UNIVERSITY OF READING
Department of Meteorology

Projection of crop yield in Bhutan under climate
change using PRECIS regional climate model
Tayba Buddha Tamang
____________________________________________________________

A dissertation submitted in partial fulfilment of the requirement for the
degree of Master of Science in Applied Meteorology and Climate with
Management
August 2012

Acknowledgement
First of all, I would like to thank my supervisor Dr. Chun Kit Ho for his support and guidance
throughout the course of this thesis. In these three months of course I learned many new
things especially on using R and also writing scientific papers.
I would like to thank Ross Reynolds for his support and assistance during the entire course of
time.
I would like to express my gratitude to World Meteorological Organisation (WMO) and UK
Met Office for the sponsorship into this course.
I would like to thank Karen McCourt, VCP manager of UK Met Office, for arranging my
financial assistance.
I would like to thank Mr. Ranjit Tamang and Mr. Tshencho Dorji from Department of HydroMeteorological Services (DHMS), for supplying the meteorological data for my this thesis.
Also thanks to Mr Kinzang Sonam for his advice to take this course.
Thanks to Dr. Changgui Wang, PRECIS System Manager, Met Office Hadley Centre for
providing me the PRECIS projection data.
Also thanks to Dr Ed Hawkins for his valuable suggestions on the approach of my works.
I also would like to thank all the lecturers of this department for sharing the valuable
knowledge with interesting lectures during the course. And also to all the friends who were
very kind and helpful throughout the course.

i

List of Abbreviations
AOGCM

Atmospheric-Ocean General Circulation Model

BC

Bias Correction

CF

Change Factor

CRU

Climate Research Unit

DHMS

Department of Hydro-Meteorological Services

DSSAT

Decision Support System for Agro-technology Transfer

FAO

Food and Agriculture Organization

GDP

Gross Domestic Product

HDI

Hot Days Index

HKH

Hindukush-Karakorum-Himalaya

JJA

Monsoon season (June, July , August)

JJASO

Monsoon and Post monsoon season (June, July August, September, October)

MoAF

Ministry of Agriculture and Forest

NEC

National Environment Commission

NSB

National Statistical Bureau

PDF

Probability Density Function

PRECIS

Providing REgional Climates for Impacts Studies

RCM

Regional Climate Model

SRES

Special Report on Emission Scenarios

SRI

System of Rice Intensification

SST

Sea Surface Temperature

UNEP

United Nation Environment Programme

UNFCCC

United Nations Framework Convention on Climate Change

ii

Abstract
Bhutan is classified as one of the forty-eight least developed countries with farmers
comprising more than two-thirds of its total population. The agriculture sector, which is a
significant contributor to the country’s gross domestic product, has been vulnerable to
extreme climate events in recent decades. As an effort to address the potential challenges it
will face under climate change, this thesis projects the yields of three primary crops grown in
Bhutan, rice, wheat and maize, for the period 2030 to 2050, based on climate projections by
the PRECIS regional climate model.
In this study, simple linear crop yield regression models are developed between the yield of
each crop and weather variables, using observations for the period 1990 to 2010 as training
data. Future crop yield is then projected by driving this model with calibrated projections of
the relevant weather variables by the PRECIS regional climate model. The calibration of
weather variables is done by two approaches, bias correction and change factor which are
based on different assumptions of the relationship between the observed and modelled
distributions of weather variables.
The results of regression modelling show that for rice and wheat, the effect of temperature on
crop yield dominates over rainfall. The mean temperature over the growing season (June to
October) explains about 45 % of the rice yield variation, while the summer (June to August)
mean temperature explains about 31 % of the wheat yield variation. On the other hand, no
statistically significant relationship between crop yield and weather is found for maize. After
calibration, the mean growing season temperature in the period 2030 to 2050 is projected to
be 1.3 °C (bias correction) to 1.8 °C (change factor) higher than the present-day (1990 to
2010). The corresponding projected increase in rice yield is 49 % to 64 %. For wheat, yield is
projected to increase by 50 % to 52 % for calibrated temperature of bias correction and
change factor respectively. This study highlights that, up to the mid-21st century, the
projected increase in temperature is expected to benefit the rice and wheat yields.
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Chapter One
1 Introduction
1.1

Bhutan – Geographic profile

Bhutan is a small landlocked country situated on the southern slope of the Eastern Himalayas
and lies between 26°45’ N and 28°10’ N latitude and 88°45’ E and 92°10’ E longitude, and
shares a border with China to the north and India to the east, south and west (Figure 1.1).
The country extends in length about 300 km from east to west and a width of 150 km from
south to north, covering an area of 38,394 km2 which makes Bhutan one of Asia’s smallest
nations.

Figure 1-1 Map of Bhutan along with the location of Bhutan in Asia (top right corner).

Being a Himalayan country, Bhutan has generally mountainous terrains with elevations
ranging from about 100 m in the south to over 7500 m towards the north. Its physical feature
is characterized by high, rugged mountains, glaciers and moraines, deep valleys and ravines.
According to the National Statistics Bureau (NSB, 2011), forest is the dominant land cover
with up to 70.46 % of the total land, while shrubs cover about 10.43 %, followed by
agricultural land and meadows which cover about 2.93 % and 4.10 % respectively.
1

1.2

Background to agriculture in Bhutan

Bhutan is classified as a one of the forty-eight least developed countries as designated by the
United Nations (UN, 2011). Among the population of 695,822 (NSB, 2011), 69 % are
farmers. In 2010, the agriculture sector alone contributed 16.80 % of the overall Gross
Domestic Product (GDP) and also provided 60 % of the labour force. Agriculture is already
vulnerable due to increasing frequency of extreme weather events like flash floods,
hailstorms, windstorms and droughts in recent decades (Namgyel, et al., 2011). Only 2.9 % of
the total land area is used for agriculture purposes because of the mountainous terrain and
limited land availability. Despite these challenges, the agricultural activities in Bhutan are
quite diverse and take place over a range of climatic zones. Most agriculture activities are
carried out in central and southern parts of Bhutan where the climate is warm and wet,
whereas in northern part no major agriculture activity is possible due to cold and dry climate
(Figure 1.2).

Figure 1-2 Agro-ecological zones of Bhutan. Reproduced from NEC, 2011 Figure 4.4.2
According to Food and Agriculture Organization (FAO, 2008), an agricultural country will be
significantly affected largely by climate change as the problems of food security may arise
and the livelihood of farmers might be threatened. Bhutan being one of the agricultural
countries with a large population depending upon agriculture may be threatened by problems
of food security. Climate change can affect crop yields positively or negatively (Adams, et
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al., 1998), as it depends on the type of soil as well as the method of agricultural practice such
as irrigation.
An impact study of climate change on agriculture in Bhutan needs to be carried out, this
allows the country to be aware of the underlying and upcoming problems due to climate
change and take necessary adaptation actions beforehand. For this reason a study of crop
yield projection aids the decision maker to take necessary planning.

1.3

Aim, scope and approach

This thesis aims to project the climate-related changes in crop yield in Bhutan for the period
2030 to 2050, using climate projections of the Hadley Centre Regional Climate Model
(RCM) PRECIS (Providing REgional Climates for Impacts Studies). The most important
cereal crops that contribute socioeconomically are rice, wheat and maize which will be the
focus of this study. The crops yield of Bhutan will be projected using observed
meteorological data from selected stations (Figure 3.1). The meteorological stations within
the region with maximum production percentage of crops are selected for study (Figure 2.2):
for rice and wheat Shelgana and Wangdue and for maize Monggar, Samtse and Bhur.
The general approach to project future crop yield is illustrated in Figure 1.3. This method is
largely similar to that adopted in other previous studies (Lobell & Field, 2007; Iglesias &
Quiroga, 2007; Sarma, et al., 2008), which will be reviewed in Chapter 2. The statistical crop
yield models will be developed using the observed meteorological data and crop yield data.
Since there are biases in the distributions of weather variables in the PRECIS simulation,
their projections are calibrated. Once we get the calibrated weather variables then they will be
used to drive the crop yield model to project the crop yield for 2030 to 2050.
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Climate modelling

Regional climate model
PRECIS simulation

Calibrate PRECIS projections
(Chapter 5)

Meteorological station
observation data

Crop yield modelling

Regional climate model
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Crop yield
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PRESENT (1990-2010)

FUTURE (2030-2050)

Figure 1-3 Schematic diagram showing the approach adopted in this thesis for projecting
future crop yield in Bhutan. The thick boxes are sets of data and dashed box are the working
procedures. The present period described is from 1990 to 2010 and future period projection is
from 2030 to 2050. Adapted from Ho (2010) Figure 1.2.
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1.4

Plan of Dissertation

The remaining chapters of this thesis are planned as follows.


Chapter 2 gives background information of climate and crop production in Bhutan. It
also reviews previous work on the crop yield modelling.



The data used in this study, including meteorological observations, crop yield
measurements and PRECIS climate simulations, are discussed in Chapter 3.



Chapter 4 explains the development of the statistical crop yield model using observed
weather and crop yield data.



Chapter 5 discusses the calibration of temperature projections of PRECIS RCM and
examines the future changes in the mean temperature of Bhutan.



Chapter 6 describes the projections of the crop yield for rice and wheat using the
calibrated mean temperature projections.



Finally Chapter 7 summaries the main results and recommends possible future work.
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Chapter Two
2 Background
The first two sections in this chapter discuss background information on climate and crop
production in Bhutan this is followed by a discussion on the effects of weather on crops with
the aim to identify important explanatory variables for the statistical crop yield model.

2.1

Climate in Bhutan

The climate in Bhutan is generally cold and dry during the winter months and hot and wet
during the summer months. The climate in Bhutan is predominantly influenced by the
southwest monsoon from the Bay of Bengal. It also varies from the southern foothills towards
northern Himalayan peaks due to variation in the topography. Rainfall may vary within a
small area due to rain shadow effects. Based on the topography, Bhutan’s climatic conditions
can be categorised into subtropical, temperate, sub-alpine and alpine climatic zones.
Agriculture activities are suitable in the first two climatic zones due to temperature and
rainfall patterns as will be discussed in Chapter 3.
There are four seasons in Bhutan based on rainfall and temperature:
a) Winter from December to February;
b) Spring from March to May (Pre-monsoon);
c) Summer from June to August (Monsoon);
d) Autumn from September to November (Post-monsoon).
Figure 2.1 shows the annual variation in mean temperature and rainfall in Wangdue station
(1680 m from mean sea level) located in central Bhutan. Both mean temperature and rainfall
peak in summer and start decreasing from October. The lowest mean temperature is reached
in December. Similar patterns of rainfall and mean temperature are observed in other
meteorological stations in Bhutan with variations in the amount of rainfall and mean
temperatures.
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Figure 2-1 Observed monthly mean air temperature (in line) and rainfall (solid bar) for
Wangdue meteorological station (refer to Figure 3.1 for its location) for 1990 to 2011.
The warmest and wettest region of the country is the subtropical zone with the annual mean
temperatures of about 28 °C and annual average rainfall above 4000 mm. The coldest and
driest part of country is in the north where the rocky mountains are located with elevations of
over 4000 m above mean sea level (msl). Annual mean temperatures in this region are below
freezing point with annual average rainfall less than 650 mm. Both the rainfall and
temperature decrease as we move from southern Himalayan foothills to northern rocky
mountains.

2.2

Crop production in Bhutan

The main crops grown in Bhutan are rice, maize, wheat, potatoes, buckwheat, barley and
millet. Table 2.1 shows the types of crops grown in each agro-ecological zone. With
favourable temperatures and abundant monsoon rainfall the growing period of crops in
Bhutan starts from June and lasts till October. The crops cannot be cultivated during the
winter because of low temperatures and cold drought (Hasan, et al., 1999).
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Table 2-1: Altitude, rainfall, types of farming method and major crops grown in each agroecological zone in Bhutan. Adapted from Namgyel et al. (2011) report Table 4.4.1.
Agro-ecological zone

Altitude (m)

Alpine

3600 – 4600

Annual
Rainfall
(mm)
<650

Farming systems, major agriculture
crops produce

Cool Temperate

2600 – 3600

650 – 850

Barley, wheat & potatoes on dry-land,
buckwheat & mustard under shifting
cultivation

Warm Temperate

1800 – 2600

650 – 850

Rice on irrigated land, double cropped with
wheat and mustard, barley and potatoes on
dry-land

Dry Sub-tropical

1200 –1800

850 – 1200

Maize, rice and millet

Wet Sub-tropical

150 – 600

2500 – 5500

Humid zones – irrigated rice rotated with
mustard and wheat

Semi nomadic people, yak herding, barley,
buckwheat and mustard

Rice
Rice is the staple food of the Bhutanese people (Namgyel, et al., 2011). Rice can be grown up
to an altitude of 2600 m (Table 2.1) and in western Dzongkhags (districts) Thimphu, Paro,
Punakha and Wangdue (Dry Sub-tropical agro-ecological zone), in southern central
Dzongkhag of Samdrup Jhongkhar, Sarpang, Tsirang and Samtse (wet sub-tropical zone)
followed by notable areas in Lhuentse, Trashiyangtse and Trashigang (warm temperate and
dry sub-tropical zone) in the east. About 63 % of rice is grown in the western and central part
of Bhutan [Figure 2.2 (a)]. The rice growing area in the warm temperate zone receives annual
rainfall of 650-850 mm which is much less than the wet sub-tropical zone with annual rainfall
of 2500-5500 mm, so generally irrigation water is used to supplement the rainfall. The
observed meteorological station data of temperature and rainfall of Wangdue (Figure 3.1)
will be used for rice yield projection.
Wheat
The wheat is cultivated up to an altitude of 3600 m. The wheat is a dry land crop and its
growth mainly depends on the rainfall and temperature. The drought and warming
temperature affects the growth of wheat (Kilic & Yagbasanlar, 2010) which reduces the
8

productivity. The wheat is grown mostly in southern and central Bhutan (wet sub-tropical
zone to cool temperate zone). About 60 % of wheat is produced in central Bhutan [Figure 2.2
(b)]. The area of study for wheat will be Shelgana and Wangdue.
Maize
Maize is grown up to an altitude of 1800 m and is mostly grown in the eastern part of Bhutan.
About 83 % of the country’s maize production is from the eastern and southern parts of
Bhutan. The names of Dzongkhags (district) producing maize in eastern and southern region
are Trashigang, Samdrup Jhongkhar, Pemagatshel, Trashiyangtse, Monggar, Lhuntse, Samtse
and Bhur. The study area for maize will be southern and eastern Bhutan [Figure 2.2 (c)].

9

a)

b)

c)

Figure 2-2 Maps showing the seven-year average percentage production of (a) rice, (b) wheat
and (c) maize cultivated in each Dzongkhag (district) of Bhutan. The blue circles show the
locations of meteorological stations considered in this study (refer to Figure 3.1).
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2.3

Atmosphere and hydrological variables affecting crop yield

This section will discuss the relationship between crop yield and key weather variables.
Crop yield depends on the growth of crops, which means that the yield will be high with
better grown crops so it is important to understand which variables are required by crops to
grow properly. According to Hay et al. (1989), the primary atmospheric variables that impact
crop growth are solar radiation, air temperature, humidity and precipitation. They mentioned
that extreme weather at critical periods of a crop’s development can have large effects on its
productivity and yields. The weather conditions under which highest potential yields can be
attained are different for each crop. The seasonal evolution of precipitation and temperature
determines the time periods suitable for crop growth (Bunting, 1975). Regions near the
Equator experience warm temperatures and persistent rainfall throughout the year which
allow multiple harvests of crops in a year. As Bhutan is located at latitude of 27° north away
from the Equator, there are large seasonal variations in precipitation and temperature. The
time of crop growth depends largely on the temperature and the arrival time and duration of
the precipitation (Lobell, et al., 2009) which are in turn determined by the monsoonal airflow
due to land-ocean temperature contrast caused by solar heating (Wang, et al., 2005).
2.3.1 Temperature
Temperature is one of most important weather variables that determine the growth of a crop.
The relationship between crop development rate and temperature is non-linear (Krugner, et
al., 2007) as shown in Figure 2.3. The development rate of crops increases approximately
linearly from the ‘base temperature’ Tb till the ‘optimum temperature’ To. After crossing the
optimum temperature the development starts slowing down up to the ‘maximum temperature’
Tm beyond which crop development stops. These threshold temperatures are called ‘cardinal
temperatures’ (Alvarado & Bradford, 2002) and vary between different crops. Medany et al.
(2007) conducted experiments in the greenhouse to determine the cardinal temperatures for
four different crops (rice, maize, wheat and cotton). They found that each crop has a different
range of temperature requirement for growing. A summary of the experiment results is shown
in Table 2.2. It can be seen that the optimum temperature for the growth of rice is 10 °C
higher than that for the growth of wheat.
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Table 2-2 Range of temperature required for the growth of different crops, Tb = base
temperature, To = optimum temperature and Tm = maximum temperature.
Temperature °C
Crops
Tb

To

Tm

Rice

25

30

35

Maize

20

25

30

Wheat

15

20

25

Cotton

15

20

25

Very high temperatures are unfavourable and thus lower crop yield. A high-temperature
stress leads to spikelet sterility in rice especially during the stage of booting and flowering
(Shah, et al., 2011). Similarly for wheat, a high temperature causes reduction in the root
biomass (Ferris, et al., 1998) and grain yield (Singh, et al., 2011). On the other hand, when
maize is exposed to high temperature stress yield is reduced due to reduction in pollen
germination (Schlenker & Roberts, 2008; Herrero & Johnson, 1980). Under global warming
the threshold temperature for optimum crop growth may be exceeded more frequently
(Wheeler, et al., 2000).

Development Rate

Dm

Tb

To

Tm

Air Temperature
Figure 2-3 Typical relationship between growth
rate of crop and air temperature. Refer to
table 2.1 for the meaning of Tb, To and Tm. Dashed line represents the maximum development
rate Dm at optimum temperature To.
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2.3.2 Rainfall and water availability
Rainfall is another important weather variable for the growth of crops as it moistens the soil.
During photosynthesis, the water is released as a by-product through the stomata in a process
called transpiration (Jones, 1998). A large volume of water is required by the crop during the
transpiration.
The availability of water has become a growing concern in many parts of the world
(Vorosmarty, et al., 2000) especially in the south Asia. Figure 2.4 shows the global variation
in water availability in 1995 and the projected situation in 2025. Regions with different levels
of water stress are represented by different colours. It can be seen that the Middle East is
already suffering from water stress and by 2025 it is estimated that two-thirds of the world
population may be subjected to high water stress (UNEP, 1999).

Figure 2-4 World map showing water stress in 1995 and 2025. Reproduced from UNEP
(1999)
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In the Fourth Assessment Report of Intergovernmental Panel of Climate Change (IPCC)
Working Group II (Cruz, et al., 2007), Himalayan countries are vulnerable to water scarcity
in the near future since billions of people depend on the glacial melt for their water supplies.
As the global temperature warms so will the temperature in the Himalayan region, so the
glaciers will melt that feed the rivers. Although initially this does not pose a problem,
eventually there will be a shortage of water as a result of loss in ice resources. In these
countries, including Bhutan where agricultural activities will become more vulnerable as they
rely on water from glacier melt for irrigation purposes.

2.4

Review on crop yield modelling

Multiple regression models are a simple method for projecting the crop yield. The crop yield
regression model can be developed using observed weather variables and the crop yield data.
Use of observation data to develop crop yield regression model makes the model more
realistic in approach. Also a statistical regression model provides a suitable and realistic
technique of creating relationships of crops yield with climate (Lobell & Asner, 2003), soil
variables and cropping management (Brisson , et al., 2010) as well as policy factors (Finger,
2010).
Recently many studies on regression crop yield model using observed weather variables and
measured crop yield data have been published. Lobell and Field (2007) used a regression
model to develop the relationship between the global crop yield and weather variables. They
used global temperature and global rainfall as explanatory variables and concluded that
rainfall has a positive relationship with yield of rice and soybeans. Similarly, Sarma et al.
(2008) used a combination of additional climatic variables such as equatorial Sea Surface
Temperature (SST), Southern Oscillation Index (SOI), Growing degree Day (GDD) and
integrated Normalized Difference Vegetation Index (NDVI) as the explanatory variables for a
period of 1982 to 2002. They found that for the rice yield, the regression model involving
five variables (rainfall, SOI, Nino 3 SST, GDD and NDVI) responded by giving the variance
of 0.71, which means 71% of the rice yield variance is explained by the variables. They
concluded that besides meteorological variables the rice yield also shows significant
relationship with the indices of atmospheric tele-connections.
Iglesias and Quiroga (2007) developed multiple regression models for wheat yield with
explanatory variables of rainfall, temperature and crop management for five different regions
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in Spain. Each of these five regression models explained at least 68% of the yield’s variance.
They concluded that the quality of data play an important role in projecting the crop yield and
the result of the regression model should be compared with the climate-driven crop models
which provides simulated proxy crop yield data.
All the studies carried out in the past on regression models consider temperature and rainfall
as the main driving explanatory variables. Based on this review, the projection of crop yield
in this study will be done using the regression model by developing relationships between the
measured crop yield and observed temperature and rainfall as explanatory variables.
There are physical crop models which simulate the growth of crops like the Decision Support
System for Agro-technology Transfer (DSSAT) (Jones, et al., 2003), CropSyst (Stockle, et
al., 1994), cereal family of model CERES (Travasso & Delecolle, 1995), and CROPGROW
(Boote, et al., 1998) which is the grain legume family of models. These model can formulate
the physiological crop growth processes but are limited due to uncertainty in representing
physiological processes (Schlenker & Roberts, 2008). This model also inherits the
uncertainties from global climate model and RCM (Collins, 2007; Meehl, et al., 2007).
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Chapter Three
3 Data
This chapter describes the primary data used for this study: (i) temperature and rainfall
observations from meteorological stations, (ii) crop production and cultivated area for rice,
wheat and maize and (iii) simulations and projections of temperature and rainfall from
PRECIS RCM.

3.1

Observed meteorological station data

The meteorological data for daily surface temperature and rainfall are obtained from the
Meteorology Division of the Department of Hydro-Meteorological Services (DHMS),
Bhutan. There are around 70 climatological stations where observation of daily maximum
and minimum temperature and daily rainfall are recorded. Most of these station records
observation data since 1990’s till date.
For this thesis, five stations are used and the location of these stations are shown in Figure
3.1. The selection of stations was based on the proportion of production of the crops from
each region as shown in the Figure 2.2 (a,b,c) for rice, wheat and maize respectively. These
stations have records of observation since 1990’s till date. It is advisable to use the largest
period of observation data as far as possible to study the climate change impact so that the
climate variability is captured in the study period (IPCC-TGCIA, 2007).
The meteorological station of Wangdue will be used for rice yield study and the averaged of
Wangdue and Punakha (Shelgana) Dzongkhag (district) located in central Bhutan will be
used for projection of wheat yield. For maize yield projection Sarpang (Bhur), Samtse (NIE)
and Monggar Dzongkhag stations are used. The location of these three stations is southern,
southwest and eastern Bhutan. The detailed locations of these stations along with length of
available data are listed in Table 3.1. The selected stations cover a wide range of elevations
with Shelgana station located at highest elevation of l680 m above mean sea level (msl) in
central Bhutan and Bhur station at the lowest elevation of 375 m in the south.
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Figure 3-1 Map of Bhutan showing the Dzongkhags (administration districts) and location of
meteorological stations considered in this study.
The observed meteorological stations data need to be processed and quality checked before
proceeding with the analysis. Brief statistical quality checks for rainfall and temperature are
carried out for selected stations. Time series plots for all stations were studied. If suspicious
data are found then the whole period of data is checked again and the outliers are explained;
e.g. whether the station been shifted to different location within the study period.
Figure 3.2 a, b and c, show the standardised annual rainfall anomaly of Shelgana, Wangdue
and Samtse stations respectively. Shelgana station had a large annual rainfall anomaly during
1993 and 1994. Wangdue and Samtse show no such large anomalies of rainfall during these
years. The daily recorded rainfall time series is plotted for Shelgana, Wangdue and Samtse in
Figure 3.3 for comparison. Samtse which is located in southern Bhutan receives higher
rainfall than Wangdue and Shelgana.
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a)

b)

c)

Figure 3-2 Annual standardised rainfall anomaly of three meteorological stations: a)
Shelgana, b) Wangdue and c) Samtse.
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The pattern of rainfall in 1993 and 1994 for Shelgana station shows persistent daily rainfall

recorded throughout the summer season which enhances the annual rainfall anomaly as
shown in Figure 3.2 (a). The other two stations show no such pattern of rainfall except for a
few days with high amount of rainfall observed during the summer which is normally
expected. According to Göktürk et al (2008), the outliers can be due to measurement errors or
extreme weather events, so proper confirmation needs to be done before carrying out any
analysis. Further it was confirmed from Meteorology Department in Bhutan that the station
was not shifted during the entire study period. The Shelgana station rainfall for 1993 and
1994 is likely confirmed to be measurement error and is replaced with the corresponding
average monthly rainfall. All three stations recorded their highest annual rainfall anomaly in
2010, which was due to persistent rainfall over southern and eastern Bhutan by tropical
cyclone Laila that originated over the Bay of Bengal (on 19th to 20th May).
Table 3-1: List of meteorological stations for crop yield study, along with length of data
period, location and elevation above mean sea level (msl).

Station

Data Period

Lon (East)

Lat (North)

Elevation (m)

Wangdue

1990-2011 (22 yrs)

89.9008

27.4867

1180

Shelgana

1988-2011 (23 yrs)

89.8522

27.6067

1680

Monggar

1996-2011 (16 yrs)

91.2383

27.2783

1600

Bhur

1994-2011 (18 yrs)

90.4339

26.9039

375

Samtse

1986-2011 (25 yrs)

89.1000

26.9000

430
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a)

1992

1993

1994

1995

1996

1992

1993

1994

1995

1996

b)

c)

1992

1993

1994

1995

1996

Figure 3-3 Daily recorded rainfall time series plot from a) Shelgana, b) Wangdue and c)
Samtse from 1992 to 1996.
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The crops are generally grown during the beginning of the monsoon season (June) and are
harvested in autumn (October), so rainfall and temperature of June to October are used to
study the crop yield for rice, wheat and maize.

Figure 3-4 Time series of mean seasonal a) rainfall and b) temperature of Wangdue station
for June to October (JJASO). The dashed lines are the fitted linear trends of rainfall and
temperature respectively.
The observed rainfall and average temperature of Wangdue station will be used in the
modelling of yields of rice and wheat. Figure 3.4 (a, b) shows inter-annual variation of the
JJASO rainfall and temperature. There is inter-annual variability of rainfall with minimum
amount of 400 mm recorded in 2005 to maximum of around 750 mm in 2010. There is no
statistically significant trend for rainfall at 5 % level. The temperature on other hand has
significant increasing trend at 5 % level. The year 1997 was the coldest average temperature
of 22.7 °C in Wangdue and the years 2010 and 2011 were the warmest with temperatures of
24.6 °C.
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For modelling maize yields, the mean rainfall and temperature averaged from three stations,
Monggar (eastern), Bhur and Samtse (southern) are used. Figure 3.5 (a, b) shows the time
series mean rainfall and mean temperature for JJASO.

Figure 3-5 Time series of three-station (Monggar, Bhur and Samtse) averaged mean seasonal
rainfall and temperature for rainy season (JJASO). The dashed line shows the fitted linear
trends.
The seasonal rainfall for monsoon (JJASO) shows variation from 2000 – 4000 mm
throughout the period with slight increasing trend, however the trend is not significant at 5 %
level. The highest monsoon season rainfall exceeding 3000mm was recorded in 2010 which
was due to Laila cyclone that fetched persistent rainfall over the southern and eastern Bhutan.
Contrary to the Wangdue JJASO mean temperature, the three-station average in eastern and
southern Bhutan show statistically significant declining trend at 5 % level in the JJASO mean
temperature at -0.09 °C per year with standard error of 0.03 °C. A similar decreasing trend
was also observed in and around Terai region in Nepal, contrary to the increasing trend in
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global temperatures (McSweeney, et al., 2010). The Terai is the region in the southern plain
of Nepal which shares similar climatic and vegetation condition with southern Bhutan.
Shrestha et al. (2008) suggested that the decreasing trend in temperature during summer in
the Terai region may be associated with prolonged foggy conditions.

3.2

Crop data

The crop yield is defined as ‘a measurement of the amount of a crop that is harvested per unit
of land area’. The crop yield data of rice, wheat and maize are obtained from the Food and
Agriculture Organisation of the United Nations database (FAO, 2010) and Ministry of
Agriculture and Forest (MoAF), Bhutan. The data from the FAO website are available from
1961 to 2010, however most of data before 1990 are estimated crop production which are not
quite reliable. However, the data from MoAF database are available from 1999 till 2010 only.
The data available from both sources for crop yield are same except for the year 2010. Since
MoAF has the measured yield data for 2010 while FAO has estimated data, the FAO crop
data for 2010 is replaced by the MoAF data which are published in Annual Agriculture
Statistic Report (MoAF, 2012). Since most of the observed meteorological station data are
available from 1990s, the crop yield data from 1990 will be used for analysis.
The time series of crop yield is plotted in Figure 3.6 for a) rice, b) wheat and c) maize. The
yield of rice has increased since 2000 at 0.03 tonne/acre/year. The maximum yield of 1.6
tonne/acre was recorded in 2008, which was due to the introduction of System of Rice
Intensification (SRI) methods (Lhendup, et al., 2009). The SRI is an agriculture innovation
method (Uphoff, 2008) to increase the crop yield by crop growing management such as
careful spacing of transplanted crops and careful monitoring of water quantity (Stoop, et al.,
2002; Mishra, et al., 2007). Similarly Figure 3.6 (b,c) for wheat and maize yield show
increase of at the rate of 0.01 tonne/acre/year and 0.03 tonne/acre/year respectively. The
highest yield of 1.75 tonne/acre was recorded in 2010 for wheat and 1.6 tonne/acre for maize
in 2004.
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Figure 3-6 Time series of annual crop yield in tonne/acre for a) rice yield, b) wheat yield
and c) maize from 1990 to 2010. The black line are the fitted linear trend of the yield data and
red line are the smoothed local trend.

3.3

PRECIS regional climate model

This section gives an abstract summary of PRECIS (Providing REgional Climates for
Impacts Studies) developed by Met Office Hadley Centre for use in climate change impact
studies. More details about the PRECIS RCM can be found in Wilson et al. (2011).
PRECIS RCM is developed for targeting developing countries that cannot purchase the
sophisticated climate model on their own. This is one of the targets of the United Nations
Framework Convention on Climate Change (UNFCCC) objective (Wilson, et al., 2011).
PRECIS RCM can be run in a personal computer and produce regional climate change
scenarios for study of impacts, by doing so there is a successful transfer of technology and
ownership which will assist the country in taking timely and effective actions towards the
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assessment and adaptation due to climate change. This study uses the available model
simulations of temperature and rainfall with horizontal resolution of 50 km covering the
region as shown in Figure 3.7. The PRECIS regional model domain starts from 75 °E to 180
°E longitude and from 20 °S to 55 °N latitude, covering almost all of eastern Asia. The
horizontal resolution of 50 km is still coarse for the country like Bhutan (Figure 3.8) with
complex terrain and agro-ecological conditions changing with increasing altitude in a small
area (Table 2.1). A total of around 18 grid boxes of PRECIS covers the Bhutan region.
PRECIS uses a rotated grid with the pole of 26.94 °N and 98.93 °E. It runs at 19 vertical
levels with the lowest level of 50 m and the highest up to 0.5 hPa (Jones, et al., 2004).

Figure 3-7 Daily mean temperature at 1.5 m on 15th March 1990 (in °C) simulated by
PRECIS.
PRECIS regional model is based on HadCM3 (Gordon, et al., 2000) which is a coupled
atmosphere-ocean General Circulation Model (AOGCM) developed by Met Office Hadley
Centre. The HadCM3 is a combination of two models; the atmospheric model HadAM3 and
ocean model (HadOM3). The HadAM3 is a grid point model with horizontal resolution of 2.5
° x 3.75 ° with 19 vertical levels. The horizontal grid resolution on the ground is
approximately 300 km. HadOM3 has a resolution of 1.25 ° x 1.25 ° with 20 levels (Met
Office, 2005). The lateral boundary condition for PRECIS RCM is given by HadCM3Q0
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which runs from 1950 to 2099. The model uses an idealised 360-day calendar. HadCM3Q0
GCM differs from HadCM3 with two additional distinct features. First, the Sea Surface
Temperature (SST) is ensured to remain close to the climatology by flux adjustment in the
control period. The SST is made to vary with respect to variability of natural and atmospheric
forcings. Second, it also includes the atmospheric sulphur cycle.

Figure 3-8 Daily mean temperature of 15th March 1990 simulated by PRECIS for the Bhutan
region. The boxes represent 50 km x 50 km horizontal resolution of the model.
The HadCM3Q0 GCM is run based on the external forcings from Special Report on Emission
Scenarios (SRES) A1B emission scenario (Nakicenovic, et al., 2000). The A1B emission
scenario is one of the three possible emission scenarios under A1. The A1 is described as the
future world of very rapid economic growth, with global population peaking in mid-century
and declining afterwards and there is rapid introduction of new and more efficient
technologies. The three groups that describe the A1 scenario are based on the alternative
directions of technological change in the energy system (Nakicenovic, et al., 2000): fossil
fuel intensive (A1F1), predominantly non-fossil energy (A1T) and balance across all sources
(A1B).
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Chapter Four
4 Statistical modelling for crops yield
This chapter describes the fitting and evaluation of the statistical crop models for rice, wheat
and maize. The models are developed using crop yield and observed station data. Future crop
yield is projected using the model developed in this chapter driven by the calibrated PRECIS
RCM projections from Chapter 5.

4.1

Linear modelling framework

As discussed in the literature section, compared to physical crop models (e.g. Jones, et al.,
2003; Stockle, et al., 1994; Travasso & Delecolle, 1995; Boote, et al., 1998), empirical
regression models are simple and easier in relating crop yields with observed weather
variables (Lobell & Asner, 2003). Many previous studies consider rainfall and temperature as
main explanatory variables for crop yield (e.g. Sarma, et al., 2008; Iglesias & Quiroga, 2007;
Lobell & Field, 2007). In this study the linear regression models are developed using rainfall
and temperature in the crop growing season as predictor variables and rice, wheat and maize
as the response variables. The following linear regression model for different crop yield (Y)
is proposed,

where

5

……………… 4.1

6

………. 4.2

is the calculated crop yield, and

and rainfall respectively.
variables and

and

,

are the explanatory variables of temperature

are coefficients of the corresponding explanatory

is the intercept of the regression line.

are normally distributed residuals

with zero mean and are constant variance.
The crop yield is assumed to be highly dependent on the weather variables, and access to
technology to mitigate climate change is assumed to be low. Generally most crops are grown
during the beginning of monsoon season (June) and harvested in autumn (October), so
rainfall and temperature from June to October is used to explain the annual crop yield for all
three crops. Model (4.1) and (4.2) are fitted with choices of X including Hot Day Index
(HDI), seasonal mean temperature, monthly mean maximum and minimum temperature and
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choices of P including seasonal rainfall. The HDI is the count of days exceeding the threshold
temperature Tm (Table 2.2), for rice, wheat and maize. The most appropriate model for each
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Figure 4-1 Scatter plots of crop yield and observed mean temperature; a) rice yield against
JJASO mean temperature of Wangdue, b) wheat yield against JJA mean temperature
(Wangdue-Shelgana averaged) and c) maize yield against JJASO mean temperature (BhurMonggar-Samtse averaged). The black line is the linear fit of the yield and mean
temperatures.

4.2

Model selection and evaluation

4.2.1 Rice
The regression models of rice yield are fitted with different explanatory variables and the
results are shown in Table 4.1. Figure 4.1 (a) is a scatter plot showing the relationship
between rice yield and JJASO mean temperature of Wangdue station. There is a positive
relationship between the two variables and most of the sample data are close to the linear fit
line except for a few outliers with maximum of yield 1.6 tonne/acre measured in 2008 and
lowest yield measured in 1994 [Figure 3.6 (a)]. Figure 4.2 (a,b,c) illustrates the relationship
of rice yield with weather variables such as HDI, JJASO rainfall and JJASO temperature
respectively. The HDI for rice yield is defined as the counts of days when temperature
exceeds 30 °C which is the maximum temperature Tm (Table 2.2), beyond which the growth
of crops is affected by heat stress. HDI [Figure 4.2 (a)] has significant positive relationship
with crop yield. The R-squared statistic of model (4.1) with HDI is 32 %. From 1995 till 2005
the number of hot days exceeding 30 °C was below 30 and after 2005 there was an increase
in number of hot days. Model (4.1) with JJASO average temperature gives the highest R28

squared statistic of 45 %. From Figure 4.2 (c) rice yield and average temperature seem to
have a positive relationship; however in year 2004 and 2008 while there was decrease of
temperature, rice yield increased.
Table 4-1 Parameter estimates and R-squared statistics (proportion of variation explained) of
models for rice yield with different choices of explanatory variables temperature and rainfall
at Wangdue station was used.
Model

Candidate variable

R2

X

P

4.1

JJA mean temp

-

0.39

4.1

SO mean temp

-

4.1

JJASO mean
temp

4.1

0

1

2

Estimate

p

Estimate

p

-3.28

0.28

<0.01

-

-

0.27

-3.28

0.19

0.02

-

-

-

0.45

-6.71

0.32

<0.01

-

-

JJASO max.
temp

-

0.3

-2.78

0.13

0.01

-

-

4.1

Hot Day Index

-

0.32

0.72

0.01

0.01

-

-

4.2

JJA mean temp

JJA rainfall

0.39

-5.93

0.28

<0.01

2.1 x 10-5

0.97

4.2

SO mean temp

SO rainfall

0.29

-2.99

0.17

0.04

6.2 x 10-4

0.55

4.2

JJASO mean
temp

JJASO
rainfall

0.40

-6.83

0.32

<0.01

2.5 x 10-4

0.60

The JJASO rainfall and rice yield plots in Figure 4.2 (b) shows that the variation of seasonal
rainfall has no effect on the rice yield. The model (4.1) gives highest R-squared of 45 % for
rice yield with JJASO mean temperature. The model (4.2) fails to improve the R-squared
with the addition of seasonal rainfall. The rainfall is not significantly contributing to the yield
model at 5 % level. The reason may be due to the irrigation practice that is followed in
Bhutan for the wet land (Pradhan, 1989). In the area of Dry Sub-tropical and Warm
Temperate region normally the annual rainfall is low compared to Wet Sub-tropical zone
(Table 2.1) so farmers tend to use the irrigation water from the river for growing rice in this
region. That may be possible reason for rainfall not showing relationship with rice yield.
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Model (4.1) with JJASO mean temperature as the explanatory variables of Wangdue will be
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Figure 4-2 Time series of rice yield (dashed line) with (a) Hot Days Index (solid line), (b)
JJASO rainfall in bar plot and (c) average JJASO temperature (solid line) of Wangdue
station.
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Figure 4-3 Residual diagnostic plots for regression model for rice yield and seasonal
temperature (JJASO). First plot shows the residuals against the fitted value on the linear
predictor scale (a); the centre plot is the normal quantile-quantile plot of residuals (b) and last
plot on the right hand is the square root of standardized residuals against the fitted value on
the linear predictor scale (c).
The residual diagnostic is done to evaluate the assumptions of the regression model. Figure
4.3 are the residual diagnostics of model for rice yield. No obvious relationship is observed in
the plot of residuals against the fitted values [Figure 4.3 (a)] and in scale location plot [Figure
4.3 (c)]. The normal quantile-quantile plot [Figure 4.3 (b)] of residuals shows roughly a
straight line. There are no significant outliers in the residuals and also no obvious violation of
the model assumptions is apparent. Similar residual diagnostic test is done for regression
model of wheat and there is no violation of model assumptions.
4.2.2 Wheat
The statistical crop yield model for wheat is developed in similar fashion like rice yield. The
results are shown in Table 4.2. The rainfall and temperature of Wangdue and Shelgana are
averaged to give the explanatory variables.
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Table 4-2 Parameter estimates and R-squared statistics (proportion of variation explained) of
model (4.1) and (4.2) for wheat yield and weather variables of Wangdue-Shelgana average.
Model

Candidate variable

R2

X

P

4.1

JJA mean temp

-

0.31

4.1

SO mean temp

-

4.1

JJASO mean
temp

4.1

0

1

2

Estimate

p

Estimate

p

-1.17

0.07

0.01

-

-

0.16

-0.84

0.06

0.07

-

-

-

0.27

-1.25

0.08

0.02

-

-

JJASO max.
temp

-

0.24

-0.76

0.10

0.20

-

-

4.1

Hot Day Index

-

0.22

-0.04

0.01

0.02

-

-

4.2

JJA mean temp

JJA rainfall

0.33

-1.21

6.8 x 10-2

<0.01

5.9 x 10-5

0.30

4.2

SO mean temp

SO rainfall

0.23

-1.1

7.6 x 10-2

0.04

-2.2 x 10-4

0.84

4.2

JJASO mean
temp

JJASO
rainfall

0.30

-1.29

7.8 x 10-2

<0.02

2.5 x 10-5

0.64

The scatter plot of wheat yield against JJA mean temperature [Figure 4.1 (b)], shows positive
relationship. The data are a bit scattered from the linear fit line with few outliers. Figure 4.4
(a,b) shows the variability of weather variables with wheat yield for JJA rainfall and
temperature respectively. The JJA rainfall shows high variability but there is no clear
relationship with wheat yield. The results of statistical model fits with various variables are
shown in Table 4.2. Model (4.2) gives R-squared value 0.33 with combination of JJA mean
temperature and JJA rainfall, however parameter of rainfall is not significant at 5 % level.
Model (4.1) with JJA mean temperature explains 31 % of wheat yield variance and
coefficient for temperature is significant at 5 % level. The temperature variable is dominating
over rainfall. A similar case was encountered by Lobell and Burke (2008), when they tried to
estimate the climate change impact on crop yield based on temperature and rainfall over
South Asia for rice, wheat and millet. They concluded that, temperature has a larger impact
due to crop yield rather than precipitation. In case of wheat yield, a projection model (4.1)
will be used with JJA mean temperature as the explanatory variable.
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Figure 4-4 Time series of wheat yield with (a) JJA rainfall in bar and (b) average JJA
temperature (black line) for Wangdue-Shelgana average from 1990 to 2010. The dashed line
is the time series of wheat yield.
4.2.3 Maize
For maize yield modelling, the temperature and rainfall averaged from three stations, namely
Monggar, Bhur and Samtse are used. The results of yield model (4.1) and (4.2) are shown in
Table 4.3. Figure 4.1 (c) is the scatter plot between the maize yield and JJASO temperature.
There is a negative relationship between maize and temperature. For maize yield both models
fail as there was no significance relationship between the crop yield and any of the tested
predictors. Therefore the projection of maize will not be discussed in Chapter 6.
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Table 4-3 Parameter estimates and R-squared statistics (proportion of variation explained) of
model (4.1) and (4.2) for maize yield. Temperature and rainfall observation averaged from
Monggar, Bhur and Samtse are used.
Model

Candidate variable

R2

X

P

4.1

JJA mean temp

-

0.07

4.1

SO mean temp

-

4.1

JJASO mean
temp

4.1

0

1

2

Estimate

p

Estimate

p

25.21

-0.79

0.32

-

-

0.11

23.88

-0.97

0.20

-

-

-

0.09

24.55

-0.89

0.23

-

-

JJASO max.
temp

-

0.05

3.98

-0.11

0.39

-

-

4.1

Hot Day Index

-

0.19

-2.08

0.11

0.74

-

-

4.2

JJA mean temp

JJA rainfall

0.12

1.86

-0.05

0.54

1.5 x 10-4

0.37

4.2

SO mean temp

SO rainfall

0.17

2.98

-0.10

0.23

-4.3 x 10-4

0.35

4.2

JJASO mean
temp

JJASO
rainfall

0.17

2.06

-0.07

0.43

1.7 x 10-4

0.24

4.3

Summary

Model (4.1) with temperature as the only explanatory variable will be used for crop yield
projection.
As summarized in Table 4.4 the following temperature variables are chosen.
i)

For rice the JJASO mean temperature of Wangdue station will be used in
regression model (4.1).

ii)

For wheat, the JJA mean temperature of Wangdue-Shelgana average will be used
for regression model (4.1).

iii)

For maize, since there was no significant relationships between maize yield and
weather variables, maize yield projection will not be carried out.
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Table 4-4 The selected parameter estimates and R-squared statistics (proportion of variation
explained) of the selected model for crop yield projections.
Crops

Candidate variables for
X&P

R2

0

1

p-value

Rice

JJASO mean temperature

0.27

-1.25

0.08

0.02

Wheat

JJA mean temperature

0.31

-1.17

0.07

0.01

Maize

No significant relationship found
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Chapter Five
5 Regional climate model calibration
Due to possible biases in the PRECIS RCM, their projections of temperature need to be
calibrated before they are used to drive the regression model developed in Chapter 4 for the
crop yield projection. This chapter first briefly describes the origins of biases in the climate
models. The calibration methodology for PRECIS temperature projections is then explained.
The calibrated temperatures using two approaches, namely ‘bias correction’ and ‘change
factor’ for 2030 to 2050 are then presented.

5.1

Sources of biases in climate models

Climate models use mathematical equations based on physical laws to represent processes
and interactions within the climate system. The atmosphere and ocean is modelled using a
three-dimensional grid. Time-dependent mathematical equations are solved at finite time
steps. There are chances of bias generation depending upon the methods of computation
selected for solving those physical laws.
Although RCMs provide finer resolutions than GCMs, the processes which take place at a
scale smaller than the grid cannot be resolved by the model and need to be parameterized
(Collins, 2007). In general the climate models are not perfect in representing the climate
system. This leads to discrepancies or ‘biases’ in their simulation of climate variables from
reality. Bhutan being a mountainous country, its complex topography cannot be fully
represented by PRECIS with 50 km horizontal resolution. For RCM biases may also come
from errors in the driving boundary data provided by the GCM (Noguer, et al., 1998).
Calibration attempts to post-process output from climate models to produce more realistic
projections for climate variables. However uncertainty still exists after calibration due to
various uncertainties such as that in the anthropogenic emissions of greenhouse gases and
aerosols in future (Nakicenovic, et al., 2000) which depend on types of socioeconomic
activities. There is also uncertainty associated with the selection of model parameter which is
known as ‘parameter uncertainty’ and also the model structure known as ‘structural
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uncertainty’. Another uncertainty comes from internal variability also termed as ‘climate
noise’ (Schneider & Kinter, 1994; Madden, 1976; Feldstein, 2000).

5.2

Calibration approaches

Based on the results from Chapter 4 summer and autumn daily mean temperature projections
for Wangdue and summer daily mean temperature projections for Wangdue-Shelgana
average will be calibrated. This section outlines two approaches to perform the calibration.
Further details on the related mathematical derivations can be found in Ho (2010, Chapter 5).
The calibration of PRECIS daily mean temperatures involves three variables;
i) Station observations (denoted by

) for the ‘present’ reference period (1990-2010).

ii) PRECIS simulations for the grid box where the station is located for the same
reference period (denoted by
iii) PRECIS projection (denoted by

).
) for the ‘future’ period (2030-2050).

i) Bias Correction (BC)
obs

𝑋𝑜

a)
Co

𝑿𝒐
c)
Co

Correction

model
del

𝑋𝑚

𝑋𝑚

present

future

ii) Change Factor (CF)
obs

𝑋𝑜

b)
Co
model 𝑋𝑚
present

𝑿𝒐
d)
Co

Correction

𝑋𝑚

future

Figure 5-1 Schematic diagrams showing two approaches for calibrating climate model
projections: i) bias correction and ii) change factor. (a,b) shows the approach of calibration
while (c,d) are examples of probability density functions (PDF) of the variables, which are
assumed to have different mean and variance but same shape. The dashed orange line is the
calibrated PDF. Reproduced from Hawkins et al. (2012) (a,b) and Ho et al. (2012) (c,d).
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We now have to combine these three sources to find the unknown ‘future observation’
(denoted by

) which will be used to drive the statistical crop yield models. Figure 5.1

shows two distinct calibration pathways, namely bias correction and change factor.
5.2.1 Bias correction
The main assumption of the bias correction (BC) approach is that the model discrepancies
stay constant in time. This means that any relationship between the distribution of historic
observations and RCM model simulations in the reference period will be same as the
relationship between future observations and RCM projections (Huntingford, et al., 2005;
Ines & Hansen, 2006). If we further assume that these variables are only different in mean
and variance but not shape then future observations can be estimated by
̂

where

and

(

) ………………5-1

are the mean and standard deviation of

mean and standard deviation of

respectively,

and

are the

respectively.

5.2.2 Change factor
The main assumption in the change factor (CF) approach is that the changes in distribution of
present observation and future observation will be same as the relationship between RCM
model simulation and projections. If we further assume that these variables have different
distribution in the mean and variance, then future observations can be estimated by
̂

where

and

(

) ………………5-2

are the mean and standard deviation of

respectively.

Future observations estimated by these two approaches may have different mean (Ho, et al.,
2012). In this study both pathways will be used to calibrate the PRECIS temperature
projections.
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5.3

Calibration results

The calibration of PRECIS regional model projected temperature is carried out using the bias
correction and change factor approach and following are the results.
5.3.1 Comparing the distributions of observed and modelled temperatures
The Quantile-quantile plots (Q-Q plots) compare the two distributions by plotting their
empirical quantities against each other. Figure 5.2 (a,b) show the Q-Q plot for the bias
correction and change factor approach respectively for Wangdue for summer and autumn
season (JJASO) daily mean temperature. Figure 5.2 (a) compares present observed
temperature and PRECIS simulated temperature for same reference period 1990 to 2010 for
Wangdue. The diagonal and the plot are parallel to each other which indicates that the two
variables have similar variance but different mean.
JJASO

25

35

JJASO

15

20

b)

5

10

𝑚
model𝑋projection

25
20
15

0

5

10

𝑋𝑚
model JJASO

30

a)

5

10

15

20

25

30

35

obs JJASO

𝑋𝑜

0

5

10

15

20

25

model simulation

𝑋𝑚

Figure 5-2 Quantile-Quantile plots (Q-Q plots) of observed and PRECIS regional model
daily mean summer and autumn (JJASO) temperatures for Wangdue. a) shows the plot
between

and

for JJASO and b) is the plots between

and

. The two variables

have the same distribution if the plot follows the black diagonal line. Blue line indicates the
a) bias correction and b) change factor calibration.
The model has a cold bias of -8.5 °C compared to observed temperature. This cold bias is
possibly due to the coarse horizontal resolution of RCM representing the complex
mountainous terrain. Similar large cold biases of -8.9 °C in winter (October to March) and 5.5 °C in summer temperature (April to September), were found by Akhtar et al. (2009) when
comparing PRECIS temperature with meteorological station Climate Research Unit (CRU)
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corrected data over the Hunza river basin in Hindukush-Karakorum-Himalaya (HKH) region.
They also explained that such cold biases in PRECIS RCM simulations are associated with
the failure of representation of climate model to complex mountainous features and this kind
of cold biases is common in RCM (McGregor, 1997).
On the other hand Figure 5.2 (b) shows Q-Q plot of present simulation and future projection.
The future temperature (2030-2050) is warmer compared to present model simulation (19902010) and also the variance of

is greater than that of
. mean temp for model(Wangdue and Shelgana) 1990-2010
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Figure 5-3 Q-Q plots similar to Figure 5.2 but for the Wangdue-Shelgana averaged summer
(JJA) temperature. The two variables have the same distribution if the plot follows the black
diagonal line. Blue line indicates the a) bias correction and b) change factor calibration.
Figure 5.3 (a, b) are the Q-Q plots similar to Figure 5.2 (a, b) but this time for summer (JJA)
daily mean Wangdue-Shelgana averaged temperature. From Figure 5.3 (a) which is the JJA
temperature plot between observed temperature and model simulation for the same reference
period, they differ in both mean and variance since the plot is away from diagonal line and
not parallel to each other. The variance of present observation is larger than the variance of
future modelled temperature.
Figure 5.3 (b) shows the Q-Q plot for the change factor approach, which compares the
distribution of model simulated daily mean temperature and model projected daily mean
temperature. The model projects warmer daily mean Wangdue-Shelgana average temperature
in summer. The variance of future modelled temperature is slightly higher than the current
simulation.
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5.3.2 Calibrated temperatures
The calibrated mean temperatures of PRECIS RCM for Wangdue station (JJASO) and
Wangdue-Shelgana average (JJA) are shown in Table 5.1 and Table 5.2 respectively. Both
bias correction and change factor approach shows increase in mean temperature from present
1990-2010 mean.
Table 5-1 Mean and standard deviation (sd)(in °C) of JJASO daily mean air temperature at
Wangdue for a) station observation; b) raw PRECIS output; c) bias correction (BC) and d)
change factor (CF)
Present (1990-2010)

a)

Obs (

b)

Raw Model (
or
)

c)

BC (

d)

CF(

)

)
)

Future (2030-2050)

Mean (°C)

sd (°C)

Mean (°C)

sd (°C)

23.5

2.2

-

-

15.0

2.1

16.3

2.2

-

-

24.8

2.3

-

-

25.3

2.3

The mean of calibrated temperature for Wangdue station (JJASO) by the BC approach is
1.3 °C warmer from the present observed mean. The CF approach projects 1.8 °C warmer
than present mean and 0.5 °C warmer than BC. The raw PRECIS RCM simulations of daily
mean temperature are compared with observation for JJASO of Wangdue in Figure 5.4 (a) by
a boxplot. The boxplot in Figure 5.4 (b) compare future raw model projections with BC and
CF calibrated daily mean temperatures. Both BC and CF projects JJASO mean temperature to
be below 30 °C, the maximum range Tm of rice growth for most days (Table 2.2). The
threshold temperature of 30 °C was exceeded for a few days.
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Figure 5-4 Boxplots for JJASO daily mean temperature of Wangdue a) comparing the
distribution of present observed and model simulation. b) projected raw model, BC and CF
calibrated temperatures.
Table 5-2 Mean and standard deviation (sd) (in °C) of JJA daily mean air temperature at
Wangdue-Shelgana average for a) station observation; b) raw PRECIS output; c) bias
correction (BC) and d) change factor (CF)
Present (1990-2010)

a)

Obs (

b)

Raw Model (
or
)

c)

BC (

d)

CF(

)

)
)

Future (2030-2050)

Mean (°C)

sd (°C)

Mean (°C)

sd (°C)

25.6

1.6

-

-

16.1

1.0

17.4

1.1

-

-

26.3

1.7

-

-

26.5

1.7

The results in Table 5.2 for Wangdue-Shelgana average, shows BC projections to be 0.7 °C
warmer than the present mean temperature. The CF approach projects 0.9 °C warmer than
present mean and 0.2 °C warmer than BC. The raw PRECIS model projections of daily mean
temperature are compared with observations for JJA in Figure 5.5 (a). Figure 5.5 (b) shows
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the boxplots comparing future daily mean temperatures for raw model with calibrated
temperatures by bias correction and change factor approach. The calibrated mean temperature
by BC and CF for the wheat yield model are 26.3 °C and 26.5 °C respectively which are
beyond the threshold limit Tm of 25 °C (Table 2.2). This increase in temperature might affect
the yield of wheat in Bhutan.

Figure 5-5 Boxplots for JJA daily mean temperature of Wangdue-Shelgana average a)
showing the distribution of present observed and model simulation. b) projected raw model,
BC and CF calibrated temperature.
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Chapter Six
6

Crop yield projections

In this chapter the yields of rice and wheat in Bhutan are projected using the crop models
presented in Chapter 4 (model 4.1). The model will be driven by the seasonal mean of
calibrated PRECIS daily mean temperatures presented in Chapter 5.

6.1

Rice

The average measured annual yield of rice in Bhutan from 1990 to 2010 is 0.96 tonne/acre.
Table 6.1 shows the average annual rice yield in the period 2030 to 2050 projected by the
statistical yield model (refer to Table 4.4) driven by three sets of daily mean temperatures:
uncalibrated model temperature, BC calibrated and CF calibrated temperature. Both BC and
CF calibrated mean temperatures give an increase in rice yield.
Table 6-1 Projected average annual rice and wheat yields (tonne/acre) using PRECIS
projected mean temperature for the period 2030 to 2050. Results using raw PRECIS
projections and projections calibrated by BC and CF are shown.
Mean projected yield
(2030-2050)

Mean
observed yield
(1990-2010)

Raw model

BC

CF

Rice

0.96

-1.43

1.43

1.57

Wheat

0.52

0.06

0.78

0.79

Crop

Figure 6.1 (a) shows how well the statistical crop yield model simulates present rice yield
which is shown by the blue line. The model fails to capture the peak rice yield in 2008 and
low rice yield in 1994. However, it can be seen that model captures the general increasing
trend in rice yield quite well.
For the period 2030 to 2050, the average projected rice yield by BC calibrated temperatures is
1.43 tonne/acre which is 40 % higher than the observed yield (Table 6.1). Figure 6.1 (b)
shows the corresponding time series of projected annual rice yield with the 95 % confidence
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intervals (CI) in red lines, as a measure of uncertainty of the statistical yield model fit. The
projected rice yield has an increasing trend with inter-annual variability. This variability is
due to variability of temperature as temperature is the only explanatory variable in the
statistical model. The model gives lower confidence in the projection in the 2040's compared
to other times as projected temperatures increase. The BC calibrated mean temperature of
JJASO for 2030 to 2050 is 24.8 °C (Table 5.1) which is within the limits of optimum
temperature for rice growth (Table 2.2), so the projected increase in rice yield is consistent
with theory.

a)

c)

b)

d)

Figure 6-1 Time series of observed and projected annual rice yield by crop yield model. (a)
Observed yield (black line) from 1990 to 2010 and predicted yield using the statistical crop
model (4.1) with observed temperatures (blue line). (b), (c) and (d) are projected rice yields
(dashed lines) using BC calibrated daily mean temperatures, CF calibrated daily mean
temperatures and raw PRECIS projected mean temperatures, respectively. The vertical red
lines are 95% confident intervals.
Using CF calibrated mean temperatures the rice yield model projects rice yield of 1.57
tonne/acre which is a 60 % increase from the present observed yield and 14 % higher than
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BC projection. The projected rice yield for CF is higher than that for BC due to higher
calibrated temperatures as shown in Table 5.1. Figure 6.1 (c) shows the projected rice yield
time series. Similar to Figure 6.1 (b) the statistical model projections have inter-annual
variability of rice yield due to variations in the projected temperature. Also because of higher
calibrated temperatures by CF, the confidence in the CF projected rice yield is lower than the
BC projected rice yield, as shown by the wider CI.
As a comparison, Figure 6.1 (d) is the projection of rice yield using raw PRECIS regional
model mean temperatures. The projected crop yield with raw model temperature projection is
unrealistically low because of the large cold bias in the PRECIS temperature simulations.
This result is not reliable and demonstrates why the calibration of climate model projections
is necessary.

6.2

Wheat

The average measured yield of wheat in Bhutan from 1990 to 2010 is 0.52 tonne/acre.
Similar to rice, projections of wheat yield are made using different sets of daily mean
temperatures and the results are summarized in Table 6.1.
Figure 6.2 (a) shows the simulated wheat yield for the present period. The model performs
quite well in capturing the trend of observed yield but again misses the 2010 peak and the
lowest yield in 2000. The average projected wheat yield by BC calibrated temperatures is
0.78 tonne/acre which is 60 % higher than the present observed yield. Figure 6.2 (b) shows
the time series of projected wheat yield for period 2030 to 2050. There is inter-annual
variability in the projection of wheat yield superimposed on an increasing trend. The
confidence of model projections is low after 2040.
The yield model with CF calibrated temperature projects wheat yield of 0.79 tonne/acre
which is same as the BC calibrated temperature projection. This is consistent with the results
discussed in the last chapter that the difference between the mean of BC and CF calibrated
temperatures is small (Table 5.2). However, the inter-annual variation in projected annual
yield are different between BC [Figure 6.2 (b)] and CF [Figure 6.2 (c)].
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Figure 6.2 (d) is the projection of wheat yield using raw PRECIS projected temperatures,
which have large cold biases. Similar to rice, unrealistically low projections of yield close to
zero are obtained.

a)

b)

c)

d)

Figure 6-2 Time series of observed and projected annual wheat yield by crop yield model. (a)
Observed yield (black line) from 1990 to 2010 and predicted yield using the statistical crop
model (4.1) with observed temperatures (blue line). (b), (c) and (d) are projected rice yields
(dashed lines) using BC calibrated daily mean temperatures, CF calibrated daily mean
temperatures and raw PRECIS projected mean temperatures, respectively. The vertical red
lines are 95% confident interval.
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Chapter Seven
7 Conclusion and Summary
7.1

Summary of results

The main aim of this thesis is to project the yields of three primary crops grown in Bhutan –
rice, wheat and maize – under climate change for years 2030 to 2050, using climate
projections from the PRECIS regional climate model (RCM). The projection was performed
in three stages. Firstly, statistical crop yield regression models were developed to explain the
historical relationships between the annual measured yield for each crop and observed
weather variables. Secondly, projections of the relevant weather variables by PRECIS, which
are driven by the global climate model HadCM3Q0 under SRES emission scenario of A1B,
were calibrated to account for systematic biases. Finally, future crop yields were estimated by
driving the statistical crop yield model by these calibrated weather projections.
For the statistical modelling of crop yield, a number of linear regression models with
different explanatory variables (for example maximum, mean and minimum air temperature
and precipitation) were tested. It was found that for rice yield, the model with summer and
autumn (JJASO) mean temperature at Wangdue station gave a coefficient of determination
(R-squared value) of 45 %, the highest compared to other candidate models. For wheat yield,
the model with summer (JJA) mean temperatures averaged over Wangdue and Shelgana
stations has the highest R-squared value of 31 %. These models were chosen as the final
models for projecting rice and wheat yields. However, as no statistically significant
relationship between maize yield and weather variables was found, future maize yield is not
projected.
For the calibration of PRECIS RCM temperature projections, this thesis used two different
approaches, bias correction (BC) and change factor (CF). The bias correction approach is
based on the assumption that the difference in mean and variance between present-day
observed temperatures and PRECIS regional model simulated temperatures will be same as
between future projections and future observations. Change factor is based on the assumption
that the difference in mean and variance between the present-day simulated and projected
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temperatures by PRECIS will be the same as between present-day observed and future
observed temperatures. The BC and CF calibrated temperatures were compared. For CF, the
mean of JJASO mean temperature at Wangdue for the period 2030 to 2050 is projected to be
about 1.8 °C higher than the present-day (1990 to 2010), while the JJA mean WangdueShelgana averaged temperature is projected to be about 0.9 °C higher than the present-day.
The corresponding projected temperature increases for BC are slightly lower compared to
CF.
The calibrated temperatures were then used to drive the statistical crop yield model. The
projected mean annual rice yield using temperatures calibrated by BC and CF for the period
2030 to 2050 are 1.43 tonne/acre (49 % increase from the mean during the period 1990 to
2010) and 1.57 tonne/acre (64 % increase) respectively. Similarly, the wheat yield for the
period 2030 to 2050 is also projected to increase to 0.78 tonne/acre (50 % increase from the
period 1990 to 2010) and 0.79 tonne/acre (52 % increase) for calibrated temperatures of BC
and CF respectively. This study highlights that, up to the mid-21st century, the projected
increase in temperature is expected to benefit the rice and wheat yields.

7.2

Limitations of this study

As a simple impact assessment of climate change, this study has a number of limitations. One
of the biggest challenges is data availability. The available meteorological observation record
which can be used in this study is short. A total of only five stations are used for representing
the crop yield of the whole country. There is also difficulty in obtaining reliable datasets of
crop yield. The crop yield is derived from the production of crops and the harvested area.
Any measurement errors in one of these two variables will affect the calculation of yield. In
Bhutan information on production and harvested area for a particular season are collected
from farmers, many of whom are illiterate. Therefore there is a chance of error in data
collection and sometimes the crops production or harvested area are based on the recalled
memories of farmers. At the end the statistical crop yield model has to be developed using
data of a rather short time length of 21 years. The estimates from the model are then subject
to large uncertainty.
Another limitation is associated with the statistical model itself. This study uses a simple
linear model with only one or two weather variables (observed temperature and rainfall) to
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explain the variation yield of crops. Other potentially important variables which affect crop
yields like solar radiation, CO2 and soil moisture are not included, again because of the
availability of such observations. The statistical crop model does not simulate the
physiological crop processes, and also the effect of any trend and technology is not explained
in the statistical crop model.
There are also limitations in the PRECIS RCM projections used in this study. The resolution
of 50 km is still coarse for complex mountainous terrain of Bhutan, as demonstrated by the
large biases seen in Chapter 5. Also as PRECIS projections by only one emission scenario
(A1B) are used, the crop projections are subjected to additional uncertainties in emission
scenarios which have not been quantified in this study.

7.3

Suggestions for future works

There are many possible areas where future works in crop projection for Bhutan may be
considered. For crop modelling, more complex statistical models with additional explanatory
variables such as technological trend and crop management trend, may be explored for better
understanding of the impact of climate change on crop yield. The use of a physiological crop
model rather than a statistical yield model may also be considered.
It will also be interesting to use alternative climate model output in the projection of crop
yields, for example PRECIS projections with higher resolution or a different emission
scenario, or even other climate models. This allows a better assessment of uncertainties in
crop yield projections.
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