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Abstract

This study uses panel data for 39 years and 13 districts to estimate 

the yield sensitivity of major food crops to climate change in the South 

Indian state of Tamil Nadu. We first estimate the marginal impacts of 

climate variables on crop yield using Panel Corrected Standard Error 

(PCSE) models. These estimates are then used to identify yield sen-

sitivities in the future based on projected climate variables from the 

Regional Climate Model version 4 (RegCM4). Empirical results show a 

quadratic (inverted U shaped) relationship between rice and sorghum 

yield and climate variables. As temperature and rainfall increase, crop 

yield initially increases up to a threshold level, and then decreases. Fol-

lowing the RegCM4 projections that observed warming and anomalies 

in rainfall will continue, this could result in a significant loss in crop 

productivity. Projections suggest that there may be a 10 percent de-

cline in rice yield and 9 percent decline in sorghum yield by the end 

of the 21st century relative to average yields during 1971-2009. This 

indicates a need for new seed varieties that are less sensitive to rainfall 

and temperature thresholds, and, adaptation practices such as adjust-

ments in sowing time.

Key words

Climate change, Agriculture, Productivity changes, Panel corrected 
standard errors, Regional climate model, India
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1.	 Introduction

The 20th century bears testimony to the indubitable fact of climate change as evidenced by increases in global 
temperatures and changes in rainfall patterns and rates (IPCC, 2001; Jung et al., 2002). In India, mean temperature, 
based on data from 73 meteorological stations, has shown a significant increase in warming amounting to 0.4°C 
over the last 100-year period (Hingane et al., 1985). IPCC has projected that by the end of the 21st century, 
rainfall over India will increase by 10-12 percent with more frequent and heavy rainfall days while the mean annual 
temperature will rise by 3-6°C (IPCC, 2014). These changes may culminate in adverse impacts on agriculture in 
terms of productivity loss, pest and disease increases and labor migration that will threaten food security and 
agricultural employment. 

The impact of climate change on agriculture is generally estimated using two broad approaches – agronomic 
(or crop simulation) and economic modeling, particularly Ricardian approaches (World Bank Report, 2010). 
Agronomic methods are based on controlled experiments where crops are grown in field or laboratory settings, 
simulating different climate and CO2 effects (Aggarwal and Mall, 2002, Saseendran et al., 2000; Hebbar et al., 
2008; Geethalakshmi et al., 2011). However, these models do not include farmers’ adaptation to changing climate 
conditions and can overstate the damage caused by climate change (Mendelsohn and Dinar, 1999). The Ricardian 
models, on the other hand, use cross-sectional data to measure the impact of climate variables on land values or 
net revenues (Mendelsohn et al., 1994 & 1996; Mendelsohn and Dinar, 1999 & 2003; Kavikumar, 2009). Numerous 
studies using the Ricardian approach suggest that changes in temperature and rainfall in India could reduce average 
rice yield by 15 to 25 percent, average wheat yield by 30 to 35 percent (Kavikumar and Parikh, 1998) and farm net 
income by 8 percent (Mendelsohn et al., 1994). However, a shortcoming of this approach is the failure to account 
for time-independent location-specific factors such as the unobservable skills of farmers and soil quality.

In addition to these models, researchers have also used panel data to analyze the sensitivity of yield to weather 
variables (Chen et al. 2004; Isik and Devadoss, 2006; McCarl et al., 2008). Panel data models with fixed effects 
address the problems of estimation bias due to the omission of time-independent location-specific variables. Thus, 
in our study, we use a panel data approach to (i) to measure the impact of climate variables on the yield of major 
food crops; and (ii) to project the impact of climate change on yield sensitivities using the Regional Climate Model 
(RegCM4). 

Researchers often rely on Feasible Generalized Least Squares (FGLS) models for capturing the impact of climate 
variables, given heteroscedastic panel data (see e.g., McCarl et al., 2008; Kim and Pang, 2009; Barnwal and Kotani, 
2010). This poses another estimation challenge because the FGLS formula for standard errors assumes that the 
error process is known and not estimated (Beck and Katz, 1995). But, in panel data models, the error process has 
a large number of unknown parameters, resulting in unreliable FGLS estimates of the standard errors of estimated 
coefficients. In this context, Beck and Katz (1995) propose using Panel Corrected Standard Errors (PCSE) models 
with Monte Carlo analysis. These models perform well and produce accurate estimates of sampling variability even 
in the presence of complicated panel error structures. Following Beck and Katz (1995), this study employs the 
PCSE model to measure the impact of climate change on the yield of major food crops in Tamil Nadu, India.

An important feature of climate impact modeling is how future climate projections are made. Many impact studies 
either assume certain changes in climate variables from the baseline or use projections based on coarse resolution 
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climate models such as Global Circulation Models (GCMs) (Chen et al., 2004). In this study, we use projections 
from a Regional Climate Model (RegCM4), which leads to better estimations of future climate conditions since its 
horizontal resolutions are finer than those of GCMs (IPCC, 2007). 

2.	 Climate Change Impact on Crop Yields: A Review

In this section, we discuss different studies of the impact of climate change on Indian agriculture and make a case 
for using the panel data approach. 

Agronomic models draw on controlled experiments, where crops are grown in field or laboratory settings simulating 
different climates and levels of CO2, in order to estimate the yield responses of a specific crop variety to certain 
climates. In India, Aggarwal and Mall (2002) and Aggarwal et al. (1997), using crop simulation models (CERES-Rice 
and ORYZA1N), showed that an increase of 1 to 2°C temperature without any increase in CO2 resulted in a 3 to 
17 percent decrease in rice grain yield in different regions. Byjesh et al. (2010), using the InfoCrop-MAIZE model, 
reported that the monsoon maize yield is reduced most in the Southern Plateau (up to 35 percent), while the winter 
yield is reduced most in the Mid Indo-Gangetic Plains (up to 55 percent), whereas yields are relatively unaffected 
in the Upper Indo Gangetic Plains. In addition, a comprehensive review by Mall et al. (2006) of crop simulation 
modeling in India points to clear evidence of a decline in the yields of important cereal crops like rice and wheat 
under climate change conditions.1 Overall, the agronomic modeling literature in India is indicative of the potential 
negative effects of climate change.

As previously noted, the Ricardian approach measures the impact of climate variables on land productivity or 
farmland values by exploiting cross-sectional differences in land use and weather patterns (Mendelsohn and Dinar, 
1999 & 2003; Mendelsohn et al., 1994 & 1996). In India, due to limited data on land prices, semi-Ricardian models 
are estimated with net revenue used as a proxy for the rental value of land. Kavikumar and Parikh (2001), using the 
semi-Ricardian model, reported that a projected 2°C rise in temperature and 7 percent increase in precipitation 
reduces farm revenue by 9 percent. This is lower than the annual loss of 12 percent of farm-level net revenue in 
India estimated by Sanghi and Mendelsohn (2008). Kavikumar (2009), in a later study that included spatial features 
in the original Ricardian model, found that the impact of climate change on net income is lower by 3 percent in 
models that account for spatial features relative to those that do not. Palanisami et al. (2009) also report a negative 
impact on production due to increases in temperature and rainfall. While the Ricardian studies in India point to 
negative farm impacts of climatic change, these estimates are hampered by the non-availability of land prices and 
the omission of time-independent location-specific factors like soil quality. 

Panel data models with fixed effects address many of the shortcomings of the agronomic and Ricardian models. A 
well-established tradition (Pinheiro and Bates, 2000; Zuur et al., 2009) such models have been used to study the 
impact of climate change on crop yields in India (Auffhammer et al., 2006, 2011), Asia (Welch et al., 2010) and 
Tanzania (Rowhani et al., 2011). In some other panel studies, the three-step Feasible Generalized Least Squares 
(FGLS) method is used to estimate panel regressions. For example, McCarl et al. (2008) and Barnwal and Kotani 
(2010) use FGLS to estimate the impact of climate change on mean yield and variability of yield in U.S. and Indian 
agriculture, respectively. McCarl et al. (2008) conclude that in the US, average corn yield and yield variation, 
respectively, will increase by 21 percent and 56 percent in the mid-western regions and by 29 percent and 61 
percent in the northern plains. On the other hand, Barnwal and Kotani (2010) find that mean rice yield and yield 
variability will be negatively affected by climate change in India. Other studies of this nature include Chen et al. 
(2004), Isik and Devadoss (2006) and Ranganathan (2009), who estimate crop production functions with panel data 
using the Maximum Likelihood Estimation (MLE) procedure. However, as already noted, Beck and Katz (1995) find 
that the full FGLS variance–covariance estimates are typically unacceptably optimistic about the precision of the 
parameter estimates and recommend the use of PCSE estimates. Following this finding, our study uses the PCSE 
estimation method to measure crop yield sensitivities to climate change.

1  Another agronomic approach is the Agro-Ecological Zone (AEZ) approach, which combines crop simulation models with land management 
decision analysis (Darwin et al., 1995; Fischer et al., 2005). This strategy combines a laboratory-type set up with real data on climatic factors 
and crop growth. 
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3.	 Study Area and Data Description

3.1	 Study Area
Tamil Nadu is situated in the southern-most part of the Indian peninsula (see Map 1). Agriculture, a predominant 
sector, contributes to about 10 percent of the state’s Gross Domestic Product and provides employment for about 
60 percent of the rural work force. Currently, gross cropped area is 6.3 million hectares, accounting for nearly 50 
per cent of the total geographical area of the state. Food crops account for 70 per cent of the gross cropped area, 
of which nearly half is under rice (Government of Tamil Nadu, 2010).

Climate in Tamil Nadu is tropical with only slight variations in summer and winter temperatures. Rainfall is from the 
southwest and northeast monsoons -- in the last 25 years, the state has received nearly 80 percent of its annual 
rainfall during the northeast monsoon season. Additionally, depressions reaching the dimensions of a hurricane 
develop over the Bay of Bengal and the Arabian Sea, resulting in heavy wind and rainfall during the northeastern 
monsoonal months. Floods and cyclones can cause heavy damage to food crops during the northeast monsoon 
season. For instance, some 13 percent of agricultural crops were lost in 2008 as a result of the NISHA cyclone 
(Government of India, 2008). Since the state is entirely dependent on rains for recharging its water resources, 
monsoon failures also lead to acute water scarcity and severe drought. Tamil Nadu has India’s third longest 
coastline, which offers another set of challenges. Flooding of coastal areas as a result of sea-level rise and intrusion 
of salt water into coastal aquifers contributes to crop losses. Thus, climate change can impact agriculture in many 
different ways in Tamil Nadu, making this an important state to study. 

3.2	 Data 
We collected panel data on two weather variables, rainfall and temperature, and yield data on rice, sorghum and 
maize crops for all the districts of Tamil Nadu for a 39-year period from 1971 to 2009. Though the state of Tamil 
Nadu had only 13 districts in 1971,2 many of these districts have been bifurcated or trifurcated at various points 
of time to reach a total of 32 districts. We aggregated the data from newly formed districts into the 13 original 
districts to construct a consistent panel data set. 

We collected data on yield from various publications of the Government of Tamil Nadu including Tamil Nadu: An 
Economic Appraisal, Statistical Abstract of Tamil Nadu and Season and Crop Reports of Tamil Nadu (Government 
of Tamil Nadu, various years a, b). We collected data on rainfall and temperature from the India Meteorological 
Department (IMD) and the State Ground and Surface Water Resources Data Center (SGSWRDC), Chennai. 

There are several points to note about our weather data. We gathered time series data on daily rainfall and 
maximum temperature and minimum temperature from 74 locations spread throughout Tamil Nadu. We assembled 
the data into a panel data set by computing annual averages. We assembled the weather data into district-level 
data, based on the following approach. Whenever a weather station fell completely within the administrative 
boundary of a district, we took the data from that particular weather station to represent data for the district. 
Whenever a district had more than one station, we computed the averages to represent the district data. Where an 
administrative district did not have any weather stations, we took the averages of the stations in the surrounding 
districts to represent the data for that district. 

For our analyses, we considered normal rainfall (a moving average of five years) instead of annual rainfall, because 
farmers adapt to climate change over time. We constructed a single temperature variable, mean temperature (i.e., 
the average of maximum and minimum temperature), to examine the overall impact of temperature on yield for the 
purposes of this study. 

2  Chengalpattu, South Arcot, North Arcot, Salem, Dharmapuri, Coimbatore, Tiruchirapalli, Pudhukkottai, Thanjavur, Madurai, 
Ramanathapuram, Thirunelveli and Kanyakumari.
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4.	 Models and Estimation Approaches

4.1	 Econometric Model
To understand the impact of climate change on agriculture, we estimate crop production functions using panel 
data. In order to take care of many sources of potential omitted variables bias, we estimate panel data models with 
fixed effects that control for the unobserved district-level heterogeneity that may be correlated with the explanatory 
variables. We examine the impact of climate change on three crops (rice, sorghum and maize). The study uses the 
following model with district fixed effects. 

yit = c + θi + φt + β1Tit + β2Tit
2 + β3Pit + β4Pit

2 + β5Tit*Pit + εit 						      (1) 

where

yit	 is yield of a food crop (from rice, sorghum and maize) in district i in year t;

θi	 are fixed effects for districts;

t 	 is the trend variable which is assumed to be a proxy for capturing technological change due to crop breeding 
and hybridization programs, inputs management and infrastructural development programs, farmer’s adaptation 
practices, and CO2 fertilization effects;

Tit	 is mean temperature in district i in year t measured in degree Celsius (°C); 

Pit	 is normal rainfall in district i in year t measured in millimeter (mm per annum);

εit 	 is the error term;

c, φ and β1 to β5 are unknown parameters to be estimated.

4.2	 Estimation Methods
We use two econometric models – FGLS and PCSE – to estimate productivity changes. We also show results for 
ordinary least square regressions. We report the estimates from the OLS, FGLS and PCSE models and compare the 
standard errors between FGLS and PCSE. We use the PCSE estimates to project the impact of climate change on 
crop yield using the Regional Climate Model (RegCM4) outputs, which predict temperature and rainfall levels in the 
next 90 years. 

In the past, economists routinely used the FGLS to generate consistent and asymptotically efficient estimates of 
the standard errors (Kmenta, 1986).3 However, FGLS standard errors can underestimate true variability, at least for 
normal errors in finite samples (Freedman and Peters, 1984). FGLS changes the estimates of both the regression 
coefficients and their standard errors and runs the risk of producing inaccurate estimates of the coefficients 
(Chen et al., 2006). OLS estimates of coefficients are consistent but inefficient.4 The OLS standard errors will 
be inaccurate and need to be corrected taking into account panel heteroscedasticity and contemporaneous 
correlation of the error term. PCSE retains the OLS parameter estimates, but it replaces the OLS standard errors 
with estimates based on the disturbance covariance matrix that are less prone to underestimation than full FGLS 
estimates (Back and Katz 1995). 

To obtain PCSE estimates, we denote β as a vector of the parameters of the model: c, φ and β1 to β5. The OLS and 
PCSE estimator of β are identical and given by: 

The PCSE estimator for the standard error of the above estimator is given by the square roots of the diagonal  
terms of:

Cov (β̂  PCSC) = (X' X)–1 {X'ΩX} (X' X)–1 								          (3)

3  See the FGLS estimation procedure given in Greene (2008) for more information.
4  The degree of inefficiency depends on the data and the exact form of the error process.

β̂  OLS = β̂  PCSE = (X' X)–1 (X'y)										            (2)
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where X is the matrix of observation of explanatory variables, y is the vector of observations of the dependent 
variable, and  Ω is the error covariance matrix, which is an NT x NT block diagonal matrix with an N x N matrix of 
contemporaneous covariances (where N is the number of cross sectional units, i.e., districts, and T is the number of 
years). If the error term satisfies the spherical assumptions, Equation (3) simplifies to the usual OLS formula,σ  
(X' X)–1, where  ̂ 2  is the usual OLS estimator of the error variance. 

Finally, it is essential to investigate the presence of panel unit roots for each variable before proceeding with the 
PCSE procedure. One important assumption related to the use of time-series cross-sectional data is that the 
variables under estimation are stationary (Chen et al., 2004; Chen and Chang, 2005; Granger and Newbold, 1974). 
To test the stationarity of the variables, we use the Im, Pesaran, and Shin (2003) unit root test.5 In order to detect 
the heteroscedasticity for the panel data constructed from 13 districts, we use the White test (Greene, 2008).

4.3	 Regional Climate Model (RegCM4)
General Circulation Models (GCMs) are tools designed to simulate time series of climate variables globally, 
accounting for effects of greenhouse gases (GHGs) in the atmosphere. GCMs are currently the most credible tools 
available for simulating the response of the global climate system to increasing greenhouse gas concentrations 
and to provide estimates of climate variables (e.g., air temperature, precipitation, wind speed, pressure, etc.) in 
the future on a global scale (Ghosh and Mujumdar, 2006). However, GCMs are limited by their coarse resolution 
and failure to capture extreme events such as cyclone and heavy rainfall (Rupakumar and Ashrit, 2001; Murphy et 
al., 2007). An alternative is dynamical downscaling using high-resolution Regional Climate Models (RCMs) nested 
in GCMs. Downscaling is the method of producing local to regional scale information from larger scale GCM data. 
Dynamical downscaling includes the use of limited-area, high-resolution RCMs nested within and driven by time-
dependent lateral and lower boundary conditions from a GCM (Rahman et al., 2012). 

RCMs lead to better estimations of future climate conditions since their horizontal resolutions are much finer than 
those of GCMs (IPCC, 2007). In this study, we use the RegCM4 model, an open source RCM version 4, released in 
2010 (Elguindi et al., 2010). It is largely applied to the study of regional climate and seasonal predictability around 
the world (Geethalakshmi et al., 2011). We ran RCMs for the 13 composite districts of Tamil Nadu with a horizontal 
resolution of 25 km × 25 km and a sufficient buffer zone. 

To obtain our climate projections, we first selected an area covering most of peninsular India (see Map 2 for the 
domain used). The boundary for the domain was 2.00 to 25.61°N and 66.45 to 90.96°E (Rajalakshmi et al., 2013). 
This covers 110 East West and 110 North South grid points (before removing 12 buffer grids as suggested by ICTP). 
We obtained outputs for Tamil Nadu, which covered 218 out of the 12,100 grid points6 (see Map 3 for the grid 
layout). Within this domain, we predicted year-wise and decade-wise mean temperature and annual rainfall from the 
RegCM4 climate model.

In order to run the data through the RegCM4 climate model, we had to make some assumptions about global 
conditions in the future. We selected the moderate CO2 emissions A1B scenario, identified by IPCC (2000), for the 
RegCM4 climate model with EH5OM GCM boundaries. We ran the model for 130 years, from 1971 to 2100. While 
the model generated a larger number of outputs, we retrieved only maximum temperature, minimum temperature 
and rainfall. 

5.	 Results and Discussion

5.1 Descriptive Statistics
Table 1 presents the summary statistics of the climate and crop yield variables used in the study. Rice is the major 
staple food crop of Tamil Nadu, which is cultivated in three different seasons taking up around 40 percent of the 
total cropped area and around 55 percent of the total area of food crops. The average yield of rice was 2772 kg per 

5  The test is valid when the errors in the district regressions are serially uncorrelated and normally and independently distributed across the 
districts.
6  The study area covered the State of Tamil Nadu in southern peninsular India which lies between 7.91°N to 13.65°N latitude and 76.17°E 
to 80.82°E longitude.
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ha for the period from 1971 to 2009 with a standard deviation of 881 kg per ha. Sorghum was grown predominantly 
during the Kharif season (82 percent) under rain-fed conditions. The average yield of sorghum over 39 years was 
1028 kg per ha with a standard deviation of 406 kg per ha. The average productivity of maize was 1446 kg per ha 
with a standard deviation of 1069 kg per ha. The mean level of annual precipitation was 963 mm per annum with a 
standard deviation of 196.9 mm and the mean annual temperature over the past four decades from 1971 to 2009 
was 31.44°C with a standard deviation of 3.44°C.

5.2 Results of Panel Unit Root Tests
It is essential to investigate the presence of panel unit roots for each variable before estimation of the panel data 
model, as discussed in Section 4. Table 2 presents the results of Im, Pesaran, and Shin (2003) unit root test with 
the assumption that error term in the autoregressive process of each variable is serially uncorrelated. The test 
results show that the null hypothesis of the unit root is rejected for each variable with trend (yield of rice, sorghum 
and maize, rainfall and temperature) at the one percent significance level. Since the panel unit root results reject 
the null hypothesis of non-stationary, each variable is stationary. Thus, there is no need to first-difference the data 
to eliminate unit roots (McCarl et al., 2008; Kim and Pang, 2009; Sarker et al., 2012) and we can estimate the panel 
data models, as specified in Section 4.

After estimating the panel data model for each crop, we used White test to detect heteroscedasticity. Table 3 
presents results of the test. The null hypothesis of homoscedasticity is rejected at the 5 percent significance 
level. Thus, the White test indicates the existence of panel heteroscedasticity. This warrants the use of a suitable 
econometric estimation procedure that takes into account the panel heteroscedasticity of the error term.

5.3 Regression Results
Tables 4, 5 and 6 present the results of panel regression with district fixed effects for OLS, FGLS and PCSE models 
for rice, sorghum and maize crop yield, respectively. We compared the standard errors of the PCSE model with the 
FGLS standard errors. As expected, the results indicate that the standard errors with FGLS are lower than PCSE 
for almost all estimates. This provides evidence consistent with the findings of Beck and Katz (1995), that FGLS 
underestimates the standard errors. Therefore, we consider only the PCSE estimates in discussing results and 
making inferences.

5.3.1 Impact of Climate Variables on Rice Yield

Table 4 presents the panel regressions for rice yield. We discuss the PCSE regression estimates to explain the 
impact of climate variables on rice yield. The R2 value is 0.68, which indicates that the climate variables included in 
the model explain more than two-thirds of variations in yield. 

The PCSE regression coefficients for rainfall indicate that it has a quadratic (an inverted U-shaped) relation with rice 
yield. The first-order term of rainfall is statistically significant at 5 percent level and has a positive sign, while the 
square term of rainfall is statistically significant at 1 percent level and has a negative sign. To test joint significance 
of rainfall and its square term, we also conduct a chi-square test for their joint significance (Table 7). The results 
show that rainfall and its square term are jointly significant at 5 percent significance level. These results indicate 
that higher rainfall increases crop yield up to a threshold level (1057 mm per annum). Rainfall beyond the threshold 
has a negative impact on rice yield (Figure 1). This type of quadratic relationship of rainfall with rice yield is also 
reported by Chen and Chang (2005) in Taiwan, Auffhammer et al. (2011) and Gupta et al. (2012) in India. The 
evidence of a yield depressing effect of heavy rainfall is important because available historical data indicates that 
heavy rainfall often occurs. In observed data over 39 years from 1971 to 2009, mean annual rainfall of Tamil Nadu 
state exceeds the threshold level (1057 mm) 10 times in Tamil Nadu state suggests that weather events could have 
often resulted in losses in rice production.

Like rainfall, temperature also indicates an inverted U-shaped relationship with rice yield. The first-order term 
of temperature is statistically significant at 10 percent level and has a positive sign, while the square term of 
temperature is statistically significant at 10 percent level and has a negative sign (Table 4). Temperature and its 
square term are not jointly significant (Table 7). Thus, the effect of temperature is not estimated as precisely as 
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the effect of rainfall. Since almost two-thirds of total rice production takes place during the ‘Samba’ season which 
coincides with the north-east monsoons, a small increase in temperature may improve yield. A plausible reason 
for yield increase may be the interaction effects of temperature with elevated carbon dioxide concentration. 
Temperature increases can contribute to increased productivity by increasing photosynthetic activity (Lakshmanan 
et al., 2011), fertilizer use efficiency and possibly reducing pest manifestations (Ranganathan, 2009). However, 
an inverted U-shaped relationship of temperature with rice yield implies the existence of a threshold level, above 
which a reduction in yield would begin (Figure 2). This finding is in conformity with studies on the effect of high 
temperatures during the ripening phase of rice plants, which show the upper threshold temperature to be 34°C 
(Morita et al., 2004). Several other studies also show that increases in temperature beyond critical limits can 
contribute to reductions in rice yield in the future (Dash and Hunt, 2007; Geethalakshmi et al., 2011).

We used the time trend variable in this study to capture technological change, inputs management and 
infrastructural development programs, farmer’s adaptation practices, and CO2 fertilization effects. The results show 
that the coefficient estimate on time trend is positive and statistically significant at 1 percent significance level. 
Various agricultural technology development programs, including high-yielding varieties and irrigation infrastructure, 
over the 39 years as well as the CO2 fertilization effects have contributed to improving rice yield consistently. This 
result reinforces findings by Attavanich and McCarl (2011), who report that the average yields of the C-3 crops 
(rice, wheat and soybean) are significantly and positively correlated with CO2 concentration. 

5.3.2 Impact of Climate Variables on Sorghum Yield

The PCSE results indicate that rainfall and temperature have a quadratic (an inverted U-shaped) relationship with 
the yield of sorghum, again implying the presence of a threshold limit (Table 5). Rainfall and its square term are 
jointly significant at 5 percent significance level (Table 7). Since sorghum is cultivated mostly (around 82 percent) 
under rainfed lands in Tamil Nadu, we expect rainfall to have a positive impact on yield. However, rainfall, when it 
exceeds the threshold level (100 mm per month during the growing months), has a negative effect (Figure 3). In 
our observed data over 39 years, mean monthly rainfall of Tamil Nadu state exceeds 100 mm per month 45 times 
during the major growing months of Kharif season for sorghum. 

Temperature also indicates an inverted U-shaped relationship with sorghum yield (Figure 4). The first-order term 
of temperature is statistically significant at 5 percent level and has a positive sign, while the square term of 
temperature is statistically significant at 5 percent level and has a negative sign. Temperature and its square term 
are jointly significant at 10 percent significance level. 

Our study reinforces results from previous studies (Kumar et al., 2004, CRIDA, 2009) that predict that an increase 
in temperature and rainfall beyond a threshold level can negatively affect sorghum yield in future. We also note that 
the trend coefficient in our regressions is positive and statistically significant at 5 percent. 

5.3.3 Impact of Climate Variables on Maize Yield

In terms of maize yield, the PCSE results show that while both temperature and rainfall have a negative impact, the 
coefficients are not statistically significant (Table 6). However, rainfall is significant at 10 per cent level in the joint 
significance test for rainfall and squared rainfall (Table 7). Further, the interaction term between temperature and 
rainfall is significant at 5 percent (Table 6), which indicates that the effect of rainfall on yield is dependent on the 
level of temperature and vice-versa. As expected, time trend has a significant (p-value <0.01) and positive effect  
on maize yield. We conclude that our results related to maize yield are not as robust as the findings related to rice 
and sorghum.

5.4	 Projections of Yield Sensitivities under Climate Change Scenario 
In order to examine the impact of climate change on crop yield sensitivities in future, we obtained predicted climate 
outputs using RegCM4. We used the RegCM4 model to derive mean temperature and mean rainfall per day, which 
were converted into decadal means. This output was available for different latitude and longitudes within every 25 
square kilometers (km) of Tamil Nadu. Overlaying district maps on this grid, we identified climatic data for every 
district to make a panel dataset of climate change projections. Auffhammer et al., (2013) suggest adding the 
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predicted change in climate variables obtained from climate models to weather station-based baseline climate for 
calculating impacts rather using climate model outputs directly for forecasting future climate. The previous studies 
(Kabubo-Mariara and Karanja, 2007, Kurukulasuriya and Mendelsohn, 2008, Seo and Mendalsohn, 2008, Kabubo-
Mariara, 2009) also added predicted absolute change in temperature and multiplied the predicted percentage 
change in precipitation to weather station-based baseline climate in each district. In this study, we followed the 
same procedure to project rainfall and temperature.

Using RegCM4, we projected rainfall and temperature for each district from 2011 to 2100. Figures 5 and 6 present 
the mean annual rainfall and mean annual temperature, respectively, from 2011 to 2100 in Tamil Nadu, computed 
as the average of all districts in the state. Table 8 presents projected change in mean annual temperature and mean 
annual rainfall for different decades from 2011 to 2100 in Tamil Nadu. Results indicate that mean temperature 
will continuously increase over this century, with mean temperature being 3.26°C higher in the last decade of 
2091-2100 relative to the base period (1971-2009). This suggests that mean temperature in the final decade of 
this century could be, on average, as high as 34.70°C. Results on rainfall indicate that there is no definite trend 
in rainfall pattern in the future. Projections in Table 8 show that mean annual rainfall decreases during first two 
decades 2011-20 and 2021-30 and increases subsequently in the future. In the end of the century, the rainfall is 
expected to be around 1042 mm, which is 9 percent increase relative to baseline rainfall. 

In order to project climate impacts in the future, we used the PCSE regression coefficient estimates to compute the 
marginal impacts of projected changes in climate variables on crop yield for each crop (rice, sorghum and maize). 
As mentioned above, rainfall and temperature were projected for each district using RegCM4, we computed the 
climate impacts on crop yield for each district.7 

Figure 7 presents the spatial and temporal sensitivities of rice yield (kg per ha) to projected climate variables 
across districts of Tamil Nadu for each decade from 2021-30 to 2091-2100. Figure 8 presents the rice yield loss, 
computed as the average of all districts, under the climate change scenario for each decade relative to yield of 
2772 kg per ha in base period (1971-2009). The projections of yield loss show a reduction in rice yield on an 
average of 283 kg per ha in the last decade of the 21st century relative to the base period. Under the climate 
change scenario, rice yield would decline by 55 kg per ha in a decade during 2011-20, based on projected increase 
in temperature by 0.51°C and decrease in rainfall by 84 mm relative to the base period. In the middle of the 21st 
century, i.e., during the decade 2051-60, rice yield is projected to be lower by 147 kg per ha relative to base 
period, based on projected increase in temperature 1.56°C and 156 mm increase in rainfall in 2051-60 relative to 
base period. Towards the end of this century (2091-2100), yield would be around 283 kg per ha lower or 10 per 
cent less than the base period. This is because of the projected rise in temperature by 3.26°C and rainfall by 79.12 
mm (8.22 percent) relative to base period. It is worth noting that the agronomic model, viz., the Decision Support 
System for Agro-technology Transfer (DSSAT), using a regional climate model called PRECIS, projects rice yield loss 
to be 356 kg per ha for ADT 43 rice variety over Cauvery Delta Zone of Tamil Nadu by 2100 (Geethalakshmi et al., 
2011). This number is considerably higher than the yield loss (283 kg per ha by 2100) projected by this study.

Figure 9 presents the spatial and temporal sensitivities of sorghum yield (kg per ha) to projected climate variables 
across districts of Tamil Nadu for each decade from 2021-30 to 2091-2100. Figure 10 presents the sorghum yield 
loss, computed as the average of all districts, under the climate change scenario for each decade relative to yield 
of 1028 kg per ha in base period. The projected yield loss is 75 kg per ha per decade for sorghum in 2011-20 
relative to the baseline average. In the decade 2021-30, 0.05°C decrease in temperature and 77 mm increase in 
rainfall relative to the preceding decade (2011-20), reduce yield loss by 68 kg per ha. Further, the results suggest 
an expected decline in yield 39 kg per ha during 2051-60 and 88 kg per ha during 2091-2100 relative to the base 
level. The projections show that sorghum yield would be 0.60 percent less by 2020 and 8.56 percent less by 
2100 relative to the base period. These results mirror findings by Chen et al. (2004), who similarly examine yield 
variability of sorghum in the U.S. and find mixed results. 

7 For each district and each crop, we computed projected change in crop yield using the following formula: 

Dyp =
 β̂  1(Tf–Tb) + β̂  1 (Tf

2 – Tb
2)  +  ̂β  3 (Rf – Rb)  + ̂β  4 (Rf

2 – Rb
2)  + ̂β  5 (Tf  * Rf  – Tb  * Rb) 

where Δyp = Projected change in yield; Tf = Future mean temperature; Tc = Baseline mean temperature; Rf = Future mean rainfall;  

Rc = Baseline mean Rainfall; and  β̂  1 to  β̂  5  are coefficients of obtained from PCSE regression results.
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Figure 11 presents the spatial and temporal sensitivities of maize yield (kg per ha) to projected climate variables 
across districts of Tamil Nadu for each decade from 2021-30 to 2091-2100. Figure 12 presents the maize yield 
loss, computed as the average of all districts, under the climate change scenario for each decade relative to yield 
of 1746 kg per ha in base period. The projection results indicates that maize yield is projected to increase by 
29 and 7 kg per ha in a decade during 2011-20 and 2021-30, respectively. After that, maize yield is expected to 
decline by the end of the 21st century. The projected yield loss of 137 kg per ha in a decade during 2051-2060 
is relatively higher as compared to other decades. The projection of yield loss due to projected changes in rainfall 
and temperature in Tamil Nadu show a reduction of 81 kg per ha for maize by end of this century relative to the 
base period. These results fall below estimated maize monsoon crop yield losses ranging between 13 percent and 
35 percent and winter maize crop to ranging between 17 and 50 percent by 2050 (across the Southern Plateau 
and the mid-Indo Gangetic Plains of India) (Byjesh et al., 2010).8 Our findings suggest a productivity decline of 
4.62 percent by the end of the 21st century, given a 3.26°C increase in temperature and 8.22 percent increase in 
rainfall at this point.

6.	 Conclusions and Policy Implications

This paper attempts to estimate the impact of climate change on agricultural yield in a tropical climate using Tamil 
Nadu, India, as example. Our study puts together a unique 39-year period (1971 to 2009) panel dataset to examine 
the impact of climate change on the yield of food crops, viz., rice, sorghum and maize. The methodology involves 
a two-step procedure. First, we use panel data on crop yields and climate variables to estimate yield response 
functions. Second, we project future crop yield sensitivities by using outputs from a regional climate model 
(RegCM4) in combination with the estimated yield functions.

Our study suggests that rice and sorghum are quite sensitive to changes in rainfall and temperature (the 
implications for maize are not as robust and we do not discuss these further). Rainfall and temperature have 
positive and significant effects on rice and sorghum yields up to a threshold level of rainfall and temperature. 
Beyond the threshold level, further increases in rainfall and temperature result in negative impacts on yield. The 
presence of thresholds in weather impacts is an important finding and shows that there is an inverted U-shaped 
relationship between crop yields and climate variables. 

Projected temperature and rainfall using the RegCM4 model for the period from 2011 to 2100 indicate that 
observed warming and anomalies in rainfall in Tamil Nadu will continue. Projections suggest that there will be a 
reduction of 283 kg per ha per decade of rice and 88 kg per ha per decade of sorghum by 2100. This represents 
a 10 percent decline in rice productivity and a 9 percent decline in sorghum yield by the end of the 21st century, 
relative to the average yield during the base period 1971-2009.

Our study’s findings related to thresholds in climate effects on crop yields need careful consideration by 
researchers and policy makers. On the policy side, it may be important to invest in new seed varieties that 
can better adjust to rainfall and temperature thresholds. There is also need for further research to explore the 
implications of adaptation responses such as adjustments in the sowing season. Our model is one attempt to 
bring together climate and agricultural data to examine potential climate impacts on Tamil Nadu. Such studies can 
be further improved by including additional factors such as the date and amount of released reservoir water for 
irrigation. 

8  Brown and Rosenberg (1997) report an yield loss of 17 percent for every 3°C increase in temperature in central U.S and Rowhani et al., 
(2011) report losses of roughly 18.6 percent for an increase in 20 percent coefficient of variation (CV) in rainfall and 2°C in temperature for 
Tanzania.
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Table 1: Summary Statistics

Variable Unit Mean Standard Deviation Minimum Maximum

Rice yield kg/ha 2,772 881.29 311 4,774

Sorghum yield kg/ha 1,028 406.29 294 2,466

Maize yield kg/ha 1,746 1,069 164 8,336

Rainfall mm 963 196.9 653.7 1,716.5

Temperature Celsius 31.44 3.44 16.68 37.19

Table 2: Panel Unit Root Test Statistics

 Test t-bar statistics

Rice yield -4.78***

Sorghum yield -4.05***

Maize yield -3.28***

Rainfall -4.49***

Temperature -3.63***

*** p<0.01

Table 3: Testing Heteroscedasticity for Yield 
Response Functions

χ2 Statistics p-value

Rice yield 167.49  7.9e-05

Sorghum yield 117.44 0.0197

Maize yield 174.36 2.4e-07

Table 4: Estimated Parameters from Panel Regression Model with Fixed Effects for Rice Crop

Dependent Variable: Rice Yield

OLS FGLS PCSE

Trend 49.58*** 53.03*** 49.58***

(2.136) (1.982) (5.065)
Rainfall 8.35** 3.89 8.35**

(3.716) (3.422) (3.772)
Rainfall Square -0.0028*** -0.00167* -0.0028***

(0.001) (0.00094) (0.0009)
Temp 287.24** 336.86** 287.24*

(129.59) (161.294) (143.86)
Temp Square -4.449** -5.697** -4.449*

(2.092) (2.277) (2.414)
Temp x Rainfall -0.085 -0.038 -0.085

(0.076) (0.074) (0.079)
Constant -6076.43 -4364.63 -6076.43

(3249.01) (3729.96) (3371.37)
Observations 507 507 507
R-square 0.679 0.734 0.679
Standard errors in parentheses; *** p<0.01, ** p<0.05, * p<0.1

Tables
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Table 5: Estimated Parameters from Panel Regression Model with Fixed Effects for Sorghum Crop

Dependent Variable: Sorghum Yield
OLS FGLS PCSE

Trend 6.057*** 5.097*** 6.057**

(1.445) (1.228) (2.524)
Rainfall 8.555** 4.900 8.555**

(3.323) (3.082) (3.533)
Rainfall Square -0.00342*** -0.00270*** -0.00342***

(0.00117) (0.000851) (0.00128)
Temp 215.5** 96.79 215.5**

(92.04) (80.71) (99.78)
Temp Square -3.128** -1.826* -3.128**

(1.330) (0.962) (1.390)
Temp x Rainfall -0.0439 0.0140 -0.0439

(0.0663) (0.0695) (0.0611)
Constant -6,397** -2,732 -6,397**

(2,628) (2,533) (2,778)
Observations 429 429 429
R-square 0.422 0.536 0.422
Standard errors in parentheses; *** p<0.01, ** p<0.05, * p<0.1

Table 6: Estimated Parameters from Panel Regression Model with Fixed Effects for Maize Crop

Dependent Variable: Maize Yield
OLS FGLS PCSE

Trend 50.29*** 42.07*** 50.29***

(3.778) (2.848) (9.963)
Rainfall -4.637 8.939 -4.637

(8.128) (7.016) (8.094)
Rainfall Square -0.00267 -0.00572** -0.00267

(0.00316) (0.00271) (0.00298)
Temp -3.280 -24.27 -3.280

(217.9) (207.7) (239.6)
Temp Square -4.509 -0.565 -4.509

(3.566) (2.894) (4.149)
Temp x Rainfall 0.287* 0.0792 0.287**

(0.151) (0.118) (0.144)
Constant 3,945 -3,170 3,945

(6,077) (5,641) (6,188)
Observations 429 429 429
R-square 0.406 0.415 0.406
Standard errors in parentheses: *** p<0.01, ** p<0.05, * p<0.1

Table 7: Joint Significance Tests of Climate Variables of PCSE Regression for different Crop Yield 
Functions

Crops Joint Variables χ2 Statistics p-value

Rice Rainfall and Squared Rainfall 8.81 0.012

Temperature and Squared Temperature 4.32 0.1339

Sorghum Rainfall and Squared Rainfall 7.30 0.0252

Temperature and Squared Temperature 5.30 0.0705

Maize Rainfall and Squared Rainfall 5.40 0.0673

Temperature and Squared Temperature 4.50 0.1056
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Table 8: Decadal Projections of Changes in Mean Annual Temperature and Mean Annual Rainfall in 
Tamil Nadu using the RegCM4 Model relative to Base Period (1971-2009)

Period Δ Temperature
(°C)

Δ Rainfall
(mm)

Δ Temperature
(%)

Δ Rainfall
(%)

2011-20 0.51 -82.98 1.63 -8.62
2021-30 0.46 -5.79 1.47 -0.60
2031-40 0.86 83.76 2.74 8.70
2041-50 1.26 46.70 4.02 4.85
2051-60 1.56 156.32 4.97 16.23
2061-70 2.31 40.53 7.36 4.21
2071-80 2.46 164.04 7.83 17.03
2081-90 2.81 85.30 8.95 8.86
2091-2100 3.26 79.12 10.38 8.82
In base period, mean temperature= 31.44°C; Mean rainfall = 963 mm
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Maps

Map 1: Study Area 

Map 2: Domain Selection
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Map 3:  Tamil Nadu State Grid Layout
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 Figure 1: Impact of Rainfall on Rice yield 

Figure 2: Impact of Temperature on Rice yield 
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 Figure 3: Impact of Rainfall on Sorghum yield 
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 Figure 4: Impact of Temperature on Sorghum yield 
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Figure.5: Projections of Mean Annual Temperature in Tamil Nadu under Climate Change Scenario with 
RegCM4 Outputs (degree Celsius)
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Figure.6: Projections of Mean Annual Rainfall in Tamil Nadu under Climate Change Scenario with 
RegCM4 Outputs (mm per annum)
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Figure 7: Projections of Rice Yield under a Climate Change Scenario in Tamil Nadu with RegCM4 
Outputs (kg per ha)
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Figure 8: Rice Yield Loss Projections under Climate Change scenario in Tamil Nadu relative to Base 
Period (1971-2009) (kg per ha) 
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Figure 9: Projections of Sorghum Yield under a Climate Change Scenario in Tamil Nadu with RegCM4 
Outputs (kg per ha)
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Figure 10: Sorghum Yield Loss under Climate Change scenario in Tamil Nadu relative to Base Period 
(1971-2009) (kg per ha)
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Figure 11: Projections of Maize Yield under a Climate Change Scenario in Tamil Nadu with RegCM4 
Outputs (kg per ha)
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Figure 12: Maize Yield Loss Projections under Climate Change scenario in Tamil Nadu relative to Base 
Period (1971-2009) (kg per ha)
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