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MODELING THE EFFECT OF ELEVATED C02 AND 

CLIMATE CHANGE ON REFERENCE EVAPOTRANSPIRATION 

IN THE SEMI-ARID CENTRAL GREAT PLAINS 

A. Islam, L. R. Ahuja, L.A. Garcia, L. Ma, A. S. Saseendran 

ABSTRACT. Changes in evapotranspiration demand due to global warming will have a profound impact on irrigation wa
ter demand and agricultural productivity. In this study, the effects of possible future anthropogenic climate change on ref
erence evapotranspiration (ET ,J were evaluated using the Penman-Monteith equation. The combined effect of temperature 
and elevated C02 concentrations on ET0 was the major focus of this study. The ET,, under the General Circulation Model 
(GCM) projected climate change scenarios was estimated for a location in Colorado. Multi-model ensemble climate 
change scenarios were generated from 112 Bias Corrected and Spatially Disaggregated (BCSD) projections from the 
World Climate Research Program (WCRP) archive, which cover different levels of greenhouse gas emissions. Results 
showed a decrease in ET0 demand with increases in C02 levels, which greatly moderated the increase in ET0 due to in
creasing temperature. The effect of increases in C02 levels up to 450 ppm offset the effect of about 1°C rise in tempera
ture. Simulation results with projected climate change scenarios, without considering the effects of C02 levels, showed an 
8.3%, 14.7% and 21.0% increase in annual ET,, during the 2020s, 2050s, and 2080s, respectively, when simulation was 
carried out using an ensemble of the 112 projections. When the effect of elevated C02 levels was also considered in com
bination with projected changes in temperature, changes in annual ET0 demand varied from -1.5% to 5.5%, -10.4% to 
6. 7%, and -19. 7% to 6. 6% during the 2020s, 2050s, and 2080s, respectively, depending on the different climate change 
scenarios considered and the relationship or equation used for estimating the effect of elevated C02 on stomata/ resistance 
term in the Penman-Monteith equation. 

Keywords. Climate change, Evapotranspiration, Hybrid delta method, Multi-mode/ ensemble scenario, Penman-Monteith 
equation, Stomata! resistance. 

G
lobal climate change due to the enhanced green
house effect is likely to increase temperatures, 
alter precipitation patterns, and increase the fre
quency of extreme events. According to the 

Fourth Assessment Report of the Intergovernmental Panel 
on Cl imate Change (IPCC), the average global surface 
temperature is projected to increase by I. I °C to 2.9°C for 
low greenhouse gas (GHG) emission scenarios and 2.4°C 
to 6 .4°C for high GHG emission scenarios during 2090-
2099 relative to 1980- 1999 ( IPCC, 2007). Consequently, 
significant changes in different components of the hydro
logical cycle are expected (Nash and Gleick, 1991 ). Evapo
transpiration (ET) is the major component of the hydrologi-
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cal cycle and an important hydrological variable for irriga
tion water management and hydrological modeling. lf a re
gion becomes warmer, leading to increased evaporative 
demand, more irrigation water will be required to maintain 
crop y ields. Uncertainty in the estimation of the potentia l 
evapotranspiration change signal is an important contribu
tor to uncertainty in projections of global freshwater avai l
ability under conditions of climate change. Hence, im
proved understanding of changes in evapotranspiration is 
essential for improving confidence in such projections 
(Kingston et al., 2009). 

Evapotranspiration represents the simultaneous process
es of transfer of water to the atmosphere by transpiration 
and evaporation in a soil-plant system (Allen et al., 1998). 
The potential evapotranspiration demand for a crop de
pends mainly on air temperature, net solar radiation, rela
tive humidity, and wind speed, as well as crop canopy char
characteristics (e.g., canopy height, leaf area index, and 
stomata I conductance). Martin et al. ( 1989) conducted sen
sitivity analyses using the Penman-Monteith (PM) equation 
and showed that evapotranspiration was highly sensitive to 
air temperature, solar radiation, humidity, and stomata! re
sistance. Irmak et al. (2006) conducted sensitivity ana lyses 
for the standardized daily form of the grass-reference 
ASCE-PM equation by increasing and decreasing an indi
vidual climate variable while keeping the other variables 
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and parameters constant. They found that reference evapo
transpiration (ET0 ) was most sensitive to vapor pressure def
icit (YPD) and second most sensitive to wind speed. Elgaali 
et al. (2007) assessed the sensitivity of evapotranspiration to 
climatic variables in the Arkansas River basin in Colorado. 
Their study showed that evapotranspiration was more sensi
tive to changes in temperature and wind speed, while solar 
radiation and relative humidity had only slight impacts. 

Increased atmospheric C0 2 levels have important physi
ological effects on crop plants, such as an increase in pho
tosynthetic rate, leaf area, biomass, and yield, as well as re
duction in stomatal conductance and transpiration per uni t 
of leaf area (Allen, 1990 ; Kimball and Bernacchi , 2006; 
Kimball , 2007). Experimental results have indicated a de
cl ine in stomata! conductance in various plants with in
crease in atmospheric C02 levels, resulting in a reduction 
of transpi ration (e.g., Morison and Gifford, 1983; Field et 
al., 1995; Saxe et al., 1998; Wand et al., 1999; Wullschleger 
et al. , 2002). Total leaf area of some plant types may in
c rease with increased atmospheric C0 2 levels (Saxe et al., 
1998; Wand et al., 1999), leading to increased transpiration 
and potentially offsetting the effect of the reduction in sto
mata! conductance. Wand et al. (1999) reported 24% and 
29% decrease in stomata! conductance and 15% and 25% 
increase in individual leaf area for C3 and C4 species, re
spectively, with doubling of C02 levels. Morgan et al. 
(2011) reported that elevated C0 2 can completely reverse 
the desiccating effects of moderate warmi ng in a semi-arid 
grassland. In semi-arid grass lands, under a warmer and 
C02-enriched environment, the soil water content and 
productivity may be higher than previously expected. 
Ramirez and Finnerty ( 1996) found that the COr induced 
effects on potentia l evapotranspiration (PET) were greater 
than those induced by temperature change for irrigated po
tato agriculture in the San Luis Valley of south central Col
orado. They reported an 18.5% decrease in PET with a 3°C 
increase in temperature and doubling of C02 levels, and a 
39% decrease in PET with a 3°C decrease in temperature 
combined with doubling of C0 2 levels. Martin et al. (I 989) 
found that the effect of higher temperature on evapotranspi
ration could be either moderated or exacerbated by changes 
in the other climatic e lements (radiat ion, humidity, wind) 
and in plant factors (leaf area index, stomata! resistance). 
They reported changes in evapotranspiration of about -20% 
to +40% depending on the ecosystem, climate, and plant 
type. McKenney and Rosenberg ( 1993) demonstrated that 
the sensitivity of potential evapotranspiration to changes in 
c limate can vary by location, by time of year, and by di ffer
ences in the climatic factors considered. Thus, for studying 
the effect of global warming on evapotranspiration, chang
es in temperature and other climatic variables and changes 
in plant growth and stomata l resistance caused by rising 
C0 2 levels need to be considered on a regional basis (Mar
tin et al. , 1989; Rosenberg et al., 1989; Allen et al., 199 1 ). 
The ET0 is an important parameter and is used by scientists, 
extension workers, and growers as an agroclimatic indica
tor to quantify crop water needs and to schedule irrigation. 
Study on the effect of C0 2 and climate change on ET0 in 
semi-arid regions is needed, as there is a widely held per
ception that temperature changes will dramatically increase 
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the evapotranspiration demand in future years. 
There are several methods for estimation of reference 

evapotranspiration (ET0 ), of varying complexity, with some 
requi ring just one atmospheric variable (e.g., temperature) 
and others requiring several variables (e.g ., temperature, 
relative humidity, solar radiation, wind speed). However, 
their performance varies under different climatic condi
tions. In the context of climate change, changes in atmos
pheric variables other than temperature may have a signifi
cant effect on the overall change in evapotranspiration 
demand. Thus, different ET0 estimation methods could pro
duce different change signals (McKenney and Rosenberg, 
1993; Kay and Dav ies, 2008 ; Kingston et a l., 2009). While 
comparing potential evapotranspiration estimated using six 
commonly used potentia l evapotranspiration methods 
(Penman-Monteith, Hamon, Hargreaves, Priestley-Taylor, 
Blaney-Criddle, and Jensen-Haise) and using the global 
climate change signal of five different GCMs, Kingston et 
al. (2009) reported that the uncertainty between GCMs is 
lower than the uncertainty between methods within each 
individual GCM. The International Commission on Irriga
tion and Drainage (ICID) and the Food and Agricultural 
Organization (FAO) Expert Consultation Committee on 
Revisions of FAO methodologies for crop water require
ments have recommended the FA0-56 Penman-Monteith 
(PM) method as the standard method for estimation of ET0 

(Allen et al., 1998). The FA0-56 method expl icitly incorpo
rates both energy and biophysical parameters. This method is 
based on a hypothetical reference crop with an assumed crop 
height of 0.1 2 m, a fixed surface resistance of 70 s m·1, and 
an albedo of 0.23 and can be used in a wide variety of cli
matic conditions (Allen et al., 1998) without any need for 
adjustments of parameters. This method is also preferable 
for cl imate change impact studies, as it includes the effects 
of changes in more atmospheric variables (Kay and Davies, 
2008; Kingston et al., 2009). Further, the effect of elevated 
C0 2 levels on evapotranspiration can be accounted for by 
modifying the canopy resistance term in the PM equation 
(Ficklin et al., 2009; Paraju li, 2010; Wu et al. , 20 11). 

GCMs are the primary tool for simulating the response 
of the global climate system to increasing greenhouse gas 
concentrations, and they provide estimates of changes in 
climate variables on a coarser scale. Therefore, spat ial 
downscaling to scales more representative of the local area 
of interest is required (Christensen and Lettenmaier, 2007). 
There are a number of GCMs developed by different organ
izations around the world that contributed to the Third 
Coupled Model lntercomparison Project (CMIP3; Meehl et 
a l., 2007). The outputs of different GCMs vary considera
bly, and hence the selection of the best GCM also becomes 
an issue. In the recent years, there has been growing inter
est in the use of ensembles of multiple GCMs and emission 
scenarios in impact assessment studies to account for the 
uncertainty associated with individual GCM proj ections 
(Raff et al., 2009). Rei fen and Toumi (2009) concluded that 
the mean of multi-model ensemble of all the available 
Fourth Assessment Report (AR4) models provided the most 
reasonable basis for obtaining the best projections of future 
climate change. In this study, 112 bias-corrected and spa
tially disaggregated (BCSD) projections from the World 
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Climate Research Program's (WCRP) CMIP3 climate pro
jections archive (Maurer et al., 2007) were used to generate 
four different multi-model ensemble cl imate change scenar
ios using different combinations of GCM projections for 
assessing the impact of climate change on ET0 • The first 
scenario comprised an ensemble of all 112 avai lable projec
tions; the other three scenarios comprised of 36, 39, and 37 
projections representing B 1 (low), A I B (medium), and high 
(A2) emission paths, respectively. 

The present study focuses on the effect of e levated C02 

levels and climate change on evapotranspiration demand in 
the semi-arid Central Great Plains of the U.S. using four 
different multi-model ensemble cli mate change scenarios. 
The sensitivity of the reference evapotranspiration (ET0 ) to 
changes in temperature and elevated C02 levels was first 
evaluated. Changes in ET0 under different climate change 
scenarios with or without the effects of elevated C02 levels 
were then assessed. Further, as stomatal resistance varies 
with plant species, effect of two different forms of C0 2 re
sponse functions were also compared. 

DATA AND METHODOLOGY 
Observed cl imate data for a site in Greeley, Colorado 

( 40.45° N, I 04.64° W) were used as the baseline dataset for 
studying cl imatic change impacts on evapotranspi ration 
demand. Daily weather data (minimum and maximum tem
perature, wind speed, and solar radiation) for the period 
1992-20 I 0 were obtained from the Colorado Agricultural 
Meteorological Network (CoAgmet) website (http://ccc. 
atmos.colostate.edu/- coagmet/). These data were supple
mented by data from a nearby National Climatic Data Cen
ter weather station at the University of Northern Colorado, 
Greeley, for the period 1950- 199 l. Daily gridded observed 
data (1/8° resolution) obtained from the WCRP's Coupled 
Model lntercomparison Proj ect phase 3 (CMIP3) dataset 
(Maurer et al., 2007) were used to fill the gaps in the base da
ta. In order to study the potential impact of the projected cl i
mate change, 11 2 bias-corrected and spatially disaggregated 
(BCSD) projections from the World Climate Research Pro
gram (WCRP) archive (Meehl et a l., 2007) were used. The 

112 BCSD climate projections are comprised of 16 different 
CMIP3 models (table I) with different initial conditions 
(runs) simulating three different GHG emissions scenarios: 
BI (low), A 1 B (medium), and A2 (high) (IPCC, 2007). 

FA0-56 PENMAN-MONTEITH EQUATION 
The Penman-Monteith form of the combination equation 

for estimation of reference evapotranspiration can be ex
pressed as (Allen et al., 1998): 

~(R - G)+p c (es - ea ) 
11 a p 

A.ET - ra (1) 
0 

- ~ + r( I + ~~ ) 
where 

ET0 = reference evapotranspiration (mm d-1
) 

A. = latent heat of vaporization (kPa 0 C-1
) 

R,, = net radiation (MJ m-2 d-1
) 

G = soil heat flux density (MJ m·2 d-1
) 

Pa= density of air (kg m"3) 

Cp = heat capacity of air (MJ kg·1 0 C-1
) 

y = psychrometric constant (kPa 0C-1) 
e,, = saturation vapor pressure (kPa) 
ea = actual vapor pressure (kPa) 
(e,-e0 ) = vapor pressure deficit (kPa) 
!'!,. = slope of the vapor pressure-temperature curve (kPa 

oC-1) 
r0 = bulk boundary layer resistance of the canopy (s m"1

) 

r,, = bulk stomata! resistance of the canopy (s m-1
) . 

For a hypothetical reference crop with an assumed crop 
height of 0.12 m, a fixed surface resistance of 70 s m-1

, and 
an albedo of 0.23, the FA0-56 Penman-Monteith equation 
can be written as (Allen et al., 1998): 

900 
0.40M(Rn -G)+y--u2 (es - ea ) 

ETo = T+273 (2) 
/'!,. +y(I + 0.34 U2) 

where Tis the air temperature (°C) and u2 is the wind speed 
at 2 m height (m s-1

). 

Table 1. Diffe rent GCM scenar ios considered in this study. 
Model WCRPCMIP3 A2 AIB BI 

No. Modeling Group and Country Identification Runs Runs Runs 
I Bjerknes Centre fo r Climate Research, University of Bergen, Norway BCCR-BCM2.0 I I I 
2 Centre for Climate Modeling and Analysis (CCCma), Canada CGCM3 I (T47) 1-5 1-5 1-5 
3 Centre National de Recherches Meteorologiques, Meteo-France, France CNRM-CM3 I I I 
4 CS I RO, Australia CSIRO-Mk3 I I I 
5 NOAA Geophysical Fluid Dynamics Laboratory, U.S. GFDL-CM2.0 I I I 
6 NOAA Geophysical Fluid Dynamics Laboratory, U.S. GFDL-CM2.1 I I I 
7 NASA Goddard Institute fo r Space Studies, U.S. GISS-ER I I I 
8 Institute for Numerical Mathematics, Russian Academy o f Science, Russ ia IN M-CM3.0 I I 
9 lnstitut Pierre Simon Laplace, France 1PSL-CM4 I I I 
10 Center for C limate System Research (University of Tokyo), National Institute for MIROC3.2 (medres) 1-3 1-3 1-3 

Environmental Studies, and Frontier Research Center for Global Change, Japan 
II Meteorological Institute of the Un ivers ity of Bonn (Germany), Meteorological ECHO-G 1-3 1-3 1-3 

Research Inst itute of KMA, Korea 
12 Max Planck Institute for Meteorology, Gennany ECHAM5/MPI-OM 1-3 1-3 1-3 
13 Meteorological Research Institute, Japan MRI-CGCM2.3.2 1-5 1-5 1-5 
14 National Center for Atmospheric Research, U.S. CCSM3 1-4 1-3, 5-7 1-7 
15 National Center for Atmospheric Research, U.S. PCM 1-4 1-4 2-3 
16 Hadle:t Centre for Climate Prediction and Research, Met Office, U.K. UKMO-HADCM3 I I I 

Total: 36 39 37 
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As the stomata! conductance varies with C02 levels, this 
effect can be incorporated into equation 3 by modifying the 
stomata! resistance value for elevated C02 levels. To ac
count for the C02 effect on ET0 , equation 2 can be re
written as: 

900 
0.40M(Rn-G)+y- -u2 (es -e0 ) 

ET = T+273 (3) 

o ti+y(1 + 0.34*u2 ) 
C02-factor 

where "COrfactor" is the factor to account for the effect of 
elevated C02 levels and is computed as the ratio of sto
mata! conductances at a given C02 level and at the baseline 
atmospheric C02 concentration (330 ppm). 

The stomata! conductance at different C02 levels can be 
calculated using different relationships (Allen, 1990; Stockle 
et al., 1992). For simulating the effect of C02 levels on 
evapotranspiration Stockle et al. (1992) developed the fol 
lowing linear relationship for stomata! conductance as a 
function of C02 levels, based on 80 data sets comparing leaf 
conductance at 330 ppm and at 660 ppm of C02 concentra
tion for a wide range of species including C3 and C4 crops: 

[ C02] 
gC02 =g 1.4-0.4 330 (4) 

where gc02 is the modified conductance due to elevated 
C02 levels, g is the conductance without elevated C02 lev
els, and 330 represents the baseline atmospheric C02 con
centration (ppm). Equation 4 is based on experimental ob
servations of a 40% linear decrease in stomata! 
conductance between 330 and 660 ppm C02 concentrations 
(Morison and Gifford, 1983) and has been used in several 
impact assessment studies (Easterl ing et al., 1992; Ficklin 
et al., 2009; Paraj ul i, 20 IO; Wu et al., 2011 ). 

Allen ( 1990) reported stomata! conductance responses 
of soybean (C3 crop), maize or sweet corn (C4 crop), and 
sweetgum (C3 woody species) for C02 levels over the 
range of 340 to I 000 µmo! mor1 and predicted a reduction 
in stomata! conductance of 4 1 %, 4 7%, and 39% for soy
bean, sweet corn, and sweetgum, respectively, at a C02 
concentration of 660 µ mol mo r 1 with respect to 330 µmo! 
mor 1

• As the FAO-S6 Penman-Montei th equation is based 
on a hypothetical crop of 0.1 2 m height, genera lly accepted 
as a grass reference crop similar to perennial ryegrass (C3 
type grass), in this study the C02 response function for 
soybean (C3 crop) was selected, and the following relation
ship (Allen, l 990) is used: 

g= 0.048S-7.00x10-5 (C02 ) 
(S) 

Equation S is valid for 340 to 1000 ppm C02 concentra
tions and covers most of the projected ranges of C02 in
crease from 600 (B l emission path) to 12SO ppm (A2) by 
the year 2100 (IPCC, 2007). Extrapolation of equation 4, 
which is valid in the range of 330 to 660 ppm, beyond 
660 ppm wi ll result in greater decrease in stomata! con
ductance (fig. I) and lower estimation of ET0 (large de-
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Figure l. Effect of elevated C02 on stomata I conductance. 

crease in ET0). In this study, C02 levels up to 930 ppm 
were considered, and equations 4 and S were used to com
pare the effects of inclusion of different C02 response func
tions within the PM equation for estimating ET0 • Consider
ing that equations 4 and S are valid for the stomata! 
conductance of0.12 m tall C3 species of grass with a canopy 
resistance of 70 s m·1

, the COrfactor in equation 3 was com
puted and the daily ET0 was estimated using the procedure 
described in the FAO-S6 guidelines (Allen et a l., 1998). 

For estimating actual vapor pressure from temperature 
data (in the absence of relative humidity data), dew point 
temperature may be assumed to be near to the minimum 
temperature (i.e., Tdew = T,,,;,,) (Allen et al., 1998). However, 
in this study, the following empirical relationship, which 
has been developed using daily observed minimum and 
maximum temperature data at several locations in the 
northern U.S. Great Plains, i.e., Akron (Colo.), Gettysburg 
(S.D.), Gordon (Neb.), Hays (Kans.), Mead (Neb.), and 
North Platte (Neb.), was used to estimate the dew point 
temperature (Hubbard et al., 2003): 

Tdew = -0.0360T,11ax + 0. 9679T,,,;n 

+0.0072(T,11ax -T,11;n) + 1.0 l 19 

EVALUATION OF ET 0 SENSITIVITY TO 
TEMPERATURE AND C02 CHANGES 

(6) 

The combined effect of temperature and elevated C02 

levels was studied by varying the temperature from 1°C to 
S°C and the C02 level from 4SO to 900 ppm. This range of 
temperature increases corresponds to the prediction of most 
of the GCMs for the study area. Different climate models 
project that Colorado will be l.4°C warmer (1.S°C to 
3.S°C) by 202S relative to the 19S0-1999 baseline and 
2.2°C warmer (2.S°C to S.S°C) by 20SO (Ray et al., 2008). 
As per the IPCC report (IPCC, 2007), C02 levels may 
reach 600, 8SO, and 12SO ppm by 2100 under the BI (low), 
A !B (medium), and A2 (high) emission scenarios, respec
tively. For the sensitivity analysis, five different C02 levels 
(i.e., 4SO, 600, 660, 7SO, and 900 ppm) were considered. 

CLIMATE CHANGE SCENARIO GENERATION 

The most commonly used method for climate change 
scenario generation is to apply GCM scales projections in 
the form of change factors (CF), i.e., the "delta change" or 
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"perturbation" method (Hay et al., 2000; Ragab and Pru
dhomme, 2002). In th is method, the differences between 
(or the ratio of) control and future climate simulations are 
applied to historical observations by simply adding (or mu!
tiplying) the change factor to daily observed dat~. ~his 
method does not account for variab ility or change m time 
series behavior in the future. Hamlet et al. (20 I 0) reported a 
downscaling technique called the hybrid-delta (HD) meth
od, which uses BCSD monthly time series of temperature 
and precipitation data downscaled to fine-scale grids (I /8° 
resolution). For c limate change scenario generation using 
the HD method, BCSD monthly data for the selected loca
tion (grid point) were disaggregated into individual calen
dar months, and the cumulative distribution funct ion (CDF) 
for each of the month was developed for historical (1950-
1999) and future time periods (2020s, 2050s, and 2080s), 
which are referred to as historical and future CDFs, respec
tively. Similarly, the CDF for each month was developed 
from the observed time series data (I 950-1999), referred to 
as observed CDF. Then for each month, quantile mapping 
(Wood et al., 2002) was done to re-map the observations 
onto the bias-corrected GCM data to produce a set of trans
formed observations reflecting the future scenario. In other 
words, for a given observed temperature for a given month, 
non-exceedance probabil ity was first computed from the 
observed CDF. Then, corresponding to this non-exceedance 
probability level, the historical and future temperature_ val
ues from their respective CDFs were computed. The differ
ence between the future and historical temperature values 
was the resu ltant change factor. Thus, in this method, 
50 factors were generated for each month (one for each 
year for the period 1950-1999) as compared to one fact~r 
for each month in the case of the delta change method. This 
method allowed for consideration of interannual variabil ity 
for each month. For creating an ensemble of n projections, 
n number ofBCSD projections were considered while con
structing a historical and future CDFs. Using the above 
methodology, the following multi-model ensemble climate 
change scenarios were generated in th is study: 

SI: Ensemble of all 112 available projections (table 1 ). 
S2: Ensemble of 37 projections representing the lower 

(BI) emission path. 
S3: Ensemble of 39 projections representing the middle 

(A I B) em ission path. 
S4: Ensemble of 36 projections representi ng the higher 

(A2) emission path. 
For simulating the impact of projected climate change 

on ET0 , the projected changes in temperature corresponding 
to the above four scenarios were superimposed on the ob
served baseline data series for the period 1950-1999. Simu
lation runs were made using the above four ensemble sce
narios with and without elevated C02 levels for three dif
different periods: 2020s (representing 2010-2039), 2050s 
(2040-2069), and 2080s (2070-2099). For the B 1, A I B, and 
A2 emission paths, C02 levels of 600, 850, and 1250 ppm 
by 2 100 were considered (TPCC, 2007). For the ensemble 
of the 11 2 projections, the average C02 level for the three 
emission paths was considered. 
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RESULTS AND DISCUSSION 
EFFECT OF TEMPERATURE AND ELEVATED C02 ON ETo 

The combined effects of changes in temperature and 
C02 levels on reference evapotranspiration, estimated using 
equation 5 within the PM equation (eq. 3), indicated an in
crease in the annual ET0 demand from 1300 mm under the 
baseline scenario (no change in temperature and 330 ppm 
C02 concentration) to 1692 mm with a 5°C incr~ase in 
temperature and 330 ppm C02 concentration (fig. 2). Thus, 
there is about a 30% increase in annual ET0 with a 5°C in
crease in temperature and a C02 concentration of 330 ppm . 
Every I °C rise in temperature resulted in about a 6% in
crease in annual ET0 with C02 levels less than 450 ppm, 
but this value decreased to about a 5% with C02 levels of 
900 ppm (fig. 2). If the temperature remains constant, th_en 
there is a decrease in ET0 with increase in C02 levels. With 
doubling of the C02 concentration (660 ppm) and no 
change in temperature, annual ET0 demand was estimated 
as 11 47 mm, indicating about a 12% decrease in annual 
ET0 as compared to the baseline value. An increase of 5°C 
in temperature coupled with doubling of C02 levels result
ed in a 15.5% increase in annual ET0 • Simulating the com
bined effect of temperature and elevated C02 levels also 
showed that the effect of increase in C02 levels up to 
450 ppm was offset by about a I °C rise in temperat_ure, 
whereas the effect of doubling the C0 2 concentrations 
(660 ppm) was offset by about a 2°C ri se in temperature. 
Monthly analysis showed an increase in ET0 in most of the 
months at a 2°C temperature rise and C0 2 concentrations of 
450 ppm (table 2) with a maximum increase of 0.4 mm _d· 1 

in mean monthly ET0 during May. However, the relative 
changes (%)with respect to the baseline scenarios showed 
maximum and minimum increase in ET0 during December 
and July, respectively. With a 4°C temperature rise, there 
was an increase in monthly ET0 for all months with a C02 
level up to 900 ppm when equation 5 was used for estima
tion of the C02 effect on stomata( conductance. However, 
equation 4 resulted in a decrease in mean monthly ET0 at a 
C02 concentration of900 ppm and temperature rise of 4°C. 

A comparison of the different relationships ( eqs. 4 and 5) 
used for estimating the C0 2 effects on ET0 (table 2) showed 
that both the equations produced similar results for C02 level 
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Figure 2. Effect of changes in temperature and CO, concentration on 
reference cvapotranspiration. 
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Table 2. Effect of temperature and CO, changes on the reference evapotranspiralion. 
Reference Evapotranspiration (mm d"'i'1 

Temperature 450ppm 660 ppm 750 ppm 900 ppm 
Change Month Base A s A s A s A s 

2°C January 1.5 1.8 1.8 1.5 1.4 1.4 1.3 1.3 0.9 
February 2.0 2.2 2.2 1.9 1.8 1.8 1.7 1.7 1.2 
March 2.7 3.0 3.0 2.7 2.6 2.5 2.3 2.4 1.8 
April 3.8 4. 1 4. 1 3.7 3.6 3.5 3.3 3.4 2.6 
May 4.8 5.2 5.2 4.8 4.6 4.6 4 .3 4.4 3.6 
June 5.9 6.2 6.2 5.8 5.7 5.7 5.4 5.5 4.6 
July 6.0 6.3 6.3 6.0 5.9 5.9 5.7 5.7 5.0 

August 5.3 5.6 5.6 5.3 5.2 5.2 5.0 5.0 4.4 
September 4 .2 4.5 4.5 4.2 4.1 4. 1 3.9 3.9 3.3 

October 3. 1 3.3 3.3 3.0 2.9 2.9 2.7 2.8 2. 2 
November 1.9 2. 1 2.1 1.9 1.8 1.8 1.6 1.7 1.2 
December 1.4 1.7 1.7 1.4 1.4 1.4 1.2 1.3 0.9 

4°C January 1.5 2. 1 2. 1 1.8 1.7 1.7 1.6 1.6 I.I 
February 2.0 2.6 2.6 2.3 2.2 2.2 2.0 2.0 1.5 
March 2.7 3.5 3.5 3.1 3.0 2.9 2.7 2.8 2.1 
April 3.8 4.6 4.6 4.2 4.0 4.0 3.7 3.8 3.0 
May 4 .8 5.7 5.7 5.2 5. 1 5. 1 4.8 4.9 4.0 
June 5.9 6.6 6.6 6.3 6.1 6. 1 5.8 5.9 5.0 
July 6.0 6.7 6.7 6.4 6 .3 6.3 6. 1 6. 1 5.4 

August 5.3 6.0 6.0 5.7 5.6 5.6 5.4 5.4 4.7 
September 4.2 4.9 4.9 4.6 4.5 4.5 4.3 4.3 3.6 

October 3.1 3.7 3.7 3.4 3.3 3.3 3. 1 3. 1 2.5 
November 1.9 2.5 2.5 2.2 2. 1 2. 1 1.9 2.0 1.5 
December 1.4 2.0 2.0 1.7 1.7 1.6 1.5 1.5 I. I 

l•I Base - ET. with respect to base value (no change in temperature and C02) , A = Allen (1990) equation 5 is used for CO, effects, 
and S = Stock le et a l. ( 1992) equation 4 is used for C0 2 effects. 

of 450 ppm. For C0 2 levels greater than 660 ppm, equation 4 
resulted in lower ET0 estimates (greater decrease in ET0 ) as 
compared to equation 5. This is due to the linear extrapola
tion of equation 4 beyond 660 ppm, as it estimated a greater 
decrease in stomata! conductance as compared to equation 5 
with C0 2 levels above 660 ppm, as shown in figure l . 

EFFECT OF CLIMATE CHANGE SCENARIO ON ET0 

Climate change scenarios generated using the hybrid delta 
ensemble method showed large interannual variability in 
temperature increase during different months (fig. 3). How
ever, average increase in temperature during different months 
varied in the range of 0.97°C (Nov.) to I .75°C (Aug.), and 
l .00°C (Apr.) to 1.73°C (Aug.) under the low (S2) and high 
(S4) emission scenarios, respectively, during the 2020s. Dur
ing the 2080s, average increase in temperature during differ
ent months varied in the range of 2. l 8°C (Mar.) to 3.26°C 
(Sept.), and 3.37°C (Mar.) to 5.43°C (Sept.) under the low 
(S2) and high (S4) emission scenarios, respectively. 

Simulation results with projected changes in tempera
ture, without considering the effect of elevated C0 2 con
centrations, showed an increase in ET0 for all the scenarios 
(fig. 4). The comparison of ET0 estimated using different 
scenarios showed that during the 2020s, all the scenarios 
(without considering the effect of C0 2 levels) produced 
similar results, with an average annual ET0 demand ranging 
from 1404 (S4) to 1412 mm (S3) compared to the baseline 
annual ET0 demand of 1300 mm. During the 2050s and 
2080s, the estimated annual ET0 demand ranged from 1462 
(S2) to 1511 mm (S3) and from 1508 (S2) to 1633 mm 
(S4), respectively. The increase in annual ET0 demand 
ranged from 7.9% to 8.6%, from 12.5% to 16.2%, and from 
16.0% to 25.6% during the 2020s, 2050s, and 2080s, re
spectively. These changes depended on the cli mate change 
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scenario being considered. Under the high emission scenar
io (A2), there was a 7.9%, 15.5%, and 25.6% increase in 
ET0 during the 2020s, 2050s, and 2080s, respectively (ta
ble 3). Under the low emission scenario (B l ), there was an 
8.4%, 12.5%, and 16.0% increase in annual evapotranspira
tion demand during the 2020s, 2050s, and 2080s, respec
tively. Simulation with the ensemble of all 11 2 projections 
(which includes projections from all three emission scenar
ios), resulted in 8.3%, 14.7%, and 2 1.0% increases in annu
al ET0 during the 2020s, 2050s, and 2080s, respectively. 

Simulation results showed an increase in annual ET0 (as 
compared to the baseline ET0 ) during the 2020s for all the 
scenarios, even when the effect of elevated C02 concentra
tions was considered along with projected changes in tem
perature, except for the high emission scenario (S4) (fig. 4). 
ln the case of the high emission scenario (S4), changes in 
ET0 during the 2020s were almost negligible, and estimated 
ET0 resulted in a similar cumulative distribution curve as 
that of the baseline when the effect of increased C0 2 con
centrations was considered along with the changes in tem
perature. During the 2080s, there was a decrease in annual 
ET0 for all scenarios except the low emission scenario (S2) 
when equation 4 was used with the PM equation. When 
equation 4 was used, under the high emission scenario (S4) 
the changes in annual ET0 ranged from -19.7% (2080s) to 
0.6% (2020s), whereas for the low emission scenario (S2) it 
ranged from 5.5% (2020s) to 6.6% (2080s). However, 
when equation 5 was used for estimating the C02 effect on 
stomata! conductance, the estimated change in annual ET0 

varied in the range of -2.5% (2050s) to 2.7% (2080s), and 
5.5% (2020s) to 7.2% (2080s) under the high (S4) and low 
(S2) emission scenarios, respectively. In general, applica
tion of equations 4 and 5 for estimating the C0 2 effect on 
stomata! conductance produced comparable results with 
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Figure 3. lnterannual variability in the projected changes in temperature during different months. 

projected changes in temperature at lower C02 levels; how
ever, at higher C02 levels, particularly during the 2080s un
der the high emission scenario (S4), there was a large varia
tion in ET0 • These results suggest the need for interpreting 
the results with caution when using different relationships 
for estimating the effect of C02 levels on stomata) conduct
ance, which affects ET0 • The effect of rising temperature 
was almost mitigated by increasing C02 levels, with ET0 

changes remaining below 10% in most of the cases. 
Monthly analysis (table 3) showed variations in the 

changes in ET0 during different months. The magnitude of 
changes, as compared to the baseline, in ET0 during differ
ent months varied in the range of 0.2 to 0.4 mm d-1 during 
the 2020s for all scenarios under the projected changes in 
temperature. During the 2080s, the changes in ET0 during 
different months varied in the range of 0.5 to 1.0 mm d-1

, 

0.4 to 0.8 mm d- 1
, 0.6 to 1.0 mm d-1

, and 0.7 to 1.2 mm d-1 

under the SI, S2, S3, and S4 scenarios, respectively. The 
relative changes in ET0 demand (with respect to the base
line scenario of no change in temperature and C02 concen
tration of 330 ppm) during different months varied in the 
range of 5.9% to 13.5%, 9 .9% to 24.9%, and 13.4% to 
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38.0% during the 2020s, 2050s, and 2080s, respective ly, 
with projected changes in temperature under the SI scenar
io (ensemble of all 112 projections). It should be noted that 
the magnitude of change in ET0 was maximum during May 
and minimum during December-January in most of the cas
es. But while comparing relative changes(%) with respect 
to the baseline scenario, Ju ly recorded the minimum in
crease in ET0 and January-December recorded the maxi
mum increase in ET0 demand with the projected changes in 
temperature for all the scenarios. With projected changes in 
temperature under the high emission scenario (S4), a max
imum ET0 increase of26% (Dec.-Jan.) and 45% (Dec.-Jan.) 
was estimated during the 2050s and 2080s, respectively. 
When the effect of C02 level was considered by using 
equations 4 and 5, both equat ions produced similar monthly 
ET0 values during the 2020s. However, during the 2080s 
under the high emission scenario (S4), changes in ET0 dur
ing different months varied in the range of -33.7% (Dec.) to 
-10.0% (Aug.) when equation 4 was used. Equation 5 re
sulted in -4.5% to 7.2% change in ET0 during the same pe
riod for the high emission scenario (S4). 
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Figure 4. Projected effect of climate changes on the probability distribution function of annual ET. during the 2020s, 2050s, and 2080s, with and 
without considering the effect of CO, levels under different climate change scenarios. "No CO," indicates that the effect of C02 levels is not con
sidered, "A" indicates C0 2 effects included using the Allen (1990) equation S, and "S" indicates C02 effects included using the Stockle et al. 
(1992) equation 4. 
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Table 3. Projected changes in reference cvapotranspiration with and without considering the effects of CO, levels under different projected cli-
mate change scenarios. 

Scenario co, Reference Eva122transQiration (mm d·12 
and Period1' 1 (QQm)lhf Annua1l•I Jan. Feb. Mar. A Qr May June July Aug. Se Qt. Oct. Nov. Dec. 

Base 330 1.5 2.0 2.7 3.8 4.8 5.9 6.0 5.3 4.2 3.1 1.9 1.4 1300.4 
SI: Ensembles of 112 proj ections covering all the three emission paths 

2020s 330 1.7 2.2 3.0 4.1 5.2 6.3 6.4 5 .7 4.6 3.4 2.1 1.6 1408.2 
2050s 330 1.9 2.4 3.2 4.3 5.5 6 .5 6 .6 5.9 4.9 3.7 2.3 1.8 1492.0 
2080s 330 2.1 2.6 3.4 4.5 5.8 68 6.8 6. 1 5.1 3.9 2.5 2.0 1573.8 
2020s 460 A 1.6 2.0 2.8 3.8 5.0 6 .1 6.2 5.5 4.4 3.2 1.9 1.5 1346.5 
2050s 623A 1.6 2.0 2.7 3.8 5.0 6.1 6.2 5.6 4.5 3.2 1.9 1.5 1340.6 
2080s 790A 1.6 2.0 2.6 3.7 4.9 6.0 6.2 5.6 4.5 3.2 1.9 1.4 1330.8 
2020s 460S 1.6 2.0 2.8 3.8 5.0 6.1 6.2 5.5 4.4 3.2 1.9 1.5 1345.9 
2050s 623 s 1.5 1.9 2.7 3.7 4.9 6.0 6.2 5.5 4.4 3.2 1.9 1.4 1319.0 
2080s 790 s 1.3 1.7 2.3 3.3 4.5 5.6 5.9 5.3 4.2 2.9 1.7 1.3 1224.7 

S2: Ensembles of 37 projections representing the B I (low) emission scenario 
2020s 330 1.7 2.2 3.0 4. 1 5.2 6.2 6.4 5 .7 4.6 3.4 2.1 1.6 1409.0 
2050s 330 1.9 2.3 3. 1 4.2 5 .4 6.4 6.5 5.8 4.8 3.6 2.2 1.7 1462.4 
2080s 330 2.0 2.5 3.2 4.4 5.6 6.6 6.6 5.9 4.9 3.7 2.3 1.8 1508.0 
2020s 410A 1.7 2. 1 2.9 4.0 5.1 6.1 6.3 5.6 4.5 3.3 2.0 1.6 1371.8 
2050s 480A 1.7 2.1 2.9 4.0 5.1 6.2 6.4 5.6 4.6 3.4 2.0 1.6 1388.6 
2080s 550A 1.7 2.2 2.9 4.0 5.2 6.2 6.4 5.7 4.6 3.4 2.1 1.6 1394.5 
2020s 410S 1.7 2.1 2.9 4.0 5 .1 6.1 6.3 5.6 4.5 3.3 2.0 1.6 1372.3 
2050s 480 s 1.7 2. 1 2.9 4.0 5.1 6.2 6.3 5.6 4.6 3.3 2.0 1.6 1386.9 
2080s 550 s 1.7 2. 1 2.9 3.9 5.1 6.2 6.3 5.6 4.6 3.4 2.0 1.6 1386.4 

S3: Ensembles of 39 projections representing the A 1 B (medium) emission scenario 
2020s 330 1.7 2.2 3.0 4.1 5.2 6.3 6.4 5.7 4.6 3.4 2.1 1.6 1411.9 
2050s 330 2.0 2.4 3.2 4.4 5 .6 6.6 6 .7 6.0 4.9 3.7 2.3 1.8 1510.9 
2080s 330 2.1 2.6 3.4 4.6 5.8 6.8 6.8 6 .2 5.2 3.9 2.5 2.0 1582.9 
2020s 450A 1.6 2.0 2.8 3.9 5.0 6.1 6.3 5.5 4.5 3.3 2.0 1.5 1355.2 
2050s 600A 1.6 2.0 2.8 3.9 5.1 6.2 6.3 5.6 4.6 3.3 2.0 1.5 1370.5 
2080s 750A 1.6 2.0 2.7 3.8 5 .0 6.1 6 .3 5 .6 4.6 3.3 2.0 1.5 1357.4 
2020s 450S 1.6 2.0 2.8 3.9 5.0 6.1 6 .2 5.5 4.5 3.3 2.0 1.5 1354.8 
2050s 600S 1.6 2.0 2.7 3.8 5.0 6.1 6.3 5.6 4.5 3.3 1.9 1.5 1354.0 
2080s 750S 1.5 1.8 2.5 3.5 4.7 58 6.1 5.4 4.4 3. 1 1.8 1.4 1279.9 

S4: Ensembles of 36 projections representing the A2 (high) emission scenario 
2020s 330 1.7 2.2 3.0 4.0 5.2 6.2 6.4 5.6 4.6 3.4 2. 1 1.6 1403.7 
2050s . 330 1.9 2.4 3.2 4.3 5 .5 6.6 6.7 6.0 4.9 3.7 2.3 1.8 1502. 1 
2080s 330 2.2 2.7 3.5 4.7 6.0 7.0 7.0 6 .3 5.3 4. 1 2.6 2.1 1632.6 
2020s 520A 1.5 1.9 2.7 3.7 4.9 5.9 6 .1 5.4 4.3 3.1 1.9 1.4 1311.9 
2050s 790A 1.4 1.8 2.5 3.5 4.7 5.8 6 .1 5 .4 4.3 3.0 1.8 1.3 1267.9 
2080s 930A 1.5 1.9 2.6 3.7 4.9 6.1 6 .3 5 .6 4.5 3.3 1.9 1.4 1335.6 
2020s 520 s 1.5 1.9 2.7 3.7 4.8 5.9 6 .1 5.4 4.3 3.1 1.9 1.4 1307.4 
2050s 790 s 1.2 1.6 2.2 3.2 4.3 5.5 5.8 5 .1 4.0 2.7 1.5 1.2 1165.9 
2080s 930 s 1.0 1.3 1.8 2.7 3.8 5.0 5.4 4.8 3.7 2.4 1.3 1.0 1044.0 

l•i Base= ET. with respect to base value (no change in temperature and C0 2); 2020s = 2010-2039, 2050s = 2040-2069, and 2080s = 2070-2099. 
fhl 
(cf 

A= Allen ( 1990) equation 5 is used for CO, effects, and S = Stock le et al. ( 1992) equation 4 is used for C02 effects. 
Annual ET, in mm. 

To get an idea of changes in ET0 for taller crops, we also 
simulated ET0 with a tall crop (similar to alfalfa) reference 
surface [with numerator (Cn) and denominator (Cd) con
stants of I 600 °C mm sJ Mg·' s·' and 0.38 s m·1

, as com
pared to C11 = 900 °C mm sJ Mg·1 s·' and Cd = 0.34 s m·' in 
the FA0-56 PM equation (eq. 2) for a short crop similar to 
grass] for daily reference ET0 (ASCE-EWRI, 2005). The 
results showed that the annual ET0 estimated using the tall 
grass reference was about l.35 times higher than short 
grass reference ET0 (fig. 5). When the effect of C02 on 
stomata] conductance was simulated within the PM equa
tion using the C4 (maize) equation (A llen, 1990), it resul ted 
in lower ET0 estimates as compared to that of ET0 estimat
ed using the C3 (soybean) equatio n (fig. 5). For example, 
during 2080 under the S I scenario (ensembles of a ll 
112 projections), changes in the annual ET0 were about 
2.4% and -2.8% for C3 (soybean) and C4 (maize) crops, re
spectively, when ET0 was estimated using a short crop 
(similar to grass) reference surface PM equation. In the 
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case of a tall crop (similar to alfalfa), the changes ET0 were 
about 3.9% and -1.8% for C3 (soybean) and C4 (maize) 
crops, respectively, during the 2080s under the Sl scenario. 
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Figure 5. Annual ET, for CJ and C4 crops estimated using the PM 
equation with short and tall crop reference surfaces. 
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Thus chanoes in ET depend on the scenarios considered, 
' 0 0 

month or season of the year, reference surface considered 
for the PM equation, and how the effect of changes in the 
stomata( resistance term (due to change in C0 2 levels) is 
included in the PM equation. 

The results presented in this study indicate plausible 
changes in ET0 under projected changes in temperature and 
increased atmospheric C0 2 concentrations. The ETo was 
estimated following the guidelines suggested for estimation 
of ET

0 
using the FA0-56 Penman-Monteith method. This 

method has been recommended as the sole standard method 
and has been applied in wide range of locations and climat
ic conditions. One of the major limitations of this method is 
its relatively high data requirement. This method is based 
on a hypothetical reference crop with an assumed crop 
height of0. 12 m and a fixed surface resistance of70 s m·1

• 

The surface resistance varies with time of day and with 
time of year. Assuming a constant surface resistance term is 
perceived as weakness of this method, as surface resistance 
may change with climate and weather parameters, variation 
in day length, or differences between daytime and 
nighttime wind (Pereira et al., 1999). The effect of plant 
physiology is considered by a stomata( conductance term in 
the equation, which again varies from one crop to another, 
and different varieties can be affected differently. 
Gholipoora et al. (20 I 0) reported marked variation among 
sorghum genotypes in transpiration response to VPD, with 
17 genotypes identified as exhibiting a breakpoint in their 
VPD response in the range from 1.6 to 2.7 kPa, above 
which there was little or no further increase in transpiration. 
Paw U and Gao (1988) pointed out that the PM equation 
can introduce errors of up to 20% when the surface temper
ature exceeds the air temperature because the model uses a 
linearized form of the saturation vapor pressure function. 
However, they found that the PM equation yielded suffi
ciently accurate estimates of evapotranspiration when data 
from a semi-arid climate were used. McArthur ( 1990) re
ported that the value of the slope of the vapor pressure
temperature curve (t.) depends on both surface and air tem
perature and suggested a simple iterative procedure to e lim
inate this error. In this study, the equations used for estimat
ing the effect of increased C02 concentrations on stomata( 
conductance are assumed to remain val id for the stomata! 
conductance estimated using a 0.12 m tall C3 species of 
grass with a canopy resistance of 70 s m·1

• Most of the rela
tionships describing plant physiological response to elevated 
C02 are based on controlled environment experiments (Al
len, 1990; Long et al., 2006). However, there are large differ
ences in reported changes in leaf area index and stomata! 
conductance among various experimental studies (Allen et 
al., 199 l ). Due to the uncertainty associated with projected 
climate change scenarios and uncertainties in the nature and 
magnitude of plant physiological response to climate change, 
there remains uncertainty in the precise magnitude of pro
jected changes in ET0 • However, these simulation results 
provide valuable information on possible impacts of climate 
change on evapotranspiration demand, an important compo
nent of water balance and hydrological modeling studies. 
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SUMMARY AND CONCLUSIONS 
For studying the effects of different projected climate 

change scenarios on reference evapotranspiration in future 
years (2020s, 2050s, and 2080s), four multi-model ensem
ble scenarios were generated from 112 bias-corrected and 
spatially disaggregated (BCSD) projections from the World 
Climate Research Program (WCRP) archive by varying the 
number of projections from 36 to 112. Results of the differ
ent simulation studies showed an increase in reference 
evapotranspiration (ET0 ) with changing climate (increase in 
temperature, as projected by most GCMs), but the impact 
of increasing temperatures was almost offset by increasing 
C02 levels. Sensitivity analysis showed that the effect of a 
1°C rise in temperature was offset by an increase in C02 
levels up to 450 ppm, whereas the effect of a 2°C tempera
ture rise was offset by C02 concentrations of 660 ppm. The 
simulation results also showed that different empirical rela
tionships used for incorporating the effect of C02 levels on 
stomata) conductance in the Penman-Monteith equation re
sulted in comparable ET0 at lower C02 concentrations, but 
at higher C02 levels there was large variations in estimated 
ET

0
• The ensemble scenario generated using all the availa

ble 112 projections resulted in an 8.3%, 14.7%, and 2 1.0% 
increase in annual ET0 demand during the 2020s, 2050s, 
and 2080s, respectively. When the effect of C02 levels was 
considered along with changes in temperature, the changes 
in evapotranspiration demand varied in the range of 0.5% 
to 5.5%, -10.3% to 6.8%, and -19.7% to 7.2% during the 
2020s, 2050s, and 2080s, respectively, depending on the 
climate change scenario and the equation used for estimat
ing the effect of C02 level on stomata( conductance. The 
simulation results showed a variation in changes in ETo 
demand depending on the climate change scenario, month 
of the year, and how the effect of changes in stomata( re
sistance due to increasing C02 concentrations were consid
ered. 
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