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ABSTRACT

In the present study the Weather Research and Forecast (WRF-ARW V3.5.1) model has been used to
simulate the pre-monsoon temperature during 2010-2014 at different stations of Bangladesh. The model is
run for 107 days for long term prediction starting with the initial condition of 0000 UTC of 17 February
up to 0000 UTC of 1 June during 2010-2014. The model is also run for 72-h with daily0000 UTC initial
conditions for 94 days for 24, 48 and 72-h lead time prediction of temperature in the pre-monsoon season
of 2014. 2m level simulated temperature data has been compared with the observed temperature of 33
meteorological stations of Bangladesh Meteorological Department (BMD). The simulated monthly average
temperature of March, April and May 2014 for 24, 48 and 72-h prediction is found maximum in the
western region whereas observed temperature is maximum in the SE region of the country. The correlation
co-efficient (CC) between observed and simulated temperature is found maximum for 24-h lead time
prediction in the month of March. As the time of the season progress and also the time of prediction are
increased, the CC has decreased all over and this decrease is significant in the SE region of Bangladesh.
The station distribution patterns of root mean square error (RMSE) and mean absolute error (MAE) are
similar for 24, 48, 72 hours and 92 days prediction but the MAE is lower than that of RMSE all through
the country.

Keywords: Microphysics; Cumulus Parameterization Scheme,; Temperature; Pre-monsoon

1. INTRODUCTION

Pre-monsoon season is synonymous with heat and humidity having uncomfortable conditions throughout
the day and night. Pre-monsoon season (March—May) is the hottest part of the year over almost the entire
South Asian region. Shahid et al. (2012) analyzed the spatial and seasonal patterns in the trends of Diurnal
Temperature Range (DTR) in Bangladesh. The result shows that both mean minimum and mean maximum
temperatures of Bangladesh have increased significantly at a rate of 0.15°C/decade and 0.11°C/decade,
respectively. However, the significance of seasonal trends shows that DTR in Bangladesh has decreased in
winter and pre-monsoon, and increased in monsoon. Temperature of Bangladesh has increased
significantly in the last fifty years; more increase has been noted in night time minimum temperature
compared to daytime maximum temperature. Lijun (2009) has studied the monthly mean temperatures at
562 stations in China using a statistical downscaling technique. The technique used is multiple linear
regressions of principal components.

Kjellstromet al. (2005) has shown that the seasonal mean temperature errors are generally within £1°C
except during winter in north-western Russia where a larger positive bias is identified. The diurnal and
annual temperature range is found to be underestimated in the model. The pattern of temperature increase
shows a pronounced land-sea contrast due to the thermal inertia of the oceans that warms more slowly than
land areas. Kumar et al. (2012) suggested that the north-south gradient in 2m temperature is most
prominent during winter. The gradient is also seen during autumn but it is smaller and is within 5K. The
estimated RMSE in temperature is largest at the surface 3.3-3.9K and is about 1-2K at all other pressure
levels. Both mean bias (MB) and RMSE in temperature are estimated to be higher at the surface and lower
at upper levels. The WRF model has been employed over the India and Bangladesh regions to study
extreme weather events (Alam, 2014; Rajeevan et al., 2010; Dutta and Prasad, 2010). The study indicates
that the WRF model has the ability to simulate the events and produces much better forecasts with
assimilated fields. Cipagauta et al. (2014) studied the sensitivity of the surface temperature to changes in
total solar irradiance calculated with the WRF model and has found that the mean monthly values of
temperature over the full grid did not present significant variations due to changes of either initial
conditions or Total Solar Irradiance (TSI). Xiaoduo et al. (2012) studied the dynamic downscaling of near-
surface air temperature at the basin scale using WRF in the Heihe River Basin, China. Their daily
validation results show that the WRF simulation has good agreement with the observed data; the
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R’between the WRF simulation in each station is more than 0.93; the absolute of mean bias error (MBE)
for each station is less than 2°C; and the MBEs of Ejina, Mazongshan and Alxa stations are near zero, with
R? is more than 0.98, which can be taken as an unbiased estimation. Temperature comparison of model and
observation data shows their good agreement, mean absolute error in atmospheric boundary layers (ABL)
is about 1-2 °C, decreasing with height (Smirnova et al., 2009). It is also interesting in their results that
forecast accuracy occurred to be almost the same for 24h and 48h forecasts. Error is smaller at daytime
than at nighttime especially in lower part of ABL. Mean surface temperature bias in Moscow is about 0 °C,
but vertical temperature gradient is much smaller in model data then observed.

In this research WRF-ARW v3.5.1 model is used to simulate the pre-monsoon temperature during 2010-
2014 over Bangladesh and compare with daily observed temperature at different stations of BMD.

2. DATA AND METHODOLOGY

In the present study, the WRF-ARW model V3.5.1 has been used to simulate the monthly average
temperature of 33 stations over Bangladesh in the pre-monsoon season. Final Reanalysis (FNL) (1°x1°)
data collected from National Centers for Environment Prediction (NCEP) is used as initial and Lateral
Boundary Conditions (LBCs), which is updated at six hours interval i.e. the model is initialized with 0000,
0600, 1200 and 1800 UTC initial field of corresponding date. The model has been configured in single
domain, 6 km horizontal grid spacing with 161x183 grids in the east-west and north-south directions and
30 vertical levels. In this research, the WSM6-class microphysics scheme coupling with Kain-Fritsch
cumulus parameterization scheme have been used. The model has been integrated by using initial and
LBCs from NCEP-FNL analysis at six hourly intervals.

The model has been run 107 days for long range prediction starting with the initial condition of 0000 UTC
of 17 February up to 0000 UTC of 1 June for the period 2010-2014. The model is also run for 72-h with
every day 0000 UTC initial conditions for 94 days starting with the initial condition of 0000 UTC of 27
February 2014 for the prediction of 24, 48 and 72-h lead time temperature in the month of March, April
and May 2014.However, the results are presented for March-May to avoid the spin-up effects of the first
15 days. A spin up period of 1 month may be sufficient for the atmospheric and upper soil layer, but it is
not enough for deep soil layer variables (Christensen 1999). A great disparity in spin up time between
models, variables and regions is often reported. Important reductions in spin up time are expected in humid
regions (Rodell et al. 2005) and, in particular, subtropical South America is a region where a quick
equilibrium is expected (Silva and Berbery, 2006).

There is limited number of meteorological observatories in the NE and SW regions of Bangladesh. Due to
less number of stations in the NE and SW regions 8 more points have been added in Bangladesh Map to
study temperature data. 2m level temperature has been extracted at 3 hourly interval then made daily and
monthly average temperature data for 24, 48 and 72-h and 92 days during the studied period. From WRF
Model run, 3 hourly outputs are made during the study period. This 3 hourly temperature data are
converted into monthly temperature data of March, April and May during 2010-2014. This simulated data
has been compared with the observed temperature at 33 meteorological stations of BMD.

In this study, 24, 48 and 72-h have been considered as day 1, day 2 and day 3 of model run. The monthly
data has been plotted for March, April and May using 24, 48 and 72-h lead time prediction for the year
2014 and also using 92 days prediction during 2010-2014. The RMSE and MAE have been calculated for
33 meteorological stations, because there is not any observational data for others. The CC, RMSE and
MAE for 24, 48 and 72-h and 92 days predicted temperature have been plotted using SURFER software
for the year 2014.

3. MODEL DESCRIPTION AND NUMERICAL EXPERIMENTS

In the present study, the Weather Research and Forecast (WRF-ARW V3.5.1) model has been used to
simulate the monthly average temperature in the pre-monsoon season over Bangladesh. The ARW system
consists of fully compressible non-hydrostatic equations and different prognostic variables. The model
vertical coordinate is terrain following hydrostatic pressure and the horizontal grid is Arakawa C-grid
staggering. The model consists of fully compressible non-hydrostatic equations and different prognostic
variables. The model vertical coordinate is terrain following hydrostatic pressure and the horizontal grid is
Arakawa C-grid staggering. The model has been configured in single domain (figure 1), 6 km horizontal
grid spacing with 161x183 grids in the east-west and north-south directions and 28 vertical levels. Time
step of integration is set to 36 seconds for maintaining computational stability as the model uses third-
order Runge-Kutta time integration scheme. The WSM 6-class graupel scheme (Hong ef al., 2006) has been
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used to simulate the pre-monsoon temperature. The detailed configuration of the WRF Model physics,
dynamics and domain is given in table 1 and model domain is given in Fig. 1.

Table 1: WRF Model and Domain Configurations

Dynamics
Number of domains
Central points of the domain

Horizontal grid distance
Integration time step
Number of grid points

Map projection
Horizontal grid distribution
Vertical co-ordinate

Time integration

Spatial differencing scheme
Initial conditions

Lateral boundary condition
Top boundary condition
Bottom boundary condition
Diffusion and Damping
Microphysics

Radiation scheme

Surface layer

Land surface parameterization
Cumulus parameterization schemes

PBL parameterization

Non-hydrostatic
1

Central Lat.: 22.80°N, Central Lon.: 90.70°E
6 km

36s

X-direction 161 points, Y-direction 183 points

Mercator

Arakawa C-grid

Terrain-following hydrostatic-pressure co-ordinate
(30 sigma levels up to 100 hPa)

3™ order Runge-Kutta

6" order centered differencing

Three-dimensional real-data (FNL: 1° x 1°)
Specified options for real-data

Gravity wave absorbing (diffusion or Rayleigh damping)
Physical or free-slip

Simple Diffusion

WRF Single Moment 6-class graupel scheme (WSM6) (Hong and Lim
2006)

Dudhia (1989) for short wave radiation/ RRTM long wave Mlawer et al.
(1997)

Monin-Obukhov similarity theory scheme (Hong and Pan, 1996)

S Layer Thermal diffusion Scheme (Eket al., 2003)

Kain-Fritsch scheme (KF), (Kain and Fritsch, 1990, 1993; Kain, 2004)
Yonsei University scheme (YSU) (Hong ef al., 2006)

Figure 1: WRF Model Domain for pre-monsoon temperature prediction of Bangladesh

4. RESULTS AND DISCUSSIONS

Station average monthly observed and simulated temperature of March, April and May is plotted and
analyzed during 2010-2013 all over Bangladesh. Monthly average simulated temperature of 24, 48 and 72
hours and 92 daysis simulated for the year 2014 using WRF model. WRF model is run for 72 hours for the
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pre-monsoon season with daily 0000 UTC initial conditions for the year 2014. The model is also run for
longer period with the initial condition at 0000 UTC of 17 February for the year 2010-2014.

4.1 Distribution of observed and simulated temperature in the pre-monsoon season of 2010-
2013

The monthly average observed and 92 days lead time predicted temperature of March, April and May
2010, 2011, 2012 and 2013 are presented in Figs. 2(a-1) & Figs. 3(a-1). The monthly average observed (Fig.
2a) and 92 days lead time predicted temperature (Fig. 3a) of March 2010 is found maximum at Khulna-
Mongla region and at Jessore, Chuadanga and Satkhira regions and minimum in the southeast (SE),
northeast (NE), north-northwest (N-NW) and SE, NE regions of the country respectively. The monthly
average observed and predicted temperature is found maximum with28.76 and 27.93°C at Mongla and
Jessore respectively. The WRF Model has predicted 3-4°C lower temperature in the SE region than that of
observed temperature and in other regions it has predicted almost 1°C lower than that of observed
temperature. The average observed and 92 days lead time predicted temperature of March 2011 is found
maximum at Khulna, Mongla, Khepupara and Dhaka region (Fig. 2b) and at Rajshahi, Chuadanga, Jessore
and Satkhira regions (Fig. 3b) and minimum at Rangpur-Dinajpur, Sylhet-Srimangal regions and in the S-
SE region of the country respectively. The average observed and simulated maximum temperature is found
to be26.38 and 26.45°C at Dhaka and Jessore respectively. Model has predicted almost 0.5-1°C lower
temperature than that of observed temperature almost all through the country. The observed and 92 days
lead time predicted monthly average temperature of March 2012 is found maximum in the southwest (Fig.
2¢) and at Rajshahi, Chuadanga, Jessore, Satkhira (Fig. 3c) regions respectively. The observed and
simulated average minimum temperature is in Rangpur-Dinajpur and S-SE region respectively. The model
has simulated 0.35°C lower temperature at Bogra, Ishurdi and Tangail regions and 3-4°C lower temperature
at S-SE region and in other regions almost 1°C lower than that of observed.

The average observed temperature (Fig. 2d) of March 2013 is found maximum at Khulna, Mongla and
Khepupara regions and simulated temperature (Fig. 3d) is found maximum at Rajshahi, Chuadanga,
Jessore and Satkhira regions. The difference between observed and simulated temperature are insignificant
at Sylhet, Srimangal, Patuakhali, Mongla and Comilla regions and is less than 0.3°C.

Model has simulated 3-4°C lower temperature in Bhola, Chittagong, Cox’s Bazar, Kutubdia and Teknaf
regions and higher temperature at Dinajpur, Rangpur and Srimangal regions than that of observed.

The 92 days lead time predicted (Fig. 3e) and observed temperature (Fig. 2e) of April 2010 is maximum at
Rajshahi, Ishurdi, Chuadanga, Jessore and Khulna regions. Except S-SE region, the distribution patterns of
observed and simulated temperature are almost similar and little difference is seen at Bogra, Ishurdi,
Chuadanga, Satkhira and Tangail regions and the difference is less than 0.3°C.Model has simulated 4-5°C
lower temperature in the SE region i.e. Bhola, Chittagong, Kutubdia, Cox’s Bazar and Teknaf regions than
that of observed. The distribution pattern of simulated temperature is lower in the S-SE regions of
Bangladesh due to the thermal inertia of the oceans that warms more slowly than land areas. The monthly
average observed and simulated highest temperatures are found at Rajshahi 31.25and 30.79°C respectively.
The monthly average observed temperature (Fig. 2f) in April 2011 is maximum at Jessore, Khulna,
Mongla, Khepupara, and Bhola regions and 92 days lead time predicted temperature is found
maximum(Fig. 3f) at Bogra, Rajshahi, Ishurdi and Chuadanga regions. The observed and simulated
temperature is seen minimum in the NW and S-SE regions respectively. The monthly average observed
and simulated highest temperatures are found to be28.52and 29.77°C at Khulna and Rajshahi and lowest
temperature at Rangpur is26.05°C and at Cox’s Bazar is23.48°C respectively. The monthly average
observed temperature (Fig. 2g-h) in April 2012 and 2013arefound maximum at Dhaka, Jessore, Khulna,
Mongla and Khepupara regions and the simulated temperature is found maximum(Fig. 3g-h) at Rajshahi,
Ishurdi, Chuadanga and Jessore regions. The observed and simulated temperature is seen minimum in the
NE and S-SE regions respectively. The monthly average highest observed temperatures are 29.5and 29.4°C
at Khulna and Jessore whereas simulated temperature temperatures are 29.65 and32.21°Cin April 2012 and
2013 respectively.

The monthly average observed [Fig. 2(i-j)] temperatures are found maximum at Rajshahi, Jessore, Khulna,
Mongla, Bhola and Khepupara regions and 92 days lead time predicted temperatures [Fig.3(i-j)] are found
maximum at Rajshahi, Ishurdi, Chuadanga and Jessore regions and minimum in the NE and S-SE regions
respectively in May 2010 and 2011. The monthly average maximum temperatures are 30.18 and 29.89°C at
Khulna and Mongla and simulated temperaturesare31.68and 31.09°C at Chuadanga in May 2010 and 2011
respectively. The difference between average observed and simulated temperatures lies within 5-6 and 2-
3°C in the S-SE region of the country in May 2010 and 2011 respectively.
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Figure 2: Distribution of monthly average observed temperature at 2m level for the month of (a-d) March,
(e-h) April and (i-1) May 2010-2013 respectively.
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Figure 3: Distribution of monthly average simulated Temperature at 2m level for the month of (a-d)
March, (e-h) April and (i-1) May 2010-2013 respectively with the initial condition at 0000 UTC
of 17 February each year.

The monthly average observed [Fig. 2(k-1)]temperatures have found maximum at Rajshahi, Ishurdi,

Chuadanga, Jessore, Khulna, Mongla and Khepupara regions and 92 days lead time predicted temperature

(Fig. 3k-1) have found maximum at Dinajpur, Rajshahi and Chuadanga regions and minimum in the NE
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and S-SE region of the country respectively in May 2012 and 2013. The monthly average observed
temperature is seen maximum 31.39°C at Rajshahi and 29.01°C at Jessore and simulated temperature is
seen 32.01and 30.75°C at Rajshahi in May 2012 and 2013 respectively. The difference between average
observed and simulated temperatures lies within 3-4 and 2-3°C in the S-SE region of the country in May
2012 and 2013 respectively.

4.2 Distribution of Observed and Simulated temperature of March-May 2014

Observed average temperature (Fig. 4a) of March 2014 is found maximum at Mongla, Patuakhali and
Khepupara regions and the simulated average temperatures for 24 (Fig. 5a), 48 (Fig. 5b) and 72-hour (Fig.
Sc) and 92 days (Fig. 5d) prediction are found maximum at Jessore, Chuadanga, Khulna and Satkhira
regions. The pattern of simulated temperature for 24, 48 and 72 hours are almost similar with the observed
temperature except that the minimum values are predicted in the NE and SE regions but for observation it
is found in the NW region. The average observed temperature is seen maximum 26.47°C at Mongla and
simulated temperature for 24, 48 and 72 hours and 92 days are 26.8, 26.4, 26.43 and 26.51°C respectively
at Satkhira. The average observed temperature is seen minimum 23.58°C at Dinajpur and simulated
temperature for 24, 48 hour and 92 days are 23, 22.5 and 23.45°C at Sylhet region and for 72 hours
23.84°C at Chittagong. Dhaka region has also been observed higher temperature than that of surrounding
area.
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Figure 4: Distribution of monthly average observed temperature for the month of (a) March, (b) April and
(c) May 2014 respectively

The simulated monthly average temperatures are slightly greater than that of observed temperatures at
many stations and are in good agreement at Madaripur, Patuakhali and Comilla regions where the
difference is less than 0.25°C. The model simulated monthly average temperature is found minimum for 92
days prediction in the S-SE and NE regions of the country which could not match with the observed
temperature. Monthly average observed temperature (Fig. 4b) in April 2014 is found maximum at Jessore,
Khulna and Mongla regions and 24-h (Fig. Se), 48-h (Fig. 5f) and 72-h (Fig. 5g) lead time predicted
average temperatures are found maximum at Rajshahi, Ishurdi and Chuadanga regions and 92 days (Fig.
Sh) predicted temperature is found maximum at Bogra, Rajshahi, Ishurdi, Chuadanga and Jessore regions
of the country. The distribution patterns of simulated temperatures for 24, 48 and 72 hours are almost
similar with that of observed temperature except minimum value is predicted in the NE and SE regions
but from observation it is found in the NE and NW regions. The average observed maximum temperature
is 31.06°C at Khulna and simulated temperatures for 24, 48 and 72 hours and 92 days are 32.63, 32.09,
31.96 and 31.07°C respectively at Chuadanga. The average observed minimum temperature is 27.53°C at
Mymensingh whereas simulated temperatures for 24, 48 and 72 hourare27.6, 26.89 and 27°C at Teknaf
region respectively and for 92 days predicted maximum temperature is 23.06°C at Cox’s Bazar. The
simulated average temperature in April 2014 is likely to be higher by 2.75, 2.37 and 2.37°Cfor 24, 48, 72-
hours prediction respectively. In many stations, the simulated monthly average temperature is slightly
greater than that of observed temperature and at few stations there are lower simulated temperatures. For
92 days prediction, the model simulated monthly average temperature is found minimum in the S-SE and
NE regions of the country which could not match with the observed temperature. The eastern part of the
country has simulated minimum temperature, which may be due to the orographic effect.

Observed average temperature (Fig. 4c) on May 2014 is found maximum at Jessore-Chuadanga region and
24-h (Fig. 51) and 48-h (Fig. 5j) lead time predicted temperature is found maximum at Rajshahi, Ishurdi,
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Chuadanga and Jessore regions and 72-h (Fig. 5k) and 92 days (Fig. 51) lead time predicted temperature is
found maximum at Rajshahi, Ishurdi, Chuadanga and Dinajpur regions. The average observed maximum
temperature is 31.17°C at Jessore and simulated temperatures for 24, 48 and 72-h and 92 days are 33.44,

33.35, 33.35 and 32.68°C at Rajshahi, Chuadanga, Rajshahi and Rajshahi respectively.
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Figure 5: Distribution of 24, 48, 72-h and 92 days lead time predicted monthly average temperature at 2m

level of (a-d) March, (e-h) April and (i-1) May 2014 respectively
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The average observed minimum temperature is 27.53°C at Mymensingh and simulated temperatures for
24, 48, 72-h and 92 days are 29.04, 28.54, 28.54 and 24.14°C at Teknaf. The patterns of simulated
temperature for 24, 48 and 72 hours are almost similar with the observed temperature except minimum
values are predicted in the NE and SE regions but for observed temperature, it is found in the NE region.
The simulated monthly average temperature is slightly greater than that of observed temperature at many
stations and a few stations have simulated lower temperature. For 92 days prediction, the model simulated
monthly average temperature is found minimum in the S-SE region of the country, which is just opposite
to that of observed temperature.

4.3 CC between observed and simulated temperature in pre-monsoon season

The CCs between observed and simulated temperatures for the prediction of 24, 48, 72-h and 92 days of
March, April and May 2014 at different stations of Bangladesh are presented in Figs. 6(a-1). The CC
between observed and 24-h simulated temperature is found greater than 0.92 all through except SE and NE
regions (Fig. 6a) of the country. The CC is found minimum with a value of0.65 at Teknaf in the SE region
of the country. The CC for 48-h predicted temperature is found maximum (Fig. 6b) in the W-NW region
and its value is 0.94 over Dinajpur and Rajshahi regions and minimum in the SE region in March 2014.
Distribution of CC between observed and 72-h predicted temperature is found maximum at Rajshahi,
Sandwip and Dinajpur regions and the CCs are 0.95, 0.94 and 0.93 respectively and CC minimum (Fig. 6c¢)
in the SE region except Sandwip. The CC between observed and 92 days lead time predicted temperature
in March 2014 is maximum (Fig.6d) in the W-NW region and the highest value is 0.95 at Rajshahi. The
CC is found minimum in the SE region of the country i.e. Cox’s Bazar region and its value is 0.02. The CC
between observed and simulated temperature of March for 24, 48 and 72-h prediction are almost similar.

The CC between observed and 24-h lead time predicted temperature in April 2014 is found maximum
(Fig. 6¢) at Rajshahi, Ishurdi, Chuadanga, Tangail, Mongla, Patuakhali, Sitakunda, Chittagong, Khepupara
and Kutubdia regions and its value is 0.84 at Rajshahi and Patuakhali. The CC is minimum in the NE
region and its lowest value is 0.53 at Sylhet. The CC between observed and 48-h predicted temperature is
found maximum (Fig. 6f) all over the country except at the boundaries and its value is 0.83at Tangail. The
CC is found minimum in the SE region i.e. Teknaf and its value is 0.49. The CC between observed and 72-
h predicted temperature is found maximum (Fig. 6g) at Rajshahi, Tangail, Comilla, Feni, Hatiya, Sandwip,
Sitakunda and Chittagong regions and its highest value is 0.82 at Feni in April 2014. At Teknaf,
Rangamati, Khulna, Sylhet and Faridpur regions, the CC is found minimum and its lowest values is 0.50 at
Teknaf. The CC between observed and 92 days predicted temperature is maximum (Fig. 6h) in W-NW
region and its value is 0.71 at Rajshahi and minimum in the SE and NE regions and its lowest value is 0.12
at Teknaf. From the analysis, it is found that the CC has decreased with the progression of simulated time
in the month of April 2014.

The CC between observed and 24-h predicted temperature is found maximum (Fig. 61) in W-NW region
and its highest value is 0.82 at Chuadanga and Rajshahi regions and minimum in the SE region in May
2014. The CC between observed and 48-h predicted temperature is found maximum (Fig. 6j) in the W-NW
and NE regions and highest CC is 0.72 at Chuadanga and minimum at Rangamati, Bhola, Chittagong,
Cox’s Bazar, Sitakunda, Teknaf, Dhaka and Kutubdia and its values are 0.04, 0.05, 0.11, 0.17, 0.21, 0.22
and 0.37 respectively. The CC between observed and 72-h predicted temperature in May 2014 is seen
maximum (Fig. 6k) in the W-NW and NE regions and highest CC is 0.78 at Chuadanga. The CC is found
minimum in the central to S-SE region and its lowest value at Feni is 0.03. The CC between observed and
92 days predicted temperatures is found maximum (Fig. 61) in the W-NW regions and highest CC is 0.66 at
Dinajpur and minimum in the central to S-SE regions and its value is 0 at Barisal, Kutubdia, Sandwip and
Cox’s Bazar. It is found that for 24, 48, 72 hours and 92 days predicted temperature that the CC is
maximum in the W-NW region and minimum in the central to S-SE regions in May 2014. It is also seen
that the CC has been found to decrease with the progression of lead time of prediction. Overall, the CC is
found maximum in March 2014 and after that it has decreased with the progress of simulated time and also
progress of time from March to May 2014.

4.4 RMSE of temperature in the pre-monsoon season of 2014

The RMSE of temperature for 24, 48, 72 hours and 92 days prediction at different stations of Bangladesh
in March, April and May 2014 are presented in Figs. 7(a-1) respectively. At 24-h lead time prediction, the
RMSE of temperature (Fig. 7a) is found maximum in the western region and is 2.65°C at Chuadanga and
minimum at Madaripur, Barisal, Patuakhali, Khulna and Mongla regions and its lowest value is 0.61°C at
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Patuakhali in March 2014. The RMSE has increased from central region towards SE, NE and W-NW
regions of the country. RMSE of temperature for 48-hour prediction (Fig. 7b) is found maximum in the
western and SE regions and minimum at Faridpur, Madaripur, Khulna, Tangail, Mymensingh, Comilla,
Feni and Hatiya regions and its lowest value is 0.55°C at Hatiya. The RMSE of temperature for 72-hour
prediction (Fig. 7¢) is found maximum in the western and SE regions and its value at Chuadanga is 2°C
and minimum at Faridpur, Madaripur, Khulna, Tangail, Mymensingh, Comilla and Hatiya region and its
lowest value is 0.62°C at Comilla and Hatiya. In the central region, the average RMSE is found maximum
at Dhaka and is 1.6°C. The RMSE of temperature is minimum all through the central region except Dhaka
and it is higher at S-SE, W-NW and NE regions. RMSE of temperature for 92 days prediction (Fig. 7d) is
found maximum in the S-SE regions and its highest value at Teknaf is 3.38°C whereas it is minimum at
Faridpur, Madaripur and Khulna region and its value is less than 1°C. The RMSE of temperature has
increased from central region towards S-SE region of the country. The RMSE of temperature for 24, 48
and 72-h prediction is found minimum in all over the country except W-NW region and its values are 0.61
and 0.67°C at Comilla and Madaripur and for 92 days prediction it is minimum at Faridpur, Madaripur and
Khulna regions and its value is less than 1°C.

The RMSE of temperature for 24-h prediction for the month of April (Fig. 7e) is found maximum in the W-
NW, SE and N-NE regions and its highest value is 2.92°C at Ishurdi and minimum at Mongla, Khulna,
Patuakhali, Dhaka, Chandpur, Maizdi Court, Feni and Hatiya regions and is 0.57°C at Mongla. The RMSE
for 48-h prediction (Fig. 7f) is found maximum in the W-N'W, SE and N-NE regions and its highest value
is 2.51°C at Dinajpur and minimum at Mongla, Barisal, Patuakhali, Chandpur, Feni and Hatiya regions and
the value is 0.64°C at Hatiya. The RMSE of temperature using 48-h predictions is higher from central
region towards W-NW, NE and SE regions of the country. The RMSE for 72-h prediction (Fig. 7g) is
found maximum in W-NW, SE and N-NE regions and its highest value is 2.48°C at Dinajpur and minimum
at Mongla, Barisal, Patuakhali, Chandpur, Feni and Hatiya regions and its lowest value is 0.61°C at Hatiya.
The RMSE for 92 days prediction (Fig. 7h) is found maximum in the S-SE, SW and NW regions and its
highest value at Teknaf is 6.74°C and minimum at Satkhira, Jessore, Bogra, Tangail and Faridpur regions
and its lowest value is 1.17°C at Bogra. It is seen that the RMSE has increased continuously from central
region towards S-SE region of the country.

The RMSE of temperature in April 2014 for 24 (Fig. 7i), 48 (Fig. 7j) and 72 hours (Fig. 7k) is found
minimum in the SW region and its lowest value is 0.57°C at Mongla and for 92 days prediction it is
minimum at Satkhira, Jessore, Bogra, Tangail and Faridpur regions and its lowest value is 1.17°C at Bogra.
The RMSE of temperature for 92 days prediction is found significantly maximum in the S-SE region and
its value at Teknaf is 6.74°C. This indicates that the WRF-ARW model is not suitable for 92 days
prediction.

The RMSE of temperature in May 2014 for 24, 48 and 72-h prediction is found minimum at Khepupara,
Hatiya, Sandwip, Chittagong and Kutubdia regions and maximum in W-NW and NE regions and SE
regions also for 72-h prediction. The RMSE is found minimum having the values of 0.88, 0.83 and 0.87°C
at Hatiya and maximum with values 0f3.06, 3.09 and 3.09°C at Rajshahi for 24, 48 and 72-h predictions
respectively. For 24, 48 and 72-h predictions, the RMSE is found minimum in the southern region and
increases from south towards NE and NW’ly direction. The RMSE of temperature for 92 days prediction
(Fig. 71) is found maximum in the S-SE and NW region and minimum at Satkhira, Madaripur and Barisal
regions. In the central region, the RMSE for 92 days prediction is also significant at Dhaka 2.31°C. The
RMSE is found to have minimum value of 1.55°C at Satkhira and maximum value 0f6.16°C at Bhola. The
RMSE of temperature has increased continuously from central region towards W-NW and S-SE region of
the country.

The station wise distribution patterns of RMSE and MAE are similar for 24, 48, 72 hours and 92 days
prediction but the MAE is lower than that of RMSE all through the country (figures are not given for
MAE).

4.5 RMSE of temperature in the pre-monsoon season of 2010-2013

The RMSE of temperature for 92 days lead time prediction (figure not shown) of March 2010, 2011 and
2012 are found minimum in the N-NE region and maximum in the S-SE region. The RMSE has
significantly higher values in the S-SE regions of the country. The RMSE of temperature has increased
from NE region towards western and southern regions of the country in March 2013 and the distribution
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Figure 7: Distribution of RMSE between monthly average observed and lead time predicted Temperature
of (a-d) March, (e-h) April and (i-1) May 2014 for the simulation of 24, 48, 72 hours and 92 day
respectively.
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pattern is completely different from others. The RMSE of temperature for 92 days lead time prediction in
April 2010, 2011 and 2012 are found minimum (figure not shown) in the western region and maximum in
the S-SE region. The RMSE of temperature is found have minimum values 0f0.96, 1.44 and 1.5°C at
Satkhira, Mongla and Bogra in April 2010, 2011 and 2012 respectively. The RMSE has significantly
higher values in the S-SE regions of the country. The RMSE of temperature is found minimum at
Madaripur, Barisal, Patuakhali, Chandpur, Comilla and Bhola regions and is 1.49°C at Comilla in April
2013 and maximum in the W-NW, SE and NE regions and it is 4.64°C at Cox’s Bazar. The monthly
average RMSE of temperature is found minimum (figure not shown) in W-NW and NE region in May
2010,and central region in May 2011, central to W-SW region in May 2012 and Khulna, Jessore, Faridpur,
Madaripur, Chandpur, Comilla, Feni and Patuakhali regions in May 2013. The minimum values are found
1.4, 1.55, 1.27 and 1.99°C at Khulna, Barisal, Faridpur and Feni in May 2010, 2011, 2012 and 2013
respectively. The RMSE of temperature is found maximum in the S-SE region in May 2010, 2011 and
2012 and S-SE and northern regions in 2013.

S. CONCLUSION

The station wise simulated monthly average temperature of March, April and May 2014 for 24, 48 and 72-
h prediction has been found maximum in the western region whereas observed temperature is found
maximum in the central to SW region of the country. The distribution pattern of observed and model
simulated monthly average temperatures for 24, 48 and 72-hare almost similar all over Bangladesh except
that the minimum values are predicted in the NE region but for observation it is found in the NW region.
The difference of observed and simulated monthly average temperatures lies within 1-2°C all over the
country except SE region. The observed monthly average temperature is found minimum in the NW region
but 92 days predicted temperature is found minimum in the S-SE and NE region and the difference lies
within 5-6°C in the SE region. The CC between observed and simulated temperature is found maximum
for 24-h lead time prediction in the month of March. 92 days predicted monthly average temperature in
May has been found maximum (minimum) in the W-NW (S-SE) region of the country whereas observed
temperature is found maximum (minimum) in the SW (NE) regions. The pattern of simulated temperature
is lower in the S-SE regions of Bangladesh due to the thermal inertia of the oceans that warms more slowly
than land areas.

The RMSE of temperature for 92 days prediction is found minimum in the central region and increases in
the surrounding areas of the country during the pre-monsoon season of 2010-2014. The RMSE of
temperature lies within 1-2°C for the years 2010, 2011, 2012 and 2014 all over Bangladesh except S-SE
region of the country. The RMSE of temperature during March, April and May 2013 is significantly higher
with respect to that of 2010, 2011, 2012 and 2014 all over the country. The RMSE is found minimum for
24, 48 and 72 hours lead time prediction during March, April and May of 2014 in the central to SW region
and lies within 1°C and increases in the NW and SE regions. The RMSE has found to increase as the
prediction time increases from 24 to 72-h. The station wise distribution patterns of RMSE and MAE are
similar for 24, 48, 72 hours and 92 days prediction but the MAE is lower than that of RMSE all through
the country. For 24 hour lead time prediction of temperature in March 2014, the correlation coefficient
(CC)is found greater than 0.92 all through except SE and NE regions. As the time of the season and
prediction time has progressed, the CC decreases all over the country and this decrease is significant in the
SE region of the country. WRF-ARW model is suitable for 24 to 72-hlead time temperature prediction. 24
hour lead time predicted temperatures are in good agreement with the observed temperatures.
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