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Executive summary

Agriculture is one of the most important economic sectors of Sri Lanka and is key to the livelihood 
of its population. As agriculture is one of the sectors most vulnerable to climate change, a thorough 
understanding of its impact is critical for formulating informed and e�ective adaptation strategies. 

Climate change challenges agriculture in many ways and a�ects � directly or indirectly � the 
economy, productivity, employment and food security. Assessing the impacts of climate change on 
crops is fundamental for elaborating evidence-based adaptation policies and strategies, guaranteeing 
sustainable pathways towards intensi�cation and adopting climate-smart agricultural practices. 

�is report presents insights about future climate change impacts on six crops (rice, maize, green 
gram, big onion, chilli and potato), selected according to a wide range of criteria: contribution 
to gross domestic product, relevance to food security and role as staple food, importance for 
farming systems, social impact, e�ect on employment, role as animal feed, consumer preferences, 
contribution to the export market, climatic vulnerability/resilience, market prices and price 
�uctuations, and farming input requirements. Future climate change impacts on these crops were 
evaluated using the Modelling System for Agricultural Impacts of Climate Change (MOSAICC) of 
the Food and Agriculture Organization of the United Nations (FAO) (FAO, 2020a). �e assessment 
was carried out for the two major agricultural growing seasons of Sri Lanka, namely �Maha� 
(October�February) and �Yala� (March�September). For all six crops, irrigated cultivation in both 
seasons (Maha and Yala) was considered; for rice, a third regime � rainfed cultivation in the Maha 
season � was also taken into account. �e districts for the cultivation of the selected crops are 
located in the three major climatic zones of the country: wet zone (WZ), intermediate zone (IZ) 
and dry zone (DZ). �e yield functions were constructed per crop, district and season, using the 
observed yield responses to past climate and simulated water balance conditions. �e projected 
future changes for the six crops were calculated as the yield di�erence between future and historical 
yields for each combination of climate data modelled with six general circulation models (GCMs), 
two representative concentration pathways (RCP4.5 and RCP8.5) and two future periods (middle 
and far future, until 2100).

�e response to climate change of the six selected crops is highly variable depending on the season 
and climatic zone. 

For Yala rice production under the irrigated regime, future projected yield change is positive in wet, 
intermediate and dry zones, while for Maha rice production, both rainfed and irrigated regimes 
present negative impacts, especially in the lowlands (Anuradhapura district). As the negative impact 
may be due to �oods, policies oriented towards adaptation to �oods and mitigation of their e�ects 
for those districts could be advantageous in terms of food security in Sri Lanka. 
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For maize, negative yield changes are projected in the Maha season in both the dry and the 
intermediate zone, while both negative and positive yield changes are projected in the Yala season. 

�e projected yield of green gram is negative throughout Sri Lanka, irrespective of the season, with 
yield functions suggesting this crop is particularly sensitive to temperature increase. �erefore, 
adoption of varieties resistant to high temperatures could be a bene�cial adaptation measure for 
green gram. 

Climate change impact on big onion is projected to be positive in the Yala season. However, this 
result needs to be validated with more data and modelling, as there is no national reference about big 
onion projections with climate change. If the results are con�rmed, big onion could be a promising 
crop in a context of rising temperatures. 

Potato yields are projected to be negative in Nuwara Eliya district, in both Yala and Maha seasons, 
but positive in Ja�na district during the Maha season, probably due to the positive e�ect of the 
projected rainfall increase in the dry zone. �is result warrants further investigation and points 
towards the potential appeal of cultivating potato in the dry zone in the future.

�e results of this study are conditioned by a range of uncertainties, as acknowledged in the 
methodology section, but they are generally consistent with previous studies and represent a high-
quality source of information for formulating adaptation strategies. �ese strategies should be 
oriented in part to promote and fund similar research studies to gain a deeper understanding of the 
conclusions drawn from MOSAICC. �is is particularly important for crops and zones for which 
there are no � or only limited � past studies to assess the potential impacts of climate change (i.e. 
big onion, chilli, potato). In-depth investigations should be promoted through long-term research 
projects and programmes, with the generation, collection and analysis of high-quality data on 
agriculture and climate. 

�e MOSAICC process should be further promoted in new projects and programmes, as the 
modelling system and platform is now at the disposal of the country�s institutions (hosted by the 
Department of Agriculture, Sri Lanka). �e modelling exercise can be carried out at any given time 
by national experts � as new data become available, when interest in new crops emerge, or if other 
modelling options of MOSAICC (e.g. modelling impacts on hydrology and economy) become 
desirable. �e MOSAICC methodology is indeed �exible and presents great potential for improving 
and enriching results by re�ning the modelling/analysis choices, and integrating new data sets and 
information into the MOSAICC database. 

�e activities were carried out in the framework of the project �Building the basis for implementing 
the Save and Grow approach � regional strategies on sustainable and climate-resilient intensi�cation 
of cropping systems� (FAO, 2021), funded by the Government of Germany, with the involvement 
of FAO in Sri Lanka and four country institutions, both academic and governmental: the Faculty of 
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Agriculture of the University of Peradeniya, the Department of Meteorology, the Natural Resources 
Management Centre of the Department of Agriculture (DoA), and the Socio Economics and 
Planning Centre of the DoA.

In addition to the scienti�c results that have provided high-quality, evidence-based support for 
informed policy formulation, the project and the MOSAICC approach have strengthened inter-
institutional collaboration and created a cooperative working framework among national and 
international institutions. �is achievement goes beyond the results of the modelling exercise itself, 
creating the basis for a sustainable, evidence-based and multidisciplinary path for the formulation of 
climate change adaptation strategies.





1.	 Introduction

Sri Lanka is an island located in the Indian Ocean between 5° 55·�9° 50· north latitude and 79°�42·�
81° 53· east longitude.

Agriculture is one of the most important sectors of the economy of Sri Lanka and is key to the 
livelihood of its population. In 2019, the contribution of the agriculture sector to the gross domestic 
product (GDP) was about 7 percent � a growth rate of 6.5 percent compared to 2018. Moreover, 72 
percent of the population are indirectly involved in agriculture-related activities for their livelihood 
(Gunasena, 2008), and the sector provided direct employment to about 25.3 percent of the total 
workforce in 2018 (CBSL, 2018).

In this context, it is crucial to consider the�future impacts of climate change on the country�s 
agriculture, economy, employment and food security in order to support informed adaptation 
planning and policies. �is report presents insights about future impacts of climate change on 
six selected crops, based on the country�s climate and agriculture observed data and the use of 
the Modelling System for Agricultural Impacts of Climate Change (MOSAICC) of the Food and 
Agriculture Organization of the United Nations (FAO).

�e MOSAICC approach combines the advantages of statistical models for ease of use over large 
areas and a relatively wide range of agroecological conditions, as it does not need the extensive 
input data (e.g. cultivars, management and soil conditions) and in situ calibration required by 
process-based models, while there is the option of taking into account some of the crop-speci�c 
responses to the environmental conditions (as with process-based models) the approach is 
particularly suitable when long historical time series of both climate and yields are available. 
It�has successfully been applied in several countries at the national and subnational levels, such as 
regional, provincial and agro-ecological zone. See FAO (2020b, 2020c, 2020d) and Balaghi et al. 
(2016) for MOSAICC applications in Paraguay, Uruguay and Morocco. 

MOSAICC is a multi-model, multi-user approach for climate change assessment on crops, 
hydrology, forestry and economy (in this work, only climate and crop components were used). 
�e system builds on multi-user technology and a common database, and the users are typically 
experts in their respective �elds, from various institutions in the country (both governmental 
and academic). �e approach is highly participatory, country driven and multidisciplinary. Inter-
institutional exchanges and collaboration are fostered throughout the process, from data collection 
to formulation of policy recommendations. �e activities were carried out in the framework of the 
project �Building the basis for implementing the Save and Grow approach � regional strategies on 
sustainable and climate-resilient intensi�cation of cropping systems� (FAO, 2021), funded by the 
Government of Germany, with the involvement�of FAO in Sri Lanka and four country institutions, 
both academic and governmental: the Faculty of Agriculture of the University of Peradeniya, 
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1. Introduction

the�Department of Meteorology, the Natural Resources Management Centre of the Department of 
Agriculture (DoA), and the�Socio Economics and Planning Centre of the DoA.

1.1	Climate

�e climates of Sri Lanka belong to the Aw, Am, Af and C� Köppen-Geiger climatic zones. 
�e country is divided into 46 agro-ecological regions (AERs) (Figure 1) spread over three 
major climatic zones: wet zone (WZ), intermediate zone (IZ) and dry zone (DZ). �e AERs are 
characterized by unique climate, soil and terrain conditions, and each AER exhibits di�erent 
attributes in terms of natural vegetation. �e optimal conditions of a speci�c land-use and farming 
system vary signi�cantly depending on the AER (Punyawardena et al., 2003).

Detailed studies on the climatology of Sri Lanka have identi�ed the start of the �climatic year� or 
�hydrological year� as March; the seasonal weather cycle punctuated by the rainfall seasons lasts 
until February the following year (Punyawardena, Dissanayake and Mallawathanthri, 2013). It is 
generally accepted that there are four rainfall seasons in Sri Lanka (Table 1 and Figure 2).

Rainfall is heterogeneous across the island, resulting in high agro-ecological diversity despite the 
relatively small aerial extent. Of the four rainfall seasons, two consecutive rainy seasons comprise 
the major agricultural growing seasons of Sri Lanka, namely �Yala� and �Maha�. Generally, the Yala 
season is the combination of the �rst inter-monsoon (FIM) and southwest monsoon (SWM) rains. 
However, since the SWM rains do not fall in the dry zone, the DZ Yala season only bene�ts from 
the FIM rains from mid-March to early May. �e major agricultural growing season nationwide, 
Maha, begins with arrival of the second inter-monsoon (SIM) rains in mid-September/October and 
continues until late January/February with the northeast monsoon (NEM) rains (Punyawardena, 
Dissanayake and Mallawathanthri, 2013). 

The main factor influencing the geographical distribution of rainfall is the orographic nature 
of the island. The central part of Sri Lanka is characterized by the Central Highlands � a�series 
of well-defined high plains and plateaus rimmed by high mountain peaks and ridges reaching 
elevations of 910�2 524 m (Chandrajith, 2020). Almost all river networks in Sri Lanka 
originate from the highlands and radiate to the Indian Ocean. According to the direction of 
the�monsoon, the Central Highlands act as a climatic divide, presenting a�windward and a 

Table 1. Rainfall seasons in Sri Lanka
Months Rainfall

March�April First inter-monsoon (FIM) 

May�September Southwest monsoon (SWM) 

October�November Second inter-monsoon (SIM) 

December�February Northeast monsoon (NEM) 
Source: DoA, 2018.

leeward side. During each monsoon season, the 
moisture-laden air is orographically lifted along the 
windward slopes producing heavy rain exceeding 
4 000 mm annually. However, on the leeward side, 
which forms a rain shadow within the highlands, 
the�monsoon wing is warm and dry bringing 
around 2�000 mm of rain a year.
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Figure 1. Agro-ecological regions of Sri Lanka
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Season Rainfall
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Figure 2. Annual rainfall in Sri Lanka
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Notes: IM1 � �rst inter-monsoon (FIM); SWM � southwest monsoon; IM2 � second inter-monsoon (SIM); NEM � northeast monsoon.



5

Climate change impacts on crops in Sri Lanka

1.2	Irrigation

Irrigation schemes in Sri Lanka are divided into major and minor based on the command area. 
Major irrigation schemes have a command area of > 80 ha, and minor irrigation schemes systems 
< 80 ha. Paddy is grown under both major and minor irrigation schemes in the Yala season and 
also under rainfed conditions during the Maha season (with the water supply coming only from 
incidental rainfall and phreatic water). Seventy percent of the lowlands in the dry zone are cultivated 
with rice during the Maha season, compared with around 50 percent in the Yala season due to water 
scarcity. Apart from rice, other �eld crops such as maize, green gram, soybean and vegetables are 
also grown annually, particularly when there is insu�cient water for rice cultivation.

1.3	Rice and climate-related challenges

Rice, as the staple food in the country, accounts for about 37 percent of per capita calories and 
30�percent of per capita protein in the average diet (Department of Census and Statistics, 2019). 
Paddy cultivation in Sri Lanka is strongly in�uenced by landscape and climate, leading to 
considerable variation across the country. Most of the paddy cultivation in the dry and intermediate 
zones is irrigated, while a signi�cant area is rainfed during the Maha season in the intermediate 
zone.

�e impacts of climate change on rice have been studied extensively compared to other crops, 
especially with regard to crop development and growth. �e suitable temperature range for the 
vegetative growth of rice is 12�35°C with optimum temperature around 25�30°C (Yoshida,�1978). 
�e most dangerous e�ect of increasing temperature is rice grain sterility. A very brief high 
temperature event (1�2 hours) at anthesis (�owering) can result in a large number of sterile pollen 
grains. Rice grain sterility increases when the spikelet temperature rises above 30�°C and complete 
sterility is reached at 36°C, especially under high relative humidity (Abeysiriwardena, Ohba and 
Maruyama, 2002; Weerakoon, Maruyama and Ohba, 2008).

�us, even though increasing atmospheric CO2 concentration can have a positive impact on yields, 
both real-scale agronomical limitation and the negative e�ects of high temperature may result in 
lower rice yields (De Costa,�2000; Delpitiya et al., 2014). Indeed, Delpitiya et al. (2014) estimated 
that a temperature increase of 2�°C (both maximum and minimum temperature) would result in a 
rice yield reduction of 12 percent. Moreover, a study conducted in one of the major rice-growing 
districts of Sri Lanka (Kurunegala) predicted a reduction in grain yield of 20 percent under the 
RCP8.5 climate scenario (the worst case) by the middle of the century (Weerakoon, 2013).

Rice, a crop grown in standing water for most of its life cycle, usually requires 1�500�2�000 mm 
of water per season for establishment, growth and weed control (Bouman, 2001). Variability in 
precipitation quantity and distribution, as well as in the onset of the rainy season, limits the yield of 
rainfed rice and leads to variation in farming operations. Punyawardena (2002) de�nes the onset of a 
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rainy season as the �rst of the three consecutive weeks where there is a spell of at least 30 mm of rain 
per week a�er a pre-speci�ed week of the year (i.e. for the Maha season standard week 35, and for 
the Yala season standard week 9).

Irrigated rice systems may also be a�ected if rainfall is low or delayed in the catchments of the 
respective reservoirs. As noted by Nguyen (2002), �ood is the most important constraint to rice 
production in low-lying areas of Sri Lanka�s Eastern and Western Provinces. In recent years, 
increasing weather extremes such as heavy rainfall and prolonged dry conditions have caused severe 
damage to rice production (Marambe et al., 2015). Rice grown near coastal regions will be more 
a�ected by increasing salinity in paddies due to saline water intrusion associated with sea level rise 
(De Costa, 2010).

1.4	Other crops

In addition to rice, most other crops such as coarse grains, legumes, fruits, vegetables and tuber 
crops are also adversely a�ected by the impacts of climate change (Titumil and Basak, 2010). Yield 
reductions are evident for maize (Amarasingha et al., 2018; Malaviarachchi et al., 2015) and green 
gram (Malaviarachchi et al., 2015, 2016) with increasing temperatures during the growing season; on 
the other hand, chilli yield responds positively to increasing temperatures (Abhayapala et al., 2018). 
Droughts and �oods signi�cantly impact fruit and vegetable production mainly in the dry zone. 
Increasing temperature will increase evapotranspiration rates and losses, resulting in greater soil 
moisture de�cits and temporal evolution of soil salinity in upland cropping systems. Moreover, rising 
ambient temperatures could increase the �eld heat and respiration rates of perishable horticultural 
products, thereby increasing post-harvest losses and storage costs. In recent decades, the increase 
in minimum or night-time temperatures has been more signi�cant than the increase in maximum 
temperature, with a consequent reduction in night�day thermal amplitude (Marambe et al., 2015). 
�is has negatively a�ected the yield of tuber crops (e.g. potato) as assimilation and tuber bulking 
narrow down.



2.	 Assessing climate impacts on crop yields in Sri Lanka: 
methodology

�e MOSAICC methodology for assessing impacts of climate change on crops is based on a six-step 
process:

1.	 Acquiring input data (subsection 2.1).
2.	 Selecting the most relevant crops and districts (subsection 2.2), based mainly on expert 

judgement according to both quantitative and qualitative criteria.
3.	 Detrending historical yield data (subsection 2.3). Widely used assumptions and statistical 

tools are adopted in order to remove most of the non-climatic components of the variation of 
the historical crop yields.

4.	 Modelling soil�crop water balance (subsection 2.4). Potential predictors are calculated for 
the statistical models built in the subsequent step (the yield function). �is is achieved with 
the use of WABAL, the water balance model implemented in MOSAICC, with observed 
climate variables as input.

5.	 Building the yield function (subsection 2.5). Both water balance parameters (modelled as 
described in the previous subsection) and observed climate variables are used to build up a 
pool of potential predictors for the agricultural yields. �e actual predictors are then selected 
by means of widely used statistical methods.

6.	 Projecting future yield changes (subsection 2.6). In the last step of the modelling chain, the 
water balance model and yield functions with modelled climate data are used to estimate 
future yield changes (di�erence between modelled future and modelled historical). �ese 
yield changes will be calculated separately for the di�erent climate change scenarios, future 
periods (middle and far future), and districts, crops and irrigation modes.

2.1	Acquiring input data

�e MOSAICC approach is based on a sequence of steps including both statistical and process-based 
modelling methods. �e input data of the �rst modelling steps comprise observed climate data from 
weather stations, as well as crop data averaged at the spatial scale of interest. �e output data of each 
modelling step constitute the input data of the subsequent steps, through to the �nal results (future 
projected yield changes).

Climate data

Daily precipitation, and maximum and minimum temperature data from more than 50 weather 
stations managed by the Sri Lanka Department of Meteorology were initially available. Following 
a rigorous quality control process, 33 stations were selected for climate downscaling and crop 
modelling tasks. �e quality control procedure checked for outliers, continuity and consistency 
in the observed time series, as well as the percentage of missing data. In addition, the Sri Lanka 
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Department of Meteorology and the University of Cantabria conducted a comprehensive 
comparison study between these 33 stations and the nearest grid box in the EWEMBI data set 
(Lange, 2016), which is increasingly used in climate-related impact studies. �e 33 local weather 
stations were preferred for the climate change impact assessment performed here, as EWEMBI 
was found to exhibit critical biases at the local level (e.g. seasonal variability is not properly 
represented).

Soil data

�e Harmonized World Soil Database (HWSD) was used for water-holding capacity of the soil 
(Fischer et al., 2008).

Crop yield data

�e production, cultivated area and yield data for the six crops used in the study were provided by 
the Department of Agriculture. �e selected crops were paddy, green gram, maize, big onion, chilli 
and potato, and the data were considered at the national and district levels, for the Maha and Yala 
seasons, and under di�erent irrigation regimes.

Crop calendars and phenology

�e analysis relies on the approximation of the start and end of the two main cropping seasons, 
Maha and Yala (Table 2). In the present study, these dates are considered �xed and eventual shi�s 

Table 2. Approximate start, length 
and end of cropping seasons

Start Length End

Maha 1 September 17 dekads 20 February

Yala 1 March 17 dekads 20 August
Source: National Agriculture Information and Communication Centre, 
Department of Agriculture, Sri Lanka.

Table 3. Crop factors and coe�cients used in the current study

Crop F1 F2 F3 K1 K2 K3

Rice 0.17 0.42 0.75 0.50 1.05 0.70

Maize 0.09 0.46 0.84 0.30 1.20 0.35

Big onion 0.29 0.54 0.92 0.70 1.50 0.75

Chilli 0.25 0.46 0.79 0.30 0.95 0.85

Green gram 0.13 0.47 0.73 0.40 1.05 0.35

Potato 0.15 0.46 0.77 0.50 1.15 0.75
Note: F1, F2 and F3 represent the ratio between the period from the beginning of the growing cycle to the end of the growing stage �i� and the duration of the whole growing cycle. 
K1, K2 and K3 are the crop coe�cients at initial, mid and late development stages and measure the ratio between maximum crop evapotranspiration (ETc) and reference evapotranspiration (ETo).

in the crop calendar under future climate 
conditions are not taken into account. For the 
crop factors and coe�cients, the values used are 
from FAO Irrigation and Drainage Paper No. 
56 (FAO, 1998) or from crop-speci�c literature 
for the country or similar climate regions 
where available. Crop factors and coe�cients 
considered for this analysis are shown in Table 3.
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2.2	Selecting the most relevant crops and districts

Rice, maize, green gram, big onion, chilli and potato crops were selected for the study according to 
a wide range of criteria, including: contribution to GDP, relevance to food security and role as staple 
food, importance for farming systems, social impact, e�ect on employment, role as animal feed, 
consumer preferences, contribution to the export market, climatic vulnerability/resilience, market 
prices and price �uctuations, and farming input requirements (water, fertilizers). For all six crops, 
irrigated cultivation in both seasons (Maha and Yala) was considered; for rice, a third regime � 
rainfed cultivation in the Maha season � was also taken into account.

Rice (Oryza sativa) is the staple food of the inhabitants of Sri Lanka, with an annual per capita 
consumption of about 107 kg. Rice is the most important commercial crop in the country, with a 
total land area of 980�000 ha (DoA, 2018). Rice is cultivated in both Maha and Yala seasons, across 
dry, intermediate and wet zones. 

Maize (Zea mays) is the most important coarse grain cultivated in Sri Lanka, with demand for 
cultivation increasing among farmers in recent years. It is mainly cultivated in the Maha season 
under rainfed conditions in the highlands; in the Yala season, it is cultivated in both the highlands 
and the lowlands with supplementary irrigation.

Green gram (Vigna radiata) is an important pulse crop grown in Sri Lanka under traditional farming 
systems mainly in dry and intermediate zones. A component of the traditional diet of Sri Lanka, it has 
over the years provided both household income and employment opportunities to rural farmers.

Big onion (Allium cepa) is an important cash crop cultivated in Sri Lanka. In 2018, local annual 
production was 28�057 tonnes from a cultivated area of 1 448 ha (DoA, 2018), while the estimated 
annual demand in 2020 is approximately 290�000 tonnes. It is mainly cultivated in dry and 
intermediate zones.

Chilli (Capsicum annuum) is one of the most important cash crops grown in Sri Lanka. It is an 
essential ingredient in meals. In 2018, per capita annual consumption of chilli in the form of dry 
chilli was around 2.43 kg; the demand for dry chilli is around 57�400 tonnes. Chilli contributes 
an average of LKR 500 million (USD 2.7 million) to GDP. �e average cultivated area for chilli is 
approximately 13 553 ha (DoA, 2018), two-thirds of which is cultivated in the Maha season. Chilli is 
cultivated on a large scale in dry and intermediate zones. 

Potato (Solanum tuberosum) had a total national production of 88 897 tonnes in 2018 and the 
cultivated area was 5 174 ha. At present, potato is extensively cultivated in the highlands in the 
district of Nuwara Eliya in the upcountry wet zone during both the Maha and the Yala season. In 
Badulla, in the upcountry intermediate zone, potato cultivation during the Maha season is limited 
to the highlands (Kandu Kannaya), while during the Yala season cultivation shi�s to the lowlands 
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to replace paddy. Potato can be successfully grown in upcountry, wet, intermediate and dry zones 
at temperatures ranging from 24°C to 32°C, as well as in Ja�na district during the Maha season 
when temperatures are cooler. �e optimum day temperature is 20�25°C with a night/daytime 
temperature di�erence of 10°C.�e districts relevant for production of the six selected crops depend 
on the season; Table 4 shows the average cultivation area over the last 10 years, taking into account 
both the Maha and the Yala season. Of the selected districts, some are located in the dry zone, some 
in the intermediate zone and some in the wet zone (Figure 3).

Table 4. Relevant districts for the six selected crops in the Maha and Yala seasons

Crop Season

Maha Yala

Rice >�10�000�ha

Rainfed � Batticaloa, Kurunegala, Moneragala, Galle, Ampara, 
Kilinochchi, Kalutara, Anuradhapura

Irrigated � Ampara, Polonnaruwa, Anuradhapura, Hambantota, 
Batticaloa, Trincomalee, Kurunegala, Kilinochchi, Badulla, Mannar

Ampara, Polonnaruwa, Batticaloa, Hambantota, 
Anuradhapura, Trincomalee, Kurunegala 

Maize >�350�ha
Anuradhapura, Moneragala, Ampara, Badulla, Kurunegala, Matale, 
Hambantota, Polonnaruwa, Trincomalee, Puttalam, Batticaloa

Badulla, Anuradhapura, Moneragala, Kurunegala, 
Polonnaruwa

Green gram >�250�ha Moneragala, Hambantota, Kurunegala, Anuradhapura, Ampara, Puttalam Moneragala, Hambantota, Kurunegala

Big onion >�100�ha Matale, Anuradhapura, Polonnaruwa, Kurunegala

Potato >�50�ha Badulla, Nuwara Eliya, Ja�na Badulla, Nuwara Eliya

Chilli >�250�ha
Anuradhapura, Moneragala, Puttalam, Hambantota, Kurunegala, Badulla, 
Ja�na, Matale, Ampara, 

Puttalam, Kurunegala, Anuradhapura, Ja�na, 
Hambantota, Badulla, Matale, Kandy

2.3	Detrending historical yield data

While observed yields depend on both climatic and non-climatic factors (e.g. improved 
technology, better management, changes in varieties, change in policy), the MOSAICC 
methodology only considers climatic factors.

�erefore, it is important to remove the e�ects of non-climatic factors from the observed yield 
data. It is assumed that short-term (annual) changes in yield vary mostly and most consistently 
in response to climatic factors, while observed long-term trends (on a time scale of the order of 
20�years or more) incorporate non-climatic factors to a larger extent. �is can be justi�ed by the 
fact that non-climatic variables refer to the adoption of technologies that countries generally do 
not discontinue and therefore result in impacts on yields that have a smoother trend over time.

�us, it is assumed that in the observed yields, the e�ects on trends due to non-climatic factors are 
greater than the e�ects of climate change, and that the e�ects of climate variables can be captured 
mostly by year-to-year variations.

Several studies outline the various detrending methodologies, their assumptions and potential 
impacts on the �nal modelling results (Kruse, 1999; Shi, Tao and Zhang, 2013; Ye et al., 2014). 
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Figure 3. Sri Lanka districts per climatic zone
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Here, for each yield data set, four of the most frequently used methods are compared:
1)	 Linear
2)	 Polynomial (up to order 3)
3)	 Log-linear (logarithmic transformation of yields)
4)	 Linear-log (logarithmic transformation of years)

A threshold is imposed on the adjusted R2 of the �t of 0.2, and � from the models meeting this 
preliminary condition � the one that produces the minimum autocorrelation of residuals, as 
measured by the Durbin-Watson test, is selected. �e trend is then subtracted from the actual yield, 
in order to obtain the anomaly, which is assumed to capture most of the crop response to climate 
and soil water balance variables.

2.4	Modelling soil water balance

�e crop-speci�c soil water balance model embedded in MOSAICC is WABAL (WAter BALance). 
A tool for evaluating water requirements and satisfaction at various growth stages for a speci�c crop, 
at a given location characterized by climate and soil, WABAL is also the water balance component of 
the crop model FAO-AgroMetShell (Mukhala and Hoefsloot, 2004).

WABAL uses a 10-day interval to solve the water balance equation for the soil�crop system. �e 
interval of 10 days is termed �dekad� in FAO Drainage and Irrigation Papers, where it is preferred 
to daily or monthly intervals, as it provides su�cient time resolution while reducing the highly 
�uctuating e�ects of daily data. Given the soil water holding capacity (WHC), the available water 
stored in the soil (Wa) is calculated as:

Wa = Wp + Ra + Irr � ETa � Losses

Wa is the amount of available soil water at the end of each dekad, calculated as the sum of the 
available soil water stored in the soil at the end of the previous dekad (Wp), rainfall (Ra) and (where 
appropriate) irrigation (Irr), minus the amount evaporated and transpired by the crop (ETa: crop 
actual evapotranspiration) and water losses related to surface runo� and/or deep in�ltration. Each 
time Wa falls below a certain user-de�ned threshold, it is set to that threshold and water de�cit is 
recorded; when Wa exceeds WHC, it is set to WHC and water excess is recorded (Table 5).

�e calculation of ETa requires rainfall data, reference evapotranspiration ETo (calculated through 
the Hargreaves and Samani equation within MOSAICC), crop planting and harvesting dates, and 
phenology data. Without water limitation, ETa equals the maximum crop evapotranspiration (ETc) 
calculated according to FAO Irrigation and Drainage Paper No.�56 (FAO,�1998) as:

ETc = Kc � ETo
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with the crop coe�cient (Kc) varying along 
the growing cycle. MOSAICC adopts the 
four-phase, single crop coe�cient approach, 
where the growing cycle is divided into initial, 
development, mid and late development 
stages, and the water balance equation is 
solved subsequently for each phase. Each�of 
the four phases is characterized by the crop 
coe�cient Kci (i.e. the ratio between maximum 
crop evapotranspiration [ETc] and reference 
evapotranspiration [ETo]) and a crop factor 
that quanti�es the duration of growth stage 

(see subsection 2.1). Both the crop factors (Fi) and crop coe�cients (Kci) are provided as input 
data to WABAL for calculating the water balance along the whole growing cycle (Table�3). Figure�4 
illustrates the crop development curve according to this approach: WABAL outputs are synthetically 
de�ned in Table�5. �ey describe water balance conditions at four growth stages and during the 
whole growing cycle, �i� being: 1-initial, 2-development, 3-mid-season, 4-late-season or t-total. As 
the analysis is carried out at the district level, the WABAL model needs climate data as input at this 
spatial level in order to make consistent 
regression between climate, water balance 
and yield variables. For this reason, local 
observations for the period 1994�2016 were 
interpolated using the AURELHY method 
(BØnichou and Le Breton, 1987).

Climate data at 33 stations for the 
period 1994�2016 were selected for the 
interpolation and the analysis because 
the AURELHY method requires both a 
long historical period of observations 
(temporal criteria) and a dense network of 
measurements (spatial criteria).

2.5	Building the yield function

MOSAICC combines the water balance calculation at dekadal time resolution with a statistical 
approach to crop modelling. �e relationship between the yield anomaly (Ym) and climate and 
soil water balance variables (Xi) is investigated through correlation and regression analysis, with 
potential predictors among climate and water balance variables. �is leads to the de�nition of a 
�yield function� as follows:

Table 5. WABAL outputs

Variable De�nition

ETai Actual evapotranspiration (mm)

DEFi Water de�cit (mm)

EXCi Water excess (mm)

TWR Total water requirement (mm)

WSI (raw) Water satisfaction index (%)

WSI (corr) WSI corrected to account for water excess (%)
Note: The subscript i denotes: 1-initial, 2-development, 3-mid-season, 4-late-season and 
t-total, for each variable in the table indicated with the subscript i (ETai,, DEFi, EXCi), resulting 
in 15�outputs. The remaining three variables (TWR, WSI [raw], WSI [corr]) without subscript i, 
refer to the whole growing cycle. The overall sum is 15�+�3�=�18�outputs.

Kc Kc mid

Kc ini

initial crop development mid season late season

Kc end

Figure 4. Generalized crop coe�cient curve for 
the single crop coe�cient approach
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Ym = a1 X1 + � + ai Xi + � + an Xn + b

Variables Xi can be climate (e.g. Tmin, Tmax, Prec) and/or WABAL output variables (e.g. ETa, WSI), 
either averaged at speci�c stages of the growing cycle or aggregated over the whole year/growing 
cycle.

�is study considered as potential predictors Xi both the water balance WABAL parameters 
(18�water balance variables � see Table 5) and the climate variables (Tmax, Tmin, Prec) averaged 
over the four growing stages (see subsection 2.4) and over the whole growing season: Tmaxi, Tmini, 
Preci where the subscript i denotes 1-initial, 2-development, 3-mid-season, 4-late-season and t-total 
(15�climate variables in total).

�is gives a total of 33 potential predictors: 18 WABAL outputs (Table 5) plus 15 climate variables.
Yield functions can be a�ected by several sources of uncertainty (Yao et al., 2011), including:

1)	 measurement uncertainties in climate data;
2)	 length and completeness of historical climate data set;
3)	 accuracy and completeness of yield data;
4)	 reliability of �detrending hypothesis� (non-climatic factors removed by detrending);
5)	 quality of trend model;
6)	 accuracy and completeness of crop phenology and calendar information;
7)	 accuracy of models for crop evapotranspiration and water balance calculation; and
8)	 collinearity among regressors.

Acknowledging the above-mentioned limitations, statistical crop models remain a valuable tool for 
understanding and estimating crop yields, with both advantages and drawbacks when compared 
to more complex �crop growth� or �process-based� models. In their multiple variants (time 
series, panel, random coe�cient models etc.) with a variety of criteria in the pool and a choice of 
predictors, they have been successfully applied in long-term analysis of past climate, future long-
term projections and seasonal forecasts (Genovese et al., 2004; Lobell and Burke, 2010; Shi, Tao and 
Zhang, 2013; van der Velde and Nisini, 2019; Vogel et al., 2019).

As a speci�c feature of statistical crop models, the most crucial aspect is the selection of potential 
predictors (or regressors/explanatory variables) and the statistical criteria adopted to assess the 
quality of the regression. To select the explanatory variables in the yield functions, the stepwise 
AIC (Akaike information criterion) method is adopted, implemented in the R-package �MASS� 
(Venables and Ripley, 2002), combining forward and backward selection.

A total of 33 potential predictors is much higher than the number of observations (22 years of 
observations). �is dimension di�erence could render unstable the result of a stepwise selection 
(George, 2000). �erefore, to reduce the initial pool of potential predictors, a preliminary selection 
is performed by keeping in the �full model� only the nobs � 1 = 21 among climate and water balance 
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parameters mostly correlated with yield anomaly. If the number of predictors of the stepwise-
selected model exceeds three, less-correlated potential predictors are recursively removed from the 
�full model� until a �nal model with a maximum of three independent variables is attained.

To deal with multicollinearity � i.e. predictors correlated between each other � another recursive 
process is applied in the case that the stepwise-selected regression model contains predictors with a 
variance in�ation factor > 4 (Hair et al., 1995). In this case, the predictor most highly correlated with 
yield anomaly is kept, while the predictor with the highest correlation with that one is removed; the 
stepwise method is then applied again with the reduced pool of potential predictors. �ere is seldom 
need for this further reduction (only 3 cases out of 73), meaning that the stepwise AIC method 
e�ectively gets rid of multicollinearity in most cases.

�e quality of the model is evaluated in terms of adjusted R2, p-value and cross-validation R2 
(see Tables 7�12, last three columns). For validation of the models, considering the absence of 
independent data sets and the relatively limited number of observations (22 years), the leave-one-out 
cross-validation (LOOCV) option is selected, thus removing recursively one single year from the 
data set, using the remaining 21 years to �t the model and the single removed year for validation.

�e cross-validation method implemented in the R library �caret� is used in this study. �is 
approach has been adopted in other statistical crop modelling studies (Kern et al., 2018; 
Santos�et�al., 2010).

2.6	Projecting future yield changes

Future yield anomalies are the result of the yield function de�ned above (Ym) applied under future 
modelled climate and water balance conditions. As for the climate data (precipitation, maximum 
and minimum temperature), six di�erent general circulation models (GCMs) from the Coupled 
Model Intercomparison Project Phase 5 (CMIP5 � Taylor, Stou�er and Meehl [2012]), which have 
been extensively used in climate change impact assessments, were available for this study. Apart 
from particular parameterization schemes, they di�er mainly in their spatial resolution. Allowing for 
a good characterization of the uncertainty that typically arises in climate change studies associated 
with the choice of GCM (Chen, Xu and Guo, 2012; Dibike and Coulibaly, 2005), daily precipitation, 
maximum and minimum temperature 
provided by these GCMs were downscaled 
by means of statistical techniques in 
order to provide daily downscaled 
precipitation, and maximum and 
minimum temperatures for the country�s 
33 weather stations until 2100 under two 
representative concentration pathways: 
RCP4.5 and RCP8.5. RCPs provide 

Table 6. The six CMIP5 GCMs used in the study
GCM label Institution acronym and country Reference

CanESM2 CCCMA (Canada) (Chylek et al., 2011)

CNRM-CM5 CNRM-CERFACS (France) (Voldoire et al., 2013)

GFDL-ESM2M NOAA GFDL (USA) (Dunne et al., 2012)

IPSL-CM5A-MR IPSL (USA) (Dufresne et al., 2013)

MIROC-ESM MIROC (Japan) (Watanabe et al., 2011)

MPI-ESM-MR MPI (Germany) (Jungclaus et al., 2010)
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2. Assessing climate impacts on crop yields in Sri Lanka: methodology

one of the many possible scenarios that would lead to speci�c radiative forcing characteristics. 
In particular, while RCP4.5 (�omson et al., 2011) is an intermediate pathway in which radiative 
forcing is expected to stabilize at approximately 4.5 W/m2 a�er 2100, RCP8.5 (Riahi et al., 2011) is a 
high pathway for which radiative forcing is expected to reach > 8.5 W/m2 by 2100 and then continue 
to rise. Additionally, the six GCMs were also downscaled for their historical scenario, providing 
the baseline climate for the locations of interest (the 33 national weather station locations). For 
precipitation, the�analogue technique was used (Lorenz, 1969), whereby the local downscaled values 
corresponding to a particular atmospheric con�guration (as represented by the di�erent GCMs in 
the future) were estimated on the basis of the local observations corresponding to the most similar 
atmospheric con�gurations, as given by reanalysis in a historical period (Zorita et al., 1995). On the 
other hand, for maximum and minimum temperature, multiple linear regression was conducted 
using predictor information at the nearest grid box.

Multiple linear regression attempts to model the relationship between two or more predictors and 
a response variable by minimizing the sum of the residuals between a �tted regression line and 
the observed data (Helsel and Hirsch, 2002). It should be noted that the analogue technique is not 
suitable for temperatures given its inability to extrapolate values out of the observed range, which 
may constitute an important issue in the context of a changing climate (GutiØrrez et al., 2013). In 
all cases, a common predictor set comprising temperature, relative humidity, zonal and meridional 
winds at 850 hPa was used, maximizing the inter-variable consistency of downscaled future 
scenarios.

�e local downscaled climate projections were subsequently interpolated using AURELHY 
(BØnichou and Le Breton, 1987) in order to obtain a regular grid of climate information suitable to 
be used at the geographic unit of the analysis (the districts).

Historical and future water balance conditions were then simulated with WABAL based on the 
downscaled and interpolated climate data at dekadal time resolution and district level, and the yield 
changes were calculated as the di�erence between simulated Ym for the future and baseline periods. 
�ese di�erences or �changes� are calculated for three di�erent time frames (near, middle and far 
future, up to 2100). Note that the results of this study are limited to the middle and far future.



3.	 Results

�is section presents time series of cultivated areas, yields and yield anomalies (detrended yields) at 
both the country and the district level (subsections 3.1 and 3.2), and the results of the full analysis, 
with correlation, regression and future projections at the district level (subsections 3.3 and 3.4).

3.1	Cultivated area and yield trends at the national level

�is section provides a country-level overview of the crop sector with time series of cultivated area and 
yield for the selected crops. Analyses are carried out at the district level to account for the heterogeneous 

Figure 5. National cultivated area for Maha season (ha)
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3. Results

climate and agro-ecological characteristics of Sri Lanka (see Section 1). Figures�5 and�6 show the time 
series of cultivated area of the six crops from 1980 to 2018 for the Maha and Yala seasons, respectively. 
Trends and �uctuations likely re�ect the variation in interest and investment (increasing/decreasing) in 
the speci�c crops for their changing role and importance, as well as changes in farmers� practices from 
less to more extensive and vice versa.

Figure 6. National cultivated area for the Yala season (ha)

Figures 7 and 8 show the average yields of the six crops at the national level for the same period 
(1980�2018) for the Maha and Yala seasons, respectively. Trends and �uctuations in yield mostly 
re�ect the response of the crop to management, technology and climate variations. All the Maha 
crops (Figure 7) reveal an overall increasing trend in yields a�er the 1980s (2000 for big onion). 
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Climate change impacts on crops in Sri Lanka

Figure 7. Average national yields for the Maha season (tonnes/ha)

Linear-log �t is the best �t for rice, while for the other crops, polynomial curves better represent 
the long-term trend of the yield over the last 25 years. For these crops, the last decade shows a 
strong increasing trend, while the earlier period is characterized by a less marked increase, or by a 
stagnating or decreasing trend.

For the Yala season (Figure 8), yield trends are generally more irregular, with all crops following a 
non-linear trend. Assuming that these long-term trends are not related to current climate variability, 
they could be the result of changes in plot/farm management, policies and technology. Results also 
suggest higher variability of these factors during the Yala season than in the Maha season.
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3. Results

Figure 8. Average national yields for the Yala season (tonnes/ha)


































































































































































	Пустая страница
	Пустая страница

