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1. INTRODUCTION

Climate change has been occurring on diverse scales
of space and time and is the normal state of affairs for
the climate-atmosphere system (Mearns 2000). Activi-
ties related to energy use and land use changes have
grown substantially during the last century and have
contributed to ‘anthropogenic’ climate change. The
concentration of carbon dioxide ([CO2]) in the atmo-

sphere has increased by more than 28% since the
beginning of the Industrial Revolution, mainly because
of the burning of fossil fuels, as well as deforestation
(Reicosky et al. 2000, Houghton et al. 2001). The most
recent future scenarios of greenhouse gases in the
atmosphere indicate that [CO2] could increase from
current levels of 360 ppm to between 540 and 970 ppm
by the end of the 21st century (Houghton et al. 2001).
General circulation models (GCMs) project that the
global temperature increase would range from 1.4 to
5.8°C because of projected increases in the concentra-
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tions of all greenhouse gases by the end of the 21st
century. Climatic patterns within any region will
become more variable and are difficult to determine,
but the rate of future warming over the United States is
expected to be faster than the mean global rate with
more frequent occurrence of extremely hot years
(Houghton et al. 2001). The projections for future
regional precipitation patterns are even more variable
and difficult to predict. 

The plant processes directly affected by changes in
atmospheric [CO2] are mainly photosynthesis, photo-
respiration, dark respiration, and transpiration (Fitter &
Hay 1987). Elevated [CO2] generally enhances leaf and
canopy photosynthesis because of increased concen-
trations of ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco) and suppression of photorespira-
tion in C3 plants such as cotton (Reddy et al. 2000). In
addition, higher atmospheric [CO2] results in the par-
tial closure of stomata (Morison 1987), thus reducing
leaf-level transpiration and indirectly increasing tissue
temperature. A reduction in transpiration of at least
30% has been reported for plants grown in atmos-
pheres with doubled [CO2] (Kimball & Idso 1983,
Rosenzweig & Hillel 1998). This potential decrease in
transpiration with increased photosynthesis leads to
increased water use efficiency under elevated [CO2]
conditions (Reddy et al. 2000). Kimball (1983), in his
analysis of 430 reports dealing with plant responses to
elevated [CO2] found that, on average, doubling of
atmospheric [CO2] would cause a 33% increase in
yield in C3 crops. Although growth rates are sensitive
to elevated [CO2], major cotton phenological events,
emergence to reproductive initiation, the square
period and the boll maturation period, are not affected
by [CO2] (Reddy et al. 1996, 1997a,b). 

Cotton grows at temperatures ranging from a mini-
mum of 12 to 15°C to an optimum of 26 to 28°C, and the
maximum plant-sustainable temperature depends on
the duration of exposure (Reddy et al. 1997b). The most
sensitive yield-related period for high temperatures is
a short period prior to, during and immediately after
flowering. Fruit production efficiency in cotton in-
creases with temperatures up to 29°C and then de-
clines sharply with higher temperatures, probably
because net photosynthesis is less at both higher and
lower temperatures than at optimum (Reddy et al.
2000). Cotton plants produce bolls until the available
photosynthates can no longer support additional fruit.
After photosynthate requirements are met because of
fruit maturation or abscission, vegetative growth
resumes. High-temperature grown plants (above 32°C)
show luxuriant vegetative growth due to premature
boll abscission (Reddy et al. 1997b,c). High tempera-
tures also cause hastening of development especially
during the boll-filling period, thus resulting in smaller

bolls, lower yields and poor lint quality (Hodges et al.
1993, Reddy et al. 1999). 

As air temperature increases from 26 to 36°C, tran-
spiration rates increase linearly (Reddy et al. 1998a). In
experimental settings, Reddy et al. (1997b,c) observed
increased photosynthesis due to doubled [CO2] under
a range of water and nutrient stress conditions. Dou-
bled ambient [CO2] cause about a 40% increase in
vegetative dry matter accumulation across a wide
range of temperatures (Reddy et al. 2000).

Crop responses to the environment, however, vary
from region to region based on soil type, plant type and
regional weather. The projected higher temperatures
would be favorable to the colder parts of the world
because of a longer growing season. However, higher
temperatures might result in hastened development
and reduced yields in the warmer regions, particularly
during the critical crop growth periods in summer
(Rosenzweig & Hillel 1998). The impacts of climate
change on crop production, i.e. the probability, fre-
quency and severity of extreme conditions, are impor-
tant to society (Rosenzweig & Parry 1994, Houghton et
al. 1996, Rosenzweig & Iglesias 1998, Reilly & Schim-
melpfennig 1999).

Crop simulation models in combination with GCMs
or other climate scenarios have been used for predict-
ing future crop production (Rosenzweig & Iglesias
1998, Reilly & Schimmelpfennig 1999). Relative
changes predicted by GCMs have served as the basis
for future weather information (Rosenzweig & Hillel
1998). Temperature is the most important weather
variable forecast to change due to anthropogenic
causes, but precipitation and the interaction of weather
and soils are also important determinants of agricul-
tural productivity. A high level of uncertainty concern-
ing the effects of climate change on crop processes and
yield exists, partly because of lack of information
required to understand crop responses to global warm-
ing, and to develop realistic physiologically robust
crop simulation models.

The objective of this study is to assess the impact of
climate change and elevated [CO2] on cotton produc-
tion in Stoneville, Mississippi. Specifically, the model
was used to study the relationships among cotton pro-
duction and (1) carbon dioxide enrichment, (2) specific
weather parameter changes, and (3) climatic extremes.

2. MATERIALS AND METHODS

2.1. The Cotton Simulation Model GOSSYM. Cot-
ton, the fifth most economically important crop in the
world, is grown on more than 5 Mha in the USA, and
over 34 Mha worldwide (USDA 1998, Reddy et al.
2000). Most of the world’s production is in arid and
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semiarid climates. Cotton, being indeterminate in
growth habit, responds fairly well to changes in envi-
ronment and management (Reddy et al. 1997b, Gerik
et al. 1998). Nearly 15 different cotton development
models have been proposed and published (Jallas
1998). Of these, the GOSSYM model is the most mech-
anistic and has been used in commercial agriculture to
aid in crop management decisions. The model devel-
opment, algorithms and applications have been de-
scribed (Baker et al. 1983, McKinion et al. 1989, Boone
et al. 1995, Reddy et al. 1997d, 2002, Hodges et al.
1998).

GOSSYM continues to evolve as new concepts or
better ways of dealing with existing concepts become
available. Recent enhancements include new stem and
leaf elongation routines (Reddy et al. 1997d), and a
fruit production efficiency function to simulate boll
abscission at high temperatures (Reddy et al. 1997a).
Since GOSSYM estimates photosynthesis and ET at
the canopy level, the CO2 dependence of stomatal clo-
sure is not parameterized in GOSSYM, because Reddy
et al. (2000) have shown that canopy-level transpira-
tion is relatively insensitive to changes in CO2. Appar-
ently the enhanced leaf area effect approximately off-
sets the stomatal closure effect as CO2 is increased:
while transpiration per unit leaf area decreases, total
transpiration integrated over the total leaf area re-
mains relatively constant. 

GOSSYM is a mechanistic crop model that includes
plant responses to weather and soil. The relationship
between weather and soil determines plant water sta-
tus, which in turn influences plant response to the
environment. It responds to water deficits by decreas-
ing leaf turgor, which slows leaf and stem growth and
in turn allows more photosynthates to be allocated to
the roots. The model responds to higher atmospheric
CO2 concentration by increasing photosynthesis. The
additional carbohydrates are distributed to their vari-
ous functions according to plant respiration and
growth needs.

Environmental inputs required to run GOSSYM
include daily solar radiation, maximum and minimum
air temperatures, rainfall, wind speed, and irrigation.
Other necessary inputs include the latitude of the site,
crop emergence date, date for start and end of season,
row spacing, number of plants per row foot, initial soil
nitrogen fertility level, and information on the physical
and hydraulic properties of the soil. Also required are
the date, amount and method of application of irriga-
tion, fertilizer, and plant growth regulators (Hodges et
al. 1998). 

The model predicts growth and development of the
plant, providing daily values for most of the physiolog-
ical parameters that can be readily measured. It also
generates plant maps showing the main stem and

branch nodes, and the fruiting sites. As crop maturity
progresses, the model estimates nitrogen concentra-
tion in different organs of the plant, nitrogen and water
status of the soil, and lint yield. 

Both iterative and heuristic (i.e. genetic algorithm)
approaches have been used to calibrate the model
(Boone et al. 1993, Sequeira et. al. 1994). The model
has been validated using datasets obtained from
farmer-cooperators and experimentation stations
across the Cottonbelt (V. R. Reddy et al. 1985, K. R.
Reddy et al. 1995, Khorsandi et al. 1997, Reddy &
Boone 2002). A more detailed description of the valida-
tion and application effort has been reviewed by
Reddy et al. (2002). Although GOSSYM includes the
effects of extreme temperatures and of water and
nutrient stresses on many physiological processes and
yield, the model is far from complete. Factors or limita-
tions of the model concern nutrients other than carbon
and nitrogen, as well as damages caused by herbi-
cides, pests, and extreme weather events such as hail
and high winds. 
2.2. Weather data collection and climate change
scenarios. The daily long-term weather data for
Stoneville, Mississippi, USA (33.2526° N, 90.5454° W)
reported by Boykin et al. (1995) were used in this
study. The actual daily solar radiation, maximum and
minimum air temperatures, rainfall, and wind speed
for 30 years (1964 to 1993) were used as current or
ambient weather input scenarios for the model.
Changes in climate were calculated from results of a
regional climate model (RegCM) nested within a
GCM. The technique of nesting higher resolution
RegCMs within GCMs has evolved to increase the spa-
tial resolution of the models within a specific region
(Giorgi & Mearns 1991, McGregor 1997, Mearns 2000).
The RegCM (Giorgi et al. 1993a,b) was nested within 5
yr of the control and doubled CO2 runs of the CSIRO
Mk 2 GCM (Watterson 1998, Watterson et al. 1999)
over the SE US. The spatial resolutions of the GCM
and RegCM are about 5 and 0.5°, respectively. The
control run of the RegCM reproduced quite well the
climatology of the lower Mississippi sub-region. Biases
in temperature on a monthly basis were between 1 and
2°C, and biases in precipitation were around –20% in
spring and +40% in summer. These values are typical
for regional climate modeling experiments. On the
whole, the RegCM improved the simulation of
the regional climate over the CSIRO GCM (Mearns et
al. 2002).

The quantified changes in the future climate (i.e.
maximum/minimum temperatures, solar radiation,
precipitation, wind speed) were predicted using the
RegCM. The projected monthly means of future
weather parameters (changes for maximum and mini-
mum temperatures, ratios for precipitation, radiation
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and wind speed) for Mississippi, with double the  pre-
industrial atmospheric [CO2] (540 ppm), are provided
in Table 1. 

2.3. Creation of future weather files. The weather
input required to run GOSSYM is on a daily basis. The
projected monthly means for future weather parame-
ters were used to create daily future weather files by
modifying the daily current weather based on the
assumption that changes in daily weather parameters
will be constant for each month. The monthly mean
maximum and minimum temperature changes were
added to and the ratios for the other 3 parameters (pre-
cipitation, solar radiation and wind speed) were multi-
plied with the corresponding values of the daily
30-year current weather parameters to generate the
daily future weather files for 30 years (future climate
scenario). This methodology retains the existing nat-
ural variability in the historic weather for the 30 years.
It would be more realistic, however, to have access to

both future day-to-day variability and resulting
change in interactions among climatic factors.
Increased variability in either temperature or rain
would definitely alter crop growth and development,
because crop yield is often limited by short-term
extreme weather events.

A series of future climate scenarios was created
(Table 2). The historical weather data from 1964 to
1993 were taken as the current climate scenario. In the
modified scenarios, various weather parameters were
modified to reflect the future weather. 

2.4. Simulations. Various simulations were run to
understand the effects of climate change on cotton
production in Stoneville (Table 3). The soil type
selected for these simulations was Bosket sandy loam,
a major soil type in this region. All simulations were
conducted for rain-fed crops with 96.5 cm row spacing
and 10 plants m–1. To avoid nitrogen stress 202 kg ha–1

of nitrogen fertilizer was applied. The current atmos-
pheric carbon dioxide concentration is
assumed as 360 ppm (Keeling & Whorf
1994). All simulations were conducted
under rain-fed (zero-irrigation) condi-
tions. Management practices were
assumed to be optimal with no effects
of weeds, insects or disease pests. The
results are presented as means of
30-year simulations.

2.5. Carbon dioxide enrichment.
The response of cotton to enrichment
of atmospheric [CO2] for each
100 ppm was simulated from 200 ppm
to 900 ppm, to cover pre-industrial,
present, and future atmospheric CO2

levels. These simulations illustrate
CO2-fertilization effects on cotton
growth and yield.

2.6. Climate change scenarios. Sev-
eral climate change scenarios were
simulated to estimate cotton produc-
tion. All the future weather scenarios
(Table 2) were used as weather inputs
for GOSSYM, with atmospheric [CO2]
held constant at 540 ppm. These com-
ponents of climate change were simu-
lated, ceteris paribus, to isolate their
relative contributions and importance
to the overall composite climate
change effect on cotton growth and
yield. The impact of the composite cli-
mate change was mainly studied for
the future climate scenario (FUT) with
elevated [CO2] and compared with the
current climate scenario at ambient
[CO2]. 
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Month Temperature Precipitation Solar  Wind 
increment (°C) (ratio) radiation speed
Max. Min. (ratio) (ratio)

January 2.15 3.22 0.74 0.98 0.94
February 5.06 5.52 0.79 0.95 1.01
March 5.31 6.99 2.07 0.96 0.99
April 4.86 6.26 1.63 0.95 0.87
May 3.30 3.77 1.19 0.99 0.81
June 5.59 4.63 1.05 1.04 0.86
July 5.47 4.48 0.75 1.06 1.08
August 4.98 4.22 0.96 1.02 1.04
September 5.31 4.91 0.84 1.03 0.93
October 3.17 2.61 1.19 1.05 0.99
November 5.55 4.83 0.86 1.13 0.98
December 3.62 3.57 1.34 1.02 0.90

Table 1. Future weather parameters for Stoneville, MS, at double the pre-indus-
trial atmospheric carbon dioxide concentrations. Monthly projections of a
regionalized global circulation model (RegGCM) by the National Center for
Atmospheric Research. Ratios are multiplicative factors for the current weather

Scenario Description

1. Current climate Actual data for 1964–1993
2. TMAX Modification of maximum temperatures only
3. TMIN Modification of minimum temperatures only
4. TEMP Modification of maximum and minimum temperatures 
5. PPT Modification of the precipitation pattern 
6. TPPT Modification of maximum and minimum temperatures 

and precipitation pattern
7. FUT Modification of maximum and minimum temperatures, 

precipitation pattern, solar radiation, and wind speed

Table 2. Climate change scenarios used in the GOSSYM model for this study,
based on the assumption that changes in daily weather parameters will be 

constant for each month
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2.7. Climatic extremes. To account for the
occurrence of extremes in climate, especially the
temperatures, some of the years selected were
based on average daily temperatures during the
growing season. Based on seasonal temperatures
from May 1 to October 31, 1980 (labeled
‘hot/dry’) was one of the hottest of the 30 years
(1.2°C higher daily mean temperatures than the
30-yr seasonal average; Fig. 1) and had less rain-
fall (8.4 cm less than the 30 yr mean) while 1993
was designated as ‘hot/wet’ (daily mean temper-
ature was 1.2°C higher, and rainfall was 5.0 cm
higher than the mean). The year 1984 was
selected as the ‘cold/dry’ year (1°C lower daily
mean temperature and 2.7 cm lower total sea-
sonal rainfall), while 1989 was a ‘cold/wet’ year
(1.3°C lower daily mean temperature and 41.0 cm
higher seasonal precipitation). The year 1992 was
classified as a ‘normal’ year with no significant
extremes in temperature or precipitation com-
pared to the 30-yr means.

3. RESULTS AND DISCUSSION

The change projected for future climate in the
Mississippi Delta region showed nearly a 4°C rise
in the average temperatures for the crop growing
season, a projected decrease in precipitation,
particularly during the flowering period, and
minor variations in solar radiation and wind
speed (Table 1). The rise in temperatures is asso-
ciated with more extreme precipitation and faster
evaporation of water, leading to greater fre-
quency of both very wet and very dry conditions. 

Based on the 15 to 32°C growing temperature range
for cotton, an average year in the future will have a
longer cotton-growing season (from the beginning of
March through early December; Fig. 2). Hence, chang-
ing the planting dates seems to be a viable option to
mitigate any adverse effects of climate on crop growth.
However, high temperatures would result in more
rapid metabolism and faster development, and very
high temperatures cause boll abscission (Reddy et al.
2000).

Days with average temperatures above 32°C occur
mostly during the flowering and boll-filling period
(Days 160 to 200; Fig. 2), a critical period for stresses to
occur. Irrigation under projected decreased precipita-
tion (Table 1) would help satisfy the high water de-
mand or alleviate the high water stress during the
reproductive phase and increase boll retention by low-
ering canopy temperatures. It may also affect the weed
and insect population, but these issues were not
addressed in this study. 
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Location Stoneville, MS (33° N latitude)

Weather data 30 years (1964–1993)
Crop variety Upland mid-season
Soil type Bosket fine loamy, mixed, 

thermic Mollic Hapludalfs
Standard growing period 1 May to 31 October (183 d)
Fertilizer application Single pre-plant application

of 202 kg ha–1 nitrogen

Row spacing 96.5 cm (38 in.)
Plant density 101 894 plants ha–1

Current climate scenario Ambient CO2 level (360 ppm )
with current weather data

Future climate scenario Elevated [CO2] (540 ppm)
with future weather data (FUT)

Table 3. General input data for the GOSSYM model for this 
study

Fig. 1. Temperatures and precipitation for 30 years during the growing 
season (1 May to 31 October) at Stoneville, MS, USA
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3.1. Carbon dioxide fertilization effect

Results from the 30-yr simulations projected higher
yields with increased atmospheric carbon dioxide.
There was a 60% increase in yield as [CO2] increased
from 200 to 900 ppm (Fig. 3). Beneficial CO2 enrich-
ment effects on cotton production were also observed
in free-air CO2 enrichment studies, in which cotton
grown in ambient CO2 and CO2 enriched to about
540 ppm were compared with CO2 enrichment stimu-
lating a 35 to 60% increase in yield (Kimball & Mauney
1993, Mauney et al. 1994, Pinter et al. 1996). The
increase in atmospheric [CO2] resulted in a mere 10%
increase in simulated cotton lint yields, from 1563 to

1713 kg ha–1 (Table 4), illustrating that most of the
effects of increased [CO2] on cotton may have already
occurred. The trends were similar under various
extreme climatic conditions. Increased [CO2] did not
change the directional effects of other environmental
factors on cotton yields. Pinter et al. (1996) and Reddy
et al. (2000) observed similar beneficial effects of
increased [CO2] on crop response under drought and
high temperature stress conditions. Crop response to
increased [CO2] was similar, because crops grown in
high CO2 environments have higher photosynthetic
rates and are thus generally healthier and able to per-
form better in stress environments compared to crops
grown in ambient CO2 environments.

CO2 was found to have no effect on the major phe-
nological events such as the occurrence of first square,
first flower, and first open boll. This is because the var-
ious developmental rate processes are not parameter-
ized as functions of CO2 in GOSSYM. Based on a series
of studies using soil-plant-atmosphere-research units,
open-top chambers and free-air CO2 experimental
techniques and facilities, Reddy et al. (2000) stated that
atmospheric CO2 enrichment did not have any effect
on cotton phenology. 

3.2. Climate change scenarios

Projected future climate change reduced cotton
production in the Mississippi Delta. Simulation of cot-
ton production for the various 30-year climate change
scenarios showed that elevated [CO2] (540 ppm) by
itself enhanced cotton yield by an average of 12%
(Table 4). However, this beneficial effect of CO2 was
always reduced and sometimes negated by accompa-
nying changes in other climate variables. For the
‘current’, TMAX and PPT weather scenarios, CO2

enrichment resulted in a 10% increase in yield,
showing that the beneficial CO2 effect more than off-
sets the adverse effect of the TMAX and PPT compo-
nents of climate change, resulting in a net increase in
yield of about 3.5%, from 1563 to 1617 or 1626 kg
ha–1 (Table 4). Modeled cotton yield decreased by
6% in both ambient and elevated [CO2] environ-
ments under TMAX. Under PPT, a 5% decrease in
lint yield was simulated. Further yield decreases
were simulated when both temperature and precipi-
tation were modified (TPPT, Table 4). When all
weather parameters were modified (FUT), a 21%
decrease in yield was predicted at ambient [CO2] lev-
els, and a 17% yield decrease at elevated [CO2] lev-
els. For the FUT scenario, CO2 enrichment resulted in
a 16% increase in predicted yield, compared to a
10% increase in yield for the current scenario. Cli-
mate change thus enhanced the CO2-enrichment
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Fig. 2. Average daily 30-yr mean temperatures at Stoneville,
MS, for the current and future climate scenarios, and daily
mean temperatures for 1980. Horizontal dotted lines: lower
limit for cotton growth (15°C), and upper limit for cotton fruit 

retention (32°C)

Fig. 3. Simulated cotton lint yield response to enrichment of 
atmospheric [CO2] (30-yr simulations, means ± SE)
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effect. The net consequence of climate change plus
CO2-enrichment was a decrease in yield of 9%, from
1563 to 1429 kg ha–1 (Table 4). Lower yields pro-
jected in the future climate scenario were partly due
to greater fruit abscission.

For the Upland mid-season cotton cultivar grown
under ambient climate and CO2 conditions, GOSSYM
simulated 1563 kg ha–1 of lint yield. Under the same
climatic conditions, elevated [CO2] (540 ppm) resulted
in a 10% increase in lint yield, from 1563 to 1713 kg
ha–1. Simulation studies by Haskett et al. (1997)
showed that soybean yield increased when climate
change was simulated with increasing levels of [CO2]
similar to our observations. In a series of open-top
chamber and free-air CO2 enrichment (from 550 to 650
ppm) experimental studies in Phoenix, Arizona, USA,
Kimball & Mauney (1993), Mauney et al. (1994) and
Pinter et al. (1996) observed a 35 to 60% increase in
yield with atmospheric CO2 enrichment under current
weather conditions. 

When all the projected climatic and atmospheric [CO2]
changes were included in the simulation, cotton yield
decreased by 9%, from 1563 kg ha–1 (current climate
scenario at 360 ppm CO2) to 1429 kg ha–1 (FUT scenario
at 540 ppm CO2) (Table 4). Similar results have been re-
ported for rice (Olszyk et al. 1999, Sasseendran et al.
2000). In a series of temperature sensitivity experiments,
Sasseendran et al. (2000) observed a 6% decrease in rice
yield for every 1°C increment in temperature, and that
yield decreased continuously for a positive change in
temperature up to 5°C. They also observed that the ad-
verse temperature effects up to 2°C were offset by the
beneficial CO2-enrichment effect at the 425 ppm level.
The generally opposite effects of CO2 and temperature
on rice yield were also observed in experimental and
simulation studies of Olszyk et al. (1999). However, when
an entire climate change scenario was taken into ac-
count (including beneficial CO2 and rainfall, and adverse
temperature effects, projected in the future), rice yield

was projected to increase by 12% in
Kerala, India, with the adverse in-
creased-temperature effect contribut-
ing a 6% yield decline (Sasseendran et
al. 2000). Tubiello et al. (2000), in their
simulation studies of 6 different crops in
several rotation systems in Modena and
Foggia, Italy, reported a general de-
crease in crop yield due to the com-
bined effects of elevated atmospheric
CO2 and climate change, with higher
temperatures contributing a 10 to 40%
decline, while adaptive management
strategies (increased irrigation, earlier
planting, slower-maturing cultivars)
maintained yield at the current levels.

Future projections of crop yield generally depend on cli-
mate, location, crop type, and other environmental (e.g.
soil type) and management factors.

Since developmental events occur more rapidly at
higher temperature, the number of days to the appear-
ance of the first-square, first flower and mature open
boll decreases (Table 5). The projected temperature
changes (TEMP scenario) caused the first open boll to
occur 12 d earlier, first square 4 d earlier and flowering
7 d earlier compared to the current climate scenario.
The faster development during the boll-filling period
leads to smaller bolls in the future climates, resulting in
lower yields in experimental studies (Hodges et al.
1993, Reddy et al. 2000). In addition to the positive cor-
relation between temperature and development rates,
Table 5 also shows that development rates are rela-
tively independent of precipitation, solar radiation,
and wind speed, as shown by identical DAE (days after
emergence) values between the current and PPT,
between the TEMP and TPPT, and between the TPPT
and FUT climate scenarios. 

Cotton under FUT had fewer fruits (squares and
green bolls per plant) left on the plant at the end of the
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Weather Lint yield (kg ha–1) CO2 effect CO2 +
scenarios 360 ppm 540 ppm (%) weather

CO2 CO2 effect (%)

Current 1563 1713 10 10
TMAX 1474 (–6) 1617 (–6) 10 3
TMIN 1511 (–3) 1636 (–4) 8 5
TEMP 1325 (–15) 1529 (–11) 15 –2
PPT 1485 (–5) 1626 (–5) 10 4
TPPT 1309 (–16) 1465 (–14) 12 –6
FUT 1235 (–21) 1429 (–17) 16 –9

Table 4. Simulated 30-year average lint yields under various climate change
scenarios at ambient and elevated CO2 concentrations for Stoneville, Missis-
sippi, USA (percent change from yield under the current 1964–1993 scenario in 

parentheses). See Table 2 for abbreviations

Weather First First First
scenarios square bloom open boll

Date DAE Date DAE Date DAE

Current 5/28 28 6/19 50 7/29 90
TMAX 5/26 26 6/15 46 7/22 83
TMIN 5/25 25 6/14 45 7/20 81
TEMP 5/24 24 6/12 43 7/17 78
PPT 5/28 28 6/19 50 7/29 90
TPPT 5/24 24 6/12 43 7/17 78
FUT 5/24 24 6/12 43 7/17 78

Table 5. Average simulated dates of phenological events in
cotton under various climate change scenarios at current
[CO2] of 360 ppm. FUT is with all climatic parameters modi-
fied and at [CO2] of 540 ppm. DAE = days after emergence
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season compared to under the current climate sce-
nario. In the future climate scenario, the higher meta-
bolic rate at higher temperatures (Fig. 2) combined
with increased carbon availability causes more
squares and flowers to be produced, but because of the
adversities of weather not all the bolls are retained and
mature. Lower yields were simulated in the future
climate at higher temperatures during the fruiting
period, because production efficiency (dry weight of
bolls per total plant dry weight) declined rapidly above
29°C (Reddy et al. 1997a),

Under current climatic conditions, the high tempera-
tures in many cotton-producing areas limit certain
growth and developmental processes. Cotton might be
planted earlier in future climatic conditions to avoid
some of the hottest mid-summer temperatures during
the reproductive periods (Reddy et al. 2000). Rosen-
zweig & Hillel (1998) reported that irrigation and
appropriate selection of planting dates could reduce
the detrimental impacts of climate change. In addition,
breeding for high temperature- and drought-tolerant
cotton cultivars could alleviate adverse climate change
effects on yield.

3.3. Climatic extremes, and cotton growth and yield

Climatic extreme conditions resulted in a trend simi-
lar to the 30-year average simulations except for a
‘cold/wet’ year. In general, years with extreme climatic
events (‘hot/dry’–1980, ‘hot/wet’–1993, ‘cold/dry’–
1984 and ‘cold/wet’–1989) resulted in lower predicted
yields compared with ‘normal’ year–1992. As might be

expected, the effect of climate change on cotton pro-
duction was most distinct in a ‘hot/dry’ year. However,
in a ‘cold/wet’ year, climate change had a positive
yield-response because the projected higher tempera-
tures are still below the upper threshold temperatures
for cotton (Fig. 4). 

In a ‘hot/dry’ year (1980), the temperatures predicted
for the Mississippi Delta are often above the upper
threshold of 32°C for cotton fruit retention (Fig. 2).
High temperature conditions cause flowers to abscise
which removes carbon sinks and thus alleviates carbon
stress. As a result, the crop continues to develop vege-
tative and reproductive growth, thus delaying the time
of first open boll and maturity to later in the year when
temperatures are conducive to fruit retention. During
early vegetative growth stages, the rate of plant
growth and development (plant height and node num-
ber) is higher in the future compared to the current cli-
mate scenario (Figs. 5 & 6). Because of early induction
of reproductive growth, plants grown in the future cli-
mate were subsequently shorter compared to those
grown under current climate conditions. Reddy et al.
(1997a) found that plants grown at 3, 5 and 7°C above
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Fig. 4. Simulated cotton lint yield response to various weather 
patterns

Fig. 5. Simulated plant height for years with different weather 
patterns, in the current and future climate scenarios
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ambient 1995 Mississippi temperatures flowered 3, 10
and 12 d earlier, respectively. Furthermore, their study
showed that at 5°C higher temperature, early season
growth (i.e. leaf area, plant height and dry weight of
plants) was 6 to 8 times greater than at ambient tem-
perature. Thus, higher temperatures would be advan-
tageous during seedling establishment and early vege-
tative growth. Air temperatures between 45 and 55°C
that occur for at least 30 min, though not parameter-
ized in GOSSYM, damage plant leaves in most envi-
ronments; even lower temperatures (35 to 40°C) can be
damaging if they persist longer (Fitter & Hay 1987).
Plant temperatures above 40°C are associated with
stomatal closure and other high-temperature effects,
which may be deleterious to cotton growth even under
well-watered conditions. Temperatures above certain
threshold levels for a few hours (wheat >30°C for 8 h,
rice >35°C for 1 h, maize 36°C and cotton 40°C for
>6 h; Acock & Acock 1993) during anthesis results in
lower fruit numbers, decreased biomass, and hence
reduced economic yields. Only the damaging effects of
average daily temperatures above 32°C on cotton fruit
abscission are incorporated in the cotton model.

4. SUMMARY AND CONCLUSIONS

With continued increase of greenhouse gas emis-
sions, crops in the future will be grown under higher
atmospheric [CO2] and probably higher temperature
conditions than present. The projected climate change
is expected to affect cotton production in the Missis-
sippi Delta as represented by Stoneville, Mississippi.
Although there was a 54% increase in simulated yields
due to increased atmospheric [CO2] from 200 ppm to
900 ppm, the beneficial effects of higher atmospheric
[CO2] did not compensate for the adversities caused by
projected changes in other climatic variables. An over-
all 9% decrease in cotton yield was obtained for the
future climate. Nonetheless, yields were always higher
under elevated CO2 compared with ambient atmo-
spheric [CO2] even under unfavorable climatic scenar-
ios. Among the climatic variables, changes in projected
temperature and rainfall most affected cotton produc-
tion. High temperatures hastened development and
shortened the growing period (days to maturity) by up
to 11 d in the future climatic conditions. The enhanced
metabolic rate at higher temperatures, combined with
increased carbon availability (because of the effect of
higher atmospheric [CO2] on photosynthesis), caused
more squares and flowers to be produced, but higher
temperatures (greater than 29°C) caused increased
boll abscission. Thus, the climate change impact on
simulated cotton production was adverse in ‘hot/dry’
years and was beneficial in ‘cold/wet’ years.

In the Mississippi Delta, cotton grown in a higher
temperature environment in the future will need to be
irrigated to satisfy the high water demand, although
that issue was not included in this study. Irrigated
crops have lower canopy temperatures that increase
boll retention in above-optimum temperature environ-
ments. Cultural practices such as earlier planting to
enhance yield, will undoubtedly evolve, but this will
be limited by available radiation in non-summer peri-
ods. Many of the Upland cultivars do not tolerate the
high temperatures projected, and the modern Pima
cultivars are even more sensitive (Kittock et al. 1981,
1988, Reddy et al. 1992a,b, 1998b). As a result, strate-
gies for reducing the impacts of climate change on cot-
ton production should focus on developing heat-and-
cold- and drought-resistant cotton cultivars in order to
mitigate the effects of climate change. 

One of the shortcomings of this study is that the
future climate scenarios were generated assuming the
same natural daily variability in weather parameters as
the present climate. This assumption arose from the
nature of the future climate projection data generated
by the RegCM, which provided only monthly mean
estimates of future changes in weather parameters.
Future research should conduct regional climate simu-
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Fig. 6. Simulated node number on the plant for years with
different weather patterns, in the current and future climate 

scenarios
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lations to generate daily estimates, to capture changes
in both the magnitudes and variabilities as a result of
climate change. Incorporation of this daily-resolution
input data into GOSSYM is expected to result in more
realistic estimates.

With regard to parameters that cannot be tested in
the field at present, a model must be conceptually
sound, based on a sufficiently wide range of environ-
mental conditions that include the extreme conditions
anticipated in the future, and have been tested and
found satisfactory where a broad array of practices,
variable weather factors, and soils interact and impact
on meaningful cultivars. Other unknowns and assump-
tions must be considered in addition; e.g. in this study
the variability of weather factors in the future climate
was assumed to not change, but climatic models are
not sufficiently reliable to know whether or not this is a
reasonable assumption.

Good science and judgment must prevail in order to
avoid complications that may or may not exist. For
example, pests (weeds, insects, diseases) or other fac-
tors may impact an experiment or validation study. Is
the pest caused or influenced by the treatments being
imposed? This cotton model was developed and vali-
dated without the impact of such a variable, and there-
fore, the model is not sensitive to interactions with such
elements.
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