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Abstract
Reliable predictions of climate change impacts on water use, irrigation requirements and
yields of irrigated sugarcane are necessary to plan adaptation strategies. The objective of this
study was to evaluate a methodology for this by using the DSSAT-Canegro sugarcane model
to simulate growth and development of sugarcane crops under typical management
conditions at Malelane, Pongola and La Mercy for current (‘baseline’, 1980-2010) and future
(2070-2100) climate scenarios. Future climate datasets were generated from three Global
Climate Models (GCMs) assuming atmospheric CO2 concentration [CO2] of 734 ppm. GCM
choice was based on the range of uncertainty of projected future rainfall at La Mercy (-11, +3
and +14%). The study found that irrigated yields are expected to increase at all three sites
(15% at La Mercy, 10% at Pongola and 7% at Malelane), due to (i) increased interception of
radiation due to accelerated canopy development and (ii) the direct [CO2] fertilisation effect
on photosynthesis. Evapotranspiration increased by 6% due to increased canopy cover and
evaporative demand, while irrigation requirements increased by ≈12%. Irrigation water use
efficiency (IWUE, the increase in yield per unit irrigation applied) decreased by 6%, 11% and
12% at La Mercy, Pongola and Malelane, respectively. These results suggest that, at all sites,
(i) economic returns on investment in irrigation could decline because of reduced IWUE; and
(ii) increased irrigation capacity will be needed to achieve the increased yield potential of
future irrigated sugarcane. For future climate impact studies it is recommended that hightemperature sensitivity of model processes be investigated further, and alternative GCM
downscaling methods, which allow perturbations to the distribution (as well as amount) of
rainfall, be explored.
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Introduction
Reliable predictions and an understanding of climate change impacts on water use, irrigation
requirements and yields of irrigated sugarcane are necessary to plan adaptation strategies.
Knox et al. (2010) used the DSSAT-Canegro model to predict that expected climate change
in the 2050s could increase sugarcane irrigation requirements in Swaziland by +9%, and
sucrose yields by about 15%. Rainfed sugarcane yield increases of 15 to 40 t/ha to
intermediate future (2050s) climate were also reported by Schulze and Kunz (2010) for South
Africa. Marin et al. (2012) reported a 24% increase in rainfed sugarcane yields, and a 34%
increase in water use efficiency in south-eastern Brazil (2100s). Singels et al. (2013) reported
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increases in future (2100s) crop water use of 1-8%, and cane yield increases of 4-20% for
sites in SA, Australia and Brazil (2100s), while sucrose yield responses varied widely
(between -33% and +13%).
The Agricultural Model Intercomparison and Improvement Project (AgMIP, Rosenzweig et
al., 2012) aims to characterise the impacts of climate change on food production and risk of
hunger, globally, and for all crops. AgMIP regional climate change impact assessments
integrate sets (ensembles) of climate, crop and economic simulation models, at different timescales and under different emissions scenarios. The model ensemble approach allows for a
better appreciation of the uncertainty associated with projections.
The objectives of the this study were to use a subset of the AgMIP protocols to estimate
likely impacts of climate change on sugarcane yields, water use and irrigation demand at
three irrigated sugarcane production sites in South Africa and to assess the suitability of the
methodology of linking climate and crop models for such investigations.
Methodology
The DSSAT-Canegro (v4.5) sugarcane model (Singels et al., 2008) was used to simulate
growth and development of sugarcane crops under typical management conditions at
Malelane, Pongola and La Mercy for current (baseline, 1980-2010) and future (2070-2100)
climate scenarios. The model simulates elevated atmospheric CO2 concentration [CO2]
impacts on photosynthesis and transpiration, as well as temperature effects on photosynthesis,
respiration, biomass partitioning and crop phenological development. The model was
previously calibrated for sites in South Africa, Zimbabwe, Brazil, Australia and Thailand
(Singels et al., 2010). Site details and cropping scenarios assumed for each site are
summarised in Table 1. Overhead sprinkler irrigation was simulated, with 40 mm applied
whenever the soil water content of the topsoil decreased below 60% of capacity. Cultivar
parameters for NCo376 were used throughout.
Water use efficiency (WUE, t/ha/mm) was calculated as the cane yield (t/ha) accrued per unit
of water used by the crop (ET, mm/d)The water-use efficiency of irrigation water (IWUE,
t/ha/100 mm) was defined as the increase in cane yield per unit irrigation applied (Virr,
100 mm):

where Yirrigated (t/ha) is simulated yield under irrigation, and Yrainfed (t/ha) is simulated nonirrigated yield. Both rainfed and irrigated scenarios were simulated at each site in order to
calculate these values.
The baseline scenario consisted of a 31-year time series of historical daily weather records
(1980-2010), with [CO2] set at 360 ppm. Future climate scenarios were derived from three
GCMs from the Coupled Model Intercomparison Project Phase 3 (Meehl et al., 2007) for the
end-of-century (2070-2100) A2 greenhouse gas emission scenario (Nakićenović et al., 2000)
and [CO2] set at 734 ppm. The three GCMs were chosen (out of a set of 19) to represent the
uncertainty in projected rainfall changes at La Mercy (-11, +3 and +14%) (see Table 1).
Scenarios were generated using the Delta method (Wilby et al., 2004; Ramirez-Villegas and
Jarvis, 2010), whereby the observed daily time series was adjusted to impose monthly
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temperature changes (difference between a GCM’s future and baseline period) and
percentage changes in rainfall.
Table 1. Cropping details, baseline and future (average of three Global Circulation Model
estimates) long-term annual rainfall, maximum daily air temperature (TMAX), minimum daily
air temperature (TMIN), and simulated average daily canopy cover (fractional interception of
photosynthetically-active radiation), cumulative seasonal evapotranspiration (ET), cumulative
seasonal irrigation demand, cane and sucrose yield for the three sites studied. Italicised values
in parentheses show standard deviation of GCM-estimated average values.
Site
Climate scenario
Coordinates and
altitude
Weather station

La Mercy
Baseline

Pongola

Future

Baseline

Malelane

Future

Baseline

Future

29°34'30" S; 31°08'45" E

27°24'50" S; 31°35'35" E

25°28'36" S; 31°32'08" E

(72 m)

(308 m)

(301 m)

Tongaat-Klipfontein

Pongola

Malelane-Mhlati

1023
(102.5)
28.8
(0.47)

707

683
(32.6)
30.9
(0.68)

998

TMAX (°C)

25.6

TMIN (°C)

15.4

18.6

15.5

19.0

15.4

19.1

Crop start dates

1 Apr,
1 Oct

1 Apr,
1 Oct

1 Apr,
1 Oct

1 Apr,
1 Oct

1 Apr,
1 Oct

1 Apr,
1 Oct

Age at harvest
(months)

12

12

12

12

12

12

Row-spacing (m)

1.2

1.2

1.4

1.4

1.4

1.4

Days to 80% canopy
(d)

119.2

78.4 (3.44)

106.0

71.3 (4.33)

96.8

66.9 (3.79)

Canopy cover (%)

74.4

ET (mm)

1082

Irrigation demand
(mm)

417

Cane yield (t/ha)

110.6

Sucrose yield (t/ha)

13.9

IWUE
(t/ha/100 mm)

7.7

27.4

82.5
(0.68)
1146
(19.6)
474
(24.2)
126.7
(1.39)
14.2
(0.17)
7.2
(0.91)

77.1
1267
737
120.1
14.9
9.1

84.0
(0.83)
1348
(27.4)
830
(12.2)
132.4
(1.50)
14.3
(0.36)
8.1
(0.59)

559

520
(12.4)
33.0
(0.81)

Rainfall (mm)

29.3

79.1
1371
934
125.8
15.4
9.0

84.9
(0.71)
1462
(34.0)
1057
(32.6)
134.7
(1.54)
13.6
(0.36)
7.9
(0.51)

Results
Under the projected future climate scenarios, rainfall increased on average by 2% at La
Mercy, but decreased by 7% at Malelane and by 3% at Pongola. However, there was
considerable variation in rainfall between GCM projections, particularly at La Mercy
(CV%=10.0) and to a lesser extent at Pongola (CV%=4.77) and Malelane (CV%=2.38).
Future average temperatures increased by between 3.2°C (La Mercy) and 3.7°C (Malelane),
with little variation between GCM projections (Table 1).
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Results presented in Table 1 suggest that irrigated cane yields are expected to increase at all
three sites (15% at La Mercy, 10% at Pongola and 7% at Malelane), due to (i) increased
interception of radiation from accelerated canopy development (as a result of higher future
temperatures) and (ii) the direct CO2 fertilisation effect on photosynthesis (see Figure 1).
Evapotranspiration increased by approximately 6% due to increased canopy cover and
evaporative demand, despite the inhibiting effect on transpiration of elevated [CO2]. As the
crop canopies developed faster in future scenarios, relatively less soil moisture was lost to
non-productive soil surface evaporation. This, combined with elevated [CO2] effects on
transpiration and photosynthesis, improved overall WUE. The combination of the larger
canopy and increased ET meant that irrigation requirements increased by about 12% at all
sites. IWUE decreased by 6%, 11% and 12% respectively at La Mercy, Pongola and
Malelane.

Irrigation WUE
WUE
Irrigation
ET
Radiation interception
Days to 80% canopy
Sucrose mass
Fresh cane yield
-50.0

-40.0

-30.0

-20.0

-10.0

0.0

10.0

20.0

30.0

Climate change impact (% change from baseline)
La Mercy (irrigated)

Pongola (irrigated)

Malelane (irrigated)

Figure 1. The average climate change impact (difference in long term mean values of various
model output variables between future scenarios and the baseline scenario) predicted for the
three sites. The error bars show the range of impacts predicted using the different climate
scenarios projected by the three climate models.

Season-to-season variation in simulated cane yields decreased in future scenarios compared
with the baseline. The coefficient of variation of simulated cane yields decreased from 5.26%
to 3.53% at Malelane, from 7.45% to 4.84% at Pongola, and from 9.76% (baseline) to 7.62%
at La Mercy.
The magnitude of future cane yield increases decreased with increased current climatic
potential as determined by latitude (see Table 1). This is caused primarily by the greater
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response in canopy develop rate to future temperature increases when current temperatures
are at or below the assumed base temperature of 16°C, below which plant development
ceases. The future climate scenario significantly reduced the number of days below 16°C at
La Mercy, while Pongola and Malelane have very few days in the baseline climate that have
daily mean temperatures below 16°C. The physiological impact of the reduction in the
number of future days below 16°C was greater for crops started in April than October in the
La Mercy simulations. This resulted in faster canopy development in the April crops
compared with October crops in future.
Sucrose yields increased at La Mercy but decreased at the warmer, more northerly sites
(Figure 1). This ascribed to the larger crop biomass and higher temperatures for Pongola and
Malelane resulting in relatively larger maintenance respiration (Rm) burdens with less photoassimilate available for sucrose accumulation. The increased Rm effect was strongest at
Malelane (the warmest site) and had the least impact at La Mercy (the coolest site).
Although not directly comparable, the findings of increased cane yields and irrigation
requirements in future are consistent with the findings of Knox et al. (2010), Schulze and
Kunz (2010) and Jones et al. (2012), while the impacts on sucrose yields are less certain.
The study by Singels et al. (2013) highlighted possible shortcomings in the methodology that
apply here as well. A weakness of the climate data used was the assumption of no change in
rainfall distribution, solar radiation and relative humidity – variables that are crucial in
determining the water status of rainfed sugarcane and irrigation requirements. Crop model
aspects that need refinement include simulation of (i) elevated [CO2] effects on crop
photosynthesis and transpiration, and (ii) high temperature effects on crop development,
photosynthesis and respiration.
Conclusions
This simulation study suggests that canopy development of future crops is likely to be much
more rapid than current crops, due to elevated temperatures, especially for autumn crops. The
quicker canopy development led to increased interception of radiation and increased
transpiration. As a result, cane yields are expected to increase, provided that increased
irrigation requirements can be met. Sucrose yields are expected to decrease because of the
additional consumption of photo-assimilate by increased rates of maintenance respiration,
particularly in currently warmer regions. Increased irrigation demand will require increased
capacity to store and convey water to fields.
The study also suggests that climate change impacts are likely to be more favourable for
lower-potential areas such as La Mercy, compared to higher-potential areas such as Malelane.

Future work
Future work includes: (i) crop model refinement to improve simulation of [CO2] and high
temperature impacts; (ii) extending the methodology described in this short paper to use
projections from a larger number of GCMs, at additional sugarcane producing sites in
southern Africa; (iii) investigating crop management approaches and variety traits to
maximise yields under future climatic conditions; and (iv) comparing responses of different
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sugarcane crop models to future environments at sites in South Africa, Australia, Zimbabwe,
Reunion and the USA.

Acknowledgements
Thanks are due to Phillemon Sithole and Shenay Harisunker at the South African Sugarcane
Research Institute (SASRI) for their assistance in preparing baseline weather datasets, and to
the AgMIP community for developing the methodologies used.

REFERENCES
Jones MR, Singels A and Ruane AC (2012). Model-projected climate-induced change in water use
efficiency and irrigation requirements of sugarcane production in South Africa. Proceedings of the
South African National Committee on Irrigation and Drainage 2012 Symposium.
Knox JW, Rodríguez Díaz JA, Nixon DJ and Mkhwanazi M (2010). A preliminary assessment of
climate change impacts on sugarcane in Swaziland. Agricultural Systems 103(2): 63-72.
Marin FR, Jones JW, Singels A, Royce F, Assad ED, Pellegrino GQ and Justino F (2012). Climate
change impacts on sugarcane attainable yield in southern Brazil. Climatic Change 1-13.
Meehl GA, Covey C, Delworth T, Latif M, McAvaney B, Mitchell JFB, Stouffer RJ and Taylor KE
(2007). The WCRP CMIP3 multimodel dataset: A new era in climate change research. Bulletin of
the American Meteorological Society 88(9): 1383-1394.
Nakićenović N, Alcamo J, Davis G, De Vries B, Fenhann J, Gaffin S, Gregory K, Grübler A, Jung T,
and Kram T (2000). IPCC special report on emissions scenarios (SRES).
Ramirez-Villegas J and Jarvis A (2010). Downscaling global circulation model outputs: The Delta
Method Decision and Policy Analysis Working Paper No. 1. International Center for Tropical
Agriculture. http://www.ccafs-climate.org/downloads/docs/Downscaling-WP-01.pdf [accessed 11
March 2013].
Rosenzweig C, Jones JW, Hatfield JL, Ruane AC, Boote KJ, Thorburn P, Antle JM, Nelson GC,
Porter C, Janssen S, Asseng S, Basso B, Ewert F, Wallach D, Baigorria G and Winter JM (2012).
The Agricultural Model Intercomparison and Improvement Project (AgMIP): Protocols and pilot
studies.
Agricultural
and
Forest
Meteorology
170:
166-182.
http://dx.doi.org/10.1016/j.agrformet.2012.09.011
Schulze RE and Kunz RP (2010). Climate change and sugarcane production using the Smith model.
Chapter 12, pp 73-81 In: Schulze RE 2010. Climate Change and the South African Sugarcane
Sector: A 2010 Perspective. University of KwaZulu-Natal, Pietermaritzburg, School of
Bioresources Engineering and Environmental Hydrology, ACRUcons Report 61.
Singels A, Jones MR and van den Berg M (2008). DSSAT v4.5 Canegro Sugarcane Plant Module:
Scientific documentation. South African Sugarcane Research Institute, Mount Edgecombe, South
Africa. 34 pp.
Singels A, Jones MR, Porter C et al. (2010). The DSSAT4.5 Canegro model: A useful decision
support tool for research and management of sugarcane production. Proc Int Soc Sug Cane
Technol 27 (CD-ROM).
Singels A, Jones MR, Marin F, Ruane AC, Thorburn P (2013). Predicting climate change impacts on
sugarcane production at sites in Australia, Brazil and South Africa using the Canegro model. Proc
Int Soc Sug Cane Technol 28 (in press).
Wilby RL, Charles SP, Zorita E, Timbal B, Whetton P and Mearns LO (2004). Guidelines for use of
climate scenarios developed from statistical downscaling methods. IPCC task group on data and
scenario support for impact and climate analysis (TGICA).

189

