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Abstract

Because of evident climatic variations and significant contribution to national food production, Bangladesh is a climate extreme
hotspot region of examination for climatic consequences for rice (Oryza Sativa) crop production. This study intends to explore
the variability of climatic variables (e.g., variations in mean temperature, rainfall, relative humidity, and sunshine duration) with
rice yields (e.g., Aus, Aman, and Boro rice varieties) in northwest Bangladesh. The modified Mann-Kendall test, Theil-Sen slope
estimator, and multiple linear regression (MLR) modeling were used to estimate the association among these factors.
Heteroskedasticity and autocorrelation constant standard error (HAC) and feasible generalized least square (FGLS) technique
were adopted to measure the climate-rice crop nexus using the regional level dataset for 1976—2015. Furthermore, the
spatiotemporal variation of rice yield trends with climatic variables was mapped and assessed by the coefficient of variation.
The results show that observed temperature and humidity trends were beneficial for Aus and Aman yields but not Boro yields. In
contrast, observed rainfall and sunshine trends were negative for all three rice seasons. The outcomes of the MLR model
explained 67%, 92%, and 83% of the variability in Aus, Aman, and Boro rice yields in the study region. The model outcomes
showed that humidity and rainfall have negatively affected Aus and Aman rice crops, while temperature and rainfall positively
influence Boro rice yield. Regarding the climate change issues and safeguarding food safety at the regional level, the concerned
authorities should provide substantial attention to improving heat and drought-tolerance high-yielding varieties against climate
effects on Aus and Aman rice varieties.

1. Introduction

Various factors influence crop rice production globally, e.g., climate and technological advancement, genetics, agronomic,
irrigation practices, resource management systems, and usage of fertilizer applications, and these elements vary from country
to country (Mishra et al. 2015; Huang et al. 2017; Kukal and Irmak 2018). One of the most significant aspects of crop output is
the climate. It has been stated that the current trends in change of climatic elements might be in charge of altogether influencing
yield trends regardless of progress in technology. The Fifth Assessment Report (IPCC 2013) pointed out that the past century
has encountered an expansion of 0.74°C temperatures globally. These increases have had impressive temporally and spatially
variable impacts on agricultural rice production globally (Peng et al. 2004; Lobell et al. 2011). Numerous studies demonstrate
that climate change has had an adverse outcome on crop yields generally (Ray et al. 2012; Arunrat et al. 2020) and will
significantly impact crop production in the coming years globally (Lobell et al. 2008). Moreover, climate-driven rice yield
relationships are scalereliant, long statistical datasets at the area level are critical for exploring reaction patterns of rice yield to
climate change and variability (Lobell et al. 2008; Islam et al. 2020a). However, the consequences of climate change on crop
yields in Bangladesh are quite different from those investigations (Yu et al. 2010; Raune et al. 2013; Mottaleb et al. 2017; Islam
etal. 2019; Zinat et al. 2020).

Although many studies on the trend analysis of climatic components in Bangladesh have been observed in recent years
(Rahman et al. 2017; Zannat et al. 2019; Dina and Islam 2020; Ghose et al., 20214, b), but few comprehensive studies have been
undertaken on climatic trends concerning rice yield under changing the climate (Aman et al. 2015; Sarker et al. 2019; Islam et al.,
2020a). It is imperative to conduct researches on a local or territorial scale due to the significant regional variations in air
temperature (Basak et al. 2010; Mottaleb et al. 2015) and rainfall patterns (Rahman et al. 2017). The IPCC (2013) report
underlines the need for regional or district-level information on climate change. Such initiatives can help meet policymakers'
information needs at the national level and diverse economic groups. There is a deficiency of quantitative rice yield data on
climate change impact, particularly local region-specific. These specific gaps exist in dataset information concerning
Bangladesh. This offers one-of-a-kind chances to investigate if the climatic effects on rice yield are a function of a climatic
component at a regional /district level, which is not clearly and adequately addressed in the past literature. Given the importance
of this issue, this study devises to understand climatic trends for rice yield, with a specific focus on spatiotemporal variations
and how such variations impact rice production in various copping seasons and agro-economic zones.

The northwest (NW) region is vital for the rice production hub. This region has a complex hydro-geographic setting and
considerable spatial and temporal variations in environmental and rice formative elements (Sarker et al. 2014; 2019; Islam et al.
2017; Salam et al. 2019; Zinat et al., 2020) and region's significant contribution to national rice production and food security
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(Ghose et al. 2021a). Rice production and yield mainly depend on climatic variability, and hazardous events like floods and
droughts can harm rice yield. The climatic elements such as rainfall, temperature, humidity, and sunshine are the factors for
agricultural and rice crops (Yu et al. 2010). Seasonal climate may influence food security by changing the variability of rice
yields in various locations of northwest Bangladesh (Ara et al. 2016). In the present investigation, the northwest region
incorporates sixteen districts, contributes up to 40% of the national rice production, and grows many other yield types (BBS
2017; Kamruzzaman et al. 2019).

The northwest region of Bangladesh has been chosen as a study area to contribute to rice production demand and gain a better
understanding of climatic variation in Bangladesh. Because some scientific questions should be routed to policymakers at the
regional/district and local levels to enhance scientific knowledge of the climate-rice yield dynamics, which can result in
improved rice production practices as a result of changing climate variables:

1. What climatic factors (temperature, rainfall, humidity, and sunshine hour) influence rice yield variation spatially and
temporally?

2. What is the nexus between climatic variables and rice yield under diverse climates in northwest Bangladesh?
3. What are the regional effects of climate change on rice yield variation?

This paper presents broad datasets to respond to the three questions mentioned above in Bangladesh's northwest region during
the study period. First, this paper focuses on three important rice, specifically Aus, Aman, and Boro rice crops, to demonstrate the
spatial and temporal variations of climatic variables with rice yield using a statistical approach and Geographic information
system (GIS) applications. In contrast, the earlier study investigates the rice yield variability followed by wheat at the national
level (Amin et al. 2015). Second, this paper concentrates on the association between climatic elements and rice yield of three
major rice ecotypes under climate change using the linear and non-linear trends. The earlier published works did not recognize
humidity and sunshine hour as climatic elements even though these elements potentially impact rice yield. Besides, climate
variables and their effect, to examine the impact of all other relevant variables such as irrigation, fertilizer, and pesticide uses are
outside the scope of the present study. This research will assist in the development of appropriate agro-adaptive procedures to
mitigate rice yield reductions linked to climate change.

2. Data And Methods
2.1 Study area and rice culture description

The northwestern part of Bangladesh, covering the greater Rangpur and Rajshahi divisions, is displayed in Fig. 1. It is located
between 23°47’' to 26°38’ North Latitude and 88°02’ to 90°01’ East Longitude. Two major meander river systems have cut their
path through the study area, Brahmaputra-Jamuna in the east and Ganges-Padma in the south (Islam et al., 2020b). Another
minor but crucial transboundary river Teesta flows through the northern part, playing a vital role in the agriculture of some
northern districts (Rahman and Islam, 2019; Islam et al. 2021). Rice is vigorously cultivated throughout the area in three
seasons.: Aus season, March to August; Aman season, June to November; and Boro season, December to May (BBS 2017).
These cultivating times are almost adjusted with three main climatic seasons, namely the hot summer (March-May), monsoon
season (July-October), and the winter season (December-February). Supplementary irrigation is required by Aus rice during the
primary phase of its rising period; in contrast, availability of rainfall and supplemental irrigation during months of monsoons
play a pivotal role in Aman rain-fed rice type in planting time. In contrast, hot summer and dry winter is the condition of Boro
rice, as it is thoroughly rinsed. Only 8% of Aus and 5% of Aman rice are irrigated (Sarker et al. 2019).

2.2 Data sources and quality control check

Rice yield datasets of Aus, Aman, and Boro rice (mt/ha) in the timeline 1976—2015 were acquired from the yearbook of

agricultural statistics published by the Bangladesh Bureau of Statistics (BBS 2017) during the study period. Daily climatic

datasets, including rainfall, temperature, humidity, and sunshine were collated from the Bangladesh Meteorological Department

(BMD) from 1976 to 2015 (http//.www.bmd.gov.bd). It is worth mentioning that although BMD runs 35 meteorological stations
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in Bangladesh, only six meteorological stations are homogeneously distributed in the northwest region. This study's data series
covers over 40 years, and it is worth testing for stationarity (Chen et al. 2004; Uddin et al. 2020). As a result, this requirement
implies a detailed study of the datasets to ensure they are stationary before estimating the regression model and performing
modified Mann-Kendall (MMK) test trend analyses. As such, we applied an augmented Dickey-Fuller (ADF) test (i.e., the presence
of unit roots for each variable) (Dickey and Fuller 1979), the outcomes of which are summarized in Table S1. Aman and Boro
rice crop yields are combined on a first-order basis, I(1), implying that the series is non-stationary. These two rice varieties
contribute 80% of rice production in Bangladesh. However, Aus yield and all of the climate variables for all rice-growing seasons
are integrated of order zero, 1(0); thus, these data series are static in their level method. Nevertheless, before computing, the
variables with I(1) were differenced (McCarl et al. 2008), as not all variables are integrated in a similar order.

Correlation coefficients between rice yield and other climatic variables were evaluated for quality control to rationalize the
overall implications of this difference in climatic data and rice yield datasets in the study site. It is evident from the correlation
coefficients between rice yield and other climatic variables that yield is mainly dominated by rainfall and temperature. In
contrast, humidity and sunshine have slight influences on rice yield (Fig. 2). It is noted that minor quality deviation would not
affect the calculated rice yield data quality. When applied to autocorrelation time-series data, nonparametric trend tests such as
modified Mann—Kendall produce inaccurate or excessive rejection rates (Li et al. 2018). In this regard, all data utilized as a part
were initially checked at a 5% significance level for the autocorrelation coefficient. It is observed that the distinct yearly data sets
of every rice growing seasons were free from autocorrelation of a significant level. Figure 2 shows that all variables are
significant at a 95% confidence level.

2.3 Multiple linear regression modeling

The dependent parameters of the present research were the yield of three majors, e.g., Aus, Aman, and Boro rice ecotypes, and
the independent parameters such as four climatic variables (mean temperature, rainfall, humidity, and sunshine hour). The
critical distinction was that the growing season, which varies according to crop, is the optimal time to see the causal impacts of
climate change on the yield of these rice types (Lobell et al., 2008; Amin et al., 2015). Multiple linear regression modeling was
adopted to estimate the relationships between climate parameters and crops yields of rice crops under the investigation at the
regional level. Based on the characteristics of dependent parameters and intrinsic autocorrelation that occurred among the
independent parameter, we applied the Heteroskedasticity and Autocorrelation (HAC) reliable standard error and Feasible
Generalized Least Square (FGLS) were the most appropriate technique compared to Ordinary Least Square (OLS) technique
(Cochran and Orcutt, 1949; Newey, and West, 1987). Accordingly, the following Eq. (1) for multiple linear regression (MLR)
modeling was adopted for the chosen three major rice crops.

Yie = ajota;1 Raini +a;n Tempi Yoz Humie @44 Sunsic a5 Yeari €t oooooovovinionnn.. (1)

where, Y = yield (M.t/ha) of respective rice crops

Temp; = Growing season average daily temperature (°C)
Rain, = Growing season total daily rainfall (mm)

Humi, = Growing season average daily humidity (%)

Suns; = Growing season average daily sunshine (hours/day)
t=time (year)

€ = Error term

In all cases, the prior probability is that the rice crops grown for food require a particular setting to persist, including the optimal
temperature, soil moisture condition, relative humidity, and sunshine hours. A fluctuating climatic condition can have both
advantageous and detrimental effects on rice ecotypes. As the mean temperature rises, it improves crop growth and production
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by increasing photosynthesis, increasing agricultural output (Sombroek et al. 2014). In contrast, enormously high-temperature
influences adversely metabolic process of plant growths, such as the constancy of different proteins and membranes and the
efficiency of enzymatic reactions in the plant cell, which reasons denaturation and ultimately metabolic inequality. High-
temperature tremors may reduce photosynthetic rates by influencing photosystem Il and Rubisco tasks and thus impeding rice
yield (Islam et al. 2020a). However, extremely low temperatures may trigger threatening injury in the plant growth stage
(Bhandari and Nayyar 2014). Rainfall enhances rice yield definitely by freely dissolving the nutrients for soil absorption by
plants (IPCC 2013). On the other aspect, excessive rain during the rainy monsoon season can result in soil erosion or wash-out
and nutrient depletion at the soil surface due to fast runoff. Similarly, farmers may experience rice production losses because of
inadequate and unpredictable rainfall during the monsoon season (Ghose et al. 2021a).

Similarly, high or low humidity is unfavorable for elevated rice yield. When appropriate humid air prevails, rice crops always tend
to absorb soil nutrients for optimal yield. Relative humidity governs the plant-water connection indirectly and affects leaf
growth, photosynthesis, disease incidence, and eventually rice yields. Additionally, atmospheric dryness can significantly
jeopardize dry matter crop productivity via stomata regulation and leaf water potential (Amin et al. 2015). Through
photosynthesis, sunshine ultimately influences crop growth rate and blooming stage. Solar radiation is required for plants to
generate food, sustain in the long run, and function fully. However, excess sunshine depicts similar negative impacts on rice
crops, identical to high-temperature stress conditions. Therefore, variations in climate would be possible to have different
substantial effects on rice crops.

2.4 Statistical analyses

Spatial analysis was performed using Inverse Distance Weighting (IDW) interpolation (implemented in ArcGIS 10.5). Among the
available interpolation models, the inverse distance weighted (IDW) approach was preferred for spatial evaluation in this work
because of its convenience of use and estimate precision relative to other interpolation models such as kriging (Praveen et al.
2020; Islam et al. 2020b; 2021). This approach is pre-installed on the ArcGIS platform. The primary reason for choosing the IDW
model is because it rapidly and accurately computes spatially interpolated values.

The modified Mann-Kendall (MMK) test, a widely suggested nonparametric test (Mann 1945; Kendall 1975), was used in this
study to examine temporal patterns in yield and related climatic data (Islam et al. 2020b; Zinat et al. 2020). This MMK test was
chosen because it takes seasonality and autocorrelation into account within the time series and avoids significant
autocorrelations of more than one lag in time series trend detection. To determine the slopes of yield trends and climate
variables, Theil-Sen's Slope estimator (Sen 1968) was employed. This is a widely used approach for determining the slope
magnitude of a trend line. When a variation in a time series is apparent but cannot be identified to a reasonable degree using
statistical tests, Theil-Sen's Slope estimator produces more accurate data (Radziejewski and Zbigniew 2004; Rahman et al.
2017; Salam et al. 2019). The method was successfully applied to determine the magnitude of Bangladesh's time series of
climatic variables trends. In this study, the nonparametric approach of Theil-Slope Sen's is utilized to determine the actual slope
of an existing trend (as a change per unit time) that is expected to be linear.

3. Results
3.1. Descriptive statistics

Table 1 summarizes rice yield information. The fundamental characteristics of rice yield and climatic variables (rainfall,
temperature, humidity, and sunshine) over 40 years in northwestern Bangladesh are illustrated in Table 1. The highest total
seasonal rainfall (mm) and humidity (%) are observed in the Aman yield and the lowest in Boro yield. The highest temperature
was observed in the Aus yield and the lowest in Boro yield. The sunshine (hr/day) period is the highest in Boro rice-growing
season than others. However, climatic variables affecting rice output and growing season vary in northwestern Bangladesh.
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Table 1
Descriptive statistics of climatic variables during the study period.

Variables Major  Statistics
Crops Mean Std. Deviation Minimum  Maximum  Skewness Kurtosis
humidity Aus 75.9304 2.55491 67.72 81.31 -0.632 1.391
Aman  81.4639 3.04139 66.14 84.83 -3.486 16.463
Boro 71.6868 3.77558 56.83 77.28 -1.627 4.836
Rainfall Aus 1358.2740 267.33837 814.00 2034.58 0.193 -0.059
Aman  1457.2667 297.98415 905.00 1989.50 0.036 -0.806
Boro 419.8521 260.30103 133.83 1404.17 2.285 5.436
Sunshine Aus 6.2597 0.50812 5.19 7.87 0.840 1.379
Aman  5.8713 0.54104 5.03 7.30 0.886 0.709
Boro 7.2628 0.69083 5.45 8.95 -0.261 0.478
Temperature  Aus 27.9325 0.93419 26.03 31.78 2.034 8.313
Aman  27.3720 0.71622 25.87 30.14 2.515 9.296
Boro 22.8804 1.74108 21.67 32.52 4753 25.371

3.2. Spatial variability and trends assessment

We adopted the coefficient of variation (CV) to highlight spatial variations, which is yield variability corrected for mean yields.
Figure 3 presents the seasonal variability (CV) of rice yields for the studied region. The highest variability existed across
Nilphamari and Bogra regions for the Aus yield, and relatively low variability existed in Dinajpur and Rajshahi regions. For Aman
yield, relatively high CV % represents more significant relative variability in Nilphamamari, Rangpur, Dinajpur, and Pabna regions
than Bogra and Rajshahi regions. Boro showed the lowest magnitude of CV among all three crops except for the Rangpur
region.

Trends in rice yield from 1976-2015 on a regional scale are also illustrated in Fig. S1. All three rice ecotypes, including Aus,
Aman, and Boro had a positive yield trend for all regions except for Boro yield in the Pabna region. The highest Aus yield trend
was found in Rangpur, Rajshahi, and Pabna regions at the rate of 1.3 m.t/ha/decade. Similarly, the highest Aman yield trend
was observed in Nilphjamari, Bogra, and Pabna regions at the rate of 0.72 m.t/ha/decade. The highest Boro yield trend was
detected in Nilphamari and Rangpur regions at the rate of 0.45 m.t/ha/decade. The CV of rainfall varies in different seasons
(e.g., Aus, Aman, Boro), where temperature shows high variability in Rajshahi and Bogra regions and relatively low variability in
Nilphamari and Pabna regions for Aus and Aman yield except for Rajshahi regions (Fig. 3). The highest CV for humidity in the
Nilphamari region and the lowest in the Dinajpur region for almost all rice-growing seasons. In contrast, the highest CV for
sunshine in Nilphamari and Bogra regions and the lowest in the Rangpur region.

The trends revealed in rainfall, temperature, humidity, and sunshine during the rice-growing seasons for the study period in NW
Bangladesh are represented in Fig. 4. Rangpur, Dinajpur, and Nilphamari stations represent positive trends, while Bogra,
Rajshahi, and Pabna stations showed negative rainfall trends for all rice-growing seasons. The highest positive trend was
observed at the rate of 86 mm/decade in the Nilphamari region. In contrast, the highest negative trend was - 96 mm/decade in
Bogra, Rajshahi, and Pabna regions, both for Aman and Aus rice yields. Temperature mainly showed positive trends for all rice-
growing seasons except for Nilphamari and Dinajpur regions of Aus and Boro rice yield. A negative trend of -0.29°C/decade was
identified in the Dinajpur region for Boro. In contrast, a positive trend of 0.25°C/ decade was detected in Bogra, Rajshahi, and
Pabna regions for Aus and Rangpur regions for Aman. The highest positive humidity trend of 4.03 %/decade was observed for
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Aus and Boro, while the highest negative humidity trend - 0.83%/decade was detected in Rangpur and Bogra regions for Aman.
Sunshine represented all negative trends for all rice-growing seasons, where the highest negative trend was observed at the rate
of -83 hrs/decade in the Rangpur region for Boro yield.

3.3 Temporal variability and trends analyses

During the Aus and Aman rice-growing seasons, Rainfall exhibited a generally rising trend with noticeable and significant
changes (Fig. S2). There was no consistent pattern in the Boro rice season over time, but the variations would affect the trend
because it depends on groundwater conditions infiltrated by rainwater. On the other hand, the temperature changed a lot, and
the overall tendency during the Aus and Aman seasons was upwards. Slight variations in Boro rice yield temperature were
observed; nevertheless, the tendency looked to be increasing. Humidity also trended upward with minor variances across the
rice-growing seasons. On the other hand, Sunshine demonstrated a declining tendency throughout the seasons, with more
significant variability.

Table 2 shows that MMK test Z values of Rainfall and Sunshine were decreased in Aus, Aman, and Boro seasons compared to
the increased Z values of temperature and humidity. However, Sunshine represents the lowest MMK Z values than other
variables in this study. Sen's slope estimator results show that Rainfall and Sunshine are experiencing significant downward
trends at the rate of -6.374 mm/year and - 0.026 hr/year for Aus, -5.934 mm/year and - 0.019 hr/year for Aman, -1.428
mm/year, and - 0.056 hr/year for Boro respectively. In contrast, temperature except for Boro, humidity, and yield are experienced
significant upward trends for all rice-growing seasons at the rate of 0.014 to 0.014 /year, 0.001 to 0.196%/year, and 0.030 to
0.056M.t/year respectively. Boro temperature showed a slight downward trend of -0.003 /year.

Table 2
The outcomes of non-linear trend of variations in rice yield and climatic variations in the study area
Tests MMK Z-Value Sen's-Slope B p-Value
Rice ecotypes Aus Aman  Boro Aus Aman  Boro Aus Aman Boro
Rainfall(mm) -2.027 -1.247 -1.060 -6.374 -5934 -1.428 0.043 0.213 0.289

Temperature (°C) 2.109 2774 -0.583 0.014 0.014 -0.003 0.035 0.006 0.560

Humidity (%) 2796 0.012 3845 0.115 0.001 0.196  0.005 0.991 <0.001
Sunshine(hr/day) -3.892 -3.228 -6.735 -0.026 -0.019 -0.056 <0.001 0.002 <0.001
Yield (M.t/ha) 7.868 7.609 8334 0030 0.032 0.056 <0.001 <0.001 <0.001

3.4 Climatic variability on regional yield

Figure 5 represents the climatic variability of rainfall (mm), temperature (oC), humidity (%), and sunshine (hr/day) from 1976 to
2015 in the study region. The Rangpur region has the highest, and the Rajshahi region has the lowest annual Rainfall (mm). In
contrast, the Rajshahi region has the highest and the Rangpur region's lowest average temperature). Humidity (%) is the highest
at Rangpur and the lowest in the Dinajpur region. The Sunshine period (hr/day) was observed as the highest at Rangpur and the
lowest in the Pabna region.

The impacts of climatic parameters like rainfall, temperature, humidity, and sunshine have been analyzed using the linear mixed
model for each rice type during 1976—2015. The results show the rainfall, temperature, humidity, and sunshine effects Aus,
Aman, and Boro yields in Bangladesh at the regional scale (Table 3). Here, the significance of the trend for humidity was the
highest for the Boro rice and insignificant for Aman rice. Again, rainfall showed the highest trend value in the Boro and the
lowest in the Aus and Aman, respectively. Here, sunshine presented the strong significance of trend for all major crops. In terms
of temperature, the trend was most significant for Aus and Aman rice (p < 0.01) and insignificant for Boro rice (p >0.001).
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Table 3
The outcomes of the linear trend model of variations in climatic variables for the study period

Major Climate Intercept Coefficient for time (Trend)  t-value p-value R2
Crops
Humidity -99.54 0.09** 2.71 0.010 0.16
Rainfall 16075.00  -7.38** 2.10 0.042 0.10
Aus Rice Sunshine 57.72 -0.03%** -4.55 0.000 0.35
Temperature  -55.26 0.04#*** 3.77 0.001 0.27
Humidity -20.70 0.05 1.24 0.224 0.04
Rainfall 9915.70 -4.24 -1.04 0.305 0.03
Aman Rice  Sunshine 57.60 -0.03*** -4.17 0.000 0.31
Temperature -35.55 0.03*** 3.70 0.001 0.26
Humidity -273.93 0.17%** 3.92 0.000 0.29
Rainfall -18309.00  9.39*** 2.87 0.007 0.18
Boro Rice Sunshine 100.21 -0.05%** -7.90 0.000 0.62
Temperature -67.34 0.05* 1.96 0.057 0.09
*, ** and *** represents the 10%, 5% and 1% level of significance respectively.

The outcomes of the MLR model analysis for rice yield and climatic variables are summarized in Table 4. The coefficients for
the effects of humidity and Rainfall on Aus rice yield are negative, but the coefficients for the effects of Sunshine and
temperature are positive. The adjusted R? value indicated that climate conditions account for 67% of the variation in Aus yield.
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Results of multiple linear regression model analysis for rice yield and climatic variables.

Table 4

Aus Aman Boro
Coefficient S.E. t Coefficient S.E. t Coefficient S.E. t
value value value

Humidity -0.00718 0.00928 -0.77  -0.00053 0.00279 -0.19 -0.00685 0.00483 -1.42
Rainfall -0.00002 0.00007 -0.23  -0.00005* 0.00003 -1.73 0.00008 0.00007 1.08
Sunshine 0.02608 0.04215 0.62  0.00750 0.02007 0.37 -0.08254** 0.03642 -2.27
Temperature  0.01768 0.02562 0.69 0.02418* 0.01350 1.79 0.00000 0.01029 0.00
Trend 0.01210%** 0.00240 5.05  0.01307*** 0.00090 14.40  0.01360*** 0.00213  6.39
Intercept -23.73474%** 427503 -5.55 -25.83731***  1.80465 -14.32 -24.83148*** 430693 -5.77
Model R2 0.71 0.93 0.85
Adjusted R2 ~ 0.67 0.92 0.83
F value 16.78 90.11 39.77
P value 0.0000 0.0000 0.0000
RMSE 0.10 0.05 0.09

*, ** and *** represents the 10%, 5% and 1% level of significance respectively

FGLS tool was applied to identify the impact of the climate parameters on the Aman rice yield. Concerning Aman rice, the
adjusted R? value showed that climatic variables explain 92 % of the variation in yield, which strongly supported the climatic
impact on this crop. The humidity and rainfall effects on Aman rice yield have negative coefficients, even though the
significance level for Rainfall is 10%. On the other hand, sunshine and temperature effects are positive, although temperature
exhibited a statistically substantial influence on the yield at the 10% level.

The HAC technique was used to estimate the climate-Boro rice nexus in the study area. Both humidity and Sunshine negatively
affected the Boro rice yield, where Sunshine displayed a statistically significant impact on the yield at the 5% level. Furthermore,
both Rainfall and temperature positively influenced the exact rice yield. The adjusted R? value demonstrated that climatic
parameters account for 83 percent of the variation in Boro yield, thus validating the crop's climatic influence.

4. Discussion

This research explores the climatic effects on the rice yield for three rice ecotypes spatiotemporally in northwest Bangladesh
using 40-years datasets. A significant difference was observed in the three rice ecotypes in the rice-growing season: rainfall,
temperature, humidity, and sunshine. The study demonstrates that climatic factors have a significant impact on rice
productivity. For example, temperature fluctuations were highly linked with the rice yield, similar to earlier studies (Sarker et al.
2014; Shahid et al., 2016; Islam et al., 2020a; Jerin et al. 2021; Kamruzzaman et al. 2021). Besides, the results also reveal
different climatic influences on rice yield to show the strong regional variations of rice yields in northwest Bangladesh.

Rice yields for several rice varieties showed a distinct regional pattern, with the Aus yield being more favorable in Dinajpur and
Rajshahi regions than other regions. However, most of the northern portion of the study area had a low Aus yield. By contrast,
Aman was typically grown in the western parts except for the Dinajpur region but low yield in the southern part. Boro had more
yield in the central part of the study region and less in scattered areas. Several factors are contributed to rice yield variations
across the study area. Natural factors (e.g., topography, soil, drought/flood, and climatic conditions), management factors (e.g.,
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irrigation, use of fertilizer/pesticides), and agricultural technologies (e.g., plowing approaches and the use of high yielding
varieties and hybrid seed) (Zinat et al., 2020). Rice yields have increased threefold between 1976 and 2015, and Boro yield has
grown significantly more than Aus and Aman yields. Boro yield may have expanded due to a shift in Boro production from rain-
fed to irrigation during the dry season. Sarker et al. (2019) and Ghose et al. (221a) are also reported a similar finding.

In this study, the coefficients resulting from the MLR for each rice type were used to evaluate the expected significance of
climatic factors on rice yield. The results demonstrate that sunshine showed strongest significance of trend for all major crops.
The MLR model suggests that temperature was the most significant for Aus and Aman rice and insignificant for Boro rice. Here,
Rainfall exhibited the highest significance of trend in the Boro, and lowest in the Aus and Aman respectively.

A negative temperature impact on the Aus yield was reported by Ruane et al. (2013); however, this study contradicts the previous
research. A significant negative relationship between rainfall and Aman yield was observed, suggesting that Aman yield is the
most exposed to climate change among the three rice types due to outrageous climatic occasions like drought and flood in NW
Bangladesh (Islam et al. 2017). These results have all around concurred with the outcomes of Amin et al. (2015), where rice
yield variability would be high for Aman yield. Temperature demonstrated a statistically substantial positive effect on Boro yield.
The prior studies reported the positive impact of minimum temperature on the Boro yield (Sarker et al. 2014) and an adverse
effect for maximum temperatures (Rimi et al. 2009; Jhajharia and Singh 2011).

The regional variation of climatic parameters describes the impacts of climates on rice yield (Jhajharia et al. 2014). Rice yield
varies in different seasons with the climatic variability (Islam et al. 2021). The significant trends are portrayed by high
geographic fluctuation, in both nature and greatness of the trend. High spatial variability was seen in the rainfall trends in the
study region. Although the yield rate for all the seasons increased day by day due to overusing chemicals and fertilizers, climatic
factors need to be considered for sustainable yield. Ruane et al., (2013) showed that Aman rice yield might reduce in different
areas in Bangladesh.

Regarding the contrasting results with Ruane et al. (2013) on rainfall, perhaps this is due to the regional focus of the current
paper since the degree of flooding in NW Bangladesh is small compared to other parts of the country. Basak et al. (2010)
showed that temperature rises boost Boro yield. Our analysis demonstrates that climate affects regional rice yields and that
these effects are not uniform across regions and stations. Boro yield was commonly influenced by irrigation management and
the positive impact of climate rather than by rainfall regimes during the dry season (Ghose et al. 2021b).

Our results indicate that production hampers in Aus and Aman's rice triggered by drought and submergence stresses can be
lessened considerably in three ways. First, simulated water control in the irrigated field dramatically enhances the production of
the Boro rice crop, which is the main crop in the country. Thus, artificial floodwater management should be implemented to
protect Aus and Aman crops, and additional irrigation should be added in the event of a drought. Second, by developing
improved crop rice varieties that are more tolerant of abiotic pressures and incorporating them with current agricultural
management systems, such as sowing date changes, short-duration rice varieties developed to avoid drought seasons, and the
use of appropriate farm machinery for rapid harvesting, losses in these rice production can also be lowered (Mishra et al. 2015).
Ultimately, newly introduced drought and flood-tolerant rice varieties can lessen losses in rice production noticeably (Mottaleb et
al.,, 2015).

The limitation of taking the total rainfall over the season as the parameter analyzed. In NW Bangladesh, rainfall distribution
across the season can vary widely and have distinct effects on rice yield. A crop that receives 300 mm of rainfall in a season
that all falls early will have a lower yield than a crop that receives 300 mm of rain well-distributed across the season. The future
study should be focused on the prediction of rice yield with climatic variability in Bangladesh. The findings of this study can
benefit regional supervisors and decision-makers in developing region-specific adaptive strategies and address food security in
Bangladesh by demonstrating the possible risk associated with climate variations. As a result, our study strongly encourages
policymakers and significant sponsors to invest in the research, development, and dissemination of novel rice varieties that are
more resilient to drought and other abiotic pressures.
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5. Conclusion

The purpose of this research is to explore the effects of climate change on the yield and variability of three major rice ecotypes
by utilizing time-series datasets and multi-statistical modeling techniques. The HAC and FGLS techniques were adopted to
justify the aim of the study. The outcomes show that the effects of climate variables differ among the three rice varieties. This
demonstrates that rainfall is becoming a more significant threat to Aman. Climate variables such as temperature and humidity
were the most influential on Aus and Aman rice production in northwestern Bangladesh. In contrast, the sunshine effect was the
most influential on Boro rice production with those two variables. Sunshine showed positive interrelation with Aus and Aman
rice regarding both yields with a statistically significant negative contribution to Boro rice yield only. However, rain-fed Aman will
show greater variability than the other two crops: Boro and Aus. Furthermore, these findings offer additional evidence regarding
the possible production losses that will arise from future changes in climate variables. Additionally, most regional dummy
variables are statistically significant, implying that they have differential spatial effects on rice yield. This demonstrates how
climate change affects different climate zones differently. Hence, the severity of climate change effects on rice crops will
fluctuate among the climate zones, and so will the consequence on rice yields. The findings suggest that adaptation plans
targeted to specific regions or climate zones should be developed. This highlights the importance of conducting the further
location-specific investigation on climate change and agricultural production. Our study will allow for the formation of local or
micro-level adaptation programs to crop yield variability, maintain food security, and reduce rural poverty due to climate change.
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Map showing the study location of northwest Bangladesh and meteorological stations.
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Temporal variation of climatic parameters in northwest Bangladesh during study period
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