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Abstract:

 Some of the major dimensions of climate change include increase in surface temperature, longer spells of droughts in significant portions of the world, associated higher evapotranspiration rates, and so on. It is therefore essential to comprehend the future possible scenario of climate change in terms of global warming. A high resolution limited area Regional Climate Model (RCM) can produce reasonably appropriate projections to be used for climate-scenario generation in country-scale. This paper features the development of future surface temperature projections for Bangladesh on monthly resolution for each year from 2011 to 2100 applying Providing Regional Climates for Impacts Studies (PRECIS), and it explains in detail the modeling processes including the model features, domain size selection, bias identification as well as construction of change field for the concerned climatic variable, in this case, surface temperature. PRECIS was run on a 50 km horizontal grid-spacing under the Intergovernmental Panel on Climate Change (IPCC) A1B scenario and it was found to perform reasonably well in simulating future surface temperature of Bangladesh. The linear regression between observed and model simulated results of monthly average temperatures, within the 30-year period from 1971 to 2000, gives a high correlation of 0.93. The applied change field in average annual temperature shows only 0.5 °C–1 °C deviation from the observed values over the period from 2005 to 2008. Eventually, from the projected average temperature change during the years 1971–2000, it is apparent that warming in Bangladesh prevails invariably every month, which might eventually result in an average annual increase of 4 °C by the year 2100. Calculated anomalies in country-average annual temperature mostly remain on the positive side throughout the period of 2071–2100 indicating an overall up-shift. Apart from these quantitative analyses of temporal changes of temperature, this paper also illustrates their spatial distribution with a view to identify the most vulnerable zones under consequent warming through future times.
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1. Introduction

Climate change has been escalating over recent centuries, causing a great impact on the ecosystem of the earth’s surface. The historical climate change along with the present rate of change has influenced engineers to project the future climate change to aid policy makers in making decisions. According to the assessment reports of the Intergovernmental Panel on Climate Change (IPCC), South Asia is one of the most vulnerable regions of the world to climate change impacts [1]. The international community also recognizes that Bangladesh, a South-Asian country, ranks high in the list of most climate-vulnerable countries on Earth. Bangladesh is located between 20° to 26°N and 88° to 92°E. Currently, the average temperature of Bangladesh ranges from 17 °C to 20.6 °C during winter and 26.9 °C to 31.1 °C during summer [2]. The average annual temperature of Bangladesh is expected to increase by 1.4 ± 0.6 °C by 2050 [3] and the average monthly temperature might continue to rise invariably every month. Increase in temperature during the months with less precipitation as a result of climate change will increase evapotranspiration and create situations like water loss from soil and resultant reduced crop yield, lower levels of water both in surface and ground water systems, higher microbial concentration and growth rate in the surface waters and so on. If not checked in time, the exacerbating aridity and accompanying desertification processes as a consequence of increased surface temperature are destined to cause severe environmental degradation in different parts of the country.

Climate models are considered as the main tools available for developing projections of climate change in the future [4,5]. To “run” a climate model means to divide the planet into a three-dimensional grid, apply the basic equations and evaluate the results at individual grid points. General Circulation Models (GCMs) run typically on a horizontal resolution of around 200 km or even more. The predictions of coupled Atmosphere-Ocean GCMs (AOGCMs) might be adequate for areas where the terrain is reasonably flat, uniform and away from coasts. But in areas like Bangladesh where coasts of the Bay of Bengal and the Himalayan Mountain have significant effects on weather, General Circulation Models (GCMs) might be unable to capture the local level details needed for assessing climate change impacts at national and regional scales. Also, at the coarse resolution of GCMs, meso-scale atmospheric circulations are either not captured or their intensities are unrealistic. A Regional Climate Model (RCM), therefore, is a good tool for dynamic downscaling of climate features in case of obtaining detailed information for a particular region [6]. A regional model, also known as ‘limited-area model’ generally covers a specific area of the globe at a higher resolution (typically around 50 km) for which conditions at its boundary are specified from an AOGCM [6,7]. The RCM is better able to resolve meso-scale forcings associated with coastlines, mountains, lakes, and vegetation characteristics that exert a strong influence on the local climate [8].

A significant number of studies have been conducted using RCM PRECIS over South-Asian countries including Bangladesh [8,9,10,11]. Islam et al. [9] shows the future changes in the frequency of warm and cold spells over Pakistan simulated by PRECIS in an IPCC A2 scenario. PRECIS simulations for India by Rupa Kumar et al. [10] authenticate that extremes in maximum and minimum temperatures are expected to increase in the future both under A2 and B2 scenarios, but the night temperatures are increasing faster than the day temperatures. However, the current generation of RCMs like PRECIS still exhibit significant biases for important climate variables such as temperature and precipitation [12]. It is not likely that there is a unique explanation for the climate model projections, and they are not actual predictions. But the point is that, while climate models currently offer one possible explanation for climate change, they are by any means not the only possible ones at present.



2. Analyzing Current Temperature Conditions in Bangladesh

The current temperature condition in Bangladesh needs to be analyzed, as it can be reflective of the possible future trend of warming. Average temperature data of every year from 1948 to 2009 are available on a monthly basis from the Bangladesh Meteorological Department (BMD). These temperature values are the average of the observations from 35 observatory stations all over the country, representing the overall temperature condition of Bangladesh at any particular period. As summarized in Table 1, the comparison of the annual average temperatures of 20 years (1953–1972) of record and more recent 20 years (1985–2004) shows an increase of 0.68 °C. The plotted data in Figure 1 shows the recorded average annual temperatures of Bangladesh since 1948 up until to 2009, indicating a prominent overall increase in temperature levels over the past years, with greater warming in recent times. A distinct negative trend or cooling is visible from 1980, which clearly lead to the relatively high rate of temperature increase in the most recent 20 years since 1990 to 2009 (about 0.4 °C per decade). However, if the average annual temperature of only the last 10 years (2000–2009) is segregated and therefore analyzed, it can is revealed that this rate of temperature increment is even higher and there has been an almost 1 °C increase since 2000.

Figure 1. Observed average annual temperatures in Bangladesh (1948–2009).
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Table 1. Recorded temperature change over the years 1953–2004.



	
Averaging Period

	
Year

	
Average Annual Temperature (°C)






	
10 year average

	
1995–2004

	
25.9




	
1953–1962

	
25.1




	
Change

	
+0.72




	
20 year average

	
1985–2004

	
25.9




	
1953–1972

	
25.2




	
Change

	
+0.68















3. Modeling Study Using RCM PRECIS


3.1. PRECIS: Model Description

The PRECIS (Providing Regional Climates for Impacts Studies) is a hydrostatic, primitive equation grid point model containing 19 levels described by a hybrid vertical coordinate with the option of downscaling down to a 25 km resolution [13,14]. A more complete description of PRECIS is provided by Jones et al. [6]. In this research, the adopted version of PRECIS (PRECIS 1.7.1) is run on 50 km horizontal grids having a 0.44° × 0.44° (latitude × longitude) resolution [8,15]. The entire simulation (1971 to 2100) is segregated into non-overlapping 10 year periods (for example, 1970 to 1979 or 2040 to 2049). First year outputs are discarded every time in consideration of the RCM spin-up period and therefore need to be recalculated by simulating another continuous period that is shifted compared to the first one. The whole process is driven by lateral boundary conditions from the HadCM3Q GCM [15,16].

Output is extracted for surface temperatures at a 1.5 m elevation whereas the observations are made at a height of 2 m [13]. Corrections are likely to be necessary for such disagreements, although previous relevant research on Bangladesh does not contain any of the possible correction approaches.



3.2. Selection of RCM Domain

One of the major problems of applying an RCM over a region is to determine a suitable domain, which can successfully represent the meteorological parameters of that area. Domain size largely influences RCM outputs. A general criterion for the choice of a regional model domain is difficult and the choice depends on the region, the experimental design and the intended use of the RCM results [17,18]. The following conditions are necessary to ensure physical consistency between the PRECIS solution and the pre-determined AOGCM solution external to the RCM domain: (i) if a domain is too large, the model’s interior flow may drift away from the large-scale flow of the driving dataset [6]; the domain should be small enough so that the deviation of RCM circulation from the driving AOGCM is not overwhelmingly large [8], (ii) too small a domain exaggeratedly constrains interior dynamics, preventing the model from generating an appropriate response to interior meso-scale circulations and surface conditions [10,19,20,21].

Therefore, while applying PRECIS for Bangladesh, there is a certain need to choose an optimum domain, which can represent Bangladesh’s climate more realistically. Bhaskaran et al. [21] conducted a RCM-domain size experiment over India and determined an optimum domain, known as ‘Indian domain’, with a size of 114 × 92 pixels which is quite large for Bangladesh. Islam et al. [22] illustrated four trial-domains for Bangladesh with different sizes that were reviewed prior to this study. A small domain might be helpful by reducing computational time and effort in case of very fine resolution (25 km) simulation purposes. The major objective of such a pre-simulation trial-domain analysis is to validate whether a smaller domain is sufficient to represent the meteorological conditions occurring as they would in a larger domain, therefore substantially reducing the computational resources.

Figure 2 shows the schematization of the PRECIS domain over Bangladesh that finally was adopted in this research. The selected PRECIS domain consists of 50 km spaced grids (dx = dy). A rim of eight pixels along the boundary is basically the GCM-integration “Buffer Area” which is ultimately excluded from the analysis. Model-outputs of average surface temperatures at a 1.5 m elevation in monthly time steps were extracted only from the grid points that fall over the geographical area of Bangladesh within the selected PRECIS-domain, and then averaged to obtain country-scale temperature conditions. However, all the projections are made considering an A1B scenario resembling a future world of very rapid economic growth, balanced across energy sources with clean and resource-efficient technology [23].

Figure 2. Schematization of PRECIS domain selection over Bangladesh.



[image: Atmosphere 03 00557 g002 1024]










4. Development of Future Temperature Projections


4.1. Model Validation

Validation provides the deviation of simulation with actual data obtained through observation, which therefore indicates the confidence in projecting the future climate with the model for a region. The RCM PRECIS is validated for Bangladesh through a number of trial simulations. In this paper, PRECIS outputs (A1B scenario) of average monthly temperatures from 1971 to 2000 have been plotted against corresponding observed values. Clearly, as shown in Figure 3(a), the extreme lower and higher temperature values remain on the upper half and lower half of the 45°-line, respectively, which denotes that PRECIS outputs exhibit a distinct cold bias in dry seasons and a hot bias in the case of summer months. Of course, a high correlation (r = 0.93) prevails between observed data and model outputs.

Figure 3. (a) Regression trend of observed record vs. PRECIS outputs of monthly average temperatures (1971–2000); (b) Comparison of model output and observed data of average temperatures in individual months (1971–2000); (c) Annual temperature cycle based on observed data and applied change field projection (2005–2008); (d) Regression trend of observed data vs. applied change field projections of average monthly temperatures (2005–2008).
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PRECIS was validated by Climate Change Cell (CCC) [24] for 1961–1990 over Bangladesh, and it was found that PRECIS, being run with blsula option [25], gives an average cold bias of 0.61 °C in annual temperatures for all those years. The “blsula” option likely features the incorporation of the sulfur cycle in the model simulation to understand the role of regional patterns of sulfate aerosols in climate change. Islam et al. [8] showed that there exists a hot bias in monthly averaged temperatures (°C) obtained from PRECIS (blsula) for five months (March to July), while for the rest of the year there exists a cold bias. In that simulation, the model underestimates temperatures by 2.42 °C and 1.96 °C for winter (DJF) and post-monsoon (ON), respectively. On the other hand, the model overestimates temperatures by 1.21 °C for summer (MAM), and in monsoon (JJAS) it matches the observed data well with a small deviation of 0.06 °C. Similar attempts for validating PRECIS have also been exercised by Rupa Kumar et al. [10] over the Indian region.

The results shown in Figure 3(b), Table 2 and Table 3 further demonstrate the performance of PRECIS in simulating temperatures in Bangladesh under an A1B scenario. Comparisons between model outputs and observed temperature data in individual months over the period of 1971–2000 and their calculated differences again verify that PRECIS has been underestimating post-monsoon dry season (October–February) temperatures, which can be up to the extent of 4 °C in some months, the deviation being more than 17% relative to the observed data. However for pre-monsoon and monsoon summer months (March–September), the deviation is much less, 4.67% and 0.79%, respectively. Such a variation in temperature (i.e., cold bias in the dry season and hot bias in the rainy season) may be due to the decrease and increase of latent heat flux for the two seasons, respectively [26], which may not be well distinguished by the model.

Table 2. Validation of PRECIS for monthly average temperature projections.


	Month
	1971–2000 Difference (°C) (Model Output-Observed Data)
	2005–2008 Difference (°C) (Applied Change Field-Observed Data)





	JAN
	−4.07
	1.24



	FEB
	−2.08
	0.73



	MAR
	0.80
	0.44



	APR
	1.72
	1.70



	MAY
	1.36
	−0.48



	JUN
	0.94
	0.19



	JUL
	0.47
	0.29



	AUG
	0.00
	0.28



	SEP
	−0.52
	0.53



	OCT
	−1.83
	0.36



	NOV
	−4.07
	−0.05



	DEC
	−4.38
	1.12








Table 3. Seasonal average deviation (%) from observed temperature: (a) calculated for model outputs; (b) calculated for applied change field.


	Season
	Dry (DJF)
	Pre-Monsoon (MAM)
	Monsoon (JJAS)
	Post-Monsoon (ON)
	Annual





	(a) % Deviation in 1971–2000
	−17.92
	4.67
	0.79
	−11.86
	−3.80



	(b) % Deviation in 2005–2008
	5.09
	2.04
	1.10
	0.54
	2.03














4.2. Development of Future Scenario: “Change Field”

With variations from actual condition, as analyzed above, RCM outputs cannot be taken as reliable future climate change scenarios. To examine possible future climatic conditions, one prospect is to develop projections relative to observed meteorological data [27]. Considering this, projections on average monthly temperatures in individual months for each of the future year from 2011 to 2100 have been developed in this paper with respect to a climatological base-period of 1971–2000. In this method, also known as the “Delta Approach”, a scenario of future monthly temperatures is obtained through adjusting the baseline observations by the difference between the results of the RCM control simulation on past baseline years and the corresponding outputs for the future [28]. A pattern of such differences of particular climate output variables is known as a “Change Field” or “Change Factor” [7,29]. Thus, the extent of change and variability in future temperatures is taken from the model simulation directly and applied to the baseline observational data to get a time-series of future temperature scenarios, referred to as the “Applied Change Field” [27,30]. It is conceptually simpler and allows direct the application of the changes on observed records [6,29,30,31].

Following the “Delta Approach”, the applied change field or the constructed future monthly temperature scenario for 2005–2008 is plotted in Figure 3(c), which matches closely the corresponding observed data for most of the months. Therefore, the monthly and seasonal deviations of applied change field data in 2005–2008 relative to the observations drop down significantly compared to the deviations of direct model outputs (Table 2 and Table 3). After applying the modeled change field over the baseline observational data, the overall annual deviation is only 2.03%. Also, the linear regression trend between applied change field temperature projection and observed data has been found to align with the 45°-line (Figure 3(d)), which again signifies a small difference between the projection and recorded temperature.



4.3. Monthly Trends of Temperature Change

The PRECIS-projected temperature change (applied change field) in individual months relative to the climatological base period of 1971–2000 has been assembled in Table 4 over three non-overlapping 30-year future periods. It is evident that the dry winter months in Bangladesh will show relatively more warming in the future, which is analogous to the Multi-Model Data (MMD) projections of IPCC AR4 [32]. The dry season months like December or January might have a greater amount of temperature change (around 5 °C in 2071–2100) with respect to 1971–2000, compared to the monsoon season months like July (around 3 °C in 2071–2100). Such a warming might prevail invariably in every month, which would therefore result in an average annual temperature increase of 4 °C by the year 2100.


Table 4. Average temperature increase (°C) for Bangladesh relative to 1971–2000.



	
Month

	
Observed

	
Temperature Increase (°C)




	
1971–2000

	
2011–2040

	
2041–2070

	
2071–2100






	
January

	
18.62

	
1.47

	
3.15

	
4.89




	
February

	
21.32

	
1.97

	
3.46

	
5.36




	
March

	
25.58

	
1.5

	
3.24

	
4.77




	
April

	
28.04

	
1.27

	
2.51

	
3.58




	
May

	
28.56

	
1.07

	
2.01

	
3.79




	
June

	
28.50

	
0.95

	
2.48

	
4.57




	
July

	
28.10

	
0.83

	
1.98

	
2.62




	
August

	
28.25

	
1.06

	
2.02

	
3.22




	
September

	
28.14

	
1.22

	
2.12

	
3.2




	
October

	
27.23

	
1.4

	
2.73

	
3.95




	
November

	
23.95

	
1.0

	
3.39

	
4.92




	
December

	
19.78

	
0.78

	
3.07

	
4.7




	
Annual

	
25.51

	
1.21

	
2.68

	
4.13









Also, Figure 4 shows the monthly temperature projection by PRECIS (with applied change field) along with the observed data, where all the months show increasing temperature trends. Here again, the dry season months exhibit temperature amplification at a sharper rate. A linear trend for the applied change field projection of January’s average temperature can detect an increasing rate of 0.5 °C per decade from 2011 onwards, whereas in July it can be 0.4 °C. Also, the trends of projected temperature in each season conform well with the observed records.

Figure 4. PRECIS projections of average monthly temperatures for Bangladesh up to the year 2100 with observed data of 1950–2010.
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The temperature anomaly in the baseline of 1971–2000 as well as in the future time-segment of 2071–2100 is calculated. Normalized anomalies of the average annual temperature in 2071–2100 (relative to the baseline period 1971–2000) are obtained by subtracting the temperature in a year within that period from the mean baseline temperature and dividing it by the standard deviation during 1971–2000. The method of moving average is applied to highlight the periodic variations in the anomaly series. A positive anomaly indicates that the observed or model-projected temperature at any particular instance is warmer than the baseline reference value, while a negative anomaly indicates it to be cooler [33]. The resultant annual temperature anomalies (Figure 5) might invariably show a positive increase pattern in 2071–2100 in contradiction with that in the base period.

Figure 5. Calculated anomalies for annual average temperatures (observed and future).
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Along with the temporal analysis, the spatial pattern of gradual warming can be of utmost importance. Accordingly, Figure 6 and Figure 7 feature respectively the spatial distribution of average maximum and minimum temperature in January and May along the coastal region of Bangladesh, with comparison between baseline data (1971–2000) and the model outputs for future years (2071–2100).

Figure 6. Spatial distribution of average maximum temperature in January and May ((top) and (bottom)): comparison between baseline (1971–2000) and simulated future (2071–2100).
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Figure 7. Spatial distribution of average minimum temperature in January and May ((top) and (bottom)): comparison between baseline (1971–2000) and simulated future (2071–2100).
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These plots are developed by ArcGIS with application of “Kriging”. Kriging produces an estimate of the underlying (usually assumed to be smooth) surface by a weighted average of the data, with weights declining with distance between the point at which the surface is being estimated and the locations of the data points. Although the temporal analysis is based on a whole-country average, only the coastal region has been selected for inclusion in spatial analysis, because it is well apprehended that the coast is the most vulnerable part of Bangladesh, susceptible to climatic changes due to various hydroclimatic and geomorphologic reasons [34].

Importantly, the reason behind selecting May and January for spatial analysis is that they are the historically highest and lowest temperature months in Bangladesh. In the month of May, there is a distinct “east to west” pattern of increment in the average maximum temperature over the coastal region. In the north-western part of the coastal zone, the average maximum temperature in May can be as high as 42 °C in 2071–2100 in comparison with that of 1971–2000, which was observed to be in a range of 38 °C. As exhibited from Figure 7, the minimum average temperature in January might change from 12 °C in 1971–2000 to 14 °C in 2071–2100 along the southern fringes of the coast. Such a change in average minimum temperature is more extensive in the east coast belt. Having examined such a spatial variability of temperature change patterns, it is well understood that dissimilar temperature distribution all over the country should be taken into account in case of policy-intervention.




5. Conclusions

This paper features the future temperature scenario for Bangladesh being projected by the regional climate model PRECIS. The relevant modeling processes, such as domain size selection, bias identification, and calculation of change field are also addressed here. Therefore, less emphasis has so far been given to analyze the possible reasoning behind the speculative changes. The long term historical pattern of temperature in recent years as well as the RCM-predicted temperature trends evidence that there will be increasing temperature levels in Bangladesh through future times. From the results it can be inferred that the dry season months like December or January might have a greater amount of temperature change (around 5 °C in 2071–2100, 0.5 °C per decade from 2011 onwards) with respect to 1971–2000, compared to the monsoon season months like July (around 3 °C in 2071–2100). Such an increasing trend of warming might prevail invariably in every month, which would therefore result in an average annual temperature rise of 4 °C by the year 2100.
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