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Abstract

We analyzed trends in precipitation characteristics at 12
weather stations in Bangladesh using data from 1950 to 2008 and
a non-parametric Mann-Kendall’s tau test. It was found that the
annual precipitation amount and the number of wet days tended to
increase at almost all the stations. The number of days with weak
precipitation (< 3 mm) showed increasing tendency; the number of
days with daily precipitation exceeding 10 mm increased at three
stations; and the number of days with daily precipitation exceed-
ing 20 mm increased at two stations. Heavy rainfall index showed
no clear trend, and was dominated by inter-annual and/or decadal
variations. During the pre-monsoon season, seasonal precipitation
amount and the number of wet days increased, and the number of
days with weak precipitation (< 3 mm) also increased. Changes in
the monsoon and post-monsoon seasons were insignificant.

(Citation: Endo, N., co-authors, 2015: Trends in precipita-
tion characteristics in Bangladesh from 1950 to 2008. SOLA, 11,
113—117, doi:10.2151/s0la.2015-027.)

1. Introduction

Bangladesh is a lowland country located in the Indian
monsoon region. During the summer monsoon season (June—
September), much of the precipitation was brought by the mon-
soon low (pressure system) originated from the Bay of Bengal
and moved along the Ganges. Precipitation in Bangladesh shows
clear intraseasonal variation with time scales of 7-25 days during
the monsoon season (Fujinami et al. 2011; Hatsuzuka et al. 2014).
Precipitation caused by severe local convective storms is predom-
inant in the pre-monsoon (March—May) season (Rafiuddin et al.
2010; Yamane et al. 2010). Cyclones also occasionally affect Ban-
gladesh in the pre-monsoon season and the post-monsoon season
(October—November). Since agriculture is a major economic com-
ponent in Bangladesh, meteorological drought and heavy precip-
itation have large impacts on the society and agricultural activity
there. In addition, most of Bangladesh is at risk for flooding due
to heavy rainfall in Bangladesh and its surrounding regions.

Changes in precipitation characteristics have been investi-
gated for many parts of the world (e.g., Karl and Knight 1998;
Frich et al. 2002; Klein Tank and Kénnen 2003). For Asian coun-
tries, trends in precipitation characteristics were investigated for
India (Sen Roy and Balling 2004; Goswami et al. 2006; Goswami
et al. 2010; Dash et al. 2009), China (e.g., Zhai et al. 2004; Endo
et al. 2005), and some other Southeast Asian countries (Choi et al.
2009; Endo et al. 2009). Goswami et al. (2006) found that the fre-
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quency and intensity of extreme rainfall increased in central India
for the period 1951-2004. Dash et al. (2009) demonstrated that
heavy precipitation days increased in central northeast and north-
east India during the monsoon season for the period 1951-2004,
and moderate rain days decreased in these regions. In contrast to
Dash et al. (2009), Goswami et al. (2010) reported that extreme
rain event frequency tended to decrease at 15 stations in northeast
India from 1975 to 2006.

Shahid (2010) analyzed trends in annual and seasonal precip-
itation for the period 1958—2007 in Bangladesh, and showed that
the annual and pre-monsoon precipitation increased at the rates of
5.53 and 2.47 mm year ', respectively. Shahid (2011) examined
trend in extreme rainfall in Bangladesh, and showed increasing
trend in terms of some heavy precipitation indices. From agricul-
tural point of view, it is important not only to examine changes
in heavy precipitation but also to describe variation in weak pre-
cipitation (< 3 mm). Weak precipitation is one of important water
resources in Bangladesh during non-monsoon seasons. Shahid
(2011) analyzed 10 annual precipitation indices, including four
indices for the pre-monsoon season, and one index for the mon-
soon season. Therefore, an assessment of trends in various pre-
cipitation types, including weak precipitation, for each season is
useful. The object of this study is to describe long-term trends in
precipitation characteristics using the daily precipitation data in
Bangladesh for the period 1950—2008.

2. Data and method

We used the daily precipitation data at 17 stations, which
have longer records, provided by the Bangladesh Meteorological
Department. We checked missing records in the daily precipita-
tion data first. Missing records frequently appeared in the 1960’s
and around the period of the independence war of Bangladesh in
1971. To evaluate long-term trends in precipitation characteristics,
we allowed data gaps of less than 10% of the year. If there are
more than 10% of missing values in the monsoon season (June—
September), we also discarded the year. The daily precipitation
data were subjected to visual inspection for extremely large daily
precipitation amount and anomalously long dry period from
March to November. Homogeneity of the daily precipitation data
was checked using the four statistical tests recommended by Wijn-
gaard et al. (2003): the standard normal homogeneity test, the
Buishand range test, the Pettit test, and the Von Neumann ratio
test. Finally, 12 stations with the daily precipitation data were
passed the four statistical tests at the 1% significant level, and con-
sidered to be homogeneous are selected for evaluating the trends.
These stations are shown in Fig. 1 and listed in Table S1.

Eleven precipitation-related indices were calculated (Table
1). To describe changes of the entire precipitation distribution,
we calculated total amount of precipitation (PRCPTOT), simple
daily intensity index (SDII) and the number of wet days (WDAY),
which refers to a day with at least 1 mm of precipitation. To
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Fig. 1. Distribution of stations used in this study. Circle indicates data
available from 1950, and square means data available starting in a year
from 1951 to 1957.

describe changes in frequency of heavy rainfall, we employed
threshold-based index defined by three threshold levels (10, 20,
and 50 mm). Percentiles based on the indices of R95p and R99p
were also calculated. Climatological wet day percentiles were
calculated for the period 1979—2008. Annual longest consecutive
wet days (CWD) and consecutive dry days (CDD) were employed
for explaining changes in duration. In addition, a new index of
RO3mm was introduced for illustrating changes in weak rainfall.
RO3mm is the number of days with precipitation exceeding or
equal to 1 mm and less than or equal to 3 mm. In the recent 30
years, RO3mm accounted for 8-9% of all the wet days at the 12
stations. All indices were calculated annually from January to
December. The indices of PRCPTOT, WDAY, RO3mm, R10mm,
R20mm, and R50mm were also calculated for the pre-monsoon
(March—May), the monsoon (June—September) and the post-mon-
soon (October—November) seasons, respectively. We did not
calculate the indices for the winter season (December—February)
because WDAY was very small.

Since almost all the indices calculated do not follow the
normal distribution, the non-parametric Mann-Kendall’s tau test
(MK test) was used to evaluate the trend in the time series of
climatological and hydrological data (e.g., Hirsch et al. 1982;
Lettenmaier et al. 1994). The MK test was applied to the precip-
itation index time series for evaluating statistical significance of
each trend in this study. We consider a trend is statistically sig-
nificant if it is significant at the 5% level. The magnitude of the
trend was obtained by a non-parametric Kendall’s tau based slope
estimator (Sen 1968; Wang and Swail 2001). Each trend was eval-
uated from the first year when the data was available to year 2008.
Since data availability is different among the stations as shown in
Table S1, we also calculated the trends for a common period of
data availability, namely, from 1957 to 2008. The trends obtained
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Fig. 2. Trends for annual index time series for a) annual precipitation
amount (PRCPTOT), b) the number of wet days (WDAY), c) the number
of heavy precipitation days (R10mm), and d) annual maximum 1-day pre-
cipitation amount. Upward blue (downward red) triangle corresponds to
increasing (decreasing) trend. Filled triangle shows the trend is significant
at the 5% level, and filled circle means no trend.

for the original period and the common period are very similar.
Therefore, we will only present the trends for the period from the
first year when the data was available to year 2008.

To examine relationship between the precipitation indices and
the basin wide sea surface temperature variation in the decadal
or longer time scale, the unfiltered Atlantic Multidecadal Oscilla-
tion (AMO; Kushnir 1994) index and the unfiltered Interdecadal
Pacific Oscillation (IPO; Zhang et al. 1997) are obtained from
NOAA/ESRL.

3. Results

Figure 2a shows the spatial distribution of trends in total
annual precipitation amount (PRCPTOT), with increasing

Table 1. Precipitation indices and their definitions. RR is the daily precipitation rate. A wet day has RR > 1 mm, while a dry day has RR < 1 mm.

Index Definitions Units
PRCPTOT Annual total precipitation from wet days mm
WDAY Number of days with daily precipitation > lmm days
SDII Average precipitation from wet days mm day '
R10mm Heavy precipitation days (Number of days per year with precipitation amount > 10 mm) days
R20mm Very heavy precipitation days (Number of days per year with precipitation amount > 20 mm) days
R50mm Number of days per year with precipitation amount > 50 mm days
R95p, R99p Precipitation amount per year above a site-specific threshold value for very and extremely wet days, calculated as the mm

95th and 99th percentile of the distribution of daily precipitation amounts on days with 1| mm or more precipitation in

the 1979-2008 baseline period.
RX1day Annual maximum 1-day precipitation mm
RXS5day Annual maximum consecutive 5-day precipitation mm
CWD Annual maximum number of consecutive wet days days
CDD Annual maximum number of consecutive dry days days
RO3mm Number of days per year or season with precipitation amount 1 mm < RR <3 mm. days
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(decreasing) trends at eight (four) stations. However, statistically
significant increasing (decreasing) trends in PRCPTOT were
only observed at two stations (one station) (Fig. 2a). The decreas-
ing tendency was observed at the stations near the mouth of the
Ganges, while the increasing trends existed at the northern and
southeastern stations. These results are consistent with the results
of Shahid (2010).

WDAY increased at 11 stations, with statistically significant
trends observed at five stations (Figs. 2b and 3). SDII at six sta-
tions showed declining tendency, but only two of these stations
had statistically significant decreasing trends. SDII had increasing
tendency at the remaining four stations. In Bangladesh, PRCPTOT
and WDAY appeared to be increasing country-wide, while the
changes in SDII were small.

For the threshold-based indices, RO3mm, R10mm and R20mm
had increasing tendency among the stations (Fig. 3). Increasing
trends with statistical significance were observed at four, three
and two stations for RO3mm, R10mm and R20mm, respectively.
The spatial distribution of trend in R10mm is shown in Fig. 2c.
Increasing trends distributed all over the country, and statisti-
cally significant increases were only in western and northwestern
Bangladesh. R5S0mm, on the other hand, increased at six stations
without statistical significance (Fig. 3). These trends in the thresh-
old-based indices suggest that the frequency of weak precipitation
increased, while the frequency of heavy precipitation remained
the same.

Figure 4 shows the time series of RO3mm, which is the arith-
metic average of RO3mm at 12 stations. It clearly indicates that
decadal variation dominated in RO3mm. We also found that
inter-annual and/or decadal variability in RS0mm was obvious in
Bangladesh (figure not shown). Recently, Joshi and Rai (2015)
found that the monsoon rainfall and moderate/heavy rainfall tends
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Fig. 3. Summary of trends in annual indices. Blue (red) shows positive
(negative) trends significant at the 5% level. Light blue (pink) means pos-
itive (negative) trend without statistical significance, and white indicates
zero trend. Ordinate is the number of stations.
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Fig. 4. Time series of the annual number of weak rainfall day (RO3mm;
thin black line), the filtered RO3mm (red line), the filtered annual AMO
index (blue line), and the filtered IPO index (orange line). Annual average
of the unfiltered AMO and IPO index were prepared. Then a 9-year mov-
ing average was applied twice to the time series following Dong and Dai
(2015). Statistically significance of the correlation coefficient are evaluat-
ed by a two-tailed Student t test with autocorrelation being accounted for.

to decrease in the northeast India during positive AMO and neg-
ative IPO. The filtered annual RO3mm and the filtered annual
AMO/IPO indices are also shown in Fig. 4. AMO shows positive
correlation (r = 0.749) without statistical significance, and PO
has low correlation coefficient (r = 0.308). Thus, RO3mm tends to
be smaller during the negative AMO. It is worthwhile analyzing
the multidecadal variation in the precipitation characteristics in
Bangladesh and the impact of AMO/IPO on the precipitation char-
acteristics. However, it should be another study to scrutinize the
multidecadal variation in the precipitation characteristics.

Figure 2d shows the spatial distribution of RX1d. Increasing
(decreasing) trends without statistical significance were observed
at five (seven) stations. In addition, RX5d also had no statistically
significant trends at these stations. In fact, inter-annual variation
was large in both RX1d and RX5d.

The 95th percentile and the 99th percentile of WDAY are
defined by ranking the wet days over the baseline period 1979—
2008. The range of the 95th percentile is from 54 to 105 mm
for these stations. The 95th percentile tended to be large at the
southeastern stations. For the 99th percentile, the range is 105 to
183 mm. Increasing trends and decreasing trends in R95p can be
observed at six stations each without statistical significance (Fig.
3). No trend in R99p was observed at nine stations (Fig. 3). The
time series of R95p (R99p) show that there were years without
contributions from heavy (very heavy) precipitation (figure not
shown). This means that R95p (R99p) was emergent sporadically,
and inter-annual variation dominated in the time series of R95p
(R99p). In contrast to these results in Bangladesh, the frequency
above 99th percentile threshold of daily precipitation and the
intensity above 99th percentile of precipitation events increased
in West Bengal for the period 1951-2003 (Krishnamurthy et al.
2009).

Annual longest consecutive wet days (CWD) had statistically
significant increasing trends at two stations (Fig. 3). However,
there was no country-wide coherent tendency for CWD. In Ban-
gladesh, dry condition prevails during winter and there is a possi-
bility of meteorological drought, which has a large impact on agri-
culture and economy. Trends in annual longest consecutive dry
days (CDD) were split into increasing or decreasing tendencies
at these stations (Fig. 3). Therefore, changes in meteorological
drought were uncertain by analyzing the annual CDD index series.

Figure 5 shows the summary of trends in the precipitation
indices for the pre-monsoon, monsoon and post-monsoon sea-
sons. Seasonal total precipitation and WDAY in the pre-monsoon
season showed increasing tendency over much of the country.
Statistically significant increasing trend in WDAY was observed
in southeastern and northern Bangladesh (Fig. 6a). Increase of the
pre-monsoon total precipitation in Bangladesh was reported by
Shahid (2011). An increasing trend of the pre-monsoon precipi-
tation in West Bengal was reported by Sadhukhan et al. (2000).
On the contrary, the pre-monsoon precipitation decreased in the
Brahamaputra and Barak basins in northeastern India (Deka et al.
2013). Therefore, the pre-monsoon precipitation had different ten-
dencies in Bangladesh and its surrounding regions .

R50mm had increasing tendency at only three stations, while
the other threshold-based indices for the pre-monsoon season
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Fig. 5. Same as Fig. 3, except for trends in seasonal indices.
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Fig. 6. Trends in seasonal index time series for a) the number of wet day
(WDAY) and b) the number of day with 1 < RR <3 mm (R03mm) for the
pre-monsoon season (March—May). Upward blue (downward red) triangle
corresponds to increasing (decreasing) trend. Filled triangle shows the
trend is significant at the 5% level, and filled circle means no trend.

(RO3mm, R10mm and R20mm) indicate increasing tendency at
more than nine stations. Figure 6b is the spatial distribution of
trend in RO3mm for the pre-monsoon season. Increasing tendency
existed at 10 stations, and decreasing tendency appeared only in
Sylhet in the northeast Bangladesh, where climatologically largest
precipitation amount in the pre-monsoon season was observed. In
the western part of Bangladesh, increasing tendencies of RO3mm
and WDAY suggest that the possibility of meteorological drought
appeared to become smaller for the pre-monsoon season in the
recent decades.

For the monsoon season, five out of six indices show increas-
ing tendency at more than six stations (Fig. 5b). Increasing trend
in total precipitation in the monsoon season was observed at eight
stations. These increasing trends are consistent with the results of
Kripalani et al. (1996) and Shahid (2010). RO3mm shows increas-
ing tendency at seven stations, but statistically significant increas-
ing trend was observed only at three stations. Still, the frequency
of weak precipitation days appeared to be increasing in Bangla-
desh during the monsoon season. Increasing trends with statistical
significance in WDAY and R10mm were only observed at two
stations. On the other hand, R5S0mm had no statistically significant
trend. For the post-monsoon season, statistically significant trend
for RO3mm was only observed at two stations (Fig. 5c¢). Other
indices showed no statistically significant trends.

We found that the frequency of weak precipitation days had
increasing trends in the pre-monsoon and monsoon seasons, while
the heavy precipitation frequency showed no trend in Bangladesh.
Trend in light precipitation was previously reported for limited
countries. Karl et al. (1995) reported that the proportion derived
from lighter precipitation (trace to 2.5 mm day ') increased in the
U.S.A. On the other hand, decreasing trends in lighter precipita-
tion classes were observed in Japan (Fujibe et al. 2005) and China
(Liu et al. 2005; Liu et al. 2010). Since Bangladesh is located in
the tropical monsoon region, large-scale environment and pre-
cipitation-producing system in and around Bangladesh are very
different from the other countries mentioned above. Increase of
the weak precipitation frequency could be attributed to large-scale
environment and precipitation-producing system in and around
Bangladesh.

Precipitation in the pre-monsoon season in Bangladesh is
brought by isolated convections (Islam et al. 2004; Terao 2008),
convective clouds developed around mountain ranges associ-
ated with moist air flow from the Bay of Bengal (hereafter BB;
Terao 2008), and organized convective storms (Islam et al. 2005;
Raffiudin et al. 2010; Dalal et al. 2012). Jadhav and Munot (2009)
reported that the sea surface temperature (SST) in BB warmed up
in the pre-monsoon and monsoon seasons. Warmer SST suggests
that precipitable water over BB increased accordingly. Actually,
precipitable water estimated from microwave imager increased

in BB for the period 1988—2008 (figure not shown). The air from
BB with more moisture could be uplifted in the hilly regions to
form orographic clouds and/or convective storms. These clouds
may increase the frequency of weak precipitation in northern and
southeastern parts of Bangladesh. In addition, isolated convective
clouds related to sea breeze circulations near the coast of BB may
also produce weak precipitation (Lohar et al. 1994).

APHRODITE gridded precipitation dataset (Yatagai et al.
2012) has been used by several papers (e.g., Hatsuzuka et al.
2014). Precipitation indices obtained from BMD data and that
from APHRODITE were different in climatologically (Fig. S1).
RO3mm (R50mm) is tended to be larger (smaller) in APHRO-
DITE. Although APHRODITE is important dataset for monsoon
Asian countries, some cautions are needed for evaluation of
extreme precipitation using APHRODITE.

4. Conclusion

Changes of precipitation characteristics in Bangladesh were
investigated using daily precipitation data provided by the Ban-
gladesh Meteorological Department for the period 1950—2008.
Quality check and homogeneity check procedures were applied
to the daily data. Twelve stations were selected for analysis. Thir-
teen indices were calculated to represent precipitation characteris-
tics, including precipitation amount, frequency and intensity. The
annual precipitation amount and the number of wet days tended
to increase at almost all the stations. The number of days with
weak precipitation showed increasing tendency over Bangladesh.
The number of days with daily precipitation exceeding 10 mm
increased at three stations, and the number of days with daily pre-
cipitation exceeding 20 mm increased at two of the three stations.
During the pre-monsoon season, seasonal total precipitation and
the number of wet days increased, and the number of days with
weak precipitation increased. Heavy rainfall indices showed that
inter-annual and/or decadal variations dominated. Precipitation
producing system related to heavy precipitation may also vary
in inter-annual and/or decadal time scales. A detailed analysis
is needed to reveal the inter-annual and/or decadal variations in
large-scale circulation and disturbances associated with heavy
rainfall events.
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Supplement

Table S1 is the list of the stations used in this study.

Tables S2 and S3 are the trends per decade for the indices
of precipitation for annual time series and seasonal time series,
respectively.

Figure S1 is climatology of RO3mm and R50mm obtained
from BMD rain gauge data and APHRODITE rainfall data.
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