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Three coupled climate–carbon cycle models including CESM (Community Earth System Model), CanEsm (the
Canadian Centre for Climate Modelling and Analysis Earth System Model) and BCC (Beijing Climate Center Cli-
mate SystemModel) were used to estimate whether changes in land hydrological cycle responded to the inter-
active effects of CO2-physiological forcing and CO2-radiative forcing. No signs could be indicated that the
interactive effects of CO2-physiological forcing and CO2-radiative forcing on the hydrological variables (e.g. pre-
cipitation, evapotranspiration and runoff) were detected at global and regional scales. For each model, increases
in precipitation, evapotranspiration and runoff (e.g. 0.37, 0.18 and 0.25 mm/year2)were simulated in response to
CO2-radiative forcing (experiment M3). Decreases in precipitation and evapotranspiration (about−0.02 and−
0.09 mm/year2) were captured if the CO2 physiological effect was only accounted for (experiment M2). In this
experiment, a reverse sign in runoff (the increase of 0.08 mm/year2) in contrast to M3 is presented. All models
simulated the same signs across Eastern Asia in response to the CO2 physiological forcing and radiative forcing:
increases in precipitation and evapotranspiration only considering greenhouse effect; reductions in precipitation
and evapotranspiration in response to CO2-physiological effect; and enhanced trends in runoff from all experi-
ments. However, there was still a large uncertainty on themagnitude of the effect of transpiration on runoff (de-
creased transpiration accounting for 8% to 250% of the increased runoff) from the three models. Two models
(CanEsm and BCC) attributed most of the increase in runoff to the decrease in transpiration if the CO2-
physiological effect was only accounted for, whereas CESM exhibited that the decrease in transpiration could
not totally explain the increase in runoff. The attribution of the CO2-physiological forcing to changes in stomatal
conductance versus changes in vegetation structure (e.g. increased Leaf Area Index) is an issue to discuss, and
among the three models, no agreement appeared.

Crown Copyright © 2013 Published by Elsevier B.V.Open access under CC BY license. 
1. Introduction

There exist twoways of effect of the increasing CO2 concentration in
the atmosphere on climate change and hydrological cycle via its green-
house radiative effect and the effect on plant physiology as reported by
the previous studies (Cramer et al., 2001; Gerten et al., 2007; Boucher
et al., 2009; Cao et al., 2009; Bala et al., 2010; Cao et al., 2010).. The
CO2-physiological forcing influences the biophysical characteristics
(such as stomatal resistance and albedo) and leaf area index (LAI) to
alter the energy and water flux between the biosphere and the atmo-
sphere, via the biophysical and biogeochemical pathways (Piao et al.,
2007; Bala et al., 2011). For example, the elevated CO2 concentration
in the atmosphere is expected to reduce canopy conductance and thus
leads to reduction in canopy transpiration (Field et al., 1995; Cao et al.,
r B.V. Open access under CC BY license.
2009; Barton et al., 2012). This change could induce the decrease in
evapotranspiration (the sum of canopy evaporation, canopy transpira-
tion, and soil evaporation), prompting changes in clouds, and involving
changes in land surface energy budget and surface temperature, thus
constructing changes in the atmospheric water vapour and water
cycle (Boucher et al., 2009; Cao et al., 2010; Andrews et al., 2011).

Some studies have used the experiments produced by models to in-
vestigate the possible response of regional and global hydrological
cycle to physiological and radiative forcing by elevated CO2 levels in the
atmosphere. All of the experiments among various models demonstrate
a significant increase in temperature (Doutriaux-Boucher et al., 2009), a
significant increase in precipitation (Risnen, 2002; Sugi and Yoshimura,
2004), an increase in evapotranspiration (Boucher et al., 2009; Cao
et al., 2010; Andrews et al., 2011), and an increase in runoff (Betts
et al., 2007) at global or regional scales in response to CO2-radiative forc-
ing. There is no guarantee of consistencies in the trends of all the hydro-
logical variables including precipitation, evapotranspiration and runoff
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Fig. 1.Map of regions used in the analysis as defined by Giorgi and Francisco (2000).

Table 1
Percentages of the areas over the 21 regions andworld, where differences between the results of M1 andM2 + M3 are not statistically significant at the 5% level using the student t-test.
Units are %.

ID Region Precipitation Evapotranspiration Runoff Transpiration

CESM CanEsm BCC CESM CanEsm BCC CESM CanEsm BCC CESM CanEsm BCC

1 Australia 100 100 100 100 100 100 100 100 100 100 100 100
2 Amazon Basin 100 100 100 100 100 100 100 100 100 100 100 100
3 Southern South America 100 100 100 100 100 100 100 100 100 100 100 100
4 Central America 100 100 100 100 100 100 100 100 100 100 100 100
5 Western North America 100 100 100 100 100 100 100 100 100 100 100 100
6 Central North America 100 100 100 100 100 100 100 100 100 100 100 100
7 Eastern North America 100 100 100 100 100 100 100 100 100 100 100 100
8 Alaska 100 100 100 100 100 100 100 100 100 100 100 100
9 Greenland 100 100 100 100 100 100 100 100 100 100 100 100
10 Mediterranean Basin 100 100 100 100 100 100 100 100 100 100 100 100
11 Northern Europe 100 100 100 100 100 100 100 100 100 100 100 100
12 Western Africa 100 100 100 100 100 100 100 100 100 100 100 100
13 Eastern Africa 100 100 100 100 100 100 100 100 100 100 100 100
14 Southern Africa 100 100 100 100 100 100 100 100 100 100 100 100
15 Sahara 100 100 100 100 100 100 100 100 100 100 100 100
16 Southeast Asia 100 100 100 100 100 100 100 100 100 100 100 100
17 East Asia 100 100 100 100 100 100 100 100 100 100 100 100
18 South Asia 100 100 100 100 100 100 100 100 100 100 100 100
19 Central Asia 100 100 100 100 100 100 100 100 100 100 100 100
20 Tibet 100 100 100 100 100 100 100 100 100 100 100 100
21 North Asia 100 100 100 100 100 100 100 100 100 100 100 100
22 World 100 100 100 100 100 100 100 100 100 100 100 100
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among differentmodels, responding to CO2-physiological forcing, when
biophysical processes have been coupled to the climate systemmodels
(Kergoat et al., 2002; Gedney et al., 2006; Betts et al., 2007; Gerten et al.,
2007; Piao et al., 2007; Boucher et al., 2009). Given this premise, one of
the most uncertainties simulated by all of the models is the sign of run-
off changes in response to the CO2-physiological forcing (Gedney et al.,
2006; Betts et al., 2007; Piao et al., 2007). This could be contributed to
the large uncertainty behind precipitation and evapotranspiration, be-
cause runoff is generally represented by the difference between the
quantities (precipitation and evapotranspiration) (Piao et al., 2007).
When CO2-physiological forcing is only considered, dissimilar simulat-
ed results for the magnitude and the sign of changes in precipitation
and runoff over the land have been revealed in the previous studies
(Gedney et al., 2006; Piao et al., 2007). For example, associated with
the CO2 physiological effect, a slightly greater precipitation change
had been simulated by HadSM3 (the mixed-layer ocean version of
HadCM3) (Betts et al., 2007). However, a diverse result was suggested
by Andrews et al. (2011) using theMet Office Hadley Centre HadCM3LC
over land regions (Andrews et al., 2011) in contrast to Betts's
conclusion.
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The aspect of combined effect of CO2-physiological forcing and CO2-
radiative forcing is usually inspected using coupled climate carbon cycle
models under the elevated CO2 concentration in the atmosphere
(Doutriaux-Boucher et al., 2009; Andrews et al., 2011). There is similar
deficiency among all of the experiments that none of themodels consid-
ered the effect caused by interaction of the two different forcing. Chang-
es in hydrological processes in response to interaction between the CO2-
physiological forcing and CO2-radiative forcing were neglected in these
studies (Piao et al., 2007; Boucher et al., 2009; Cao et al., 2010). For in-
stance, Cao et al. (2010) investigated the response of climate change
to the CO2-physiological forcing, arising from the difference between
the combined effect of the CO2-physiological and CO2-radiative forcing
and the effect of CO2-radiative forcing. All of the simulated results
have not taken into account whether or not the interactive effects of
CO2 physiological and radiative forcing via the feedback of the interac-
tion between them could influence the surface characteristics such as
albedo and roughness, alter surface energy balance, and even affect
water flux at global and regional scales.

It is well known that the CO2 concentration rise in the atmosphere is
one of key factors controlling the climate change and hydrology cycle
(Solomon et al., 2009; Tenhunen et al., 2009; Gillett et al., 2011; Zhu
et al., 2012). However, whether or not the interactive effects of CO2

physiological and radiative forcing on themagnitude and sign of hydro-
logical variables of precipitation, evapotranspiration and runoff at global
and regional scales have not been taken into account in the previous
studies. In this analysis, we examined whether or not the interactive ef-
fects on the hydrological cycle could be captured, how the responses of
the hydrological variables to the CO2-physiological forcing and CO2-
radiative forcing are presented by the three fully coupled climate and
carbon models including CESM, CanEsm and BCC during the 140 years
over the world and 21 regions (Fig. 1) that have been detailed by Peng
et al. (2012).

2. Data and method

In this analysis, we have used 3 models from phase 5 of the Coupled
Model Intercomparison Project (CMIP5) including CESM (first-
generation Community Earth SystemModel), CanEsm (second-genera-
tion the Canadian Centre for Climate Modelling and Analysis Earth Sys-
tem Model) and BCC (first-generation Beijing Climate Center Climate
System Model). CESM is a fully coupled climate model for simulating
the earth's climate system produced by the National Center for Atmo-
spheric Research (NCAR) (http://www.cesm.ucar.edu/models/cesm1.
0/). It consists of four separate models simultaneously simulating the
earth's atmosphere, ocean, land surface and sea-ice, and one central
coupler component. The land component, the Community Land Model
version 4.0 (CLM4), has been coupled into CESM. At global and site
scales, previous studies had evaluated the simulated results of CLM4
(Bonan et al., 2012). It considered vegetation as plant functional types
(PFTs) including 8 tree, 3 shrub, 3 grass, and 2 crop types (Bonan and
Levis, 2010). For each PFT, variables (e.g. temperature and humidity)
are separately computed for canopy, near-surface, and the leaf surface
(Lawrence et al., 2012). At the same time, the mechanism of PFTs com-
petition has also been introduced, such as PFT competition for soil water
within each grid cell (Lawrence et al., 2011). In CanESM2, using the
Canadian TEM (CTEM) is to model terrestrial ecosystem processes.
There are five carbon pools in CTEM including 3 live vegetation pools
(leaves, stem and root) and 2 dead carbon pools (litter and soil organic
carbon) described by Christian et al., 2010). Based on vapour pressure
deficit, a single-leaf photosynthesis approach is used (Leuning, 1995),
Fig. 2. Distribution of precipitation trends simulated by CESM, CanEsm and BCC in response
physiological forcing (experiment M2) ((d)–(f)), CO2-radiative forcing (experiment M3)((g)–
using the student t-test, units: mm/year2.
and stomatal conductance and photosynthesis are calculated via a
coupled leaf-levelmodel, with leaf area index estimated from a percent-
age of thewhole-plant carbon balance Christian et al. (2010). BCC is also
a fully-coupled carbon and climate model produced by the Beijing
Climate Center (Zhang et al., 2011). For the land surface processes,
BCC_AVIM has been tested through offline, atmosphere-land coupled
as well as fully coupled model via coupler (http://bcc.cma.gov.cn/
bcccsm/htm/). It is developed based on the biogeophysical frame of
NCAR/CLM3 and incorporates a dynamic vegetation growth model (Ji,
1995; Dan et al., 2005) to describe the seasonal and interannual varia-
tion of canopy growth. It also consists of a sub-model for the microbial
decomposition of soil organic matter to account for the hetero-
respiration of soil, one aspect of land carbon cycling, to meet the re-
quirements for participating in the CMIP5. The horizontal resolution of
BCC and CanEsm is 2.185° latitude by 2.185° longitude, while the reso-
lution of CESM is 0.9° latitude by 1.25° longitude.

Three experiments of CMIP 5 as described by Peng et al. (2013) are
chosen: the combined effect of CO2-physiological forcing and CO2-
radiative forcing on the hydrological cycle (experimentM1); the contri-
bution of CO2-physiological forcing neglecting the CO2-radiative forcing
contribution (experimentM2); and the response of the hydrology cycle
to the CO2-radiative forcingwith the exception of the CO2-physiological
forcing (experiment M3). With the coupled carbon/climate models, the
chosen CMIP5 experiments have been prescribed by 1% increase of CO2

concentration per year in atmosphere during the period of 1850–1989
(http://cmip-pcmdi.llnl.gov/cmip5/docs/Taylor_CMIP5_ design.pdf). In
this study, the focus is to investigate hydrological response to changes
in plant physiology e.g. reduced opening of stomata and Earth's global
temperature changes over a multi-year timescale associated with CO2

increasing. The calculations of plant physiology in effect of CO2-
physiological forcing used a 1%/year CO2 increase from pre-industrial
CO2 concentration to quadrupling. In this experiment M2, the radiation
codewas fixed the time-invariant CO2 concentration by 275 ppm. There
is little climate change, whereas the concentration of CO2 input to ter-
restrial ecosystem increases 1% per year and the changes in biophysical
and biogeochemical properties of the vegetation respond to the increase
in CO2 concentration (Taylor et al., 2012). Inversely, in M3, the effect of
CO2-radiative forcingwas forced by 1% per year CO2 increase to quadru-
pling in radiation package, but the calculations of plant physiology used
a fixed pre-industrial CO2 concentration in vegetation module. Specifi-
cally, the radiation codewas used rising atmospheric CO2 concentration
with 1% per year (Taylor et al., 2012). Forced in this way, it can be
regarded that the terrestrial water cycle only responds to climate
change alone. The combined effect of CO2 radiative and physiological
forcing was represented by calculating both plant physiological and ra-
diative transfer using a CO2 concentration of atmospheric 1%/year CO2

increase from275 ppm to quadrupling in radiation package and vegeta-
tion module.

In this analysis, interactive effects of CO2-physiological forcing and
CO2-radiative forcing can be estimated as Eq. (1):

ΔX ¼ Y− X1 þ X2ð Þ þ ε ð1Þ

whereΔX represents the response of the hydrological variable (e.g. pre-
cipitation) to the interactive effects of CO2-physiological forcing and
CO2-radiative forcing; Y is the response of this variable to the combined
effect of CO2-physiological forcing and CO2-radiative forcing; X1 repre-
sents the response of the identical variable to the effect of CO2-
physiological forcing; X2 represents its response to the CO2-radiative
forcing.
to combined CO2-radiative and physiological forcing (experiment M1) ((a)–(c)), CO2-
(i)). Hatched areas are regions where changes are statistically significant at the 5% level

http://www.cesm.ucar.edu/models/cesm1.0/
http://www.cesm.ucar.edu/models/cesm1.0/
http://bcc.cma.gov.cn/bcccsm/htm/
http://bcc.cma.gov.cn/bcccsm/htm/
http://cmip-pcmdi.llnl.gov/cmip5/docs/Taylor_CMIP5_
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Fig. 3. Same as Fig. 2, but for evapotranspiration trends.
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Fig. 4. Same as Fig. 2, but for runoff trends.
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Fig. 5. Same as Fig. 2, but for transpiration trends.
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Fig. 6. Same as Fig. 2, but for soil moisture trends, units: kg/m2/year.
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Fig. 7. Simulated annual changes in precipitation and evapotranspiration for the 140 years of the simulations of combined CO2 physiological and radiative forcing (M1), physiological forc-
ing (M2) and radiative forcing (M3). Lines are regressions and the symbols are averaged values of the Eastern Asia.

72 J. Peng et al. / Global and Planetary Change 112 (2014) 64–78
3. Results

In Table 1, theproportion of the grids of 21 regions andworld is shown
and the key hydrological variables (e.g. precipitation, evapotranspiration,
runoff and transpiration) have not been significantly influenced by the in-
teractive effects of CO2-physiological forcing and CO2-radiative forcing at
5% level using student t-test. An inclusion can be drawn that the CO2-
physiological and CO2-radiative interactive effects on land water cycle
are not explicit at global and regional scales.
The response of trends of precipitation, evapotranspiration, runoff,
transpiration and soil moisture to a 1%/year increase of atmospheric
CO2 associated with all of the physiological forcing, the radiative forcing,
and the combined radiative and physiological forcing is shown in
Figs. 2–8. The temperature trend is much higher in response to CO2-
radiative forcing than to CO2-physiological forcing (2.8 °C/100 year
vs. 0.2 °C/100 year across the world and 2.9 °C/100 year vs. 0.4 °C/
100 year in Eastern Asia) during the 140 years from CESM, CanEsm
and BCC. The simulated land temperature trend in response to CO2-
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radiative and physiological forcing is close to the results reported by Bou-
cher (changes of 3.5 vs. 0.5 °C in land surface temperature (the last three
decades of the twenty-first century minus the last three decades of the
twentieth century)) (Boucher et al., 2009). Fig. 3 shows the distribution
of precipitation trends for the experimentM1,M2 andM3. Similar spatial
patterns of precipitation changes in experiments ofM1 andM3 appeared
from the three models, especially in northern regions, where significant
upward trends in precipitation are presented. The CO2-radiative forcing
results in coincident increases more than 0.4 mm/year2 in Northern
Asia, Northern America and Northern Europe in response to CO2-
radiative forcing (experiment M3). The Eastern Asia also exhibits a
strong upward trend in averaged precipitation of 0.9 mm/year2 from
the 3 models (Table 2 and Figs. 2, 7). In contrast, in response to CO2-
physiological forcing, precipitation decreases in all of the three models
over the global land (−0.02 mm/year2 in CESM, −0.05 mm/year2 in
CanEsm and 0.00/mm/year2 in BCC). This result is similar to Cao et al.



Table 2
Comparison of global precipitation, evapotranspiration, runoff and transpiration slopes (mm/year2), correlation coefficients (R) and significant level (P) during 140 years.

CESM CANESM BCC

Experiments Factors Slope R P Slope R P Slope R P

M1 Precipitation 0.37 0.93 0 0.37 0.9 0 0.39 0.91 0
M2 −0.02 −0.2 0.02 −0.05 −0.31 0 0 0 0.97
M3 0.35 0.87 0 0.38 0.92 0 0.39 0.9 0
M1 Evapotranspiration 0.06 0.85 0 0.06 0.47 0 0.21 0.97 0
M2 −0.12 −0.97 0 −0.13 −0.82 0 −0.03 −0.58 0
M3 0.21 0.96 0 0.12 0.81 0 0.22 0.96 0
M1 Runoff 0.35 0.96 0 0.38 0.96 0 0.24 0.9 0
M2 0.13 0.88 0 0.08 0.69 0 0.04 0.41 0
M3 0.16 0.8 0 0.31 0.94 0 0.27 0.88 0
M1 Transpiration 0.08 0.92 0 −0.06 −0.79 0 −0.04 −0.81 0
M2 −0.01 −0.18 0.04 −0.09 −0.93 0 −0.1 −0.96 0
M3 0.1 0.89 0 0.02 0.54 0 0.03 0.69 0
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Fig. 9. Scatter plots of temperature anomaly and precipitation anomaly simulated byCESM, CanEsm, andBCC of experimentM3 over theworld and Eastern Asia during the period of 1850–
1989. Solid lines indicate linear relationships between temperature anomaly and precipitation anomaly.
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(2012) who suggested that the physiological effect of increased atmo-
spheric CO2 on plant stomata reduces plant transpiration, which dries
the boundary layer and decreases precipitation.

The general agreements about evapotranspiration among all of 3
models from experiment M1, M2 and M3 can be captured at the global
and regional scales in Figs. 3 and 7. Responding to the CO2-radiative forc-
ing (experiment M3), there are significant increases in evapotranspira-
tion in most land areas especially in northern latitudes e.g. Northern
America, Northern Europe and Northern Asia. The upward global trends
in evapotranspiration range from 0.12 mm/year2 in CanEsm to
0.22 mm/year2 in BCC at global scale. On average, about 74% of global
land has shown significant increase from the experiment M3 of the 3
models. Similar spatial patterns of evapotranspiration changes also are
seen in response to combined effect of CO2-physiological forcing and
CO2-radiative forcing (experiment M1): the universally increased evapo-
transpiration in most northern latitudes and reduced evapotranspiration
over low latitudes. In contrast, the reduction of evapotranspiration has
been shown in response to CO2-physiological effect (experiment M2).
Over the global land, the downward trends in evapotranspiration associ-
ated with CO2-physiological range from −0.82 mm/year2 in CanEsm to
−0.03 mm/year2 in BCC.

At the global scale, there are coincident increases in runoff caused by
the CO2-radiative effect (experiment M3) from the three models. The
measured areas with increasing runoff cover from 56% global land in
CESM to 58% in CanEsm. The increase in runoff is due to the significant
Fig. 10. Spatial distribution of correlation coefficients (R) between evapotranspiration and so
and physiological forcing (experiment M1) ((a)–(c)), CO2-physiological forcing (experimen
increase in precipitation (Leuzinger and K rner, 2010), which offsets
more than the increase in evapotranspiration (0.37 mm/year2 vs.
0.18 mm/year2). Associated with CO2-physiological forcing (experiment
M2), the trend in runoff is relatively small from the 3 models, but the
increase could be also expected similar to the most of studies
(e.g.0.04 mm/day by Betts et al. (2007)) across the global land of about
0.07 mm/year2. At the regional scale e.g. Eastern Asia, the effect of the ra-
diative forcing alone also contributes to enhance the trend in runoff by
0.09–0.49 mm/year2. In the same region, the CO2-physiological forcing
contributes to the upward trend in runoff by 0.01–0.43 mm/year2. In
Amazon Basin, reverse signs have been shown from the 3 models, in re-
sponse to the CO2-physiological forcing. Although precipitation has re-
duction of about −0.48 mm/year2 (averaged by CESM, CanEsm and
BCC), the increase in runoff is mainly as a result of diminished evapo-
transpiration from the world by about −0.55 mm/year2 in response to
CO2-physiological forcing.

Trends of transpiration differently respond to effects of the increased
CO2 level from the 3 experiments depending on the simulated results by
the 3 models. The effect of CO2-phygeological forcing on transpiration
results in reductions by −0.01, −0.09 and −0.1 mm/year2 simulated
by CESM, CanEsm and BCC over global land, respectively. These de-
creases mainly can be attributed to reductions in vegetation stomatal
conductance because of atmospheric increased CO2 concentration sim-
ulated (Kergoat et al., 2002). In contrast, increases in transpiration
over global land respond to the effect of CO2-radiative forcing by 0.1,
il moisture simulated by CESM, CanEsm and BCC in response to combined CO2-radiative
t M2) ((d)–(f)), CO2-radiative forcing (experiment M3) ((g)–(i)), respectively, unitless.
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0.02 and 0.03 mm/year2 simulated by the 3 models. The upward trend
in transpiration is also shown fromexperimentM1 byCESM in response
to combined effect of CO2-physiological and CO2-radiative forcing of
0.08 mm/year2. In contrast, decreases of −0.06 and −0.04 mm/year2

are presented from the same experiment by CanEsm and BCC. These dif-
ferences in the stomatal mechanism and changes of leaf area index and
vegetation distribution among the 3 models could lead to the differ-
ences in response to combined physiological and greenhouse effect.

From a global perspective, it is also worth noting that the soil mois-
ture responds to CO2-physiological forcing and CO2-radiative forcing. All
models show upward trends of global soil moisture during 140 years
from the experiment M3 involving increasing CO2 (0.008 kg/m2/year
in CESM to 0.38 kg/m2/year in CanEsm). About 25% in CESM to 34% in
BCC of the land surface shows the significant increases in soil moisture
caused by CO2-radiative forcing. Regardless of a general increase, in re-
sponse to this forcing, regionally heterogeneous trends in soil moisture
are easily depicted. The largest increases are located in northern high
latitudes (e.g. Northern Asia, Eastern Asia and Northern Europe),
while the significant reductions are seen in the low latitudes in the 3
models. Similar spatial patterns of the trend in soil moisture also are
seen caused by the combined effect of CO2-physiological and CO2-
radiative forcing. Associated with CO2-physiological effect, averaged in-
creases in soil moisture of the global land have ranged from 0.02 kg/m2/
year in CanEsm to 0.10 kg/m2/year in BCC. Averaged over global land,
about 24–32% land surface has significant upward trends in soil mois-
ture in experiment M2. The magnitude of changes in soil moisture
caused by CO2-physiological forcing is usually less than CO2-radiative
forcing.

In all cases, the 3 models show greater contribution of CO2-radiative
forcing to the changes in hydrological variables than CO2-physiological
forcing. For example, on the 3model averages, the changes in precipita-
tion affected byCO2-physiological forcing are only 6% changes caused by
CO2-radiative forcing. It is expected that the contribution of the same
forcing has also amuch smaller contribution to the changes of soil mois-
ture compared with CO2-radiative forcing. This is probably because of
the greenhouse effect on changes in land hydrological cycle caused by
CO2-radiative forcing sufficiently enough to outweigh themitigating ef-
fects of plant physiology e.g. CO2-induced stomatal closure on the land
water cycle (Bounoua et al., 1999; Levis et al., 2000).

4. Discussion

Few studies from multi-model experiments examined quantitative
contribution induced by interactive effects caused by CO2 physiological
and radiative forcing on land water cycle associated with the increasing
CO2 concentration in atmosphere. At the 5% level using the student t-
test, it is not significant that an increase in atmospheric CO2 concentra-
tions has interactive effects of physiological and radiative forcing on pre-
cipitation, evapotranspiration and runoff over global and regional scales
simulated by CESM, CanEsm and BCC, respectively. Based on this conclu-
sion, it can be deduced that contribution of CO2-physiological forcing
and CO2-radiative forcing to land water cycle can be directly compared.
Increase in association with CO2-radiative forcing accounts for 88% to
100% of the total changes caused by the effects of CO2-radiative and
physiological forcing simulated by the three models, while decrease of
precipitation caused by CO2-physiological forcing accounts for less
than 12% of those total changes. Hence, the precipitation trend is pre-
dominantly determined by CO2-radiative forcing but not CO2-
physiological forcing based on the simulated results. In the same exper-
iment, the models allow the CO2-radiative forcing to take up about 67%
and 74% of averaged increases in evapotranspiration and runoff pro-
duced by the same combined forcing.

Asmentioned above for the threemodel results during the 140 years,
the carbon–climate coupledmodels exhibit that the contribution of CO2-
radiative forcing to precipitation is much larger than the CO2-
physiological forcing. The differences of trends in precipitation are
shown, responding to CO2-physiological forcing and CO2-radiative forc-
ing: trends with physiological effect ranging from −0.05 mm2/year2 in
CanEsm to0.00 mm2/year2 in BCC; increases due to CO2-radiative forcing
varying from 0.35 mm2/year2 in CESM to 0.39 mm2/year2 in BCC. This
strongly increased precipitation with the radiative effect may be due to
the significantly increased temperature (Andrews, 2009) in response to
CO2-radiative forcing. For example, warming per degree simulated by
the 3 models could induce an increased precipitation response (e.g.
13.20 mm/°C over the world, 30.83 mm/°C cross Eastern Asia in Fig. 9).
Adler et al. (2008) suggested a longer observing time period of
1979–2006 and determined a precipitation response to warming
(about +2.3% per degree) similar to simulated results in this analysis,
neglecting the direct effect of forcing agents on precipitation. Neverthe-
less, comparedwith previousfindings (Cao et al., 2009, 2010), our results
consistently point to important implications of significant global
warming caused by CO2-radiative forcing for changes in precipitation.
In response to 1% increasing CO2 per year to quadrupling, precipitation
here caused only by CO2-physiological effects has slightly averaged de-
crease of 3 models. Ultimately, how CO2 physiological forcing influences
precipitation has also been investigated and the increase or no change
has been suggested by the most previous studies similar to the result of
this analysis (Cao et al., 2010). Andrews et al. (2011) reported that signif-
icant decreases of global precipitation overmost land-regions attribute to
main reductions to convective rainfall, involving reductions in near sur-
face relative humidity, suppression of boundary-layer clouds (de
Arellano et al., 2012) and latent heat flux (Ranjith, 2011) produced by
CO2 physiological forcing. Hence, we conclude that the effect of CO2-
physiological forcing on the precipitation should also not be neglected
over the global land.

The simulated results by the 3 fully coupled models exhibit quite dif-
ferent responses of evapotranspiration to CO2-physiological (experiment
M2) and CO2-radiative forcing (experimentM3). Averaged over the glob-
al land, there are increases in evapotranspiration caused by CO2-raditive
forcing depending on the 3models. Jung et al. (2010) reported the recent
decreases in the global land evapotranspiration due to the limited soil
moisture supply. Understanding the way of the changes in evapotranspi-
ration influenced by soil moisturewould be useful in partitioning the sur-
face water budget by evaporate water over the global land. It influences
changes in the evapotranspiration at least in two main ways: directly
dominating soil evaporation and affecting plant physiology and eventual-
ly leading to changes in transpiration. Thus, it is important to point out
that the evapotranspiration is strongly reflected by the soil moisture in
terms of magnitude and spatial pattern. Indeed, there is a fairly good
agreement across the three models that increased evapotranspiration as-
sociates with the elevated soil moisture depending on experiment M3 at
the global scale (e.g. 0.18 mm/year2 vs. 0.18 kg/m2/year over the world).
A somewhat increased soil moisture thus mainly drives an increase of
evapotranspiration (Siqueira et al., 2009; Seneviratne et al., 2010;
Lawrence et al., 2012). Fromthe viewof the spatial pattern, using compre-
hensive fully coupled carbon–climate model, significant correlation coef-
ficients between the evapotranspiration and soil moisture are shown in
most regions (Fig. 10), especially in semi-arid and arid regions at 5% sig-
nificant level. Responding to CO2-radiative forcing presented here using
the three models, the canopy transpiration increases only account for
14–48% of evapotranspiration. Cao et al. (2009) found that the strong in-
creases in evapotranspiration are mainly dominated by the increases in
soil evaporation from the global scale. However, the declines of evapo-
transpiration have been shown by the three models from −0.13 to −
0.03 mm/year2 in the response to physiological effect of increasing CO2.
The fractions of the reductions in transpiration account for 0.08–3.33 of
the decreases in the global evapotranspiration. Hence, a source of uncer-
tainty about the changes in components of the evapotranspiration can be
attributed to the CO2-physiological forcing in the process of canopy sup-
pression of stomatal conductance versus increased LAI because of increas-
ing atmospheric CO2 (Cao et al., 2009; Barton et al., 2012). For example, in
response to CO2-physiological forcing, decreased canopy transpiration
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plays an important role in changes in evapotranspiration obtained from
CanEsmand BCC (e.g.−0.09 vs.−0.13 mm/year2 in CanEsm). This result
agrees with the conclusion reported by Cao et al. (2010) and shows that
the transpiration is very sensitive to CO2-induced stomatal closure with
increase in atmospheric CO2. But this is in sharp contrast to the simulated
result from the low contribution of canopy transpiration to the evapo-
transpiration by CESM (−0.01 vs. −0.12 mm/year2). These differences
in the contribution of canopy transpiration to the evapotranspiration
among the different models indicate that further studies based on effect
of increasing CO2 on stomatal conductance versus vegetation structure
are needed to quantify the role that canopy transpiration plays in changes
in evapotranspiration and global hydrological cycles.

Given these premises as mentioned above, a source of uncertainty
could also be contributed to CO2-physiological forcing similar to evapo-
transpiration. The runoff is mainly characterized as the difference of pre-
cipitation and evapotranspiration. Increases in runoff have been reported
in previous studies due to the CO2-physiological and CO2-radiative influ-
ences (Gedney et al., 2006; Cao et al., 2010). In response to CO2-
physiological forcing, it is even less clear how the stomatal conductance
and structural changes in vegetation (e.g. increased LAI) compete with
each other associated with increased CO2 in the atmosphere. It is well
known that increases in runoff had been suggested by Gedney et al.
(2006) and Betts et al. (2007) similar to this analysis, while Piao et al.
(2007) had offered reduction in runoff in response to CO2-physiological
forcing due to increased LAI. Among models, significantly simulated in-
creased runoff could bemainly contributed to the decreases in transpira-
tion from CanEsm and BCC (e.g. 0.08 vs. −0.09 mm/year2 in CanEsm)
because of reductions in stomatal conductance (Field et al., 1995) caused
by rising atmospheric CO2 in experiment M2. In CESM, decrease in tran-
spiration only accounts for 8% of the increase in runoff. These differences
can be also found from the previous studies. Hence, there is still a large
uncertainty on whether or not CO2-physiological forcing attributes de-
creases in stomatal conductance to increasing runoff. Two models (e.g.
CanEsmandBCC) attribute increasing runoff to CO2-induced suppression
of transpiration, while one model (CESM) shows that CO2-induced sup-
pression of transpiration cannot explain the increases in runoff. There-
fore, the next step should be highly strengthened to study effects of
CO2-physiological forcing on the magnitude and sign of biophysical pro-
cesses (e.g. suppression of stomatal conductance and structural changes
in vegetation) and the hydrological cycle as mentioned above.

5. Summary

We have analysed whether or not interactive effects of CO2-
physiological forcing and CO2-radiative forcing on the hydrological vari-
ables can be examined associatedwith increasing CO2 in the atmosphere.
There are no signs that the changes in precipitation, evapotranspiration
and runoff respond to these interactive effects. The response of in precip-
itation and evapotranspiration to the CO2-physiological effect is shown
to be entirely different to the response to the greenhouse effect. In
most land regions, there are statistically significant upward trends in pre-
cipitation and evapotranspiration (about 0.37 and 0.18 mm/year2) in re-
sponse to radiative effect due to the warming and increased soil
moisture, respectively. If CO2-physiological effect is only accounted for,
there are downward trends in precipitation and evapotranspiration
(about−0.02 and−0.09 mm/year2). The increases in runoff are consis-
tently indicated in all experiments derived from all models. These in-
creases in response to CO2-radiative forcing could be contributed to the
increases in precipitation outweighing the increases in evapotranspira-
tion. Generally, from the pattern of spatial distribution, hydrological var-
iables including precipitation, evapotranspiration and runoff have much
larger response to the CO2-physiological forcing than to the CO2-
radiative forcing. With the physiological effect, increases in the runoff
could be mainly contributed to the reduction in transpiration simulated
by CanEsm and BCC (the transpiration trends of −0.09 mm/year2 vs.
the runoff trends of 0.08 mm/year2 in CanEsm). In the same experiment,
this decrease could not explain the increase in runoff by CESM (−0.01vs.
0.13 mm/year2). The CO2 physiological forcing is a source of the many
uncertainties when plant physiology is considered into the land hydro-
logical cycle. The change in stomatal conductance versus change in veg-
etation structure (e.g. increased LAI) caused by the CO2-physiological
forcing is quite subject to debate among the different earth system
models. In amore integrated way, the next step would be focused on es-
timating and comparing of the simulated results by more different earth
system models in response to CO2-physiological forcing caused by in-
creased CO2 levels in atmosphere.
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