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Abstract: The Dooars region of West Bengal in India is a major tea producing region that contributes
around 25% of the national tea yield. Changes in weather patterns along with the increased frequency
of drought, storms, flood, etc. are likely to affect the tea industry adversely as tea production is reliant
on the climate of the tea-growing region. In spite of the tea industry being the primary contributor of
the Dooars economy, to date, the impact of climatic variables on tea yield in Dooars region remains
unexplored. Here, we have developed a panel dataset that includes monthly data of the tea gardens of
Dooars region over a 10-year period and statistically analysed the effects of climatic variables including
temperature, precipitation, drought intensity, magnitude of warm-wet condition and precipitation
intensity on tea yield. Overall, our seasonal analysis suggested that higher temperature during summer
and monsoon seasons affected tea yield. Contrastingly, higher temperature during winter months and
summer and winter rainfall were found to be beneficial for the increase in tea yield. An excessive and
sporadic rainfall and a combination of hotter and wetter weather condition during monsoon months had
a detrimental effect on tea yield. Finally, projections using climate models under different emission
scenario predicted reduction of monsoon production under extreme carbon emission. The analyses and
predictions of our study will be beneficial for tea garden managers of Dooars region in particular and
northern India in general in adopting strategies to prevent the tea plantations from being affected due to
climate change.

Keywords: Tea yield, Climate variables, Panel Data, Dooars region, Regression analysis, Climate

model predictions.
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1. Introduction

Besides being the second most consumed beverage worldwide (Statista Research Department, 2016),
the demand of tea in the world market has always been on the rise as an ideal liquid refreshment. The
agriculture-based regional economies and livelihood options of the people of mainly Asian and African
countries are dependent on plantation crops like tea for food supply, employment and earnings through
exports (FAO, 2016). With a total production of 1344827 tonnes of tea (~24% of the total tea produced
globally), India secures the second position in the sector of tea. A total of 140.44 thousand hectares of
land under tea enables West Bengal to become the second-best tea producing Indian state that
contributes to almost 30% of the national tea yield in India (FAO, 2016; Madhumitha, 2020). The Terai-
Dooars region in the northern part of West Bengal includes 380 established tea gardens and more than
20,000 small plantations that cumulatively cover around 25% of the national tea yield of India (Sarkar,
2018). Because of the climatic niche required for tea bush growth, the production of tea can undergo
marked shifts due to fluctuations in the temperature conditions and precipitation pattern. The Dooars
region, in terms of its location, tea production, total area under tea and contribution to Indian tea
economy, calls for an in-depth analysis of the effects of the climatic variation in this region on the tea
yield to uncover the challenges the tea industry here is encountering. In this paper by performing
statistical analyses, we evaluated how tea yield in Dooars region is shaped by major climatic variables

including monthly rainfall and temperature as well as extreme weather situations.

Climate change induced global warming has been regarded as the principal cause of 9-21% decline in
the agricultural productivity of the developing nations like India (Cline, 2008). Tea [Camellia Sinensis
(L.) O. Kuntze], a cash crop of immense importance, has been facing the brunt of the negative impacts
of climate change. Although tea plants require a minimum annual rainfall between 1150 and 1400 mm,
the distribution of this rainfall over a month or an entire year has immense significance in the successful
production of tea (M. K. V. Carr, 1972). For optimal growth, tea bushes need a minimum temperature
between 12°C-13°C and an optimum temperature of 30°C, above which the growth of tea bushes
decline (M. K. V. Carr & Stephens, 1992). Though the production of tea is projected to rise significantly
over the next decade, there remains a potential hazard to the tea industry and associated livelihoods
which are already reeling under the frequency of floods and droughts (Arthur, 2018). Since few
geographical areas around the world harbour commercial tea growing, tea production becomes highly
sensitive to the changes in temperature and precipitation patterns, recurrence of extreme events, and

more.

In India, the agriculture sector is facing overawing challenges put forward by drastic changes in
environmental conditions such as an average increase of 0.74°C in global temperature over the last
century (Science, 2007). An approximate rise in global temperature by 3°C-5°C is projected in this
century (U.N., 2018), indicating devastation calling for an urgent response. The 170 years old tea
industry has a wholesome contribution to Indian economy (Goodwyn Tea, 2017). Unlike other
countries, India manufactures both CTC and orthodox tea, as well as green tea (IBEF, 2018). Northeast

Indian states of Assam and West Bengal and South Indian states of Tamil Nadu, and Kerala are the
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chief producers of this evergreen shrub. Darjeeling tea, the richest of all tea varieties, is registered as a
Geographical Indication of India (Sharma, 2012). Nevertheless, the crux of the unequivocal issue of
climate change in case of the tea production in India is that the industry remains a silent witness not
only to the production upheavals in the recent past but also to the degraded quality of tea, shrinkage in
the availability of suitable lands for cultivation and threatened livelihoods of the associated rural
community. The simulation results of the FAO World Tea Model (based on the projected change in tea
production in India and Sri Lanka to 2020) emphasized climate change as the main reason behind the
gradual decline in tea production and more than 26% increase in international tea prices in these two

nations (Chang, 2015).

Given the severe influence of climate on agriculture and crop production, several studies investigated
tea bushes’ vulnerability to the changing climate. Traditionally, how climatic variables influence tea
shoot growth and quality of tea has been assessed through experimental field studies (M. K. V. Carr,
1972; De Costa et al., 2007). In a seminal study, Wijeratne (M. a Wijeratne, 1996) found that
temperatures up to 22°C positively affect the shoot extension rate of tea bushes, but for temperature
increase beyond that, the shoot extension rate exhibits a marked decline. Another study (Ahmed et al.,
2014) uncovered the impact of frequent droughts on tea quality. Despite providing important insights
on the mechanisms through which tea production can be impacted by climatic variations, such studies

did not evaluate how the climatic variables directly impact the amount of tea produced.

To measure the direct impact of climatic variables on crop production, usually econometric analysis is
performed using panel datasets of crop yield (Hsiang, 2016; Lobell & Burke, 2010). Such models have
been estimated for tea production as well. In a subsequent study, Wijeratne et al. (M. A. Wijeratne et
al., 2007) concluded that increasing temperatures shall negatively affect tea yields at low and mid-
elevations. Using panel data from Sri Lankan tea estates, Gunathilaka et al. (Gunathilaka et al., 2017)
found that increased temperature and precipitation are expected to have damaging effects on tea industry
of Sri Lanka. Lou et al. (Lou et al., 2013) analysed the trends of risk faced by three tea varieties in
Longjing tea production area in China brought about by pick beginning date and frost damage. Boehm
et al. (Boehm et al., 2016) predicted a reduction in tea production in China with a rise in daily
precipitation and monsoon retreat. Carr and Stephens (M. K. V. Carr & Stephens, 1992) identified the
yield potentials of contrasting tea growing areas and important limiting factors in eastern Africa.
Adhikari et al. (Adhikari et al., 2015) identified the shrinkage of suitable areas for tea farming due to

rising temperatures in eastern Africa as the cause of a loss of yield of about 40% in the coming years.

India being home to a wide variety of tea, a handful of researches on the vulnerability of India’s tea
industry to climate change can be found as well. A study (Patra et al., 2013) exploring the tea production
in Darjeeling concluded that the rise in average maximum temperature had a detrimental influence on
tea yield, whereas relative humidity and rainfall were found to have positive correlations with tea
production. The future of tea production in North-East India for 2050 predicted by Dutta (Dutta, 2014)
suggested that with 2°C increase in average temperatures and modifications in the tea production period,

changes in management practices would be the need of the hour so as to get accustomed to the climate
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change. Duncan et al. (Duncan et al., 2016) focused on Assam as their study area and found a negative

correlation between increased monthly average temperature and tea yield.

The Dooars region of West Bengal accounts for the highest production of tea in West Bengal with a
yield of 177.85 million kgs (FAO, 2016). Six tea gardens from the Dooars region in West Bengal found
their place among the 14 best tea gardens of India (Siliguri Times, 2017). However, the tea industry of
this region is not immune to the adverse impact of massive changes in temperature and precipitation
patterns. The nearby Darjeeling tea industry has been hit hard by the increasing temperatures and
decreasing rainfall and relative humidity in the last 20 years (Patra et al., 2013). Sporadic heavy rainfall,
the shortening of the rainy season, and increasing temperatures are some of the striking events which
the districts in the foothills of the Himalayas have been going through (Bullock, 2005). Even though
the Terai-Dooars region of West Bengal contributes around 25% of the national yield of India (Sarkar,
2018), to date, no evaluation of the possible effects of climatic variables on the tea production in
functioning tea estates has been made. In order to address this knowledge gap, the present study delves
into identifying how climatic variables influence tea production in the Dooars region of West Bengal
through statistical analyses of panel dataset and future projections using several climate models so that
climate-related threats faced by the tea gardens in this region can be made more vivid, tea plants are
made more adaptive and the dwindling tea industry can be recovered in the face of massive

environmental challenges.
2. Data and methods
2.1 Study area

The Dooars region of West Bengal comprises the tea-growing areas of Jalpaiguri, Alipuruduar and
Coochbehar districts. While its northern portion is bounded by the district of Darjeeling, the state of
Assam and Bangladesh are to its east and south respectively. Summer, Monsoon, and Post-monsoon
(Winter) are the three primary seasons observed in this region. Generally, the region experiences
maximum and minimum temperatures around 33°C and 10°C respectively. The months of May to
September receive the larger part of the average annual rainfall (mean ~3653mm). The northern fringe
of Dooars region is ideal for tea-cultivation due to its favourable climate and topography and tea
provides a large-scale employment (Tea Board & Regional Remote Sensing Centre-East, 2013). This

study focuses on the tea growing areas of Jalpaiguri and Alipurduar districts (Fig. 1a).
2.2 Data compilation
2.2.1 Tea production and climatic variables

For this study, 44 currently operational tea gardens in Dooars region were selected based on random
spatial sampling. Only the gardens that keep a record of monthly tea yield, and have meteorological
observatories of their own were selected. Tea bushes are plucked at an interval of seven to ten days.
The quantity of the tea harvested essentially depends on the growth of new shoots and the rate of this

growth (De Costa et al., 2007). We constructed a panel dataset consisting of monthly tea yield data for
4
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the selected 44 gardens for the period 2009 to 2018 (Fig. 1b). For each garden, the monthly tea yield
data represented the tea production per unit area and was calculated as the ratio of the total weight (kg.)
of green leaf and the area (ha) under tea plantation of that specific tea garden. As tea yield data was not

available for some month-year combinations for some gardens, the panel dataset was unbalanced.

Data on climatic variables including temperature [average maximum temperature (°C) and average
minimum temperature (°C)] and rainfall (the amount of total rainfall and the number of rainy days in a
month) used in this study were obtained from the meteorological observatories of the selected 44 tea
gardens for the period 2009 - 2018 . Furthermore, the long-term data on these climatological variables
from 1970 onwards for Jalpaiguri-Alipurduar districts (Fig. 1c) have been obtained from the Indian

Meteorological Department (IMD).
2.2.2 Projections due to climate change

To predict the impact of future climatic conditions on tea production, we have used temperature and
precipitation predictions from General Circulation Models (GCMs) from the Coupled Model
Intercomparison Project phase 5 (CMIP5) experiment. Since climate predictions from a single GCM
often contain random noise components (Akhter et al., 2017), we have adopted Multi Model Ensemble
(MME) approach (Bellucci et al., 2015) for curtailing the noises by considering three GCMs namely
MIROCS (Model for Interdisciplinary Research on Climate, version 5), CCSM4 (Community Climate
System Model, version 4) and CESM1-(CAMS5) (Community Earth System Model version 1 that
includes Community Atmospheric Model version 5). Past studies (Mishra et al., 2014; Sharmila et al.,
2015; Watanabe et al., 2010) have identified MIROCS5 as one of the most reliable models for the
prediction of precipitation and temperature variables in the South Asian region. Moreover, Chaturvedi
et al. (Chaturvedi et al., 2012) found the CCSM4 model to reliably predict these climate variables for
India. As CESM1(CAMS) improves the predictions by CCSM4 by including larger CO, radiative

forcing and stronger shortwave feedbacks (Meehl et al., 2013), it has also been considered.

Climate change predictions for all three GCMs were obtained from the CMIP5 data website hosted by
the Earth System Grid Federation (ESGF) — Lawrence Livermore National Laboratory (https://esgt-

node.lInl.gov/projects/esgf-llnl/) based on three emission scenarios [Representative Concentration
Pathways (RCP)] : 2.5, 4.5, and 8.5 as specified by the Fifth assessment report of IPCC (AR5). RCPs
correspond to the total bandwidth of future greenhouse emission trajectories where the numbers denote
the increase of radiative forcing consequent upon greenhouse gas emissions reached by 2100. While
RCPs 2.6, 4.5, and 8.5 correspond to low, medium, and extreme carbon emission scenarios respectively.
For each model for different RCPs, three different time-horizons were considered — 2021-2039, 2040-
2059, and 2060-2079 and the first ensemble member (rilpl) was selected to obtain the climate
predictions for the Dooars area. For bias correction against observed data, for each model, simulations
of climate variables for the time-window 2006-2019 were obtained. The reference observational data
for the Dooars region was obtained from IMD gridded datasets (http://www.imdpune.gov.in/). To

eliminate the systematic errors (biases) arising in the GCMs due to limited spatial resolution, scaling-
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based bias correction (Wetterhall et al., 2012) was performed on the climate model predictions. For
temperature variables, the monthly projections were bias corrected by shifting by the mean bias during
the reference time window (2006-2019). For precipitation, monthly projections were bias corrected by
multiplicative scaling with the ratio of the observed and model predicted values during the reference

period.
2.3 Methods

2.3.1 Statistical analyses using panel dataset

In this study, a production-unit-specific panel data has been constructed based on monthly tea yield and
climatic variables to analyze the effects of climatic variables on tea production. However, certain time-
invariant differences (tea cultivar, elevation, soil quality, slope, management expertise being some of
the time-invariant unobserved factors) between production units are likely to bias the results. To remove
these biases, a tea garden-specific effect has been considered. The average economic life span of the
tea bushes is 50-60 years. Past studies have shown that different varieties of tea have distinct responses
to stressors related to climate (De Costa et al., 2007). To avoid the case of this varietal switching, a 10-
year database (2009-2018) has been used assuming that clonal switching is unlikely within a 10-year
period. Apart from this, the 10-year period is likely to minimize the possible influences of certain time-
varying unobserved factors namely the change in varieties of tea, management strategies taken up by
the tea garden authorities on tea production. Moreover, this study includes month and year fixed effects

that denote monthly and yearly variations in tea production that are recurrent across all tea gardens.

Based on the monthly meteorological and production data from 44 tea gardens under study, the impact
of climate change on tea yield has been analyzed considering the following four conditions -

1) maximum and minimum average temperature and precipitation,

i) drought,

1ii) warm-wet situation, and

iv) precipitation intensity.

i) Maximum and minimum average temperature and precipitation:

To evaluate the impact of temperature and precipitation on tea yield, a fixed-effect production function

was estimated using the following regression model

In(Ygmy) = ag + 8m + 8y + Bi TGty + BTamy + Ba(Tgmis )® + Ba(Tgiis)? + BsPamy + PoFamy
+ Egmy
D
For month m of year y, Y4, denotes the tea yield in the garden g. In the production function, the

natural logarithm of the monthly tea yield serves as the dependent variable and the climatic variables

serve as the independent predictor variables. The regression coefficients (f3;) denote the percentage shift
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T™a% and T™" denote maximum

in tea yield with a unit change in the corresponding predictor variable.
and minimum average temperature respectively and P denotes the monthly total rainfall. The regression
model also includes the quadratic terms of T™%*, T™" and P as independent variables to account for
any nonlinear effect of temperature and rainfall on tea yield. Since tea is harvested sequentially
throughout the year, each year under analysis has been divided into three distinct seasons, namely,
Summer Season (March to May), Monsoon Season (June to September) and Post-Monsoon/Winter
Season (October to December). The months of January and February have been excluded due to low
yields in all the tea gardens. The variable a4 controls for time-invariant garden-specific unobserved
effects on tea yield for garden g. To account for month-specific and year-specific fixed effects on tea

production that are common across all gardens, a month-specific variable §,, and a year-specific
variable 6y have been included in the model. Apart from analyzing the impact of climatic variables of
the current month on tea yield, we estimated another model where one-month lag for each of T™%*,
T™" and P were considered as independent variables to account for the time required for tea shoot
growth to reach harvestable stage (M. K. V. Carr, 1972). The regression models were estimated using
‘Im’ function implemented in R version 3.6.3. For validating the models, 5-fold cross-validation was
performed where the original data was divided into 5 equal sized groups. The model was trained on
data from 4 groups and the other group was used as a test set for evaluating the model. To validate the
model, the training and testing phases were repeated 5 times using each of the 5 groups as the test set.
The cross-validation was performed using ‘caret’ package (Kuhn, 2015) (implemented in R version

3.6.3).
ii) Drought:

More than 66% of India’s geographical area is exposed to frequent occurrences of drought (Birthal et
al., 2015). Extended periods of high temperature and substantial rainfall deviation from the normal that
reduces the availability of moisture lead to the occurrence of drought events thereby affecting
agricultural crops (Fontes et al., 2017; GOI, 2016). To evaluate the impact of drought events, a drought
index was developed based on the methods of Babcock and Birthal (Birthal et al., 2015; Yu & Babcock,
2010), which computes the product of two main parameters, viz., monthly positive standardized
temperature irregularities and monthly negative standardized rainfall irregularities that capture the
degree of hotness (unusually high temperatures) and dryness (abnormally low rainfall) respectively.

The monthly standardized temperature (TD;,‘ifly) and rainfall (PDgﬁly) irregularities are given by:

Tmax _ Tnormal P _ Pnormal
TDSd —gmy 'm PDsd —gmy 'm (2)
gmy SD (T)m ToTamy SD (P)m

Where T207™Mal and PROT™4 represent the long term mean values of maximum average temperature
and rainfall respectively. SD (T),, and SD (P),, denote long-term standard deviations of maximum
average temperature and rainfall respectively. The calculation of the long term means and standard

deviations of these two parameters includes the years from 1970 to 2018. In order to associate an
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increment in drought index score with a corresponding escalation in drought intensity, the drought index

has been transformed into positive values by multiplying it by negative one.

DIymy = {—min(0,PD§%, ) * max(0, TD3%,) } 3)
For month m of year y, DIy, denotes the drought index for garden g. The effect of drought intensity

has been estimated by incorporating drought index as the predictor variable in the regression model

given by :
In(Ygmy) = BDlgmy + ag + 6 + 8, + €gmy 4)
The model was validated using 5-fold cross-validation.

iii) Warm-wet situation:

An analysis of the long-term monsoon rainfall in India reveals a hike in the number of extreme weather
events such as alternating phases of intense precipitation and not enough rainfall. Since tea plants can
get affected by excess rainfall and temperature increase above an optimal value (Dutta, 2014), the
impact of warm-wet condition (temperature and precipitation higher than normal) on tea yield was
estimated by computing a warm-wet index. The warm-wet index was computed as a product of monthly
positive standardized temperature irregularities and monthly positive standardized rainfall irregularities

given by
— d d
WWlgmy = TDgmy * PDgmy

For analysing the warm-wet condition, only those data points for which both temperature deviation
(TDg%y) and rainfall deviation (PDgfny) are positive were considered. As a result, the value of warm-

wet index is always positive and an increase in warm-wet index can be interpreted as an indicator of
increased warm-wet condition corresponding to higher temperature and moisture stress. The following

regression model was estimated that uses the warm-wet index as an independent variable:
In(ygmy) = BWWlgmy + ag + 6 + 6, + €gmy (&)

For month m and year y, ygm,, denotes the tea yield for garden g. WWl,,,,, denotes the warm-wet

index in garden g for month m and year y. The model was validated using 5-fold cross-validation.

iv) Precipitation intensity:

Precipitation intensity (PI) is defined as the amount of precipitation (in this case rainfall), received per
unit time interval (Lanza et al., 2005). In this case PI has been calculated by dividing the amount of
rainfall received in a month by the sum of rainy days of that month. A day is treated as a rainy day if
the amount of daily rainfall surpasses 1 mm (Revadekar & Preethi, 2012). The higher the value of
precipitation intensity, a measure of the sporadic rainfall, the more sporadic is the rainfall. Duncan et
al. (Duncan et al., 2016) have reported a negative correlation between the precipitation intensity and

monthly tea yield. In order to investigate the possible influence of PI on tea yield, we selected the data

8
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points that had greater rainfall as compared to the long-term average. How tea yield is shaped by

precipitation intensity was estimated using the regression model:
In(Ygmy) = BPlgmy + ag + 6m + 8y + €gmy (6)

For garden g, the tea yield for month m and year y is denoted by Ygmy . Plym, denotes the precipitation

intensity in garden g for month m and year y. The model was validated using 5-fold cross-validation.

2.3.2 Impact of climate change on tea production

To predict the impact of climate change on tea production, ensemble average (Va};;t) for each climate

variable (V') was first computed as a simple average of GCM predictions where each GCM was equally

weighted:
1
Vivg = i V™ (7)

where k denotes the number of climate models considered (3 for us), and Vif U denotes the prediction
of the climate variable V by the i" GCM under a specific emission scenario and time period. Assuming
VU to denote the climate variable for the current period (averaged over the years 2009-2018), the
proportional impact of the change in climate variable on tea production for a specific RCP and time-

horizon is given by:
PPl = ByAV + By2AV (VL + veur) (8)

In Eq. 8, PPI, denotes the predicted proportional impact for change in climate variable V, AV =

Va’;’g — V" denotes the predicted change in climate variable V, and B and [,z denote the regression

coefficients estimated from Eq. 1 for the climate variable V and its quadratic terms respectively. The
aggregate impact (Al) on tea production for a specific climate change scenario as predicted by the

considered GCMs for a time-horizon is computed by:
AI = ZVE{Tmaxlein,P} PPIV (9)

3. Results

3.1 Impact of temperature and precipitation

In estimating the regression model with pooled data that includes all months from March to December,
the regression coefficient for monthly average maximum temperature was positive and statistically
significant and the corresponding quadratic term was negative and statistically significant. Fig. 2a
illustrates the marginal effect of average maximum temperature on tea yield considering the observed
range of maximum temperatures averaged over a month. With an increase in average maximum
temperature of current month, a decreasing trend in this positive effect on tea yield was observed (Fig.
2a). Apart from pooled data, three seasonal models (summer, monsoon and winter) have also been

estimated. For summer and monsoon seasons, the effect of average maximum temperature of current
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month was not statistically significant. For winter months, this positive effect decreased with an increase
in average maximum temperature owing to the negative regression coefficient for the corresponding

quadratic term (Online Resource 1: Supplementary Fig. le, Table 1).

Fig. 2b shows that the average minimum temperature has a similar effect on tea yield as average
maximum temperature for pooled data analysis (positive and statistically significant for linear term;
negative and statistically significant for quadratic term). The seasonal analyses revealed that for summer
months, average minimum temperature had an adverse impact on tea yield (Online Resource 1:
Supplementary Fig. 1a), the extent of which decreased with an increase in average minimum
temperature (owing to positive regression coefficient of the quadratic term). For monsoon season,
average minimum temperature did not bear any statistically significant effect on tea yield. The winter
months showed the same trend (Online Resource 1: Supplementary Fig. 1f) as the pooled analysis

(Table 1).

Fig. 2c illustrates the impact of rainfall on tea yield, the regression coefficient of rainfall based on
pooled data was found to be positive and statistically significant, whereas the corresponding quadratic
term was negative and statistically significant. The effect of rainfall was statistically significant for all
the three seasons. For summer (Online Resource 1: Supplementary Fig. 1b) and winter months (Online
Resource 1: Supplementary Fig. 1d), increased rainfall corresponded to increasing tea yield returns,
whereas tea yield during the monsoon months exhibited decreasing returns (Online Resource 1:

Supplementary Fig. 1c) to increased monthly rainfall (Table 1).

The pooled linear model considering the first-order lagged (previous month) climatic variables as
predictors indicated that precipitation of the previous month had a positive statistically significant effect
on tea yield (Fig. 3). This positive statistically significant effect was observed across all three seasons
(Table 2, Supplementary Fig. 2c, 2d, 2h). In contrast, the quadratic term for previous month’s
precipitation had a negative statistically significant effect for the pooled data as well as all three seasons.
For pooled data analyses, temperature variables of the previous month did not have any statistically
significant effect on tea yield. For summer season, both average maximum and minimum temperature
of the previous month had a detrimental effect on tea yield (statistically significant) (Supplementary
Fig. 2a, 2b), but the regression coefficients for the quadratic terms were positive. For monsoon season,
only average maximum temperature of the previous month had a significant effect on tea yield and the
effect was negative (Supplementary Fig. 2e). For winter season, both average maximum and minimum
temperature of the previous month had a positive statistically significant effect on tea yield
(Supplementary Fig. 2f, 2g). Among the quadratic terms, only the average minimum temperature term

had a statistically significant effect and it was negative.
3.2 Impact of drought

The impact of drought was estimated by pooling data for hotter months (comparatively higher
temperature) i.e. April to October. The pooled data analysis showed that tea production in Dooars region
was not susceptible to drought for the years considered in this study as evidenced by the not statistically
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significant regression coefficient for drought index. The model indicated a negative drought index
coefficient for April, May, June and July denoting a negative relationship between the intensity of
drought and tea yield. However, this negative association was statistically significant for May only

(Online Resource 1: Supplementary Table 1).
3.3 Impact of warm-wet situation

As climate warming leading to high temperature and extreme precipitation events can affect crop
production (Bengtsson, 2010; Chou et al., 2013; Lesk et al., 2016), the effect of a weather condition
that is simultaneously warmer and wetter compared to the normal was estimated by pooling datapoints
for which both temperature and rainfall were higher than their long-term average. The pooled analysis
revealed that the warm-wet condition was related with a statistically significant decrease in tea yield.
The seasonal analyses further denoted that for monsoon months (June to September), the regression
coefficient for the warm-wet index term was negative as well as statistically significant (Table 3). This
indicates that a combination of high temperature and high rainfall during monsoon months hampers tea

production.
3.4 Impact of precipitation intensity

The pooled analysis (considering datapoints with rainfall higher than the long-term average and months
with total rainfall > 1mm) did not find any overall statistically significant effect of precipitation intensity
on tea yield. However, in case of seasonal analyses (considering summer and monsoon months),
precipitation intensity had a negative bearing on tea yield during monsoon months i.e., June to
September and this effect was also statistically significant. This indicates that sporadic heavy rainfall
during the monsoon season hampers tea yield (Table 2). This also explains the findings of the previous
analysis (Table 1, Online Resource 1: Supplementary Fig. 1c) and the negative impact of total
precipitation on tea yield during monsoon months can be partially attributed to the irregularity of the

heavy rainfall during these months.
3.5 Future projections on tea production

Average maximum and minimum temperature and precipitation for three seasons (summer, monsoon
and winter) were predicted for the Dooars region for three time-horizons — 2021-2039, 2040-2059, and
2060-2079 — for different emission scenarios (RCP2.6, RCP4.5 and RCP8.5) using MIROCS5, CCSM4
and CESMI1(CAMS) as shown in Online Resource 1: Supplementary Table 2. All three models
predicted maximum and minimum temperature for each season to increase for all time horizons for
most emission scenarios. However, the amount of increase differed across GCMs. Also for some
seasons for some RCPs, the maximum temperature was predicted to be similar or lower compared to
the current values. Prediction of precipitation was found to vary a lot across RCPs and climate models.
MIROCS predicted monsoon precipitation to decrease under RCP8.5 but winter precipitation to
increase for time-horizons 2021-2039 and 2060-2079. CCSM4 predicted monsoon precipitation to

increase for each RCP but summer precipitation to decrease under most conditions. CESM1(CAMS)
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also predicted monsoon and winter precipitation to increase for all RCPs and summer precipitation to
decrease for most RCPs. For the extreme emission scenario (RCP8.5), CESM1(CAMS) predicted a

170% increase in monsoon precipitation.

After estimating the ensemble average of predictions of climate variables by different climate models,
we estimated the mean proportional impact of predicted climate change on tea production under
different emission scenarios. Table 4 shows the mean estimates for proportional impact of change in
climate variables on tea production under RCPs 2.6, 4.5 and 8.5 for three time periods (2021-2039,
2040-2059, and 2060-2079). The proportional impacts were calculated for each season (summer,
monsoon and winter) separately based on the regression coefficients estimated from our seasonal
analyses. For all time periods, proportional impacts of maximum temperature was estimated to be
negative for monsoon season but mostly positive for summer and winter season. For all seasons for all
time horizons, proportional impact of minimum temperature was estimated to be positive. In contrast,
proportional impact of precipitation was negative for most specifications, however, those impacts were
1-2 orders of magnitude lower as compared to that of the temperature variables. For different time
horizons, the aggregate impact was found to vary the most for winter season expecting a wide range of
aggregate impact from 1.2% production reduction during 2021-2039 (RCP 2.6) to 39% production
increase during 2060-2079 for RCP8.5. Aggregate impact on monsoon production was close to zero in
most cases with production reduction expected during 2021-2039 and 2040-2059 under extreme
emission scenario. Mean aggregate impact on summer production was mostly positive under different

specifications.

4. Discussion

Using a combination of a panel dataset of garden-specific monthly per-hectare tea yield and monthly
measurements of climatic variables, in this study, we have performed multiple regression analyses to
assess the impact of climatic variations on tea production in the Dooars region. Our analyses show that
overall an increase in monthly average maximum and minimum temperatures have facilitated tea yield
in the past 10 years. However, the positive impact reduces with an increase in temperature and above a
certain threshold (30.78°C and 23.13°C for the average maximum and minimum temperatures
respectively) warming negatively affects tea yield. In contrast, the previous month’s temperature
variables were found to have no significant impact in pooled analysis. The seasonal analysis revealed
that increased monthly maximum and minimum temperatures (for both current and previous month)
during post-monsoon months (October-December) help autumn flush tea yield. Contrastingly during
summer months (March-May), an increase in average minimum temperature of the current month and
increase in average maximum and minimum temperature of the previous month negatively affect first
and second flush tea production. These results conform with previous experimental studies (M. K. V.
Carr, 1972; Green, 1971) that showed that the temperature range 21°C - 29°C positively impacts tea
shoot extension. The tea cultivars harvested in the Dooars region are hybrids between Chinese and
Assam varieties. For a similar hybrid tea clone, net photosynthesis has been observed to be maximum

at 25°C and to sharply decrease above 30°C (Joshi & Palni, 1998). The lowering in tea yield due to an
12
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increase in monthly average minimum temperature during summer months can be attributed to an
increase in leaf temperature which in turn reduces net photosynthesis for hybrid tea clones (Patel et al.,

2019).

Our analysis further revealed that the total precipitation of current as well as previous month overall
had a more or less positive impact on tea production (smaller effect compared to temperature). Total
precipitation of the current month also had a significant effect on tea production in all three seasons.
While it facilitated tea production during summer and winter months, greater monthly rainfall during
monsoon months (June-September) negatively affected rain flush. A similar beneficial effect of rainfall
on tea production during dry months has also been observed in past studies (Sen et al., 1966). The
adverse impact of increased monsoon rainfall that we found from our analysis is coherent with an earlier
study (Nemec-Boehm et al., 2014) on the Chinese tea ecotype. Our results showed that rain flush tea
yield got affected due to rainfall variability (sporadic rainfall as quantified by precipitation intensity)
during monsoon months. Different explanations have been provided in literature for the detrimental
effect of higher precipitation intensity on tea production — a) increased cloud cover leads to a reduction
in solar radiation, affects tea shoot development by damaging tender buds (M. K. V. Carr, 1972; M. A.
Wijeratne et al., 2007) and finally impedes the growth of tea bushes (Nemec-Boehm et al., 2014), and
b) higher rainfall variability poses a difficulty for tea harvesting (Ahmed et al., 2014; Boehm et al.,
2016). Precipitation intensity has been found to affect tea production in Assam (Duncan et al., 2016)

and Sri Lanka (Gunathilaka et al., 2017) as well.

Our analysis showed that tea yield in Dooars area was not sensitive to drought events, only the
production of the month of May was affected due to drought event, which can be attributed to reduced
rainfall and an increase in minimum average temperature (Table 1), as these climatic variables had
significant effects on tea yield during summer months. Different tea varieties are known to have
different susceptibilities to drought (M. K. V. Carr & Stephens, 1992), with var. Sinensis known to be

more drought-resistant compared to var. Assamica (De Costa et al., 2007).

Just like drought, other extreme events such as excessive rainfall can also lead to a reduction of crop
yield (Li et al., 2019) and a warmer climate contributes to an increase in precipitation variability
(Pendergrass et al., 2017) and thus can increase the frequency of sporadic heavy rainfall. Our evaluation
of the effect of the combination of hotter and wetter climate on tea yield showed that the warm-wet
condition had a detrimental effect on tea yield. Specifically, the rain flush tea yield during monsoon
season was negatively impacted when high temperature accompanied heavy rainfall. Due to shallow
rooting, the growth of tea bushes is susceptible to changes in soil moisture level which can fluctuate
due to precipitation variability. A combination of warmer temperature and dry spell can result in soil
water content being much below the field capacity (M. K. V. Carr & Stephens, 1992) which can further
lead to reduced shoot growth and delayed bud breaking (M. K. V Carr, 2000; Fordham, 1970). Our

finding on the negative effect of the warm-wet condition and precipitation variability during monsoon
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months is consistent with previous studies (Duncan et al., 2016; Gunathilaka et al., 2017) reporting tea

yield loss due to temperature rise and changing precipitation patterns.

Finally, we also estimated the proportional impact of climate change on tea yield in Dooars region using
multi-model ensemble projections of future climate under different emission scenario for short-term
(2021-2039), medium-term (2040-2059) and long-term (2060-2079) time horizons from the observed
period. The climate model projections estimated the impacts of individual climate variables as well as
an aggregate impact which indicated a reduction in monsoon production under extreme carbon emission

scenario.

There are a few caveats in our study which should be explained properly so that the results are
interpreted correctly. Firstly, we limit our analyses to the effect of drought and precipitation intensity
while considering the adverse effects different extreme weather events pose on tea production. Besides,
due to the non-availability of data, we cannot include the influence of monsoon onset and retreat dates
which might have important influence on tea yield (Boehm et al., 2016; Nemec-Boehm et al., 2014).
Secondly, other variables including humidity, wind speed, soil temperature, solar radiation, and the
duration of sunshine hours that can influence tea yield (M. K. V. Carr & Stephens, 1992) have not been
considered in the present study and will be investigated in future. Thirdly, although garden-specific
fixed effects have been included in our models to control for unobservable factors like the type of tea
being cultivated, type and amount of fertilizer and pesticides used, technological variation in the
manufacturing stages etc., there is a chance that these factors can bias our results. Fourthly, our
estimates do not consider the effect of carbon fertilization which can fetch positive results in tea

production (Reilly et al., 1996).

Nevertheless, our study is a valuable addition to the interdisciplinary field of climatic variables and tea
production as it is the first study to adjudge the effect of changing climate on a major tea producing
region of India which has remained completely unexplored till now. Considering the economic and
social significance of tea globally, further research is warranted in this area taking into account those

factors which have not been discussed in this study.
5. Conclusion

This study remains useful when focus is on how climatic variables and their variations consequent upon
climate change bear striking imprints on the production of agricultural (in this case, tea) crops.
Moreover, this study provides a micro-level analysis of the relationship between climatic variables and
tea production based on a tea-estate level dataset compiled from the tea estates of a major tea producing
region of India. Our results suggest that an increase in summer and monsoon temperature and excessive
and erratic rainfall during the monsoons as consequences of climate change are detrimental for tea yield.
Similarly, rain flush tea production in monsoon was also found to be affected by a combination of hotter
and wetter weather as caused by climate change. These findings shall prove to be beneficial for tea

garden managers and tea garden workers in adopting economical strategies to prevent the tea production
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in this region from being affected due to changing climate. The estate-level dataset generated in this
study shall make further research in this area more convenient giving enough scope for the betterment

of the tea industry in the Dooars region.
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Figure Legends

Fig. 1 (a) Map of Jalpaiguri and Alipurduar districts showing the study area. The green triangles
denote the locations of the tea gardens from which the data were collected. (b) Monthly average
tea production (Kg/Hectare) for the selected tea gardens in Dooars region. The average
production of each month is computed over 10 years (2009-2018) for each garden. (c) Average
monthly maximum (red solid line) and minimum temperatures (orange dotted line) and
monthly precipitation (blue bar) of the Dooars region. The average values have been computed
from 1970-2018 using IMD gridded temperature and precipitation (rainfall) datasets

Fig. 2 (a) Marginal effect of monthly maximum average temperature on tea yield (logarithmic
scale); (b) Marginal effect of monthly minimum average temperature on tea yield (logarithmic
scale); and (c) Marginal effect of monthly precipitation on tea yield (logarithmic scale). The
Y-axis shows the predicted log yield, while the X-axis on each graph spans the range of
maximum and minimum temperature and precipitation values observed in the pooled dataset.
The shaded regions represent 95% confidence interval. Three lines corresponding to different
values of square of temperature and precipitation ranges are displayed
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Fig. 3 Marginal effect of total precipitation of previous month on tea yield (logarithmic scale).
The Y-axis shows the predicted log yield, while the X-axis spans the range of precipitation
values observed in the pooled dataset. The shaded regions represent 95% confidence interval.
Three lines corresponding to different values of square of precipitation ranges are displayed
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Figure 1

(@) Map of Jalpaiguri and Alipurduar districts showing the study area. The green triangles denote the
locations of the tea gardens from which the data were collected. (b) Monthly average tea production
(Kg/Hectare) for the selected tea gardens in Dooars region. The average production of each month is



computed over 10 years (2009-2018) for each garden. (c) Average monthly maximum (red solid line) and
minimum temperatures (orange dotted line) and monthly precipitation (blue bar) of the Dooars region.
The average values have been computed from 1970-2018 using IMD gridded temperature and
precipitation (rainfall) datasets. Note: The designations employed and the presentation of the material on
this map do not imply the expression of any opinion whatsoever on the part of Research Square
concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 2

(a) Marginal effect of monthly maximum average temperature on tea yield (logarithmic scale); (b)
Marginal effect of monthly minimum average temperature on tea yield (logarithmic scale); and (c)
Marginal effect of monthly precipitation on tea yield (logarithmic scale). The Y-axis shows the predicted
log yield, while the X-axis on each graph spans the range of maximum and minimum temperature and
precipitation values observed in the pooled dataset. The shaded regions represent 95% confidence

interval. Three lines corresponding to different values of square of temperature and precipitation ranges
are displayed



Marginal Effects of Rainfall of Previous Month
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Figure 3

Marginal effect of total precipitation of previous month on tea yield (logarithmic scale). The Y-axis shows
the predicted log yield, while the X-axis spans the range of precipitation values observed in the pooled
dataset. The shaded regions represent 95% confidence interval. Three lines corresponding to different
values of square of precipitation ranges are displayed
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