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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 effective adaptation strategies.

Climate change challenges agriculture in many ways and affects — 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 intensification and adopting climate-smart agricultural practices.

This 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, effect on employment, role as animal feed, consumer preferences,
contribution to the export market, climatic vulnerability/resilience, market prices and price
fluctuations, 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). The 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. The 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). The yield functions were constructed per crop, district and season, using the
observed yield responses to past climate and simulated water balance conditions. The projected
future changes for the six crops were calculated as the yield difference 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).

The 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 floods, policies oriented towards adaptation to floods and mitigation of their effects
for those districts could be advantageous in terms of food security in Sri Lanka.

XV



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.

The 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. Therefore,
adoption of varieties resistant to high temperatures could be a beneficial 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 confirmed, 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 Jaffna district during the Maha season, probably due to the positive effect of the
projected rainfall increase in the dry zone. This result warrants further investigation and points
towards the potential appeal of cultivating potato in the dry zone in the future.

The 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. These strategies should be
oriented in part to promote and fund similar research studies to gain a deeper understanding of the
conclusions drawn from MOSAICC. This 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.

The 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). The 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. The MOSAICC methodology is indeed flexible and presents great potential for improving
and enriching results by refining the modelling/analysis choices, and integrating new data sets and
information into the MOSAICC database.

The 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 intensification
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

XVi



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 scientific 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. This 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. This 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).

The 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-specific
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).
The system builds on multi-user technology and a common database, and the users are typically
experts in their respective fields, from various institutions in the country (both governmental

and academic). The 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. The 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 intensification 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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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

The climates of Sri Lanka belong to the Aw, Am, Af and Cfb Koppen-Geiger climatic zones.

The 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). The AERs are
characterized by unique climate, soil and terrain conditions, and each AER exhibits different
attributes in terms of natural vegetation. The optimal conditions of a specific land-use and farming
system vary significantly depending on the AER (Punyawardena et al., 2003).

Detailed studies on the climatology of Sri Lanka have identified 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 first 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 benefits from
the FIM rains from mid-March to early May. The 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
leeward side. During each monsoon season, the

Table 1. Rainfall seasons in Sri Lanka
moisture-laden air is orographically lifted along the

Months Rainfall windward slopes producing heavy rain exceeding
March~Apri Firsinter-mansoon (FIM) 4 000 mm annually. However, on the leeward side,
V157Gl SO B which forms a rain shadow within the highlands,
October—November Second inter-monsoon (SIM) the monsoon wing is warm and dry bringing
December—February Northeast monsoon (NEM)

around 2 000 mm of rain a year.
Source: DoA, 2018.
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Figure 2. Annual rainfall in Sri Lanka
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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 field crops such as maize, green gram, soybean and vegetables are
also grown annually, particularly when there is insufficient 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 influenced 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 significant area is rainfed during the Maha season in the intermediate

Zone.

The impacts of climate change on rice have been studied extensively compared to other crops,
especially with regard to crop development and growth. The suitable temperature range for the
vegetative growth of rice is 12-35°C with optimum temperature around 25-30°C (Yoshida, 1978).
The most dangerous effect of increasing temperature is rice grain sterility. A very brief high
temperature event (1-2 hours) at anthesis (flowering) 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).

Thus, even though increasing atmospheric CO, concentration can have a positive impact on yields,
both real-scale agronomical limitation and the negative effects 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) defines the onset of a
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rainy season as the first of the three consecutive weeks where there is a spell of at least 30 mm of rain
per week after a pre-specified 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 affected if rainfall is low or delayed in the catchments of the
respective reservoirs. As noted by Nguyen (2002), flood 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
affected 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 affected 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 floods significantly impact fruit and vegetable production mainly in the dry zone.
Increasing temperature will increase evapotranspiration rates and losses, resulting in greater soil
moisture deficits and temporal evolution of soil salinity in upland cropping systems. Moreover, rising
ambient temperatures could increase the field 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 significant than the increase in maximum
temperature, with a consequent reduction in night-day thermal amplitude (Marambe et al., 2015).
This has negatively affected 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

The 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). This 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. The 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 (difference between modelled future and modelled historical). These
yield changes will be calculated separately for the different climate change scenarios, future
periods (middle and far future), and districts, crops and irrigation modes.

2.1 Acquiring input data

The MOSAICC approach is based on a sequence of steps including both statistical and process-based
modelling methods. The input data of the first modelling steps comprise observed climate data from
weather stations, as well as crop data averaged at the spatial scale of interest. The output data of each
modelling step constitute the input data of the subsequent steps, through to the final 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. The 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. The 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

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

Crop yield data

The production, cultivated area and yield data for the six crops used in the study were provided by
the Department of Agriculture. The 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 different irrigation regimes.
Crop calendars and phenology

The 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 fixed and eventual shifts

. in the crop calendar under future climate
Table 2. Approximate start, length

) conditions are not taken into account. For the
and end of cropping seasons

crop factors and coefficients, the values used are

Start EE00H! £ from FAO Irrigation and Drainage Paper No.
Maha 15eptember | 17 dekads 20 February 56 (FAO, 1998) or from crop-specific literature
Yala 1 March 17 dekads 20 August for the country or similar climate regions
Source: National Agriculture Information and Communication Centre, where avaﬂable' CI’Op factors and coeﬂicients

Department of Agriculture, Sri Lanka.
considered for this analysis are shown in Table 3.

Table 3. Crop factors and coefficients 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: F, F, and F, represent the ratio between the period from the beginning of the growing cycle to the end of the growing stage ‘" and the duration of the whole growing cycle.
K, K, and K, are the crop coefficients at initial, mid and late development stages and measure the ratio between maximum crop evapotranspiration (ETc) and reference evapotranspiration (ETo).
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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, effect on employment, role as animal feed,
consumer preferences, contribution to the export market, climatic vulnerability/resilience, market
prices and price fluctuations, 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. The 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 shifts 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 Jaffna district during the Maha season
when temperatures are cooler. The optimum day temperature is 20-25°C with a night/daytime
temperature difference of 10°C.The 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
Rainfed — Batticaloa, Kurunegala, Moneragala, Galle, Ampara, Ampara, Polonnaruwa, Batticaloa, Hambantota,
Kilinochchi, Kalutara, Anuradhapura Anuradhapura, Trincomalee, Kurunegala
Rice > 10000 ha

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

. Anuradhapura, Moneragala, Ampara, Badulla, Kurunegala, Matale, Badulla, Anuradhapura, Moneragala, Kurunegala,

Maize > 350 ha . A
Hambantota, Polonnaruwa, Trincomalee, Puttalam, Batticaloa Polonnaruwa

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

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

Potato > 50 ha Badulla, Nuwara Eliya, Jaffna Badulla, Nuwara Eliya

Anuradhapura, Moneragala, Puttalam, Hambantota, Kurunegala, Badulla, | Puttalam, Kurunegala, Anuradhapura, Jaffna,

Chilli > 250 ha Jaffna, Matale, Ampara, 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.

Therefore, it is important to remove the effects 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. This can be justified 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.

Thus, it is assumed that in the observed yields, the effects on trends due to non-climatic factors are
greater than the effects of climate change, and that the effects 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 final modelling results (Kruse, 1999; Shi, Tao and Zhang, 2013; Ye et al., 2014).

10
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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 R?* of the fit 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. The 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 halance

The crop-specific 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 specific 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. The
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 sufficient time resolution while reducing the highly
fluctuating effects 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 runoft and/or deep infiltration. Each
time Wa falls below a certain user-defined threshold, it is set to that threshold and water deficit is
recorded; when Wa exceeds WHC, it is set to WHC and water excess is recorded (Table 5).

The 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

12



Table 5. WABAL outputs
Variable  Definition
ETa, Actual evapotranspiration (mm)
DEF, Water deficit (mm)
EXC, 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 (ETa‘,, DEFi, EX(i), resulting
in 15 outputs. The remaining three variables (TWR, WS [raw], WSI [corr]) without subscript i,
refer to the whole growing cycle. The overall sum is 15 + 3 = 18 outputs.

Climate change impacts on crops in Sri Lanka

with the crop coeflicient (Kc) varying along
the growing cycle. MOSAICC adopts the
four-phase, single crop coeflicient 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
coeflicient Kc. (i.e. the ratio between maximum
crop evapotranspiration [ETc] and reference
evapotranspiration [ETo]) and a crop factor
that quantifies the duration of growth stage

(see subsection 2.1). Both the crop factors (F.) and crop coefficients (Kc,) 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

defined in Table 5. They describe water balance conditions at four growth stages and during the

€2

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
(Bénichou 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

K

C

| mid season | lateseason |

Figure 4. Generalized crop coefficient curve for
the single crop coefficient approach

MOSAICC combines the water balance calculation at dekadal time resolution with a statistical

approach to crop modelling. The relationship between the yield anomaly (Ym) and climate and

soil water balance variables (X)) is investigated through correlation and regression analysis, with

potential predictors among climate and water balance variables. This leads to the definition of a

“yield function” as follows:

13
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Ym=a X +...+aX+..+a X +b
1 1 i~ n-'n

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

This study considered as potential predictors X, 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: Tmax, Tmin,
Prec, where the subscript i denotes 1-initial, 2-development, 3-mid-season, 4-late-season and t-total
(15 climate variables in total).

This gives a total of 33 potential predictors: 18 WABAL outputs (Table 5) plus 15 climate variables.
Yield functions can be affected 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 coefficient 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 specific 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). This dimension difference could render unstable the result of a stepwise selection
(George, 2000). Therefore, to reduce the initial pool of potential predictors, a preliminary selection

is performed by keeping in the “full model” only the n_  — 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 final 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 inflation 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. There is seldom
need for this further reduction (only 3 cases out of 73), meaning that the stepwise AIC method
effectively gets rid of multicollinearity in most cases.

The quality of the model is evaluated in terms of adjusted R?, p-value and cross-validation R?

(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 (LOOCYV) option is selected, thus removing recursively one single year from the
data set, using the remaining 21 years to fit the model and the single removed year for validation.

The cross-validation method implemented in the R library “caret” is used in this study. This
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 defined above (Ym) applied under future
modelled climate and water balance conditions. As for the climate data (precipitation, maximum
and minimum temperature), six different general circulation models (GCMs) from the Coupled
Model Intercomparison Project Phase 5 (CMIP5 - Taylor, Stouffer and Meehl [2012]), which have
been extensively used in climate change impact assessments, were available for this study. Apart
from particular parameterization schemes, they differ 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 Table 6. The six CMIP5 GCMs used in the study

by means of statistical techni ques in GCMlabel  Institution acronym and country Reference
order to provide daily downscaled CanESM2 (CCMA (Canada) (Chylek et al., 2011)
pre cipitation, and maximum and CNRM-CM5 CNRM-CERFACS (France) (Voldoire et al., 2013)
minimum temperatures for the country’s GFDL-ESM2M | NOAA GFDL (USA) (Dunne et al., 2012)
33 weather stations until 2100 under two IPSL-CMSA-MR | IPSL (USA) (Dufresne ef gt 2013)
representative concentration pathways: MIROC-ESM MIROC (Japan) (Watanabe et al., 2011)
RCP4.5 and RCPS.5. RCPs provide MPI-ESM-MR = MPI (Germany) (Jungclaus et al., 2010)

15



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

one of the many possible scenarios that would lead to specific radiative forcing characteristics.

In particular, while RCP4.5 (Thomson ef al., 2011) is an intermediate pathway in which radiative
forcing is expected to stabilize at approximately 4.5 W/m? after 2100, RCP8.5 (Riahi et al., 2011) is a
high pathway for which radiative forcing is expected to reach > 8.5 W/m? 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 configuration (as represented by the different GCMs in
the future) were estimated on the basis of the local observations corresponding to the most similar
atmospheric configurations, 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 fitted 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 (Gutiérrez 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.

The local downscaled climate projections were subsequently interpolated using AURELHY
(Bénichou 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 difference between simulated Ym for the future and baseline periods.
These differences or “changes” are calculated for three different 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.
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3. Results

This 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

This 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
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Figure 5. National cultivated area for Maha season (ha)
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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 fluctuations likely reflect the variation in interest and investment (increasing/decreasing) in
the specific crops for their changing role and importance, as well as changes in farmers’ practices from

less to more extensive and vice versa.
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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 fluctuations in yield mostly
reflect the response of the crop to management, technology and climate variations. All the Maha

crops (Figure 7) reveal an overall increasing trend in yields after the 1980s (2000 for big onion).
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Linear-log fit is the best fit 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.
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Figure 7. Average national yields for the Maha season (tonnes/ha)

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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3.2 Cultivated area, yield trend and anomaly at the district level

Yield functions and yield change projections are carried out at the district level, because small-scale
impact assessments allow to better identify the relationship between climate and crop yield since
climate, soil characteristics and agricultural practices are more homogeneous across the study area.
Figures A1-A34 in this subsection refer to the graphs of cultivated area, yield and anomalies found
in the Appendix.

Rice

For both Maha and Yala seasons, the area under irrigation is higher than the rainfed area. The
districts of Ampara and Polonnaruwa located in dry zone have the highest cultivated areas
(> 50 000 ha) in both Yala and Maha seasons with irrigation (Figures A1-A3).

The yields under rainfed conditions are smaller than the yields under irrigation in both seasons
(Figures A4-A6). Indeed, given that water is a limiting factor, short-duration rice is generally
cultivated under rainfed conditions and it provides lower yields than the medium- and long-
duration rice that tends to be cultivated under irrigated conditions.

During the last 30 years, all districts cultivated with rice have witnessed a continually increasing
trend in yield, irrespective of the season and irrigation regime — albeit more pronounced and
smoother in the Maha season. These increasing trends (at both the national and the district
level) likely reflect the Government’s supporting policies aimed at maintaining self-sufficiency in
rice production and consumption, discouraging rice imports, promoting export and favouring
initiatives such as donations (in 2011, Sri Lanka donated 7 500 tonnes of rice to the World Food
Programme).

Maize

Maize is mainly grown in the Maha season (Figures A10 and A11). In the Yala season, maize
cultivation is practised in the lowlands (where rice is cultivated during the Maha season).
Anuradhapura and Moneragala, located in the dry zone have the highest extent (> 10 000 ha) of
maize cultivation in the Yala season, thanks to favourable climatic conditions and water availability
(while the water requirement of maize is high, it is nevertheless less than for rice). In the Maha
season, the lowlands are used mainly for rice and the remaining lowlands and uplands are used to
cultivate the other field crops.

Yields and trends are shown in Figures A12 and A13 for the Maha and Yala seasons, respectively.
In all maize districts, maize yield has shown an increasing trend in the last 30 years - prominent in
both seasons. These increasing trends most likely reflect the supporting policies of the Government

of Sri Lanka in maintaining maize production and consumption and promoting export.
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Big onion

Big onion is extensively cultivated only in the Yala season. Matale, Anuradhapura, Polonnaruwa and
Kurunegala, located in the dry and intermediate zones, contribute the greatest extent of big onion
cultivation due to the favourable climatic conditions (higher day length) and water availability.

A significant proportion of the total land area of Matale and Anuradhapura is dedicated to big onion
cultivation, accounting for a considerable part of the total national cultivated area for this crop.
There has been an increasing trend in the area under big onion in Matale and Anuradhapura during
the last 30 years (Figure A16) — most likely a reflection of the supporting policies of the Government
of Sri Lanka in maintaining big onion production and consumption, reducing big onion imports,
and promoting production of seed onion.

Figure A17 presents yield and trend for big onion cultivation. Yield in Matale District shows
an increasing trend, while in Polonnaruwa and Kurunegala the trend shows a parabolic shape,
decreasing through to 2000 and then increasing.

Green gram

The extent of cultivated green gram during the Maha season is higher than in the Yala season
(Figures A19 and A20). The districts of Moneragala and Hambantota, located in the dry and
intermediate zones, contributed the highest extent of green gram cultivation with favourable climatic
conditions and water availability (water requirement is less than for rice). In the Yala season, green
gram is mainly cultivated in the lowlands. In the Maha season, priority is given to rice in the lowlands
and the remaining lowlands and uplands are used to cultivate other field crops, including green gram.

The last 30 years have seen a decreasing trend in the area under green gram in Moneragala,
Hambantota, Kurunegala and Puttalam in the Maha season and in Moneragala and Kurunegala

in the Yala season. This decreasing trend is due in part to the law on market prices and in part to
agronomic problems (pests and diseases, weeding) and socio-economic factors (labour, fertilizer and
seed costs). However, in Hambantota District there has been an increasing trend in the Yala season

— most likely a reflection of the government strategies to support green gram production as a new
agronomic cultivation practice.

Yields and trends are shown in Figures A21 and A22 for the Maha and Yala seasons, respectively.
Several districts present an oscillating behaviour from year to year, typical of green gram.

Potato

Potato cultivated areas are similar during the Yala and Maha seasons (Figures A25 and A26). Owing
to a wider diurnal temperature regime, the districts of Badulla and Nuwara Eliya, located in the
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intermediate and wet zones, show the highest extent of potato cultivation, while in Jaffna, the crop is
grown only during the Maha season.

The cultivated area in Nuwara Eliya and Badulla reveals an increasing or stagnating trend over the
last 30 years, more pronounced in the Maha than in the Yala season. In contrast, there has been a
decreasing trend in Jaffna District, due to the consequences of the civil war; nevertheless, also in
this district the cultivated extent has revealed an increasing trend in recent years. These increasing
trends most likely reflect the policies of the Government of Sri Lanka aimed at maintaining potato
production and consumption and promoting production of potato seeds.

Yields and trends are shown in Figures A27 and A28 for the Maha and Yala seasons, respectively.
All the districts show an overall increasing trend, with Nuwara Eliya presenting a decreasing trend
(reaching a minimum in the 1990s) followed by an increasing trend.

Chilli

Figures A31 and A32 show that the Maha season contribute more than the Yala season to the total
annual cultivation of chilli. Anuradhapura, Puttalam, Moneragala, Kurunegala and Badulla, located
in the dry and intermediate zones, make a significant contribution due to the favourable climate

conditions (greater day length) and water availability.

The cultivated area in Anuradhapura represents the highest fraction of district extent and of national
cultivated area. In the Yala season, Puttalam has shown an increasing trend in the last 30 years, while
the increasing trend in the other districts was more marked in the Maha season.

Yields and trends are shown in Figures A33 and A34 for the Maha and Yala seasons, respectively. All
the chilli cultivated districts showed an increasing trend in both the Yala and the Maha seasons.

3.3 Regression models (yield functions)

This subsection reports the yield functions for the two seasons Yala and Maha. For rice, season
regards both irrigated and rainfed rice, and the Yala season only irrigated rice.

The relevant districts vary according to season and irrigation (depending on water availability).
Rice is grown under both irrigated and rainfed conditions, while other crops are cultivated only
with supplemental irrigation. In general, more districts are cultivated during the Maha season,
when a larger area in the dry zone becomes suitable for cultivation (see Table 4). This leads to
the 73 different yield functions shown in Tables 7-12.

Tables 7-12 show that, for the different crops, districts, seasons and irrigation modes, the selected
climate and water balance variables explain 0.06-0.9 of the variance in yields, with R?  mean and
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median values of 0.38 and 0.41, respectively. Cross-validation R* are generally 10 percent lower than
the full model R? , for the highest R? , cases, showing generally a good explicative and predictive

power of the yield functions.

When the R?  of the yield function falls below 0.2, or the stepwise selection does not meet
minimum quality criteria (high number of missing or repeated values in predictors), the yield
function is not considered for future projections. This happens for 14 of the 73 yield functions, and
the corresponding districts are indicated between square brackets in Tables 7-12. In all the other
cases, the yield functions are significant to the 10 percent level, and in most cases to the 5 percent

level (p-value column in Tables 7-12).
Rice

Rice is cultivated in both the Maha and Yala seasons, in different districts (see Table 4). During the
Maha season, rainfall provides sufficient water to cultivate rice without irrigation, while during the
Yala season, rice is irrigated. The districts relevant for rice production differ depending on the season

and the irrigation regime, due to the differences in water availability.

Generally, water balance parameters appear slightly more frequently as predictors in the yield
functions than do climate variables, especially in the Yala season (Table 7). Among these, water
excess (EXC) generally shows a negative impact on yield during the last growing stage (EXC)),
while during the first and second stage (EXC, and EXC)), it can appear in the yield functions with
positive coeflicients.

During the Maha season (rainfed regime), water deficit generally presents negative coeflicients
as well as maximum and minimum temperatures, especially for the most significant models.
Anuradhapura, in the dry zone, shows a yield function with negative coefficients for precipitation
variables, most likely due to negative impacts of floods affecting this lowland area in the Maha

season.

For the Maha season (irrigated regime), the water balance parameter EXC appears more
frequently than under the rainfed regime. Usually, water excess has negative coeflicients,
suggesting that with irrigation, the intense rains characteristic of the northeast monsoon lead

to more severe damage, generating yield losses. Actual evapotranspiration predictors under this
regime appear with positive coefficients, suggesting that with irrigation, higher evapotranspiration

is related to increased plant growth.

During the Yala season (irrigated regime), water balance parameters appear as predictors more
frequently than do climate variables. Precipitation and water deficit appear with positive and
negative coefficients respectively, suggesting that water scarcity can still lead to damage and yield
losses during the Yala (drier) season, in spite of irrigation being in place.
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Table 7. Yield functions for rice per season, irrigation regime and district

District
Batticaloa (DZ)
Ampara (DZ, 1Z)
Kurunegala (IZ, DZ)
Anuradhapura (DZ)
Kalutara (WZ)

Galle (W2)
Moneragala (1Z, DZ)
Kilinochchi (DZ)*
Trincomalee (D2)
Polonnaruwa (DZ)
Mannar (DZ)
Ampara (IZ, DZ)
Hambantota (DZ, 1Z)
Kurunegala (1Z, Dz)
Batticaloa (DZ)
Badulla (I, DZ)
Anuradhapura
Kilinochchi (DZ)*
Ampara (IZ, DZ)
Polonnaruwa (DZ)
Batticaloa (DZ)
Kurunegala (1Z, Dz)
Trincomalee (D2)*
Hambantota (DZ, 12)*
Anuradhapura (DZ)*

Yield function
Y =5.869 +0.028 Prec, — 0.001 DEF, — 0.167 Tmax,

Y =—-0.597 — 0.002 EXC, + 0.022 WSl (corr) — 0.001 DEF,

Y =4.079 — 0.008 Prec, +0.004 ETA, — 0.21 Tmin,
Y=1.264—0.01 Prec, — 0.004 Prec,

Y =-5.02+0.002 EXC, +0.25 Tmin, — 0.008 WSl (corr)

Y =—3.057 - 0.035 ETA, +0.024 ETA, +0.001 EXC,
Y =—9.495 — 0.005 Prec, +0.289 Tmin, + 0.016 ETA,
Y =—17.286 +0.525 Tmax, + 0.002 EXC,

Y =—5.567 — 0.003 EXC, + 0.009 ETA, + 0.008 Prec,
Y =4.474—0.001 EXC, - 0.309 Tmax, + 0.008 TWR

Y =—13.122 - 0.012 Prec,+ 0.037 ETA, +0.244Tmax,

Y=0.019 —0.002 EXC, + 0.016 Prec,

Y=6.723 +0.001 EXC, — 0.01 TWR — 0.007 Prec,
Y=—14.851+0.041 ETA, +0.025 ETA,
Y=-9.58+0.03 Prec, +0.014 ETA

Y =0.437 — 0.002 EXC, — 0.002 EXC, + 0.007 DEF,
Y=12.462 —0.015 DEF, — 0.358 Tmax, — 0.004 Prec,
Y=-16.025 +0.494 Tmax,

Y=-1.933 +0.02 Prec, + 0.002 DEF, +0.002 TWR
Y =—8.449 — 0.004 DEF, + 0.306 Tmax, — 0.011 ETA,
Y=-2.79 +0.188 Tmin, — 0.008 DEF,

Y =-5365+0.024 ETA, — 0.001 EXC,
Y=3.784—0.11 Tmax,

Y =3.525—-0.005TWR

NA

Notes: DZ — dry zone; IZ — intermediate zone; WZ — wet zone.

*indicates that the RZadl of the yield function falls below 0.2, or the stepwise selection does not meet minimum quality criteria (high number of missing or repeated values in predictors).

In these cases, the yield function is not considered for future projections.

Maize

R,
0.463
0.453
0.445
0.427
0.35
0.277
0.25
0.141
0.906
0.693
0.687
0.546
0.507
0.504
0.49
0.49
0423
0.177
0.408
0.304
0.361
0.25
0.17
0.041
NA

p-value
0.0034
0.0039
0.0044
0.0034
0.0158
0.0366
0.0487
0.1597
0
0
2.00E—04
3.00E—04
0.0017
7.00E—04
9.00E—04
0.0022
0.006
0.0663
0.0045
0.0193
0.0043
0.0217
0.0504
0.1771
NA

R,
0.307
0.355
0.365
0.205
0.197
0.161
0.108
0.004
0.833
0.604
0.59
0.428
0.362
041
0.383
0.28
0.117
0.082
0.246
0.175
0.298
0.159
0.085
0.001

NA

For maize in the Maha season (supplementary irrigation), the climate variables (average maximum

and minimum temperature and precipitation) appear as frequently as the water balance parameters

(Table 8). Most of the time, maximum and minimum temperatures have negative coeflicients,
representing a negative impact of both day and night temperatures on yields. The precipitation

appears with both negative and positive coefficients in DZ and IZ districts. Among water balance

parameters, actual evapotranspiration is a common predictor in the various phases, usually with

negative coefficients.

Water satisfaction index (WSI) and water excess (EXC,) appear with a positive impact, suggesting

that maize, which has a high water requirement, can benefit most from water surplus (possibly

stored in the soil), but suffer from water shortage.
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Table 8. Yield functions for maize per season and district

District Yield function R, . p-value R,
Anuradhapura (DZ) | Y=-2.122 +0.035WSI(corr) +0.039 ETA, — 0.012 TWR 0.532 0.0011 0.398
Moneragala (1Z, DZ) | Y=11.939 — 0.467 Tmin, + 0.008 Prec, — 0.026 ETA, 0.478 0.0026 0.334
Kurunegala (1Z, DZ) | Y=32.602+0.167 ETA, —0.078 ETA, — 0.983 Tmax, 0.428 0.0073 0.344
< | Badulla (1Z,DZ) Y =15.376 — 0.403 Tmax, + 0.001 EXC, — 0.115 Tmax, 0.422 0.0061 0.264
§ Polonnaruwa (DZ) | Y=3.868 —0.039 ETA, —0.001 EXC, 0.369 0.0061 0.301
% Batticaloa (DZ) Y =7.315+0.246 Tmin, — 0.007 Prec, — 0.39 Tmax, 0.31 0.0253 0.168
= | puttalam (DZ) Y =—11.745 +0.527 Tmax, — 0.248 Tmin, 0.215 0.0439 0.103
Hambantota (DZ,1Z) Y =9.805+ 0.007 Prec, — 0.3 Tmin, — 0.017 ETA, 0.214 0.0704 0.043
Trincomalee (DZ)* Y=4.717 +0.342 Tmin3 —0.358 Tmax, 0.171 0.0713 0.02
Ampara (1Z, DZ)* Y=1.322-0.019 Prec, 0.151 0.0458 0.061
Moneragala (1Z, DZ) | Y =18.278 —0.037 ETA, — 0.367 Tmin, — 0.017 WSI (corr) 0.589 2.00E~% 0.499
S Badulla(iz, D2) Y=26.944 — 0.024 ETA — 0.522 Tmin, 0.491 5.00E~% 0.345
g Polonnaruwa (DZ) | Y=-19.767 + 0.838 Tmin, + 0.008 EXC, 0.407 0.0021 0.193
= Kurunegala (IZ,DZ) Y =-10.726+0.438 Tmax, — 0.003 DEF, — 0.009 ETA, 0.353 0.0101 0.184
Anuradhapura (DZ)* | Y =3.273 —0.007 Prec, — 0.005 ETA, 0.146 0.0794 0.057

Notes: DZ — dry zone; IZ — intermediate zone; WZ — wet zone.
*indicates that the Rzml of the yield function falls below 0.2, or the stepwise selection does not meet minimum quality criteria (high number of missing or repeated values in predictors).
In these cases, the yield function is not considered for future projections.

During the Yala season (irrigated regime), yield in the districts of Badulla and Moneragala showed
negative coefficients for minimum temperature, while Polonnaruwa and Kurunegala presented positive
coefficients for Tmin, and Tmax, respectively. Evapotranspiration is also a common predictor in the
Yala season, with negative coefficients, most likely due to unsatisfied water demand and plant stress.

Big onion

Big onion is cultivated mostly during the Yala season (supplementary irrigation). Maximum

and minimum temperatures appear in all the yield functions with large and positive coefficients
(Table 9). Big onion is indeed a crop that benefits from heat and high insolation, associated with high
temperatures, and the Yala season is the most favourable season for its growth. Precipitation in the
third stage of the crop appears with a positive coeflicient in Polonnaruwa, while in Anuradhapura,
precipitation during the early stage of the crop has a negative effect on yield, probably resulting in
yield losses due to waterlogging.

Table 9. Yield functions for big onion per season and district

District Yield function R - p-value R,

Polonnaruwa (DZ) Y=-34.545+0.017 DEFI +0.219 Prec3 +0.873 Tmin, 0.413 0.0042 0.328

= | Anuradhapura (DZ) Y=—119.707 + 4.783 Tmin_— 0.071 Prec, +0.018 ETA 0.371 0.0078 0.226

= Matale (1Z, DZ) Y =—57.486 +0.063 EXC, + 1.599 Tmax, 0.323 0.0078 0.244
Kurunegala (IZ, DZ)*  NA NA NA NA

Notes: DZ— dry zone; IZ — intermediate zone; WZ — wet zone.
*indicates that the RZadj of the yield function falls below 0.2, or the stepwise selection does not meet minimum quality criteria (high number of missing or repeated values in predictors).
In these cases, the yield function is not considered for future projections.
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Green gram

For the Maha season (irrigated regime), the climate variables (precipitation and average maximum
and minimum temperature) appear slightly less frequently than the water balance parameters as
predictors (Table 10). Minimum and maximum temperatures most of the time show a negative
relationship with yield. During the Yala season (irrigated regime), water balance parameters
appear as climate variables, with minimum temperature having negative and positive coefficients
for Moneragala and Kurunegala, respectively. Overall, for both the Maha and Yala seasons, relevant

predictors are the temperatures, with increase having a negative impact on yield.

Table 10. Yield functions for green gram per season and district

District Yield function R - p-value R,

Puttalam (DZ) Y =6.177 — 0.276 Tmin, — 0.002 Prec, + 0.001 DEF, 0.505 0.0017 0.396

- Ampara(iz, bZ) Y =1.296 + 0.004 Prec, +0.001 EXC, — 0.014 ETA, 0.49 0.0022 0.22
]

s Hambantota (DZ, 1Z) Y=6.117 - 0.013 ETA, — 0.003 DEF, — 0.089 Tmax, 0.481 0.0026 0.382

é Moneragala (1Z, DZ) Y=2.792 —0.234Tmin, + 0.063 Tmax, + 0.002 DEF, 0.475 0.0028 0.277

= Anuradhapura (DZ) Y =-2.774+0.003 WSl (corr) +0.014 ETA, + 0.002 DEF, 0.47 0.003 0.321

Kurunegala (IZ, DZ) Y =-0.074 — 0.005 DEF2 +0.002 Prec1 0.256 0.027 0.169

S | Moneragala (IZ, DZ) Y =1.093 +0.002 EXC, + 0.005 ETA, — 0.098 Tmin, 0.423 0.0036 0.207

§ Kurunegala (1Z, DZ) Y =-3.759 +0.158 Tmin, + 0.016 Prec, — 0.001 EXC, 0.421 0.0037 0.224

’_>-‘: Hambantota (DZ, 12)* Y=0.219 - 0.001 DEF, 0.087 0.0936 0.025

Notes: DZ — dry zone; IZ — intermediate zone; WZ — wet zone.
*indicates that the RZadl of the yield function falls below 0.2, or the stepwise selection does not meet minimum quality criteria (high number of missing or repeated values in predictors).
In these cases, the yield function is not considered for future projections.

Potato

For the Maha season (irrigated regime), the minimum temperature appears with positive and
negative coefficients in Jaffna and Nuwara Eliya, respectively, and the maximum temperature in the
third phase appears with a positive coefficient in Nuwara Eliya (Table 11). During the Yala season
(irrigated regime), water balance predictors are more common than during the Maha season. Water
deficit appears with a negative coeflicient in the second phase and with a positive coefficient in the

fourth phase, most likely because dry conditions are more suitable for maturity.

Table 11. Yield functions for potato per season and district

District Yield function R . p-value R,

Jaffna (DZ) Y =—43.093 — 0.009 EXC, + 2.065 Tmin, 0.415 0.0031 0.169

'FE: Nuwara Eliya (WZ, 1Z) Y=—8.771—0.746 Tmin, — 0.2 DEF, + 0.806 Tmax, 0.203 0.0785 0.049
Badulla (12)* Y =-0.795 +0.006 EXC, 0.161 0.0404 0.043

s Nuwara Eliya (WZ, 1Z) Y=5.348 — 0.024 ETA, — 0.033 DEF, + 0.012 Prec, 053  5.00E-04  0.415
= Badulla (1) Y =—1.389 —0.033 Prec, + 0.026 DEF, + 0.024 EXC, 0.469 0.0017 0.264

Notes: DZ — dry zone; IZ — intermediate zone; WZ — wet zone.
*indicates that the R?,_ of the yield function falls below 0.2, or the stepwise selection does not meet minimum quality criteria (high number of missing or repeated values in predictors).
In these cases, the yield function is not considered for future projections.
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3. Results

Chilli

For the Maha season (irrigated regime), maximum and minimum temperatures in different phases of
the growing period have negative impacts in Ampara, Anuradhapura and Badulla, while Tmin appears
with a positive coeflicient in Jaffna (Table 12). Water deficit, in the different growing stages, appears
with negative coeflicients (four times), while in Moneragala it appears with a positive coefficient.
During the Yala season (irrigated regime), minimum and maximum temperatures and water excess
are the most frequent predictors. Both maximum and minimum temperatures have negative impacts
in most districts. Maximum and minimum temperatures are also common predictors (Maha and Yala
seasons), generally presenting negative coefficients (6 out of 8 cases for Tmax, 4 out of 7 for Tmin). This
suggests that in a climate change context, chillies are harmed by increased day and night temperatures.

Table 12. Yield functions for chilli per season and district

District Yield function R, . p-value R,

Ampara (IZ, D7) Y =15.682 —0.01 DEF, —0.011 DEF, — 0.487 Tmax, 0.463 0.0033 0.345
Anuradhapura (DZ) Y =9.667 + 0.02 Prect — 0.005 EXC4 —0.49 Tmin2 0.46 0.0035 0.054

= | Badulla(lZ) Y=3.301+0.001 EXC, — 0.107 Tmax, — 0.028 DEF, 0.444 0.0044 0.322
% Jaffna (DZ) Y =—26.962 + 1.052 Tmin, +0.079 ETA, 0.388 0.0047 0.047
.::E Hambantota (DZ,1Z) | Y=0.395—0.008 DEF, —0.003 EXC, — 0.005 Prec, 0.297 0.0293 0.199
= Moneragala (1Z,DZ)  Y=-1.651+0.003 EXC, + 0.021 DEF, 0.281 0.02 0.032
Puttalam (DZ)* Y =—1.427 +0.031 Prec, 0.17 0.036 0.009
Kurunegala (IZ, DZ)* Y =-9.879 + 1.129 Tmax, — 0.302 ETA, — 0.008 EXC, 0.148 0.1303 0.036
Badulla (12) Y =16.156 — 0.45 Tmin, — 0.228 Tmax, — 0.008 EXC, 0.574 | 2.00E-04 | 0.039
Kurunegala (IZ,DZ) Y =16.317 +0.003 EXC, — 0.713 Tmin, — 0.002 EXC, 0.431 0.0031 0.192

§ Hambantota (DZ,1Z) | Y=24.743 +0.013 EXC, — 0.714Tmax, — 0.017 Prec, 0.414 0.0041 0.121
€ Matale(1Z, DZ) Y =7.058 — 0.037 WSI (corr) — 0.184 Tmin(1 0.375 0.0035 0.25
::; Anuradhapura (DZ) Y=6.528 +0.005 EXC1 —0.399 Tmax, + 0.314 Tmin, 0.308 0.0184 0.228
Puttalam (DZ) Y=-6.186 +0.757 Tmin, — 0.31 Tmax, 0.254 0.0205 0.191
Jaffna (DZ)* Y =8.667 — 0.266 Tmax, + 0.015 DEF, 0.137 0.0878 0.019

Notes: DZ — dry zone; IZ — intermediate zone; WZ — wet zone.

*indicates that the RZadl of the yield function falls below 0.2, or the stepwise selection does not meet minimum quality criteria (high number of missing or repeated values in predictors).
In these cases, the yield function is not considered for future projections.

3.4 Projected future yield changes

Using the regression models obtained in the previous section, which take into account climate and
water balance variables, the projected yield changes are estimated by running the WABAL model
with the GCM downscaled data, which have been interpolated with AURHELY at a dekadal time
resolution. Climate downscaled variables (Tmax, Tmin, Prec) are averaged over the four growing
stages that are considered for the water balance parameters. The predictors identified in the previous
section are thus calculated with the simulated climate data for both historical (1970-2000) and
future periods (middle future [2040-2069]; far future [2070-2099]), to evaluate the projected yield
changes with the yield functions.
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Climate change impacts on crops in Sri Lanka

The projected yield changes are presented in Figures 10-35 for all crops, with climate data derived
from GCMs and relative to both future periods and scenarios. Undefined yield functions (“NA”

in Tables 7-12) or yield functions with R* < 0.2 are not used for the projection and therefore yield
changes corresponding to these do not appear in the maps.

To quantify the significance of the future-historical difference, an equivalence test (similar to

the t-test) is performed, where the difference between future and past mean values of anomaly

are compared, in absolute value, to a certain threshold (Wellek, 2010). The threshold is set to the
standard deviation of the historical anomaly (SD, ), considered as the characteristic fluctuation of
the yield, and to twice this standard deviation.

Thus, if the difference between the average modelled future anomaly and modelled historical
anomaly is larger than this threshold (at the 5 percent significance level), the yield change

is considered “significant”, otherwise considered to be within the inherent variability of

the historical yields. If the future-historical difference is twice the SD,__ (at the 5 percent
significance level), the change is considered “very significant” The significant and very
significant cases are represented with an overlay of vertical lines and cross-hatch, respectively,
in Figures 10-35.

Conceptually, the future yield change assessment is based on the following assumption. As

climate changes, water balance conditions also change. Climate affects crops in many ways,

and the variation of water balance conditions is one of the most important, in addition to the
changes in climate itself. Both historical and future yields are modelled by replacing the values

of the predictors appearing in the yield function (see Tables 7-12) with the values derived from
GCMs. This evaluation is done separately for each crop, district, season and irrigation mode. The
disaggregated analysis allows to appreciate the impacts of climate change in different locations and
under various conditions.
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Source: UN. 2020. Map of the World [online]. [Cited 8 March 2021]. http://www.fao.org/geonetwork/srv/en/metadata.show?id

3. Results

Growing season Maha (1 September to 20 February)

To help interpret the yield changes in response to changes in climate and in water balance

parameters, Figure 9 reports the projected changes for the selected climate variables (Tmax, Tmin,

Prec) and the actual evapotranspiration of rice (ETa), averaged over the Maha growing season at the

district level, from one climate model. While not the sole predictors used in the regression models,

they provide some of the main features of climate change that are relevant for crops.
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Climate change impacts on crops in Sri Lanka

In the modelling approach adopted, the start date and length of growing season are the same for all
the crops, and the season averages of Tmax, Tmin and Prec are therefore the same for all the crops,
while ETa changes according to the crop coefficients Kc..

Potential changes in future water availability for irrigation are not explicitly considered in the
present modelling approach.

Both Tmax and Tmin are projected to increase by 0.5-3.0°C in both scenarios, both middle and far
future, for all districts. The Tmax increase is higher in the central to eastern regions of the country,
while Tmin is lower in the central and mountain regions. The increase in Tmin is generally higher
than the increase in Tmax, resulting in a future decrease in night-day temperature excursion. This
is particularly evident for the worst scenario (RCP8.5) and the far future (2070-2100). The Tmax
increase shows a quite evident west-east gradient, with a higher increase in the east of the country.
The Tmin increase, on the other hand, is more homogeneous.

Precipitation is projected to increase, especially in the central, hilly and mountain regions of the
country. The projected increase is much more important for the worst scenario and far future,
involving further increase also in the northern part of the country.

The actual evapotranspiration of rice during the Maha season is generally projected to increase, in
line with Tmax, Tmin and precipitation changes, mostly in the central, western and northern parts of

the country.

The projected changes are very similar in the Maha and Yala seasons, although slightly higher (in
absolute value) for the Maha season (not shown).
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Rice
Projected yield changes for rice, Maha season, rainfed regime

Generally, in the Maha season and under the rainfed regime, climate change impacts are projected to
be negative in the centre-north of the country and negligible or positive in the south. All the models,
for both scenarios and future horizons, project a negative change in rice yields in the districts of
Kurunegala and Anuradhapura, located in the dry zone. Figures 10-12 show negative climate change
impacts for all the models, future horizons and scenarios. This can be attributed to the negative
impacts of increasing precipitation, with a yield function containing negative coefficients for both
Prec, and Prec, (Table 7). Anuradhapura is indeed located in the north-central lowlands, particularly
prone to floods in the Maha season. The impact in Moneragala (DZ-1Z) and Kalutara (WZ) is

positive for all the models (with yield functions containing positive relationships with Tmin, and
Tmin,, respectively).
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Figure 10. Projected rice yield changes for the Maha season, rainfed regime,
according to MPI-ESM-MR and CanESM2 climate models (tonnes/ha)
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Figure 11. Projected rice yield changes for the Maha season, rainfed regime, according
to CNRM-CM5 and GFDL-ESM2M models (tonnes/ha)
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Figure 12. Projected rice yield changes for the Maha season, rainfed regime,

according to IPSL-CM5A-MR and MIROC-ESM models (tonnes/ha)

Notes: For each model in Figures 10—12, four maps are reported with projected changes for two RCPs (45 is RCP4.5; 85 is RCP8.5) and two future periods (1 is the middle future [2040-2069];
f2 is the far future [2070—2100]). Vertical lines denote projected changes larger than the historical standard deviation of yield anomaly and cross-hatch those more than twice as large.




A, T

Projected yield changes for rice, Maha season, irrigated regime

For the Maha season, under the irrigated regime, there is less agreement among models than for
the Yala season. With the exception of the MIROC model, impacts are only slightly negative, or
positive (Figures 13-15). Anuradhapura District appears negatively affected by climate change
for all the models, to varying extent, generally more significantly for the far future and RCP8.5
scenario. The yield function of Anuradhapura is indeed dominated by negative dependency on

DEF,, Tmax, and Prec, (Table 7); therefore, projected predictors increase from all the GCM results
in negative yield changes.
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Figure 13. Projected rice yield changes for the Maha season, irrigated regime,
according to MPI-ESM-MR and CanESM2 climate models (tonnes/ha)
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Figure 14. Projected rice yield changes for the Maha season, irrigated regime,
according to C(NRM-CM5 and GFDL-ESM2M models (tonnes/ha)
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Figure 15. Projected rice yield changes for the Maha season, irrigated regime,
according to IPSL-CM5A-MR and MIROC-ESM models (tonnes/ha)

Notes: For each model in Figures 13—15, four maps are reported with projected changes for two RCPs (45 is RCP4.5; 85 is RCP8.5) and two future periods (f1 is middle future [2040-2069];
f2is far future [2070-2100]). Vertical lines denote projected changes larger than the historical standard deviation of yield anomaly and cross-hatch those more than twice as large.
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Projected yield changes for rice, Yala season, irrigated regime

For the Yala season, under the irrigated regime, the impacts are predominantly positive; they

are negative only in Kurunegala District (Figures 16-18). This can be explained by the positive
relationship with temperature (maximum/minimum) and precipitation in the yield functions of four
districts in this season (Table 7), and the projected increased temperature. In Kurunegala District,
the negative EXC coefficient leads to negative impact on yield in all projections.
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Figure 16. Projected rice yield changes for the Yala season, irrigated regime,
according to MPI-ESM-MR and CanESM2 climate models (tonnes/ha)
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Figure 17. Projected rice yield changes for the Yala season, irrigated regime,
according to C(NRM-CM5 and GFDL-ESM2M models (tonnes/ha)
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Figure 18. Projected rice yield changes for the Yala season, irrigated regime,
according to IPSL-CM5A-MR and MIROC-ESM models (tonnes/ha)

Notes: For each model in Figures 16—18, four maps are reported with projected changes for two RCPs (45 is RCP4.5; 85 is RCP8.5) and two future periods (f1 is middle future [2040-2069];
f2is far future [2070-2100]). Vertical lines denote projected changes larger than the historical standard deviation of yield anomaly and cross-hatch those more than twice as large.




Projected yield changes for maize, Maha season

All the models, for both scenarios and future horizons, project a negative change in maize yields
in all districts (Figures 19-21). This can be attributed to the negative impacts of increasing
temperatures and actual crop evapotranspiration. Most of the yield functions of maize indeed
contained temperatures and ETa as negative predictors (Table 8).
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Source: UN. 2020. Map of the World [online]. [Cited 8 March 2021]. http://www.fao.org/geonetwork/srv/en/metadata.show?id=12691
Figure 19. Projected maize yield changes for the Maha season, irrigated regime,
according to MPI-ESM-MR and CanESM2 climate models (tonnes/ha)




Projected maize yield change (t/ha)
Maha Season - Irrigated - CNRM-CM5 model
10-

Deltad5_f1 5

1.0

05
s

0.0

-05
7

-1.0

6-

795 800 805 810 815
long

795 800 805 810 815
long
10-

6-

795 800 805 810 815

795 800 805 810 815
long

long

Projected maize yield change (t’ha)
Maha Season - Irrigated - GFDL-ESM2M model

Deltads f2  °°

10-

9-

Deltad5_f1 Deltads_f2
10 10 10
5 05 5 o 05
0w - 00 = 00
05 05 05

7- 71
10 1.0 10
6- 6-
795 800 805 810 815 795 800 805 810 815
long long
10- 10-
Deltags_f2 ~ °° Deltag5_f1 ] Delta85_f2

1.0
05
s
0.0
-0.5
7
-1.0

795 800 805 810 815
long

1.0
05
0.0
0.5
-1.0

-
-

1.0
05
0.0
05
-1.0

6-

795 800 805 810 815
long

Source: UN. 2020. Map of the World [online]. [Cited 8 March 2021]. http://www.fao.org/geonetwork/srv/en/metadata.show?id=12691
Figure 20. Projected maize yield changes for the Maha season, irrigated regime,
according to C(NRM-CM5 and GFDL-ESM2M models (tonnes/ha)
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Figure 21. Projected maize yield changes for the Maha season, irrigated regime,
according to IPSL-CM5A-MR and MIROC-ESM models (tonnes/ha)

Notes: For each model in Figures 19—21, four maps are reported with projected changes for two RCPs (45 is RCP4.5; 85 Is RCP8.5) and two future periods (f1 is middle future [2040-2069];
f2iis far future [2070—-2100]). Vertical lines denote projected changes larger than the historical standard deviation of yield anomaly and cross-hatch those more than twice as large.




Projected yield changes for maize, Yala season

For the Yala season, impacts are positive in the districts of Polonnaruwa and Kurunegala for all
models, while in Badulla and Moneragala they are negative (Figures 22-24). The yield functions

of these two groups of districts showed, respectively, a positive and negative relationship with
temperatures in the yield functions (Table 8).
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Source: UN. 2020. Map of the World [online]. [Cited 8 March 2021]. http://www.fao.org/geonetwork/srv/en/metadata.show?id=12691
Figure 22. Projected maize yield changes for the Yala season, irrigated regime,
according to MPI-ESM-MR and CanESM2 climate models (tonnes/ha)




Projected maize yield change (t/ha)

Yala Season - Irrigated - CNRM-CM5 model
10~

Projected maize yield change (t/ha)

Yala Season - Irrigated - GFDL-ESM2M model
10~ 10-

795 800 805 810 815
long

6-
. . .
805 810 815

long

' '
795 80.0

Deltad5_f1 ]
1.0

6-

785 800 805 810 815
long

Deltag5_f1
1.0

. . . . .
795 800 805 81.0 815
long

Deltad5_f2

Delta45_f1 Deltad5_f2
10 10 1.0
05 . X
5 8 o5 5 8 05
0.0 - 0.0 - 0.0
05 05 05
7- 7-
1.0 1.0 1.0
6- 54
795 800 805 810 815 795 800 805 810 815
long long
10- 10-

Deftag5_f2 ~ °° Deltag5_f1 o] Deltag5_f2
10 1.0 1.0
05

5 o 05 5 & 05

0.0 - 0.0 = 0.0

-05 05 05
7- 7-

-1.0 1.0 1.0
6- 6-

795 800 805 810 815
long

. . . . .
795 800 805 810 815
long

Source: UN. 2020. Map of the World [online]. [Cited 8 March 2021]. http://www.fao.org/geonetwork/srv/en/metadata.show?id=12691
Figure 23. Projected maize yield changes for the Yala season, irrigated regime,
according to C(NRM-CM5 and GFDL-ESM2M models (tonnes/ha)
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Figure 24. Projected maize yield changes for the Yala season, irrigated regime,

according to IPSL-CM5A-MR and MIROC-ESM models (tonnes/ha)

Notes: For each model in Figures 22—24, four maps are reported with projected changes for two RCPs (45 is RCP4.5; 85 is RCP8.5) and two future periods (f1 is middle future [2040-2069];
f2is far future [2070-2100]. Vertical lines denote projected changes larger than the historical standard deviation of yield anomaly and cross-hatch those more than twice as large.




Big onion

Projected yield changes for hig onion, Yala season

All the models, for both scenarios and future horizons, project a positive change in big onion yields
in the districts of Matale, Anuradhapura and Polonnaruwa situated in the dry and intermediate
zones (Figures 25-27). Indeed, the yield functions of these districts are dominated by a positive and
relatively strong relationship with both maximum and minimum temperatures (Table 9). Big onion
is a crop that benefits from heat and high insolation, associated with high temperatures.
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Figure 25. Projected big onion yield changes for the Yala season, irrigated regime,
according to MPI-ESM-MR and CanESM2 climate models (tonnes/ha)
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Figure 26. Projected big onion yield changes for the Yala season, irrigated regime,
according to C(NRM-CM5 and GFDL-ESM2M models (tonnes/ha)
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Figure 27. Projected big onion yield changes for the Yala season, irrigated regime,
according to IPSL-CM5A-MR and MIROC-ESM models (tonnes/ha)

Notes: For each model in Figures 25—27, four maps are reported with projected changes for two RCPs (45 is RCP4.5; 85 is RCP8.5) and two future periods (f1 is middle future [2040-2069];
and f2 far future [2070-2100]). Vertical lines denote projected changes larger than the historical standard deviation of yield anomaly and cross-hatch those more than twice as large.




Green gram
Projected yield changes for green gram, Maha season

For both scenarios and future horizons, the six models project a slightly negative change in green
gram yields in the districts of Moneragala, Hambantota, Puttalam and Anuradhapura situated
between the intermediate zone and the dry zone (Figures 28-30). This can be attributed to the

negative impacts of increasing temperatures (the yield function contains a negative relationship with
Tmin,, Tmin, and Tmax, - see Table 10).
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Figure 28. Projected green gram yield changes for the Maha season, irrigated regime,
according to MPI-ESM-MR and CanESM2 climate models (tonnes/ha)
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Figure 29. Projected green gram yield changes for the Maha season, irrigated regime,
according to C(NRM-CM5 and GFDL-ESM2M models (tonnes/ha)
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Figure 30. Projected green gram yield changes for the Maha season, irrigated regime,
according to IPSL-CM5A-MR and MIROC-ESM models (tonnes/ha)

Notes: For each model in Figures 28—30, four maps are reported with projected changes for two RCPs (45 is RCP4.5; 85 is RCP8.5) and two future periods (f1 is middle future [2040-2069];
f2is far future [2070-2100]). Vertical lines denote projected changes larger than the historical standard deviation of yield anomaly and cross-hatch those more than twice as large.




Projected yield changes for green gram, Yala season

In the Yala season, all the models for both future horizons and scenarios project a negative
change of green gram yields in Moneragala District, while positive changes appear in Kurunegala
District (Figures 31-33). This can be attributed to the negative and positive impacts of increasing
temperatures in the Yala season (with yield functions containing negative coefficients of Tmin in
Moneragala and positive Prec and Tmin coefficients in Kurunegala — see Table 10).
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Figure 31. Projected green gram yield changes for the Yala season, irrigated regime,
according to MPI-ESM-MR and CanESM2 climate models (tonnes/ha)
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Figure 32. Projected green gram yield changes for the Yala season, irrigated regime,
according to C(NRM-CM5 and GFDL-ESM2M models (tonnes/ha)
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Source: UN. 2020. Map of the World [online]. [Cited 8 March 2021]. http://www.fao.org/geonetwork/srv/en/metadata.show?id=12691
Figure 33. Projected green gram yield changes for the Yala season, irrigated regime,
according to IPSL-CM5A-MR and MIROC-ESM models (tonnes/ha)

Notes: For each model in Figures 31-33, four maps are reported with projected changes for two RCPs (45 is RCP4.5; 85 is RCP8.5) and two future periods (f1 is middle future [2040-2069];
f2is far future [2070-2100]). Vertical lines denote projected changes larger than the historical standard deviation of yield anomaly and cross-hatch those more than twice as large.




Potato
Projected yield changes for potato, Maha season

In the Maha season, all the models for both future horizons and scenarios project a negative change
in potato yields in the district of Nuwara Eliya and a positive change in Jaffna (Figures 34-36).

This can be attributed to the negative and positive impacts of increasing temperatures in the Maha
season, with yield functions containing, respectively, a negative and positive coefficient of Tmin in
Nuwara Eliya and Jaffna (Table 11).
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Figure 34. Projected potato yield changes for the Maha season, irrigated regime,
according to MPI-ESM-MR and CanESM2 climate models (tonnes/ha)




785 800 805 810 815
long

795 800 805 810 815
long

Projected potato yield change (t/ha)
Maha Season - Irrigated - CNRM-CM5 model
10-

Deltad5_f1 #
1.0
05 5 o
0.0 -
0.5
74
-1.0
o

795 800 805 810 815
long

Delta85_f1 o9

1.0

795 800 805 810 815
long

Projected potato yield change (t/ha)

Maha Season - Irrigated - GFDL-ESM2M model
10-

Deltad5_f1 #
1.0

Delta85_f2 Delta85_f1
1.0 10
05 05
K
0.0 0.0
05 05
1.0 1.0
795 800 805 810 815 795 800 805 81.0 815
long long

Deltad5_f2
1.0

05
0.0
-0.5

-1.0

Source: UN. 2020. Map of the World [online]. [Cited 8 March 2021]. http://www.fao.org/geonetwork/srv/en/metadata.show?id=12691
Figure 35. Projected potato yield changes for the Maha season, irrigated regime,
according to C(NRM-CM5 and GFDL-ESM2M models (tonnes/ha)
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Notes: For each model in Figures 34—36, four maps are reported with projected changes for two RCPs (45 is RCP4.5; 85 is RCP8.5) and two future periods (f1 is middle future [2040-2069];
f2iis far future [2070—-2100]). Vertical lines denote projected changes larger than the historical standard deviation of yield anomaly and cross-hatch those more than twice as large.
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Figure 36. Projected potato yield changes for the Maha season, irrigated regime,
according to IPSL-CM5A-MR and MIROC-ESM models (tonnes/ha)




Projected yield changes for potato, Yala season

In the Yala season, for all models and both future horizons and scenarios, a negative change in
potato yields is expected in the district of Badulla, while positive changes are projected in Nuwara

Eliya (Figures 37-39). The precipitation is positively and negatively correlated with the potato yield
in the yield function (Table 11) in Nuwara Eliya and Badulla, respectively.
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Figure 37. Projected potato yield changes for the Yala season, irrigated regime,
according to MPI-ESM-MR and CanESM2 climate models (tonnes/ha)
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Figure 38. Projected potato yield changes for the Yala season, irrigated regime,
according to C(NRM-CM5 and GFDL-ESM2M models (tonnes/ha)
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Notes: For each model in Figures 37—39, four maps are reported with projected changes for two RCPs (45 is RCP4.5; 85 is RCP8.5) and two future periods (f1 is middle future [2040-2069];
f2is far future [2070-2100]. Vertical lines denote projected changes larger than the historical standard deviation of yield anomaly and cross-hatch those more than twice as large.
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Figure 39. Projected potato yield changes for the Yala season, irrigated regime,
according to IPSL-CM5A-MR and MIROC-ESM models (tonnes/ha)




Chilli

Projected yield changes for chilli, Maha season

For the Maha season, the situation is quite heterogeneous with both positive and negative projected
impacts (Figures 40-42). Jaffna appears with positive impact and this can be explained by the
positive relationship with temperature in the yield functions of the districts in the Maha season
(Table 12).

Ampara and Anuradhapura, on the other hand, according to all the GCMs, present the greatest
negative impacts. The yield function in those two districts is indeed dominated by negative
dependency on maximum temperature and minimum temperature (Table 12).
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Figure 40. Projected chilli yield changes for the Maha season, irrigated regime,
according to MPI-ESM-MR and CanESM2 climate models (tonnes/ha)
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Figure 41. Projected chilli yield changes for the Maha season, irrigated regime,
according to C(NRM-CM5 and GFDL-ESM2M models (tonnes/ha)
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Figure 42. Projected chilli yield changes for the Maha season, irrigated regime,

according to IPSL-CM5A-MR and MIROC-ESM models (tonnes/ha)

Notes: For each model in Figures 40—42, four maps are reported with projected changes for two RCPs (45 is RCP4.5; 85 is RCP8.5) and two future periods (f1 is middle future [2040-2069];
f2is far future [2070-2100]). Vertical lines denote projected changes larger than the historical standard deviation of yield anomaly and cross-hatch those more than twice as large.




Projected yield changes for chilli, Yala season

In the Yala season, for all models, the future horizons for both scenarios project a positive change
in chilli yields in Puttalam but negative changes in the districts of Hambantota, Badulla and
Kurunegala (Figures 43-45). Temperature is positively correlated with the chilli yield in the yield
function (Table 12), resulting in Puttalam having a positive future projection of yield change.
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Figure 43. Projected chilli yield changes for the Yala season, irrigated regime,
according to MPI-ESM-MR and CanESM2 climate models (tonnes/ha)
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Figure 44. Projected chilli yield changes for the Yala season, irrigated regime,
according to C(NRM-CM5 and GFDL-ESM2M models (tonnes/ha)
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Figure 45. Projected chilli yield changes for the Yala season, irrigated regime,
according to IPSL-CM5A-MR and MIROC-ESM models (tonnes/ha)

Notes: For each model in Figures 43—45, four maps are reported with projected changes for two RCPs (45 is RCP4.5; 85 is RCP8.5) and two future periods (f1 is middle future [2040-2069];
f2iis far future [2070—-2100]). Vertical lines denote projected changes larger than the historical standard deviation of yield anomaly and cross-hatch those more than twice as large.







4. Conclusion and key takeaways

The application of the MOSAICC methodology in Sri Lanka provides an interdisciplinary analysis

of climate-driven changes in future crop yields for the selected crops relevant in the country. The
combination of a simple but robust water balance model with a statistical approach to crop modelling
supports the identification of the main climatic/water balance drivers of crop yields. The use of
historical climate data from the country’s meteorological network and the results of climate models
derived from general circulation models, together with historical data of cultivated extent and yields,
allows to benefit from high-quality observations of climate and crop data, state-of-the art projected
climate, and well-established crop modelling methods. The statistical relationships identified for the
historical period are applied to produce projections of future yield changes, as an indicator of the
climate change impact on the crop according to specific locations, seasons and irrigation regimes.

4.1 Climate change impacts on selected crops

The main findings of the impact assessment carried out with MOSAICC are outlined below for
each crop.

Rice

In the Yala season under the irrigated regime, future projected yield changes are generally positive
in the wet, intermediate and dry zones. In the Maha season, rainfed and irrigated regimes both show
generally negative impacts, especially in the lowlands (Anuradhapura district). For seven locations,
the findings are consistent with a climate change impact study conducted with a process-based
model (APSIM) for the dry, intermediate and wet zones (Amarasingha et al., 2018). In selected DZ
locations, positive impacts of climate change are projected during the Maha season, while opposite
behaviour is estimated for the Yala season in the same areas.

A climate change impact study was conducted with APSIM and DSSAT for the districts of
Anuradhapura and Kurunegala, with climate data from five GCMs (Devkota et al., 2013). This study
quantified the effects of projected increases in temperature and atmospheric CO, concentration on
the phenological development and grain yield of rice using the ORYZA2000 simulation model. The
model was parameterized and validated on the basis of data sets from three field experiments with
three widely cultivated rice varieties under various seeding dates in the 2008-09 growing seasons in
the Khorezm region of Uzbekistan. The selected rice varieties represent short-duration, medium-
duration and long-duration maturity types, showing potential negative impacts of climate change,
consistently with the results of the MOSAICC analysis.

The base, optimum and maximum temperatures for rice are 8°C, 30°C and 42°C, respectively
(Gao et al., 1992). The development rate of rice increases linearly above the base temperature to
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the optimum temperature. Beyond the optimum temperature, the development rate decreases
linearly until a maximum temperature is reached (Kiniry et al., 1991). Below the base temperature
or above the maximum temperature, the development rate is zero. Furthermore, flowering is longer
at a mean temperature of 33°C in comparison to 29°C (Matthews et al., 1995). The historical data
show that the average maximum temperature of the dry zone in the Maha season is around 30 °C.
The average maximum and minimum temperatures in the Yala season in the wet zone are 29°C
and 24°C, respectively. In the DZ Maha season and the WZ Yala season, minimum and night
temperatures, which generally cause spikelet sterility and yield reduction in rice (Peng et al., 2004),
are generally low. Thus, the projected future climatic conditions (increased temperatures) could
provide greater opportunities for rice cultivation and yield increases. Increasing CO, may influence
rice yield positively by increasing the amount of carbon available for photosynthesis, and negatively
by increasing the air temperature due to the greenhouse effect (Krishnan et al., 2011). However, in
contrast to other earlier findings, higher simulated yields under climate change scenarios indicate
that an increase in photosynthesis due to enhanced CO, could surpass the negative effect of
increased temperature on yield (De Costa, 2010; Delpitiya et al., 2014; Devkota et al., 2013). This

is in agreement with observations in India (Devkota et al., 2013; Krishnan et al., 2007) and in the
United States (Baker, 2004).

During the Maha season, in the wet zone, even with the optimum maximum and minimum
temperature conditions, yield reduction could be possible due to high rainfall and flooding
conditions. In the wet zone, soil has higher clay percentage and lower sand content. Therefore, the
upper limit for drainage is low. With flooding conditions, the rice yield could be reduced. Many
earlier findings (Baker, Allen and Boote, 1992; Matthews et al., 1995; van Oort and Zwart, 2018;
Peng et al., 2004; Sheehy, Mitchell and Ferrer, 2006) show that yield reduction of rice under climate
change scenarios in Asia can happen.

Maize

In general, negative yield changes are projected during the Maha season in dry and intermediate
zones, while both negative and positive yield changes are projected in the Yala season. The results for
maize are partially consistent with a climate change impact study recently conducted with a process-
based model (APSIM) for 25 different locations, representing the dry, intermediate and wet zones
(Amarasingha et al., 2019). The results of the APSIM study also project negative impacts of climate
change during both Yala and Maha seasons. Furthermore, the study conducted by Malaviarachchi

et al. (2015) also reveals a negative impact of increased temperature due to climate change on maize
yield. These results are consistent with MOSAICC projections, with maize yields negatively affected
throughout Sri Lanka irrespective of the cultivation season.

Previous studies (Guerena et al., 2001; Long, 1991; Tao and Zhang, 2011) suggested that increased

temperature shortened the length of the growing cycle, by decreasing the opportunity to capture more
radiation and reducing the total CO, assimilation, and reducing the total biomass and grain yield.
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Green gram

Earlier results with the APSIM model (Amarasingha et al., 2019) show negative impacts of climate
change on green gram yields for specific locations throughout the country. Similar results are predicted
also by Malaviarachchi et al. (2015) with negative impacts of climate change on green gram throughout
Sri Lanka, irrespective of the season, and significant reduction in yield when growing temperatures
increase beyond 25-30°C. Increased temperature shortens crop duration and reduces leaf area index
and thus decreases biomass production (Chauhan and Williams, 2018). According to Malaviarachchi
et al. (2015), it is highly likely that future increases in air temperature would have negative impacts on
green gram yields in Sri Lanka and Southeast Asia. MOSAICC results are generally consistent with
previous studies: overall, for both Maha and Yala seasons, impacts are projected to be slightly negative,
and relevant predictors in the yield functions are temperatures with mostly negative coeflicients. This is

in line with the analysis from Karande et al. (2018).
Big onion

Climate change impact on big onion is projected to be positive in the Yala season; however, national
references for the crop are not available for a comparison of crop yield projections with climate change.
Big onion is a long-day crop; in order to reach maximum yield, it requires a day length of more than
12 hours and cumulative rainfall not exceeding 750 mm throughout the cropping season. Although
insolation and day length are not predictors in the models, they are directly related to temperature and
the difference between maximum and minimum temperature. The modelled increase in yields in the

Yala season is most likely the result of the relationship between insolation and temperature.
Potato

Potato is extensively cultivated in the highlands, in the districts of Nuwara Eliya (upcountry WZ),
and Badulla (upcountry IZ) in both Yala and Maha seasons. It is also cultivated in Jaffna during
the Maha season. The climate change impact on potato according to MOSAICC is negative in
Nuwara Eliya, in both Yala and Maha seasons, while in Jaffna District during the Maha season
when temperatures are cooler, the projected yield changes are positive. According to Abhayapala
et al. (2014), potato yield in the upcountry wet zone (Seethaeliya, Rahangala) did not decrease
significantly when the seasonal mean temperature increased from 15°C to 20°C.

Chilli

In the Maha season, the projected impacts on chilli cultivation are somewhat heterogeneous with
both positive and negative yield changes, mostly explained by both maximum and minimum
temperature indices appearing in the yield functions. Also in the Yala season, the projections are
heterogeneous, with positive changes in Puttalam District and negative changes in the districts of

Hambantota, Badulla and Kurunegala.
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Temperature, rather than precipitation, is considered to be the main determinant of crop yield
(Li et al., 2010; Lobell and Burke, 2010; Lobell and Field, 2007; Porter et al., 2014). There is a
significant decrease in yield when growing temperatures increase (Abhayapala et al., 2018).
National references are unavailable to compare the results obtained with MOSAICC for chilli,
but the prevalence of temperatures as predictors in the yield functions is in line with previous
studies on this crop. Drought conditions could also adversely affect the germination of seeds,
with further negative effects on crop growth and development. It is estimated that due to
limited availability of water for irrigation, the cultivation of chilli is possible in only 16 percent
of the potential arable area.

In general, MOSAICC results are consistent with previous studies despite the different approaches
applied, with most of the previous work on the selected crops using process-based models but not
the daily outputs of GCMs. The present methodology is flexible and presents great potential for
improvement and enrichment of results by refining the modelling/analysis choices and integrating
new data sets and information into the MOSAICC database.

The promising results underline the need to push forward with the efforts to improve models, test
and compare different methodologies, and continue to support the national institutions involved in
climate change impact assessment exercises for the production, quality control and analysis of data
and metadata.

4.2 Extended henefits of the MOSAICC approach

In addition to the scientific results presented above for six relevant crops, the implementation and use
of MOSAICC was also an opportunity to gather national data from different sources and locations, at
different spatial scales (station, district, province and country level), on both climate and crops. The
wide, composite and quality-controlled collection of data and information assembled can be used for
any future analysis and modelling exercises on the agricultural impacts of climate change.

The effort behind the collection, sharing and quality control of data created an opportunity for inter-
institutional exchanges and joint work. The MOSAICC approach values the country’s meteorological
network, agricultural and statistics institutions for the collection of long-time series of high-quality
data and metadata and of information from the country’s scientific and technical literature, essential
for this analysis.

Furthermore, the MOSAICC system, which relies on a multi-user, multi-model platform,
remains installed in the country, available to re-run the impact assessment exercise at any time,
should new data become available or the country’s priorities change. Moreover, the country has
the benefit of compiled and consolidated data sets, rigorously quality checked and aggregated by
region for historical and future time periods with the potential to contribute to future projects
and studies.
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Figure A2. Rice cultivated area (ha) — Maha season — Irrigated
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Figure A22. Green gram yield and trend line (t/ha) — Yala season — Irrigated
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Figure A31. Chilli cultivated area (ha) — Maha season — Irrigated
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Figure A32. Chilli cultivated area (ha) — Yala season — Irrigated
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Figure A33. Chilli yield and trend line (t/ha) — Maha season — Irrigated
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Figure A35. Chilli yield anomaly (t/ha) — Maha season — Irrigated
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Figure A36. Chilli yield anomaly (t/ha) — Yala season — Irrigated




The boundaries and names shown, and the designations used on this/these map(s) do not imply the expression
of any opinion whatsoever on the part of FAO concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers and boundaries. Dashed lines on maps

represent approximate border lines for which there may not yet be full agreement.
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