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Abstract

Bangladesh is highly vulnerable to climate change and water scarcity, especially in its northern agricultural
regions. Water footprint (WF) measures the volume of freshwater used in production. Globally, agriculture
accounts for about 92% of the total water footprint. This study quantifies the green water footprint (rainfed) and
blue water footprint (irrigation) of rice, potato, maize, and sugarcane in five districts of the Teesta Barrage
Irrigation Project (TBIP) area over 2000-2025. Annual crop water requirements, effective rainfall, and irrigation
needs were computed using FAO’s CROPWAT 8.0 (with CLIMWAT 2.0 climate data) and local agronomic and
soil data. From these, green and blue WFs (m?3 per ton of yield) were calculated. Trends were assessed by
regression analysis. Results show a clear decline in green WF and a rise in blue WF for all crops and stations. For
example, Rangpur, Nilphamari and Dinajpur had consistently higher green WFs and lower blue WFs, while
Kurigram and often Lalmonirhat had the inverse pattern. The contrasting trends reflect decreasing effective
rainfall and rising temperatures under climate change, which increase irrigation demand. These findings imply
that irrigation planning and crop management in the TBIP must adapt to reduced rainfall and higher water demand.
The study highlights the need for climate-resilient practices (e.g. efficient irrigation, crop shifts) in northern
Bangladesh.

Keywords: Water Footprint (WF); Climate Change; Teesta Barrage Irrigation Project (TBIP); Green and Blue
Water Footprint; Irrigation Planning

1 Introduction

Water scarcity and climate change are significant challenges for agriculture in Bangladesh, a nation highly
vulnerable to the impacts of climate change. Agriculture is vital to the country's economy, contributing around
14% of its GDP and providing employment to over 40% of the workforce (Intergovernmental Panel on Climate
Change (IPCC), 2025). Yet, agriculture is also the largest consumer of water globally, accounting for about 92%
of the human water footprint (Water Footprint Network, 2025). In Bangladesh, the problem is further complicated
by shifting rainfall patterns and extreme weather events. The Teesta River Basin in the northern region, which
spans Rangpur Division, is crucial for crop production, with over 40% of its farmland relying on rainfed
cultivation. To address this, the Teesta Barrage Irrigation Project (TBIP) was introduced to provide irrigation in
this drought-prone area. However, upstream water diversion and the effects of climate variability continue to
cause seasonal water shortages, impacting the region's agricultural productivity (Salam et al., 2021).

The water footprint (WF) concept is an important tool for promoting sustainable water management. It quantifies
the amount of freshwater used in the production of goods, with two key components: the green WF (rainwater
stored in soil and utilized by plants) and the blue WF (water sourced from surface or groundwater for irrigation)
(Water Footprint Network, 2025). Evaluating crop water footprints is crucial for understanding where and when
water is being consumed, as well as predicting how usage patterns may evolve over time. While several studies
in Bangladesh have estimated crop water needs and WFs (Rahman et al., 2016), there is a lack of data on how
green and blue WFs have changed in response to recent climate shifts. Mojid et al. (2021) pointed out significant
knowledge gaps in the understanding of regional irrigation water usage under climate change, particularly
regarding how reduced effective rainfall and increasing temperatures have impacted the balance between green
and blue WFs in the Teesta Barrage Irrigation Project (TBIP) region.
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Recent studies have provided important insights into agricultural water use in Bangladesh, but there's still much
to uncover. Mahmud et al. (2021) estimated that approximately 1.11x10°> Mm? of water was used annually in
Bangladesh's agriculture, with rice alone accounting for 88% of this total. In Dhaka Division, Lina and Adhikary
(2023) applied the FAO-CROPWAT model to assess the water footprints of major crops. Their findings revealed
that the majority of water use came from green water (65%), while blue water contributed 34%. On the ground,
Islam et al. (2024) found that rain-fed Aman rice had a substantial green water footprint, whereas irrigated Boro
rice required significantly higher amounts of blue water for irrigation. In northern Bangladesh, Mainuddin et al.
(2020) revealed that the yield of Boro rice was quite low in comparison to the amount of irrigation water used,
pointing to inefficiencies in the system. Acharjee et al. (2017) also predicted that a shorter growing season due to
climate change would reduce the water needed for Boro rice by 7-11% by mid-century. Looking beyond
Bangladesh, studies by Li et al. (2024) in China and Giordano et al. (2023) in Africa showed that rising blue water
demand under climate change could increase pressure on water resources, even as intensive irrigation might
reduce water intensity. Mialyk et al. (2024) offered a global dataset that benchmarks crop water footprints, adding
more context to the issue. While these studies offer valuable insights, none have specifically examined the long-
term changes in both green and blue water footprints across multiple crops in the Teesta Barrage region of northern
Bangladesh. This gap in research is precisely what this study aims to address.

The objective of this study is therefore to evaluate the temporal trends (2000-2025) of green and blue water
footprints for rice, potato, maize, and sugarcane in five districts of the TBIP region in northern Bangladesh. Annual
crop water requirements and irrigation needs are computed using FAO’s CROPWAT 8.0 model with local climate
and crop data, followed by the derivation of annual green and blue WFs. Trend analysis quantifies how each
component has changed over the 25-year period. The results will inform climate-adaptive irrigation and
agricultural planning in Bangladesh’s major cropping region.

2 Methodology

2.1 Study Area and Data

Five representative districts covering the TBIP region—Rangpur, Nilphamari, Dinajpur, Lalmonirhat, and
Kurigram—uwere analyzed. These correspond to major administrative districts in the Teesta basin. Table 1 lists
each station’s location and coordinates. Meteorological data (monthly rainfall, temperature, humidity, wind, solar
radiation) were obtained from FAO’s CLIMWAT 2.0 database and the Bangladesh Meteorological Department.
Soil characteristics (field capacity, wilting point, depth) were obtained from the Database via CLIMWAT. Crop
parameters (sowing/harvest dates, crop coefficients) were taken from FAO guidelines, local agronomic sources
and Akter (2020). Annual yield data for each crop (2000-2025) were obtained from the Bangladesh Bureau of
Statistics.

Table 1. Rainfall station locations in the TBIP region

Station ID  Location  District Latitude Longitude
CL206 Rangpur  Rangpur 25°43'51" N 89°16'15" E
CL210 Saidpur Nilphamari  25°46'49" N  88°54'51" E
CL201 Phulbari  Dinajpur 25°30'14" N 88°58'20" E
CL200 Patgram  Lalmonirhat 26°20'30" N 89°129" E
CL182 Kurigram  Kurigram 25°48'33" N 89°37'48" E

2.2 Crop Water Assessment

Crop water requirements were computed using FAO’s CROPWAT 8.0 model. First, reference evapotranspiration
(ETo) was calculated by the FAO Penman—Monteith method using the climate data. CROPWAT then applied
crop coefficients (Kc) to derive crop evapotranspiration (ETc). The model also estimated effective rainfall (the
portion of rainfall available to crops) and net irrigation requirement (the additional water needed to meet crop
demand) for each crop-season. Irrigation schedules were assumed to meet crop needs fully (i.e. full-irrigation
scenario).

2.3 Water Footprint Calculation

The green water footprint (GWF) was calculated as the volume of effective rainfall consumed per unit crop yield,
and the blue water footprint (BWF) as the volume of irrigation consumed per unit yield. Specifically, for each
crop and year at each station, the following equations were used:
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10 x EffRain(mm) x 0.40468 Q)
3 —
GWE (m”/ton) Y (ton/ha)
10 X IrrReq(mm) X 0.40468 2
3 —
BWF (m?/ton) Y (ton/ha)

where EffRain and IrrReq are annual effective rainfall and net irrigation (mm), and Y is crop yield (ton/ha). The
factor 10 converts mm-ha to m3, and 0.40468 adjusts units from hectares to acres as needed (yield was in t/ha).
These formulas follow standard water footprint methodology (Rahman et al., 2016). Calculations were performed
in Excel using the CROPWAT outputs.

2.4 Trend Analysis

Annual GWF and BWF values (m3/ton) for each crop and station over 2000-2025 were compiled. Time series
were analyzed by regression to quantify trends. Both linear and exponential fits were explored. For simplicity, the
linear trend slopes (change in WF per year) are reported. Statistical significance was assessed (p<0.05). All data
processing and plotting were done using Excel and OriginPro 2024 software.

3 Results

3.1 Spatial Patterns of Water Footprint

Averaged over 2000-2025, the green water footprints were highest in Rangpur and Nilphamari and lowest in
Kurigram and Lalmonirhat for all crops, presented in Figure 1. For instance, Rangpur green WFs averaged ~652,
167, 884, and 151 m3/ton for rice, potato, maize, and sugarcane, respectively, while Kurigram green WFs were
lower (e.g. ~645, 142, 870, 143). In contrast, blue WFs showed the opposite pattern: Kurigram and Lalmonirhat
generally had the highest blue WFs, and Rangpur and Nilphamari the lowest. For example, Kurigram’s blue WFs
for rice, potato, maize, and sugarcane were ~559, 51, 113, and 60 m?/ton, whereas Rangpur’s were ~535, 38, 102,
and 52 md3/ton. This indicates that Rangpur benefits from relatively more rainfall (high GWF, low BWF), whereas
Kurigram/Lalmonirhat rely more on irrigation (low GWF, high BWF). These spatial differences reflect local
climate and soil conditions.

3.2 Temporal Trends

Over the 25-year study period, all crops and sites showed declining green WF and rising blue WF. Figure 2
summarizes the estimated annual change rates for all crop-station combinations. Linear regressions of GWF
against year yielded consistently negative slopes (indicating decreases). For example, Rangpur’s rice GWF
declined on average by ~2-3 m3/ton per year (p<0.01), while its blue WF increased by ~0.6 m3/ton per year
(p<0.05). Similar trends held for other crops: maize green WF fell by ~1-2 m3/ton-year at most stations, whereas
its blue WF rose by ~0.2-0.4 m3/ton-year. Potato and sugarcane showed smaller absolute changes but the same
pattern. In sum, green WF decreased by a few m3/ton each year, whereas blue WF increased by a few tenths of
m3/ton. These changes, although modest on an annual basis, are significant over decades.

3.3 Interpreting the Trends

The declining green WF suggests that the amount of effective rainfall available to crops in the TBIP region is
decreasing over time. In contrast, the rising blue WF indicates an increased reliance on irrigation to meet crop
water needs. This shift reflects a growing dependence on irrigation as rainfall becomes less reliable. These trends
align with observed climate changes: numerous studies highlight a reduction in soil moisture and rainfall in
northern Bangladesh, coupled with higher temperatures and increased evaporative demand due to climate change
(Acharjee et al., 2017). For instance, Salam et al. (2021) report a rising drought risk in the Teesta basin over recent
decades, and Islam et al. (2024) demonstrate that higher temperatures lead to increased evapotranspiration, thereby
elevating water demand.
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Figure 1: Temporal trends of green and blue water footprints (2000-2025) for rice, potato, maize, and sugarcane
across five districts in the Teesta Barrage Irrigation Project region: (a) Rice (Aman) green WF, (b) Rice (Aman)
blue WF, (c) Potato green WF, (d) Potato blue WF, (¢) Maize green WF, (f) Maize blue WF, (g) Sugarcane green

WEF and (h) Sugarcane blue WF

2865



A. Sarkar, S. M. A. Abdullah, M. A. K. Nahid, S. H. Sourav, R. Chakrabarty & C. Dey

Increase in Green WF by Year Increase in Blue WF by Year
Crops ) )
Rice (Aman Potato Maize Sugarcane _| |==] rangpur © @ )
N ! L \ ¢ L 07 ] Milphamari = 3 S
00 s
[ Dinajpur =[Mea © @
g [—]Laimonirhat = o R o |
014 | = 1 Kurigram ] = 90 —
B - @ o o S
a T o S = 5
_ 8 05 o = =4
= > F
< -2 4 >
3 0.4 - 4
@ L o o
z s 1 .a8.5 o | |8
203 q £ c S 2 & o = =
w g 03+ o 4
2 2
= 0.4 - =3 ~ 4 o
£ @ o &5 g
2 q g5 < ~ 9 o £ 02+ 4
& 3 © [S] o L
8 23 SR I gl e
054 < I oo B P T3 e I 4
2 : L : < sl |89 0.1 J
£ [ Rangpur o 5 o s
[ Nilphamari S ol < 3
-06 4 Dinajpur » & 3 ] 00 : : : .
Lalmonirhat e Rice (Aman) Potato Maize Sugarcane
Kurigram © 9
07 e Crops

Figure 2. Annual percentage change in green and blue water footprints (2000-2025) for rice, potato, maize, and
sugarcane across five districts in the Teesta Barrage Irrigation Project region: (a) Increase in Green WF by Year
and (b) Increase in Blue WF by Year

As temperatures rise, crops require more water to sustain yields, contributing to the observed increase in irrigation
needs (blue WF). Meanwhile, altered rainfall patterns mean that less rain is effectively utilized by crops, reducing
the green WF. These findings mirror broader climate impacts: Bangladesh frequently faces droughts and irregular
rainfall, particularly in the northern region, due to climate change (Intergovernmental Panel on Climate Change
(IPCC), 2025).

Figure 1 and 2 highlight that Rangpur and Nilphamari stations maintain relatively higher green WFs (ample rain)
and lower blue WFs, whereas Kurigram and Lalmonirhat have lower green and higher blue WFs. All stations
exhibit the same directional trend: green down, blue up. This indicates that without irrigation, the availability of
water for crops would steadily decline over time in the TBIP region. The consistent pattern across various crops
highlights a broader shift in the region’s water resource dynamics, emphasizing the growing reliance on irrigation
to sustain agricultural productivity.

4 Conclusion and Recommendations

This analysis of the TBIP region reveals a clear shift from rainfed to irrigated crop water use over 2000-2025.
The key findings are that (1) green water footprints have consistently decreased, and (2) blue water footprints
have risen for rice, potato, maize, and sugarcane across all five districts. Spatially, Rangpur and Nilphamari show
a greater reliance on green water, while Kurigram and Lalmonirhat are becoming more dependent on irrigation.
These trends reflect climate-induced changes: reduced effective rainfall and increased evaporative demand are
compelling farmers to rely more on irrigation to sustain crop yields.

These findings have significant implications for the TBIP and northern Bangladesh. Irrigation planners must
prepare for reduced river flows and precipitation in the future, which will increase the need for more efficient
irrigation systems. Choosing crops and varieties with lower water requirements could help adapt to these changes.
For instance, maize and sugarcane showed notable increases in blue WF, indicating that farmers may need to
consider drought-tolerant varieties or adjust planting schedules to better cope with these evolving water
availability trends. The consistently declining green WF implies that rainwater harvesting and soil moisture
conservation (e.g. mulching) could play an increasingly vital role. In irrigation scheduling, it may be necessary to
apply water more frequently or in larger volumes during dry spells. However, this approach must be carefully
balanced with the need to maintain groundwater sustainability.

This study relied on modeled CROPWAT outputs and average climate data, which may not fully capture extreme
weather events or field-level variability. The analysis also excluded the grey WF (associated with pollution) and
economic considerations. It assumes an ideal scenario of full irrigation supply, whereas in reality, water shortages
could limit availability. Additionally, factors such as crop yield improvements or agronomic changes (e.g., new,
more efficient varieties) were not explicitly modeled beyond historical yield trends. Finally, the regression
analysis in this study shows a correlation with time but does not establish causation.
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Policymakers and water managers should integrate these water footprint (WF) trends into water allocation
strategies and crop planning. Encouraging the adoption of water-saving irrigation technologies, such as drip or
sprinkler systems, along with cropping patterns that maximize the use of rainfall, will be crucial. Farmers may
require incentives or support to shift their practices accordingly. From a research standpoint, further studies are
needed to validate these findings using remote sensing or field measurements of evapotranspiration. Future
research should also explore the WF of additional crops to gain a more comprehensive understanding of water use
in agriculture. (e.g. wheat, vegetables) and the impact of interventions (e.g. alternate wetting and drying in rice).
Investigating groundwater trends in parallel would help forecast sustainable irrigation limits. Finally, given
ongoing climate change, continued monitoring of water footprints will be important to adaptively manage the
region’s water resources.

The declining green WF and rising blue WF trends underscore the growing pressure on freshwater resources for
agriculture in northern Bangladesh. Adapting irrigation planning and crop management to these changes is crucial
for ensuring long-term agricultural sustainability and food security in the TBIP region.
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