days are increasing,
cold days are decreasing accordingly. A similar situ-
ation was found for warm nights (TN90P) and cold
nights (TN10P), decreasing number of cold nights
(TN10P) and increasing number of warm nights
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Fig. 7. Comparison between trends of extreme temperature indices: (a) warm days (TX90P) vs. cold days (TX10P), (b) warm

nights (TN90P) vs. cold nights (TN10P), (c) cold nights (TN10P) vs. cold days (TX10P), and (d) warm nights (TNN90OP) vs. warm

days (TX90P). See Table 2 for definitions. The unit of the trend is the number of days per 100 days. Red straight line: regression
line; shaded area: 95 % confidence interval of the regression

(TN90P) was found for the whole country. The cross-
correlation between cold nights (TN10P) and cold
days (TX10P) is a somewhat flat relationship. The
same is true for warm nights (TN90P) and warm days
(TX90P).

3.2. Changes in precipitation extremes across
Bangladesh

3.2.1. Annual and seasonal total precipitation

Annual and seasonal precipitation anomalies are
presented in Fig. 8. A not-significant decreasing
trend in the annual rainfall anomaly of 10.6 mm yr!
was found. During the monsoon season, a decreasing
trend in rainfall anomaly of 3.9 mm yr~! was ob-
served, which is second to the pre-monsoon season
where rainfall anomaly changed at a rate of a 4.8 mm
yr~'. Indian summer monsoon rainfall is reportedly
decreasing since the 1950s. Such a decrease has
been associated with the declining gradient between
land and ocean temperatures (Jin & Wang 2017). The
trend has been found to be increasing since 2002
over central India. In the present study, we found an

increasing trend in rainfall during the post-monsoon
of 2.5 mm yr~!. The anomaly in rainfall during winter
was comparatively small and did not show much
change, except a small decreasing trend of 0.8 mm
yr~!. We note that, except for the pre-monsoon sea-
son, all the trends were statistically not significant at
a 95 % confidence interval.

3.2.2. Changes in extreme precipitation indices

The spatial maps of significance and direction of the
trends in extreme precipitation indices are presented
in Fig. 9. The values of the trends in the extreme pre-
cipitation indices for each station over Bangladesh are
available in Table S2 in the Supplement.

A very similar distribution of the direction of the
trend over Bangladesh was found in the trends in
threshold-based precipitation extremes such as
heavy precipitation days (R10) and very heavy pre-
cipitation days (R20). Trends in these 2 indices indi-
cate that there is a region-wide decreasing tendency
of the number of such rainfall events. Trends in both
R10 and R20 were predominantly negative. Signifi-
cant negative trends occurred in both indices at 2
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Fig. 8. Precipitation anomaly for (a) annual, (b) pre-monsoon, (c) monsoon, (d) post-monsoon, and (e) winter seasons. Bar: average
value of all stations (orange = positive anomaly, blue = negative anomaly); dot: an individual station value for a particular year

locations in the northeast region, where annual rain-
fall is comparably higher. It is also interesting to men-
tion that, incidentally, the 20 mm threshold also cor-
responds to the average 90th percentile rainfall. The
R40 index is a user-defined indicator which indicates
the number of days with rainfall corresponding to the
average 95th percentile rainfall. A negative trend in
R40 was observed in almost all the regions, except for
the southwest region. However, the trends in R40 for
all stations, except for the Faridpur and Madaripur
stations, were not statistically significant. For the
R100 index, which roughly corresponds to 99th per-
centile rainfall amount, no trend over the country
was seen. Negative trends in R100 were found for a
few stations in the south and northeast regions, but
these were not statistically significant.

We found no significant trend over the country in 2
percentiles-based indices, namely, very wet days
(R95p) and extreme wet days (R99p). No trend in

R99p for a large number of stations indicates that the
total precipitation when the precipitation amount is
more than the 99th percentile has not changed over
the past decades. On the other hand, a general
increasing trend was shown for the precipitation
amount more than the 95th percentile over the coun-
try, except the northeast region.

For annual total precipitation (PRCPTOT), we
found a decreasing trend for the 1981-2010 period.
At 3 station locations, situated in the south-
eastern coastal and hill-tract region, a positive non-
significant trend was observed. Unlike for the PRCP-
TOT, a positive non-significant trend was seen in the
simple daily intensity index (SDII), which is the daily
wet day average of total rainfall.

Maximum 1-day precipitation showed an increas-
ing trend along the path of monsoon progression.
The trend was statistically significant in the south-
east stations, namely, Rangamati, Cox's Bazar, and
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Fig. 10. Trends in spatially averaged time series of (a) CDD and (b) PRCPTOT. See Table 2 for definitions. The black line is the
fitted trend line

Teknaf. For maximum 5-day precipitation, an overall
increasing trend was observed over the country but
was not statistically significant. Increasing but not
statistically significant trends were found in both
1-day and 5-day maximum precipitation. This indi-
cates that there is a tendency of rainfall events hap-
pening with very high precipitation. Such heavy
1-day and 5-day rainfall events can cause events like
landslides and waterlogging. A devastating landslide
occurred on 12 June 2017, when a heavy rainfall of
>340 mm triggered a series of land collapses and
killed >150 people, destroying >5000 households
(Islam et al. 2017).

A tendency of a decreasing amount of rainfall over
the study area was found when we considered all the
rainfall indices. Consecutive dry days (CDD), which
measures the largest number of consecutive days in a
year with <1 mm rainfall, agrees with this trend of
rainfall and showed an overall increasing tendency.
Among 26 station locations, 19 of them showed a sta-
tistically significant increasing trend. The wet coun-
terpart of the index, consecutive wet days (CWD),
showed no trend over the northwest and central
region. A statistically significant negative trend in
CWD was found in 3 locations in the southwest,
namely, Rangamati, Teknaf, and Cox's Bazar. It is
worth mentioning that a positive but not significant
trend in CDD was found in these 3 stations. Maijdi
Court was the only place where a significant positive
trend in CWD as well as a positive but not significant
trend in CDD was observed.

For a closer look at the drying tendency, time series
were plotted for 2 indices, namely CDD and PRCP-
TOT (Fig. 10). The average number of the longest
consecutive dry days increased at a rate of 1 d yr™'.
Average PRCPTOT, on the other hand, decreased at
arate of about 11.3 mm yr~'. The trend in CDD is sta-
tistically significant at a 95 % confidence interval.

4. DISCUSSION

This study focused on extreme indices for Bang-
ladesh, for which not much literature is available. In
this section, the major findings of the present study
will be compared with previous studies.

The rising trends in both maximum and minimum
temperature are similar to previous studies (Islam
2009, Shahid et al. 2012). Using data from 1948 to
2007, Islam (2009) found increasing trends in maxi-
mum and minimum temperature of 0.06 and 0.15°C
decade™! respectively. Shahid et al. (2012) used a
dataset from 1961 to 2008 and found an increasing
trend of 0.11 and 0.15°C decade™ for maximum and
minimum temperature respectively. The present
study reports an increasing trend of 0.3°C decade™
for maximum temperature and 0.4°C decade™! for
minimum temperature. This indicates that, during
the last century, the trends in both the maximum and
minimum temperature have been increasing steadi-
ly, with a faster rise in minimum temperature. The
present study also reports a similar trend in the diur-
nal temperature range (DTR) as Shahid et al. (2012).

An increase in temperature is also associated with
an increase in power consumption. Shahid (2012)
showed that power consumption and peak power de-
mand is elevated especially during the pre-monsoon
hot-summer season. The hot-summer season also
coincides with high mortality in urban areas (Burkart
et al. 2011). Increase in temperature is reported to
increase renal diseases (Hansen et al. 2008). Consis-
tent rise in summer days (SU25 and SU39) is indica-
tive of a potential increase in such health issues. In
most cases, the victims of these health-related
impacts are from the most vulnerable lower socio-
economic group of the population (Hashizume et al.
2009, Shahid 2010b). It is also to be noted that consis-
tent increases in tropical nights (TR20, TR25), warm
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days (TX90P), and warm nights (TN90P) are sugges-
tive of increasing hot weather extremes. An increas-
ing incidence of heat stroke has been reported
among rickshaw pullers and industry workers in re-
cent years (Begum & Sen 2004).

Precipitation and related indices exhibit a general
negative drying trend over Bangladesh during the
period 1981 to 2010. This result is in disagreement
with Shahid (2011a), who reported an overall in-
creasing trend using data from 1958 to 2007. This
disagreement could be due to the selection of the
period, as reported by Kripalani et al. (1996). They
found that during the period 1901-1960, there was
an overall decreasing tendency of precipitation. The
following period 1963-1977, on the other hand,
showed an increasing tendency. The present study
shows that the trend is following a drying trend con-
sidering the period 1981-2010.

Although total precipitation shows a negative
trend since 1981, Bangladesh has faced a number of
heavy precipitation-related disasters. The monsoon
floods in 1987, 1988, 1998, and 2007 are the most
notable of these (Brammer 1990, Mirza 2002, Islam
et al. 2010). Flooding in Bangladesh is mostly due to
the precipitation in the vast basins of Ganges and
Brahmaputra, most of which are outside Bangladesh
(Mirza 2002, Ahmad & Ahmed 2003). The northeast
region is also prone to flash flooding due to continu-
ous heavy precipitation in the Meghalaya hill tracts
in the Meghna basin (Sarker & Rashid 2013). The
present study also found an increasing trend in
both RX1day and RXb5day at Sylhet station in the
northeast region, although they were not statisti-
cally significant. Landslides are another common
disaster in the southeast hill tract region (Sarker &
Rashid 2013). Continuous precipitation in these
regions triggers such events and causes a high
number of casualties (Islam et al. 2017). The pres-
ent study also found a statistically significant trend
in RX1day in the hill tract area.

Changes in precipitation and temperature have a
multi-dimensional effect on people and society. With
the rise in temperature as well as evapotranspira-
tion, agriculture will require more water for irriga-
tion. This phenomenon will affect the Boro (winter)
crops most in Bangladesh (Mahmood 1997, Shahid
2011b). An overall increase in consecutive dry days
(CDD), as well as decrease in total precipitation
(PRCPTOT), also indicates that the country is trend-
ing toward a warmer and drier climate. However, an
increase of 1-day maximum precipitation has in-
creased the chances of urban flooding and conse-
quent landslides.

5. CONCLUSIONS

This study analyzed the trends of extreme climate
over Bangladesh using several temperature and rain-
fall indices. Based on analysis of the historical ob-
served data from stations located across the country,
the following conclusions can be made.

(1) Annual temperature has increased steadily at a
rate of about 0.3°C decade™. Trends for annual max-
imum and minimum temperature are about 0.3°C
decade™! and 0.4°C decade™, respectively.

(2) A decreasing trend for SU35 was found in only
6 stations. Almost all the stations showed a statisti-
cally significant increasing trend for TR20. The con-
sistent increases in the summer days (SU25 and
SU35) and tropical nights (TR20 and TR25) are also
suggestive of increasing hot weather extremes.

(3) The average annual total precipitation (PRCP-
TOT) decreased at a rate of about 11.3 mm yr~!. How-
ever, an increasing trend was found in the maximum
1-day precipitation (RX1day) which occurred during
the monsoon season.

(4) The average number of longest consecutive dry
days (CDD) is increasing at a rate of 1 d yr*. No sig-
nificant trend was found in the consecutive wet days
(CWD) for many regions of Bangladesh.

The results indicate that there is a significant
trend of warming and change in extreme events in
Bangladesh. The current scientific understanding and
analysis of observed records suggests that with the
warming of the globe, the intensity and frequency of
the climatic extremes are also expected to rise in var-
ious parts of Bangladesh in the future. Further inves-
tigation is required to identify such probable future
changes of extreme climate and quantify their
impacts wherever possible. In this study, extreme
indices were developed based on temperature and
precipitation records. Changes in extreme wind, sun-
shine hours, mean sea level pressure, and relative
humidity should also be studied in the future in order
to gain a broader understanding of the regional cli-
mate trends and associated impacts.
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