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Abstract: Water footprint (WF) is a comprehensive summation of the volume of freshwater consumed
directly and indirectly in all the steps of the production chain of a product. The water footprint
concept has been widely used in agricultural water resources management. Water for irrigation is
supplied in Sri Lanka to farmers at no cost, and thus the question is arising, whether the current
management strategies the authorities and the farmers follow are appropriate to achieve productive
water utilization. Therefore, this study aims at evaluating the water footprint of rice production in an
irrigation scheme in the dry zone of Sri Lanka, the Walawe irrigation scheme. Due to the unreliability
of the rainfall in the study area paddy cultivation depends entirely on irrigation, thus, the WFblue, in
other terms the volume of water evaporated from the irrigation water supply is considered as the total
WF (WFtot) in this study. Actual crop evapotranspiration (equivalent to ETblue) was estimated based
on the Penman-Monteith (P-M) model integrating effective rainfall, and crop coefficient published
in Sri Lankan Irrigation Design Guidelines. The study spanned for three irrigation years from
2018–2021. Actual irrigation water issued to the field was estimated based on the data recorded by
the government body responsible for irrigation water management of the area—Mahaweli Authority
of Sri Lanka. The total volume of percolated water was computed employing the water balance
method while assuming runoff is negligible. Results show that the average annual WFblue found to
be 2.27 m3/kg, which is higher than global and national WFtot. As the crop yield in the study area
(6.5 ton/ha) is also higher than the global (4.49 ton/ha) and national (3.5 ton/ha) yields, a conclusion
was drawn that the irrigation water usage (CWUTblue) in the area may be significantly higher. It was
then noted the higher CWUTblue was due to relatively higher evapotranspiration in the area. Thus, it
is vital to reduce excess water usage by shifting irrigation practices from flooded irrigation to the
System of Rice Intensification (SRI).

Keywords: blue water footprint; rice production; evapotranspiration; irrigation water management

1. Introduction

Agriculture, the main consumer of freshwater globally [1,2] plays a major roll in fresh-
water scarcity [3]. About 70% of total direct extractions and 90% of indirect consumption
(e.g., evapotranspiration) of the freshwater resources are accounted for agricultural water
demand, which is predicted to be increased by 55% over the next three decades [2] due
to factors such as rapid population growth, economic development, urbanization and
climatic changes [3]. Therefore, both future food and water security are at risk. This neces-
sitates increased crop water use efficiencies and sustainable irrigation water management.
Characterisation and quantification of both direct and indirect water use in agriculture are
paramount to managing agricultural water allocations sustainably to ensure future water
security [4].

The concept of water footprint (WF) has been considered a valuable tool by many
scholars recently [2,5] in estimating water consumption in agriculture. WF of a product is
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the comprehensive summation of the volume of water consumed directly and indirectly in
all the steps of the production chain of a product. WF is an indicator that characterises con-
sumed water volumes by source and polluted volumes by type of pollution and specifies
all the components of consumed water spatially and temporally. WF has three components:
Blue WF (WFblue), Green WF (WFgreen), and Grey WF (WFgrey), which, respectively refer to
total evapotranspiration from water withdrawn from surface and groundwater resources
(in other terms evaporation from irrigated water), total evapotranspiration from rainwa-
ter utilised in crop production and volume of freshwater required to dilute the load of
pollutants to the agreed maximum permissible levels [6].

Rice is one of the major crops that feed the global population, with a total annual
production of approximately 600 million metric tons, of which about 30% being produced
in the South Asian region [7]. In South Asia, a larger portion of agricultural WF could
be attributed to paddy due to two factors: (1) rice, being the staple food of South Asians,
needs significantly higher production than any other single crop, and (2) rice, being a
water intense crop, requires paddy fields to be saturated (in many cases this is achieved by
flooding the fields). There are two major rice production systems namely wetland systems
and upland systems. Wetland systems can either be rainfed or irrigated. In South Asia, rice
occupies about 30–35% of all the irrigated croplands [8], which has shown a substantial
expansion over the last few decades [9]. In order to feed the rapidly growing population
in the region more rice needed to be produced. Since the rainwater is already scant and
unreliable in the study area, with the impacts of climate change, it could be expected have
even higher dependability on irrigated rice production. Hence, the pressure on the water
resources in the region will be on the rise, as the total the WF of irrigated rice is almost two
times that of rain-fed rice [10], demanding a comprehensive and continuous assessment of
WF of paddy for efficient irrigation water resources management in the region.

Sri Lanka (refer to Figure 1) an island nation in the Indian Ocean, located between
5◦ N to 10◦ N latitudes and 79◦ E to 82◦ E longitudes, with a total geographical area of
65,610 km2, is home to approximately 21 million people. Although Sri Lanka represents
only a tiny portion of South Asia in terms of both the landmass and the population, because
of relative similarities between the rest of the South Asian countries in terms of irrigation
practices; policies; socio-economic and environmental conditions, this case study has a
considerable potential for up- and out scaling of findings in the region. Although Sri
Lanka has agriculture-based economy and some areas in the country are facing water
scarcity, there seemed to be little or no attempts in Sri Lanka to evaluate WF, which allows
sound overall assessment of water utilizing in crop production as the first step to a proper
irrigation water management. This study was formulated to address this identified and
vital research gap.

Approximately, 10% of the total land area of Sri Lanka (7080 km2) has been allocated
as Paddy fields [11]. Sri Lanka records the highest annual rice yield (about 3885 kg/ha) in
South Asia [9]. However, the current rice yields are already reaching the maximum yield
that could be achieved with the current sown area, which does not seem to be extending [12].
In Sri Lanka, rice is produced in two cultivation seasons namely, namely Yala (April to
August) and Maha (November to March next year), which are synonymous with two
monsoons: Southwest monsoon (SWM) from March to September and Northeast monsoon
(NEM) from December to February [13]. So that, the irrigation year spans from October to
September of next year. There are two major climatic zones delineated based on the spatial
heterogeneity of rainfall. The two zones, i.e., the Wet zone, and Dry zone, are separated
by the 2000 mm annual average rainfall isohyet. Paddy cultivation in Sri Lanka is broadly
categorised as (1) wet zone paddy and dry zone paddy based on the local agroecology and
(2) low land paddy and upland paddy based on the topography. About 60% of the annual
rice production is coming from the dry zone, which receives most of its rain from NEM [14].
Therefore, for this study, a dry zone irrigation scheme was selected to evaluate the WFblue
of paddy cultivation in the dry zone of Sri Lanka.
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Figure 1. Cultivated area fed by Chandrikawewa Branch Canal. Source: ESRI ArcGIS Basemap. 
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2. Study Area

The case study was conducted in an irrigation scheme named, Walawe Special Area
of which the administrative activities are being carried out by the Mahaweli Authority
of Sri Lanka (MASL), which plays a key role in managing large reservoirs and irrigation
distribution systems in Sri Lanka. Walawe Special Area is located in the Walawe river basin
in the dry zone of Sri Lanka. “Chandrika wewa” is one of the three major reservoirs in
the Walawe basin with a capacity of 27 million cubic meters (MCM). Chandrika wewa
has three main canals, namely the right bank canal, left bank canal, and branch canal,
irrigating downstream paddy fields. Paddy fields of 1549 ha which are located between
6◦12′00′′ N to 6◦17′00′′ N and 80◦50′00′′ E to 80◦54′00′′ E) and being fed by branch canal
of Chandrika wewa were considered for this study (refer to Figure 1). Irrigation water is
supplied to paddy fields by 30 sub canals, both lined and unlined and all having 1 m width,
connected to the branch canal of Chandrika wewa (Refer to Table 1 for more details on
canals). Discharge from each canal is quantified by measuring water level at the gate to
each canal and substituting to a discharge equation derived and calibrated for the scheme.
The area is characterised by an average annual rainfall of 1120 mm, with a majority coming
from NEM, a flat terrain, with elevation ranging between 60–70 m, and reddish-brown
soil. Reddish brown soil shows low hydraulic conductivity values of its bottom layers
suggesting possible impedance to water movement under saturation. The profile saturated
hydraulic conductivity range between 0.4 and 2.1 cm/hr. The bulk density values range
from 1.06 gcm3 to 2.15 gcm3 at 10–20 cm soil depth and from 1.07 gcm3 to 2.18 gcm3 at
40–50 cm depth with averages of 1.68 gcm3 and 1.69 gcm3, respectively.

Table 1. Details of canals in the study area—length and command area of each canal; number water
supplying days per week during the crop growth stage as per MASL rotation plan. L—lined canals,
UL—unlined.
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D1 598 6.5 2 15 L D16 FC1 12 24.7 2 16 L
D2 482 10.4 2 19 UL D17 2068 48 2 25 L
D3 543 48.8 3 20 L CW FC1 581 8.4 2 12 L
D4 695 14.4 3 20 L CWFC2 244 10 2 12 UL

D5 FC1 20 28.9 3 20 UL CWFC3 385 11.2 2 15 UL
D6 3181 208.6 4 27 L D18 361 38.4 3 12 L

D7 FC1 12 27 2 20 UL CWFC4 639 11.1 2 12 UL
D8 2205 149.5 4 28 L CWFC5 425 10.5 2 12 UL
D9 530 36.9 3 23 UL D20 2769 131 4 22 UL

D10 4922 234.5 5 28 L CWFC6 217 4.7 2 10 UL
D11 587 27.7 3 15 L CWFC7 388 7.2 2 12 UL
D12 782 27.8 3 15.5 L CWFC8 693 13 2 15 UL
D13 600 22.6 3 15.5 L CWFC9 306 6.1 2 15 UL
D14 140 28.4 3 15 L D21 742 50.7 3 18 UL
D15 3448 233.6 5 26 L D22 2687 68.4 3 27 UL
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2.1. Irrigation Water Allocation

As per ID-SL guidelines, in each cultivation season, the total crop production process
can be broadly categorised into two major stages: Land Preparation and Crop growth.
The crop growth stage can be further divided into four substages: initial stage; crop
development stage; mid-season (mid) stage and late stage. Table 2 shows the duration (in
weeks) of each stage for 105 days of paddy cultivation in both seasons. As per MASL, water
is issued continuously (24 h everyday) via all sub canals during the Land Preparation, so
that the issued water would amount to a field water depth (FWD) of 5 inches (122.5 mm)
over 7 days standing in the field. During the crop growth period, irrigation water is
supplied according to a rotation plan (given in Table 1 and the same for Yala and Maha
seasons) implemented by MASL. The rotation plan is prepared, so that irrigation water
issued would sum up to an FWD of 73.5 mm over 7 days during the initial and mid stages,
and 49 mm over 7 days for crop development and late stages in both Yala and Maha seasons.
These are the depths of water needed to meet the water output from the irrigation system
as evapotranspiration during each stage. Thus, the actual water issued to a canal is greater
than FWD by 60–70% after accounting for canal losses and field percolation losses.

Table 2. Duration (in weeks) of land preparation stage and each crop growth stage for 105 days
paddy cultivation in Yala and Maha seasons. Lp—Land preparation stage, Initial—Initial stage, Crop
dev.—Crop development stage, Mid—Mid season stage and Late—Late stage.

Stage

Number of Weeks

Yala Maha

Apr May Jun Jul Aug Nov Dec Jan Feb Mar

Lp 4 4
Initial 3 3

Crop dev. 1 3 1 3
Mid 1 4 1 4
Late 3 3

3. Methodology
3.1. Estimation of Water Footprint

WF of a crop product can be expressed in terms of water volume per unit time of
production process (m3/yr) or water volume per unit mass of product (m3/kg) [5]. Due
to the unreliability of the rainfall in this study area (Walawe irrigation scheme), rainfed
irrigation is uncommon, hence all the paddy fields are irrigated—supplemental irrigation.
However, as per MASL, all the water requirement of paddy cultivation is released from
Chandrika Wewa according to the rotation plan. Thus, it is reasonable to state that paddy
cultivation in the study area is based entirely on irrigation, which also means a loss of
green water component. Therefore, from the three components of water footprint; WFblue,
WFgreen, and WFgrey, this assessment used WFblue, which refers to the volume of water
evaporated from the irrigation water supply is considered as the total WF (WFtot) in this
study. The WFblue for rice in the study area was calculated as water volume per unit mass
of product as shown in Equation (1), where WFblue is the blue water footprint (m3/kg),
CWUAblue is the crop blue water use per area (m3/ha) and Y is the crop yield for rice
production in the study area (kg/ha). The WFblue was estimated for the three most recent
irrigation years (2018/19, 2019/20, 2020/21). As per MASL, the average seasonal crop yield
of rice in the study area was 6500 kg/ha in all three irrigation years.

WFblue =
CWUAblue

Y
(1)

CWUAblue was calculated as in Equation (2), where CWUTblue is the total crop blue
water use in the field (m3) and A is the cultivation area (ha). The CWUTblue was considered
as the summation of evapotranspiration from the paddy fields and evaporation from
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canal water surfaces. CWUTblue for each stage was computed using the relationship
given by Equation (3), where i is the index denoting a canal, ETblue is the blue water
evapotranspiration (mm/day), Ai is the command area (ha) under the canal i, digit 10 is
the unit conversion factor, n is the number of days in each stage, Ec is the evaporation from
a water surface (mm/day), Li is the length of the canal i, Li is the length of the canal i and
mi is the number of days irrigation water issued via the canal i during a given stage. Pan
(Class A) evaporation values recorded in 2018, 2019, 2020 and 2021 at the nearest weather
station (Hambantota), which were obtained from the Department of Meteorology of Sri
Lanka, were considered as Ec.

CWUAblue =
CWUTblue

A
(2)

CWUTblue =
30

∑
i=1

{
(ETblue × Ai × 10× n) +

(
Ec

1000
× Li ×Wi ×mi

)}
(3)

Total ETblue for a given stage was estimated using Equation (4), where ETc is the
actual crop evapotranspiration (mm/day), which was estimated by using Equation (5)
and Pe f f is the effective rainfall (mm/day), estimated based on the relationship explained
in Ponrajah [15], which provides the guidelines for irrigation designs in Sri Lanka and
hereinafter referred to as ID-SL guidelines (as expressed in Equation (6)).

ETblue = ETc − Pe f f (4)

ETc = kc × ETo (5)

where, kc is the crop coefficient for a given stage and ETo is the potential crop evapotranspi-
ration (mm/day). kc values were abstracted from the ID-SL guidelines; kc = 1.00, 1.00, 1.15,
1.20 and 0.90 for Land Preparation, initial, crop development, mid-season and late stages,
respectively. ETo was estimated using the Penman-Monteith (P-M) model standardized
by Food and Agricultural Organization (FAO) [16]. Reason for this selection is that the
FAO P-M model considered to be applicable worldwide without any extra adjustment to
its parameters [16].

Pe f f =

{
0.67(R−25.4)

30 , R > 25.4
0, R ≤ 25.4

(6)

where R is the monthly rainfall (mm/month) and digit 30 the unit conversion factor.
Equation (7) is the FAO P-M model as expressed in [17].

ETo =
0.408∆(Rn − G) + γ 900

T+273 U2(es − ea)

∆ + γ(1 + 0.34U2)
(7)

where, ETo is the total daily PET (mm/day), ∆ is the slope of saturation vapour pressure
curve (kPa ◦C−1), Rn is the net incoming radiation (kPa), G is the soil heat flux (MJ m−2),
γ is the psychrometric constant (kPa ◦C−1), T is the average daily temperature (◦C), U2 is
the wind speed at 2 m height (m s−1), es and ea are the saturation vapour pressure (kPa)
and the ambient vapour pressure (kPa), respectively. Rainfall and hydro-meteorological
data required by FAO P-M model (i.e., solar radiation, wind speed, relative humidity and
temperature) were obtained from the Department of Meteorology of Sri Lanka for the years
2018, 2019, 2020 and 2021. Figure 2 provides a comparison of Ec and ETo. Ec is lower than
ETo, and this is in agreement with the findings of Abeysiriwardana [16] who have reported
a similar relationship over the whole Sri Lanka. Furthermore, Nandagiri and Kovoor [18]
have identified similar relationship between the two parameters in several south Indian
states with both paraments ranging within the same range estimated in this study.
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3.2. Computation of Total Irrigation Water Issued

In order to find the fraction of CWUTblue in the total crop water use, the total irrigation
water issued (CWUTtot) via the canals were computed. To account for canal losses (evap-
oration + percolation) and field percolation losses, FWDs (Section 2.1) were multiplied by
respective loss factors relevant to the stage of the cultivation process. Thus, the total IWS from
a canal for crop production in a given cultivation season was estimated as in Equation (8).

(CWUTtot)i = Ai ×
{

5

∑
j=1

(
U f

)
j
× nj × FWDj

}
× 10 (8)

where, i is the index denoting a canal, (CWUTtot)i is the total irrigation water issued via
the canal i for crop production (m3), Ai is the area cultivated under the canal i (ha), j is
the index denoting a stage in crop production cycle, U f is the loss factor for stage j, n is
the number of weeks in the stage j, FWD is the required field water depth in the stage j
(mm/week) and digit 10 is the unit conversion factor. U f for land preparation stage is 1.15
and for all the crop growth stages 1.42 (factors used by MASL for estimating discharge
volumes).

3.3. Comparison of Irrigation Water Issued and Irrigation Water Requirement Estimated Based on
Irrigation Guidelines for the Crop Growth Period

Further, to quantify excess irrigation water usage for paddy production, a comparison
was made between the actual irrigation water issues and design irrigation requirement
(DIR), which was estimated as per the ID-SL guidelines. Equations (9)–(13) describe the
estimation of irrigation requirements and these equations are expressed in this paper as
described in the ID-SL guidelines [15].

ETc = n× 7 ETo

30
× kc (9)

FIR =
ETc

Ea
(10)

Pe =
0.67× (R− 1)× 7

30
(11)
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IR =
FIR− Pe

Ec
(12)

where, ETc is crop water requirement (mm), n is the number of weeks in the respective stage,
ETo is reference crop evapotranspiration (mm/month), kc is the crop factor which is specific
for the crop and growth stage, FIR is the field irrigation requirement (mm), Ea is application
efficiency (%), Pe is effective rainfall (mm/week), R is the monthly 75% probable rainfall
(mm), IR is the irrigation requirement (mm/week) and Ec is the conveyance loss (%). ETc is
defined as the “depth of water needed to meet the water loss through evapotranspiration”
(ID-SL guidelines). Monthly ETo, R values (Table 3), and kc values for each stage (Table 4)
were extracted from the ID-SL guidelines. Ea for lowland farms and Ec for a supply canal
are given as 60% and 70%, respectively (ID-SL guidelines).

DIRi = Ai ×
{

5

∑
j=1

nj × IRj

}
× 10 (13)

Finally, the total design irrigation water requirement (DIR) of a given canal for a given
season was calculated as per Equation (8), where i is the index denoting a canal, A is the
cultivated area under the canal i (ha), j is the index denoting a stage in crop production
cycle, n is the number of weeks in the stage j and digit 10 is the unit conversion factor.

Table 3. Reference crop evapotranspiration values and monthly 75% probability rainfall. Source:
ID-SL guidelines [14]. All the values are given in inches in the source, and the values are converted to
SI units by multiplying by 25.4.

Month ETo
(mm/month)

75% Probable
Rainfall

(mm/Month)
Month ETo

(mm/Month)

75% Probable
Rainfall

(mm/Month)

January 96.520 304.8 July 154.94 12.7
February 114.300 114.3 August 161.29 12.7

March 129.032 88.9 September 161.29 50.8
April 129.032 114.3 October 129.032 152.4
May 135.382 38.1 November 91.44 228.6
June 148.336 12.7 December 91.44 330.2

Table 4. Crop growth stages and crop factors for lowland paddy.

Initial Development Mid Late

kc 1.00 1.15 1.20 0.90

No of days 30
(21)

40
(21)

45
(21)

20
(14)

4. Results
4.1. Water Footprint and Crop Water Use

Using the data collected from MASL, the crop water use and water footprint were
calculated for the study period. Stagewise, Seasonal, and annual CWUAblue estimates are
given in Table 5. When each stage was considered separately, mid-season stage required
the highest CWUAblue in both seasons in all three irrigation years. This can be associated
with ETblue and kc. Mid stage of Yala is in July and that of Maha season is in February. Both
months have highest ETblue values with respect to the other months in respective season.
Additionally, the kc is highest in the mid stage.
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Table 5. Stagewise, Seasonal, and annual crop blue water usage per area.

Year

CWUAblue (m3/ha)

Stage
Seasonal Annual

Lp Initial Crop Dev Mid Late

2018/19 Yala 1471.9 788.0 1556.0 2630.9 1277.2 7724.0
15,265.5Maha 1396.9 713.1 1780.8 2477.7 1172.9 7541.4

2019/20 Yala 2045.5 1063.0 1823.4 2618.4 766.1 8316.4
15,101.8Maha 1399.7 572.9 1855.5 2009.3 948.1 6785.4

2020/21 Yala 1759.8 930.5 1708.2 2449.7 829.6 7677.8
13,977.1Maha 1292.6 500.3 1497.7 2096.2 912.4 6299.3

The initial stage had accounted for the lowest CWUAblue in the Maha season in
all three years, whereas, in the Yala season, association of the lowest CWUAblue with
cultivation stages was not consistent. CWUAblue of land preparation stage and Late stage
were recorded to be higher in the Yala all the time. Though CWUAblue of other stages did
not exhibit a similar trend, when the total seasonal CWUAblue considered, CWUAblue of
Yala always exceeded that of Maha. This can be clarified by comparing (1) total ETo in
Yala season (893.68 mm) and Maha Season (810.78 mm) and (2) total Pe f f in Yala Season
(109.97 mm) and Maha (177.43 mm). It is clear when the entire season is considered
Maha records lesser ETo and higher Pe f f , making it the wetter season of the two. Thus,
requirement for irrigation is lower in Maha, hence lower CWUAblue. As per Figure 2,
estimated ETo follows a similar pattern in all three irrigation years; however, the Pe f f
displays great differences in each year, and has resulted in above mentioned inconsistencies
in CWUAblue values. Average annual CWUAblue of the study area was 14,781.4 m3/ha,
with the lowest (13,977.1 m3/ha) was recorded in 2020/21, which can be explained by the
fact that the said irrigation year was wetter than the other two years.

Table 6 tabulates seasonal and annual WFblue of rice in all three years. Annual WFblue
were calculated to compare our results with previous studies. Though the annual figures
in this study is for an irrigation year defined earlier, estimating annual figures provide
a common base to compare with the available literature as cultivation seasons in other
countries may differ to those of Sri Lanka. Except in Maha 2020/21, WFblue ranges between
1.0–1.3 m3/kg. Considering all three Yala seasons and all three Maha seasons, the average
Yala and Maha WFblue were found to be 1.22 m3/kg and 1.06 m3/kg, respectively. Average
annual WFblue of rice production in the study area was 2.27 m3/kg. The spatial variability
of WF within the scheme was not significant in all three years in all three years. When WF
was estimated separately for each canal, maximum and minimum WF values varied only
percentages less than 1% in both seasons.

Table 6. Seasonal and annual blue water foot print for rice production.

Year Season WFblue (m3/kg)

2018/19
Yala 1.19

Maha 1.16
Annual 2.35

2019/20
Yala 1.28

Maha 1.04
Annual 2.32

2020/21
Yala 1.18

Maha 0.97
Annual 2.15

4.2. Total Irrigation Water Issued and Percolation

Seasonal and annual total irrigation water supplied (CWUTtot) to the entire com-
mand area, which includes both blue water and percolated water, are given in Table 7. As



Hydrology 2022, 9, 210 10 of 16

CWUTtot, duration of each stage and cultivated land area under each canal remain the
same for both seasons, the CWUTtot, values are the same for both seasons. As per Table 7,
the maximum CWUTtot over a stage was 9.049 million m3 and has been issued for the
land preparation stage, while the minimum CWUTtot was recorded during a late stage at
3.352 million m3. Total CWUTtot for the entire cultivated land during the initial, crop devel-
opment stage and mid stages are 5.028 million m3, 4.469 million m3, and 8.380 million m3,
respectively. Accordingly, the CWUTtot for the entire command area under consideration,
was 30.279 million m3, hence resulted in CWUAtot of 19,547 m3/ha. CWUAtot of each sub
canal was found to be as same as the total command area (19,547 m3/ha).

Table 7. Seasonal and annual total irrigation water supplied (blue water plus percolated water) to the
total command area fed by all the 30 canals considered. Lp—Land preparation stage, Initial—Initial
stage, Crop dev.—Crop development stage, Mid—Mid season stage and Late—Late stage.

CWUTtot (BW + Percolation)

Lp Initial Crop Dev Mid Late Total

10
6

m
3

10
3

m
3/

ha

10
6

m
3

10
3

m
3/

ha

10
6

m
3

10
3

m
3/

ha

10
6

m
3

10
3

m
3/

ha

10
6

m
3

10
3

m
3/

ha

10
6

m
3

10
3

m
3/

ha

Yala 9.049 5.842 5.028 3.246 4.470 2.885 8.380 5.410 3.352 2.164 30.280 19.550
Maha 9.049 5.842 5.028 3.246 4.470 2.885 8.380 5.410 3.352 2.164 30.280 19.550

Annual 18.099 11.680 10.056 6.492 8.939 5.771 16.761 10.820 6.704 4.328 60.559 3.910

Assuming no runoff occurred (this is the actual field situation according to MASL),
the total amount of water percolated CWUTper was estimated as the difference between
CWUTtot and CWUTblue. The annual CWUTtot, CWUTblue and CWUTper are given in
Table 8. Considering the annual estimated percolated amount, the annual average per-
colation rates were calculated to be 6.53, 6.57 and 6.88 mm/day, respectively in 2018/19,
2019/20 and 2020/21 irrigation years, resulting in average percolation rate of 6.66 mm/day.

Table 8. Summary of annual total irrigation water supply, total annual blue water volume, total
volume of irrigated water that percolated annually and average percolation rate. Notations are as
same as described in the text.

Year CWUTtot
(106 m3)

CWUTblue
(106 m3)

CWUTper

(106 m3)

Average Annual
Percolation Rate

(mm/Day)

2018/19 60.559 23.646 36.913 6.53
2019/20 60.559 23.393 37.167 6.57
2020/21 60.559 21.651 38.909 6.88

4.3. Comparison of Irrigation Water Requirement and Issued

A summary of design irrigation requirement (DIR) estimated based on the ID-SL
guidelines is shown in Table 9. During the Yala season, DIR varies from the lowest of
3.840 million m3 during the land preparation stage to a maximum of 8.258 million m3

during the mid-season stage. When Maha season is considered, the minimum DIR, which
is 0.395 million m3 is recorded in the crop development stage while the maximum DIR of
2.587 million m3 is recorded in the late stage. For all crop growth stages except the initial
stage, DIR values in the Maha season are relatively lower than those of the Yala season.
Yala season total DIR 29.03 million m3 exceeds the Maha season total DIR (7.37 million m3)
by nearly four times.
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Table 9. Summary of design irrigation requirement estimated based on ID-SL guidelines and summed
up stagewise, seasonally and annually. Lp—Land preparation stage, Initial—Initial stage, Crop dev.—
Crop development stage, Mid—Mid season stage and Late—Late stage.

DIR (BW + Percolation) (106 m3)

Lp Initial Crop Dev Mid Late Total

Yala 3.840 3.931 7.277 8.285 5.721 29.028
Maha 2.428 5.077 0.395 1.455 2.587 7.3722

Annual 6.268 4.439 7.672 9.713 8.308 36.400

Figure 3 illustrates a comparison of the stagewise breakdown of CWUTtot and DIR
estimated based on, in Yala and Maha, respectively. It was evident that the total CWUTtot
values were higher than DIR, in all stages of Maha. However, during crop development
and late stages in Yala, the CWUTtot values are lesser than DIR. Furthermore, the seasonal
sum of CWUTtot (Table 5) is always greater than DIR (Table 9). Annual CWUTtot is almost
twice the DIR.

Hydrology 2022, 9, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 3. Stage wise comparison of total irrigation water issued to the field and the computed irri-
gation water requirement based on ID-SL guidelines. 

5. Discussion 
When having a Look at previous studies which focused on estimating the 𝑊𝐹  of 

crops, some researchers ([10,19,20]) have considered all three components of 𝑊𝐹  (𝑊𝐹 , 𝑊𝐹  and 𝑊𝐹 ) while some others ([21–23]) have omitted 𝑊𝐹 . 𝑊𝐹  and 𝑊𝐹  have always been quantified [24]. However, since this study area 
receives only a very little rainfall compared to the rest of the country and the cultivation 
in the area largely depends on irrigation, it can be assumed that the green water compo-
nent associated with the rice production in the study area is minimal compared to blue 
water fraction. This assumption was later confirmed by estimated 𝐸𝑇  and 𝑃  values, 
of which the relationship can be expressed as 𝐸𝑇 ≫  𝑃 . Based on the same assumption 
this study evaluated only the 𝑊𝐹  of rice production in the area. Therefore, despite the 
fact the 𝑊𝐹   should be slightly higher than the 𝑊𝐹 , the study considered computed 𝑊𝐹  as the 𝑊𝐹  when comparing the results of this study with the previous studies 
conducted worldwide. As mentioned by some researchers intensified precipitation do not 
change the 𝑊𝐹  substantially, with only about 1% change in 𝑊𝐹  when the rainfall 
increased by 200 mm, neglecting 𝑊𝐹  component under this study can be justified [5]. 
Though the 𝑃  estimated under this illustrated significant variations in the three years 
considered, 𝐶𝑊𝑈𝑇  did not fluctuate as much over the three years, showcasing a lesser 
correlation between 𝑃  and 𝐶𝑊𝑈𝑇 , hence, further supporting the study procedure. 

As per the literature, the 𝑊𝐹  of rice production ranges mostly between 1.0 to 2.0 
m3/kg [5], with some outliers going high about 6 m3/kg [20] and low about 0.8 m3/kg [25]. 
Average Yala, Maha, and Annual 𝑊𝐹  of rice production in the present study area 
were found to be 1.22, 1.06, and 2.27 m3/kg, respectively. Thus, it can be seen that, in the 
study area, the 𝑊𝐹  of rice production in Yala and Maha falls within said range, and the 
annual 𝑊𝐹  is about 11% higher. Mekonnen and Hoekstra [10] have found the global 
annual 𝑊𝐹   (including 𝑊𝐹 . 𝑊𝐹  and 𝑊𝐹 ) of rice as 1.673 m3/kg, which is 
about 1.4 times lesser than the 𝑊𝐹   of rice production in the study area of the present 
study. 𝑊𝐹  component in the global annual 𝑊𝐹   was only about 0.341 m3/kg. Thus 
the global annual 𝑊𝐹  was about 85% lesser than the annual 𝑊𝐹  in the study area. 
The average rice yield in the study area is about 6.5 ton/ha, which is nearly 1.5 times higher 
than the global irrigated rice yield is 4.26 ton/ha [10]. Therefore, the substantial difference 
in global and study area annual 𝑊𝐹   is due to a significantly large irrigation water us-
age in the study area. As the study area is characterised by a tropical climate (all year long 

Figure 3. Stage wise comparison of total irrigation water issued to the field and the computed
irrigation water requirement based on ID-SL guidelines.

5. Discussion

When having a Look at previous studies which focused on estimating the WFtot
of crops, some researchers ([10,19,20]) have considered all three components of WFtot
(WFgreen, WFblue and WFgrey) while some others ([21–23]) have omitted WFgrey. WFgreen
and WFblue have always been quantified [24]. However, since this study area receives
only a very little rainfall compared to the rest of the country and the cultivation in the
area largely depends on irrigation, it can be assumed that the green water component
associated with the rice production in the study area is minimal compared to blue water
fraction. This assumption was later confirmed by estimated ETc and Pe f f values, of which
the relationship can be expressed as ETc � Pe f f . Based on the same assumption this study
evaluated only the WFblue of rice production in the area. Therefore, despite the fact the
WFtot should be slightly higher than the WFblue, the study considered computed WFblue as
the WFtot when comparing the results of this study with the previous studies conducted
worldwide. As mentioned by some researchers intensified precipitation do not change the
WFblue substantially, with only about 1% change in WFblue when the rainfall increased by
200 mm, neglecting WFgreen component under this study can be justified [5]. Though the
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Pe f f estimated under this illustrated significant variations in the three years considered,
CWUTblue did not fluctuate as much over the three years, showcasing a lesser correlation
between Pe f f and CWUTblue, hence, further supporting the study procedure.

As per the literature, the WFtot of rice production ranges mostly between 1.0 to
2.0 m3/kg [5], with some outliers going high about 6 m3/kg [20] and low about
0.8 m3/kg [25]. Average Yala, Maha, and Annual WFblue of rice production in the present
study area were found to be 1.22, 1.06, and 2.27 m3/kg, respectively. Thus, it can be seen
that, in the study area, the WFtot of rice production in Yala and Maha falls within said range,
and the annual WFtot is about 11% higher. Mekonnen and Hoekstra [10] have found the
global annual WFtot (including WFgrey. WFgreen and WFblue) of rice as 1.673 m3/kg, which
is about 1.4 times lesser than the WFtot of rice production in the study area of the present
study. WFblue component in the global annual WFtot was only about 0.341 m3/kg. Thus the
global annual WFblue was about 85% lesser than the annual WFblue in the study area. The
average rice yield in the study area is about 6.5 ton/ha, which is nearly 1.5 times higher
than the global irrigated rice yield is 4.26 ton/ha [10]. Therefore, the substantial difference
in global and study area annual WFblue is due to a significantly large irrigation water usage
in the study area. As the study area is characterised by a tropical climate (all year long high
temperature, humidity, and wind) and receives approximately 12 h of direct sunlight all
year long with the sun rising directly above Sri Lanka twice a year, the evapotranspiration
in the study area experiences high ETo (6.8–5.00 mm/day). The irrigation practice in the
study area can be labelled as full irrigation, where full evapotranspiration demand is met,
no water stress occurs and the highest ETc compared to other irrigation methods takes
place [26]. This evapotranspiration demand is fully met via flooded paddy fields, which
enhances the rate of evapotranspiration. As WF is influenced to a larger extent by the
irrigation practice rather than agro climate [10], said irrigation practice in the study area
may play a huge role in higher WFblue in the area compared to the global WFblue.

A past study conducted in Indonesia resulted in WFtot of 3.473 m3/kg [19]. Though
this figure is 53% higher than the WFtot of present study area, given that Indonesia is also a
tropical island, it can be expected to have similar crop water demand as in Sri Lanka. How-
ever, Bulsink et al. [19] claimed only about 21% of WFtot was WFblue (0.733 m3/kg) and the
majority of WFtot (around 73%) was composed of WFgreen. This suggests that in Indonesia
paddy cultivation is mainly rainfed, which is true for the wet zone of Sri Lanka., However,
it is in contrast to the dry zone of Sri Lanka, where with the less frequent, less reliable little
rain, farmers tend to irrigate the paddy fields instead of utilising the direct rain. Thus,
it would be reasonable to compare WFgreen (which have been considered as WFtot) com-
puted by [19] with current study′s WFblue (which was considered as WFtot in the area). As
per this study in Indonesia, WFgreen was 2.528 m3/kg in their study area, which was only
about 11.4% higher than the WFblue of the present study area [9]. Crop yield in Indonesia is
below the global yield [5], hence explain the slightly larger WF. WFtot (WFblue + WFgreen)
computed by [22] for Thailand (2.005 m3/kg) was about 11.7% lower than the outcome of
the present study. They also found that the WFgreen was higher than the WFblue. Although
Thailand has similar temperature and evapotranspiration as in Sri Lanka, the difference
can be the differences in the distribution of rainfall, the length of growing periods, size of
the cultivated areas and agricultural practices.

As stated in Chapagain and Hoekstra [7], average WFtot of Sri Lanka was 1.32 m3/kg
and average rice yield was 3.5 ton/ha—both values are considerably lower than this
study’s estimates and data provided by MASL. As per Chapagain and Hoekstra [7], out
of the average WFtot, only about 44% is WFblue and 47% is WFgreen. These percentages are
surprising, as only a small fraction (30%) of Sri Lankan rice production depends entirely
on the rain (rainfed) [11]. In other terms it would be expected to have the larger faction
from WFblue. Since Chapagain and Hoekstra [7] have conducted their study for 2000–2004,
the discrepancies between the national values obtained by Chapagain and Hoekstra [7]
and regional values obtained by this study area may be expected due to many reasons
including: (1) increase in total cultivation area, (2) enhanced crop yield and (3) increased
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evapotranspiration due climate changes. On further note, the seasonal WFblue in the study
area (Yala–1.22 m3/kg and Maha—1.06 m3/kg) however were closer to the national value of
1.32 m3/kg, with only 7.6% and 20% of deviations in Yala and Maha, respectively. Whereas
the annual WFblue in the study area exceeded the national value by 72%. In addition to
aforementioned, another reason for this may be because in some areas rice cultivation
is taken place only in one season (Yala or Maha), whereas in the study area fields are
cultivated in both seasons.

WFtot and composition of three components (Blue, Green, and Grey) show great
differences in different studies [5,10,24]. In addition to before mentioned reasons, the
identified differences could be due to various other factors including the type of models
used for computations, period considered, crop parameters, climate [10], geographical and
geomorphological conditions [23]. The variations also can be due to different crop yield
which might have been strongly influenced by factors such as seed quality, agricultural
practices, nutrition and fertilizer application. Though many studies [10,19,22] have noted
that WFgreen was greater than WFblue, a study [7] showed that in countries like the USA and
Pakistan, which depend entirely on irrigation for rice cultivation, WFblue is noticeably larger
than WFgreen. This strengthens the argument of the current study, i.e., the contribution from
rainfall can be neglected, hence WFblue can be considered as WFtot with much confidence.

Different studies have used various methods and models to estimate WFblue and
WFgreen, however the widely applied method was Penman-Monteith (P-M)
equation [19,20,22], under which it was assumed that crop water requirements can be
satisfied [5]. Without following previous studies, [5] have measured field water balance
and claimed their estimations of WF are closer to the actual situation on the ground than
previous studies. Following the widely applied method, this study employed FAO P m
method to estimate CWUTblue. However, the actual total water use in any crop production
is the WF plus percolation [7]. As WF concepts considers only the loss of freshwater to
the catchment and percolation is not really a loss, percolated amount is never considered
under WF. In this study, based on the data provided by MASL, the actual amount of
irrigation water issued to the field (CWUTtot) was estimated. Then, based on CWUTtot
and CWUTblue, field percolation volume (CWUTper) and average percolation rate were
also computed. The average percolation rate (6.66 mm/day) in the area is well below the
range (10 mm/day–20 mm/day) which percolation rate can be expected to vary in reddish
brown soil [27]. This supports the assumption of not occurring runoff in the fields, as
the percolation rate still can escalate—also explains the highest percolated volume in the
wettest irrigation year (2020/21).

Previous studies [2,28] have discussed the sustainability and unsustainability of WFblue
of crop production. The sustainability indicator is the ratio between the total WFblue and
blue water availability [2]. Since, in this study area, Chandrika wewa is not only collecting
rainwater but receiving transboundary inflow from another large reservoir located in
the wet zone, which hardly undergoes water stresses. This water trade between the two
basins is irregular making the computation of blue water availability extremely complex.
Therefore, this study did not attempt to find the sustainability indicator of rice production
in the area.

As annual WFtot (or WFblue) in the study area slightly surpasses global and national
annual WFtot and some occasions, annual WFtot of nearby countries. Therefore, the study
proposes to implement water saving measures in the study area for more sustainable
agriculture in the area. Given the higher evapotranspiration in the area, the application of
the System of Rice Intensification (SRI) is highly recommended. Unlike flooded irrigation,
SRI suggests only keeping the soil moisture at saturation level all the time instead of
standing water in the field [7]. Unlike flooded irrigation, SRI suggests only keeping the
soil moisture at saturation level all the time instead of standing water in the field [7].
In addition to SRI, several other methods such as drip irrigation, rainwater harvesting
and alternate wetting and drying (AWD) have been applied worldwide as water saving
methods [29]. Most of these methods, do not reduce the potential evapotranspiration, but
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allow utilization of seasonal rainfall [29], which in this study area goes to waste. Although
WF is an excellent tool for overall assessment of water utilization and the need for water
saving, as it only accounts for evaporation, evaluation of aforementioned water saving
methods is not feasible with WF concept alone. Thus, it requires shifting to or combining
WF concept with other methods such as water balancing to estimate other component of
local water budget. On further note, this requirement is also one of the identified research
gap in Sri Lankan context and would be a part of the future extensions of this project.
Change of cultivation calendar and introduction of less water demanding variants of rice
are also recommended to save water use. Additionally, it was also observed that the
computation of actual irrigation water discharges (CWUTtot) does not incorporate actual
meteorological and percolation data. Instead, the practice is to issue the same amount of
water each year each season, indicating poor management of irrigation water. Thus, it
is highly recommended to use field observed meteorological and percolation data when
preparing an irrigation water release schedule. This action in fact could reduce the CWUTtot.
Further, the comparison of total water issued (CWUTtot) and estimated total irrigation
water requirement (DIR) displayed significant variations, suggesting a necessity for re-
evaluation of the parameter (such as ET0, kc, duration of stages and loss coefficients) given
in the ID-SL guidelines, as it is the only guideline in the country to be used in irrigation
water management practices. In addition, as mentioned earlier, due to the limitations
inherited by WF method, it should be supplemented with other approaches to estimate the
efficiencies of each and every changes made to the irrigation scheme.

6. Conclusions

WFblue of rice production in an irrigation scheme in the dry zone of Sri Lanka was
calculated based on FAO P-M model. The actual irrigation water issued from the reservoir
was computed based on the MASL records. The volume of irrigated water percolated
was estimated based on the water balance method. Irrigation water requirement was
estimated following the guidelines of Sri Lanka ID-SL guidelines. Three recent irrigation
years 2018/19, 2019/20, and 2020/21 were considered in this study and the averaged
WFblue of rice for three years was about 2.27 m3/kg. As the rice production in the study
area entirely depends on irrigation, assuming WFgreen is negligible, WFblue was considered
as the WFtot, which was larger than the global and national WFtot of rice as noted by
previous other studies. This outcome was attributed to relatively high evapotranspiration,
much lower effective rainfall in the area, and the irrigation practice (full and flooded).
Therefore, the study highlights the requirement of changing irrigation practice in to System
of Rice Intensification to reduce the ETblue. Though, no clear pattern of annual WFtot
could be observed, the findings revealed no significant variations to WFblue in wetter
years. Furthermore, CWUTblue shows only slight variations in the study years, whereas
effective rainfall (Pe f f ) fluctuates significantly during the study period. Thus, the study
found no correlation (qualitatively) between the effective rainfall (Pe f f ) and CWUTblue, and
concluded that if the rice production is 100% irrigated, there would be no considerable
effects of rainfall on the WFblue of rice production. The average percolation rate was about
6.66 mm/day, which is below the capacity of the soil type in the area. Thus, it was confirmed
that no overflow of irrigated water happened in the field. However, the estimated annual
irrigation requirement was substantially lesser than the actual annual irrigation water
releases. This indicates that either there is an excessive wastage of freshwater or there is a
need to revise ID-SL guideline parameters or both.

It is recommended to change the rotation system to match seasonal needs and consid-
ering climate conditions such as rainfall instead of adhering to same pattern both seasons.
To reduce water losses through percolation, the study recommends all the canals to be lined
in the future, however this may result in other implications on the surrounding ecosystems.
Common water savings methods such as rainwater harvesting, drip irrigation, SRI and
AWD are suggested by this study. As a further improvement to the current project, it is
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planned at supplementing WF concept with water balancing to evaluate efficiencies of
proposed water savings method.
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