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Abstract Aridity, defined as the ratio of precipitation (P) to potential evapotranspira-
tion (PET) over land, is critical to natural ecosystems and agricultural production.
Global climate models project global decreases of P/PET (drying) in the 21st century.
We examine the uncertainty of aridity projections due to scenarios of greenhouse
gases (GHGs) and aerosols with three sets of ensemble simulations from a single
climate model, the Community Earth System Model (CESM1). Ensembles consist of
two Radiative Concentration Pathways (RCPs) and a scenario with RCP-like GHGs
but with aerosol precursor emissions and atmospheric oxidants fixed at the year 2005
level. Under a high GHGs emission scenario (RCP8.5), global land P/PET decreases
(drying) by 6.4 ± 0.8 % in 2060–2080 relative to 1985–2005. A GHG mitigation
scenario (RCP4.5) would reduce the drying (P/PET decrease) to 3.7 ± 0.6 %.
Although future aerosol emissions reduction would increase P, we find that it has
little impact on global aridity due to offsetting effects on PET. Regionally, deceasing
aerosols can have significant effects and aerosol-induced P/PET changes are due to
different factors across different regions. When normalized by global mean tempera-
ture response, GHGs decrease global land P/PET by 2.7 ± 0.6 %/°C and surface
temperature changes dominate GHG-induced P/PET change.
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1 Introduction

Recent global warming has led to concern about future water cycle changes critical to
agricultural production and stability of ecosystems. Aridity, or ratio of precipitation (P) to
potential evapotranspiration (PET) over land is a function of precipitation (P) and meteoro-
logical variables through PET. The variables that describe PET include the surface air
temperature (SAT), available energy (Rn - G), relative humidity (RH), and wind speed at
2 m (u2) (Penman 1948). Previous studies (e.g., Nastos et al. 2013) sometimes used a
definition of aridity employing PET that responds only to changes in temperature (e.g.,
Thornthwaite 1948). However, this PET is not suited to climate change studies [Sheffield
et al., 2012]. So following Sherwood and Fu (2014)we will define P/PET by deriving PET
from the physically-based Penman-Monteith algorithm (Shuttleworth 1993)to quantify the
dryness of terrestrial climate.

Studies by Sherwood and Fu (2014) and Fu and Feng (2014) suggest that terrestrial climate
overall will become drier in the future, despite an increase of precipitation in a warming
climate. Based on global climate model output from the phase 5 of the Coupled Model
Intercomparison Projected (CMIP5) (Taylor et al., 2012), Feng and Fu (2013), Dai (2013),
Cook et al. (2014), Scheff and Frierson (2015), Lin et al. (2015) and Huang et al. (2015)
projected drying over land in the 21st century with high greenhouse gas (GHG) emissions
(Representative Concentration Pathway (RCP) 8.5) (Riahi et al., 2011). Feng and Fu (2013)
found a smaller drying trend with a lower GHG level (RCP4.5) (Clarke et al., 2007). The CO2

concentration at 2100 is 540 parts-per-million in RCP4.5 and 940 parts-per-million in RCP8.5.
Four RCP scenarios with different GHG levels all assume a sharp reduction in aerosol

emissions during the 21st century due to mitigation of aerosol emissions. However, future
aerosol emissions are highly uncertain as they are strongly influenced by economic activities
and emissions controls. For example, SO2 emissions in Western Europe and the United States
are now 75–90 % below their peak in the 1970s due to emissions regulations (Smith et al.,
2011). However, without significant current mitigation policies for SO2 emissions, Asian SO2

emissions have continued to rise after the 1970’s (Klimont et al., 2013). Thus, aerosol
emissions are an anthropogenic radiative forcing, currently subject to mitigation policies in
many developed countries, and likely to be mitigated in developing countries. Several studies
have attempted to use idealized experiments to isolate climate impact of aerosols. Zhao et al.
(2014) studied how dust aerosols impact global arid and semi-arid regions. As part of this
special issue, Xu et al. (2015) estimated the aerosol impact on future heat extremes.

Here we focus on climate simulations from a single CMIP5 model, the Community Earth
System Model (CESM1), under RCP8.5 and RCP4.5 to understand the avoided aridity
impacts of lower GHG emissions. We also examine a scenario with RCP8.5 GHG emissions
but constant (non-declining) aerosol emissions to better understand the effect of aerosol
changes. We explore the roles of GHGs and aerosols in future projection of aridity and
other key climate variables, and focus on understanding the extent to which future aridity
differs between RCP8.5 and 4.5. Emission reductions that lower forcing from 8.5 to 4.5 W/m2
can be accomplished in different ways, with different mixes of GHG and aerosol reductions.
RCP8.5 and RCP4.5 each imply a specific mix of GHG/aerosol differences. One way to test
the generality of the results to other emission reductions is to test whether the forcing changes
due to aerosols vs. GHGs make a difference to avoiding impacts from changes in aridity. Lin
et al. (2015) concerns projections of future aridity under RCP8.5, focused on the uncertainty of
internal variability. Here we focus on distinguishing effects between greenhouse gases and
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aerosols, and distinguishing effects between different greenhouse gas scenarios, including a
mitigation scenario. Details of the simulated responses of terrestrial aridity to black carbon and
sulfate aerosols separately are treated by Lin et al. (2016). Finally, pre-industrial changes in
terrestrial aridity for the period 850–2080 are discussed by Fu at al., (Changes in terrestrial
aridity for the period 850–2080 from the Community Earth System Model, submitted to
Journal of Geophysical Research: Atmospheres).

All simulations are from the same model (CESM) to eliminate model uncertainty due to
initial conditions, and from multiple ensembles to sample internal variability uncertainty. We
use a large ensemble of simulations to fully explore internal climate variability. Methods are
described in Section 2. Future projections across scenarios are compared in Section 3 with the
physical mechanisms explained in Section 4. We discuss the implications and conclusions in
Section 5.

2 Methods

2.1 Global climate model

The Community Earth System Model (CESM1) is an earth system model consisting of
atmosphere, land, ocean and sea-ice components that are linked though a coupler for exchang-
ing state information and fluxes (Hurrell et al., 2013). The 21st century climate simulation
using CESM1 are described in Meehl et al. (2013). CESM1 can reasonably reproduce
observed temporal and spatial variability of aridity in the 20th century (Lin et al., 2015).
Notably, the atmosphere component, the Community Atmosphere model (CAM) (Neale et al.,
2010) now includes a comprehensive modal aerosol model (Liu et al., 2012), as well as a two-
moment microphysics scheme (Morrison and Gettelman, 2008), which represents the direct
and indirect effects of aerosols on clouds (Gettelman et al., 2010). Monthly data is used in this
study.

2.2 Model simulations

(1) RCP8.5 Large Ensemble (LE). RCP8.5 LE is a 30-member ensemble of simulations from
1920 to 2100 with forcing from the RCP8.5 scenario. Each member of the ensemble is
forced by the same GHG concentration and aerosol emission trajectory, but starts from
randomly perturbed initial conditions in the atmosphere (Kay et al. 2015).

(2) RCP4.5 Medium Ensemble (ME). RCP4.5 ME uses the same strategies as the Large
Ensemble but with a smaller ensemble size of 15. RCP4.5 ME is forced by the
RCP4.5 scenario (Sanderson et al., 2015). RCP4.5 is a scenario with moderate
mitigation that leads to lower GHG emissions and forcing than in RCP8.5.
RCP4.5 and RCP8.5 have a similar future decrease in sulfur aerosols (the largest
contribution to total aerosols) by about 60–70 % in 2070 relative to 2010 (Van
Vuuren et al. 2011), so the effect of BGHG mitigation^ is estimated by contrasting
RCP4.5 simulations to RCP8.5.

(3) RCP8.5 with fixed aerosols (RCP8.5_FixA). The third set of simulations (15 ensemble
members) is forced by the RCP8.5 scenario, except that aerosol precursor emissions and
atmospheric oxidants are fixed at year 2005 levels (Xu et al., 2015). The aerosol
concentrations can increase by 5–10% regionally by year 2100 even with fixed emission,
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as a result of climatic change. However, the aerosol optical depth change in the
RCP8.5_FixA simulations between 2006 and 2080 is not significant in most regions
(see supplement), therefore aerosol forcing is largely fixed in this simulation.

These three sets of simulation are utilized in three ways in this study. Firstly, by contrasting
RCP8.5 simulations with RCP8.5_FixA, the effects of the sharp aerosol reduction from present-day
level in RCP8.5 can be estimated. Secondly, climate differences between early and late 21st century
decades in RCP8.5_FixA are purely due to GHG forcing since aerosol emissions are fixed. Finally,
the difference between the RCP8.5 and the RCP4.5 illustrates the impact of mitigation on aridity.

2.3 PET calculation

We obtain PET by the Penman-Monteith algorithm (Shuttleworth, 1993; Allen et al., 1998),

PET ¼ Rn−Gð ÞΔ SATð Þ þ ρaCpe* SATð Þ 1−RHð ÞCHu2
Δ SATð Þ þ γ 1þ rsCHu2ð Þ

.
Lv ð1Þ

where Rn is the net downward broadband radiation, G is the heat flux into ground, Δ is the slope
of the saturation vapor pressure curve, ρa is the surface air density, Cp is the specific heat of air,
e* is the saturated water vapor pressure, CH is the bulk transfer coefficient, rs is the bulk stomatal
resistance under well-watered conditions, LV is the latent heat of vaporization for water, γ is
psychrometric constant. We use a CH of 4.8 × 10−3 and a rs of 70 s/m, corresponding to a grass-
like surface (Allen et al. 1998). From climate model output, we use the sum of sensible heat
(SH) and latent heat (LH) to replace Rn - G (Scheff and Frierson, 2014). We adjust the CESM
output wind speed from 10 m height to 2 m height using the equation of Allen et al. (1998).

a b

c d

Fig. 1 Temporal variations of annual mean average Surface Air Temperature (SAT), Precipitation (P), Potential
Evapotranspiration (PET) and P/PET anomalies in global land based on RCP8.5 (black), RCP4.5 (red) and
RCP8.5_FixA (blue). The grey, red and blue shading denotes two standard deviation from 30 RCP8.5, 15
RCP4.5 and 15 RCP8.5_FixA simulations
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3 Scenario dependence of aridity projections

Figure 1 shows the future projections of SAT, P, PET and P/PET. All values are annual mean
area-weighted averages over land between 60°S and 90°N (including Greenland). CESM1
projects a strong global warming (2–4 °C) by 2060–2080 from present-day (1985–2005) under
all three scenarios (Fig. 1a). The analysis ends in 2080 because the RCP4.5 ME ends in 2080.
In addition to global land, we select seven regions for further analysis: Eastern USA, Europe,
Eastern China, Eastern Brazil, Southern Africa, Northern Australia and India (domains shown
in boxes of Fig. 3). Figure 2 shows the regional averages of projected changes in SAT, P, PET
and P/PET over land for 2060–2080 relative to 1985–2005. The changes of P, PET and P/PET
are shown as a percentage change.

All three scenarios project decreases in global P/PET (i.e. drying, Fig. 1d), as the increases in
PET dominate the increases in precipitation. The drying in RCP4.5 (4 % by 2060–2080) is less
severe than RCP8.5 (7 %). The ensemble mean P/PET change under RCP4.5 and RCP8.5 is
significantly different at the 95% level based on estimating the difference in two sample means of
2060–2080 average, and using each ensemble member to estimate the standard deviation of
decadal means for a two-sided t-test. The standard deviation of the decadal means is much smaller
than the standard deviation of each year shown in Fig. 1. Similar avoided impacts on global P/
PET have been seen in previous studies (Feng and Fu, 2013) using the entire CMIP5 ensemble.

The GHG mitigation from RCP8.5 to RCP4.5 (i.e., moving from the black curve to the red
curve in Fig. 1) lowers the temperature projection due to smaller GHGs radiative forcing.
Fixing present-day aerosols in RCP8.5 (black to blue) lowers the temperature projection due to
a larger negative forcing from constant present-day aerosols. Quantitatively, RCP8.5 projects a
4.1 ± 0.1 °C increase in SAT over global land for 2060–2080 relative to 1985–2005, while
RCP4.5 projects 2.4 ± 0.1 °C and RCP8.5_FixA 3.3 ± 0.1 °C (Fig. 2a). Xu et al. (2015)
discussed the implications of such avoided warming on heat extremes. Precipitation generally
increases more in RCP8.5 than RCP4.5 (Fig. 1b). But the changes of precipitation are not
consistent across regions as with temperature, which is a consequence of different precipitation
trends in the high latitudes, tropics and sub-tropics (Stocker et al., 2013). Increases in PET in
RCP4.5 (Fig. 1c), similar to temperature, are only about half in RCP8.5, since PET is mostly
defined by temperature and humidity.

A major finding of this study is that there is no notable difference in P/PET projection
between RCP8.5 and RCP8.5_FixA (Fig. 1d). This is due to compensation effects: aerosols
induce a stronger suppression of precipitation than with GHG mitigation (Fig. 1b), but they
also have a less cooling effect (Fig. 1a). Also Rn decreases, thus reducing PET (details in
section 4.2.1). Although aerosols have no significant impact global mean P/PET (Fig. 1d), the
regional impact can be significant (Fig. 2d), especially over Europe and Southern Africa.
Regionally, GHG mitigation has a stronger impact than present-day aerosols on SAT over all
selected regions (Fig. 2a), especially over Southern Hemisphere (SH) regions where present-
day aerosol emissions are already low.

Globally, both GHG mitigation and present-day aerosols damp the future precipitation
increases (Fig. 2b, i.e. 5.7 ± 0.5 % under RCP4.5 and 4.6 ± 0.6 % under RCP8.5_FixAwhile
8.1 ± 0.7 % under RCP8.5, by 2060–2080 relative to 1985–2005). The reduction is robust
across all ensemble members. However, this comparison is somewhat arbitrary, since the
magnitude of the change is specific to the size of the GHG and aerosol forcing perturbation.
The real issue is what is the sensitivity per unit of forcing, or more relevant perhaps, per unit
global mean temperature change, which we will further examine in section 4.
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Present-day aerosols induce a larger precipitation reduction than GHG mitigation (Fig. 1b),
despite a smaller cooling effect (Fig. 1a). This is illustrated as a larger hydrological sensitivity
(% of precipitation change per degree of warming) in Fig. 3b due to aerosols (See section 4).
The larger sensitivity due to aerosols is consistent with previous studies (Ramanathan et al.,
2001; Shiogama et al., 2010). Present-day aerosol suppression of precipitation is strong over
most Northern Hemisphere land, but weak in SH regions (Fig. 2b). The cooling from GHG
mitigation in general damps precipitation changes. However, RCP4.5 has a larger precipitation
increase than RCP8.5 over some regions (Eastern China, Eastern Brazil and Southern Africa)
(Fig. 2b), which could be related to the regional precipitation changes due to small differences
in aerosol levels between RCP8.5 and RCP4.5 (see Supplements of Xu et al., 2015).

GHG mitigation and present-day aerosols tend to damp projected increases in PET
(Fig. 1c). Globally, RCP8.5 simulations project 15.4 ± 0.3 % increases in PET, 9.8 ± 0.2 %
for RCP4.5 and 11.8 ± 0.2 % for RCP8.5_FixA (2060–2080 relative to 1985–2005).
Regionally, present-day aerosols reduce PET less than GHG-mitigation except in Europe
and Eastern China (Fig. 2c). In Section 4, we examine in details the physical parameters that
contribute to PET changes.

Both RCP8.5 and RCP8.5_FixA ensembles have a 6.4 % decrease in global average P/PET
for 2060–2080 relative to 1985–2005. Over the same period, the RCP4.5 ensemble has a 4 %
decrease in P/PET (Fig. 2d). The aerosol impact on P/PET is minimal due to a cancellation of
the precipitation reduction and PET reduction. The GHG mitigation slows down the projected
increasing aridity (decreasing P/PET) under RCP8.5 due to a smaller reduction in P than PET
(Fig. 2b and 2c). GHGs mitigation reduces drying in most land regions and has a stronger
impact than present-days aerosols in the five of seven study areas (Fig. 2d). Present-day
aerosols tend to decrease P/PET in India (Fig. 2d), because aerosols change PET slightly in
India but suppress the precipitation.

In next section, we contrast the regional distributions and mechanisms between GHGs and
aerosols.

4 Normalized change in SAT, P, PET and P/PET due to GHGs and aerosols

Since the absolute value of temperature response is larger for GHGs mitigation than present-
day aerosols (1.7 vs. 0.8 °C ), we normalize the climate response with respect to the global
mean SAT change with each case. Thus, we can contrast the contributions to PET and P/PET
due to the difference in GHG and aerosols. Note that aerosol emissions are regional and will
depend on the scenario, but they have known source regions. Thus, the aerosol sensitivities are
likely to be only weakly dependent on the scenario since most aerosol scenarios have similar
reductions in similar regions (van Vuuren et al., 2011).

We also investigated GHG-induced changes alone by contrasting the averages of the
RCP8.5_FixA for the years 2030–2050 and 2060–2080. This yields the climate changes
purely due to GHGs. Fu and Feng (2014) showed using 1 %/year CO2 increase CMIP5
experiments (multi-model mean) that the increase in P averaged over land is 1.4 %/°C, while

Fig. 2 Area average of Projected changes in Surface Air Temperature (SAT), Precipitation (P), Potential
Evapotranspiration (PET) and P/PET for 2060–2080 relative 1985–2005 from RCP8.5 (black), RCP4.5 (red)
and RCP8.5_FixA (blue). The black, red and blue error bar denotes two standard deviation of RCP8.5, RCP4.5
and RCP8.5_FixA ensembles. The eight selected regions are the Eastern USA, Europe, Eastern China, Eastern
Brazil, Southern Africa, India, Northern Australia and Global Land (see the boxes of Fig. 3)

R
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PET increased at 4.6 %/°C, leading to an P/PET decrease (i.e., drying) by 2.9 %/°C. We find
1.7 %/°C for P and 4.9 %/°C for PET, yielding a P/PET decrease of 2.7 %/°C very similar to
the normalized changes due to CO2 alone shown in Fu and Feng (2014). Aerosol reductions
impact P (6.1 %/°C) and PET (6.4 %/°C) more than GHG changes, thus aerosols impact the P/
PET much less than GHGs (0.1 %/°C for aerosols, while −2.7 %/°C for GHGs).

4.1 Regional patterns

Figure 3 shows the global distributions of normalized changes in SAT, P, PET and P/PET due
to GHGs and aerosol reductions. The spatial pattern of changes in P, PET and P/PET due to
GHGs (Fig. 3c, e and g) is similar to the multi-model mean patterns in Fu and Feng (2014)
(Fig. 2) forced by CO2 alone. Per degree of global mean temperature change, the land warms
by 1.5 ± 0.1 °C due to aerosol reductions and 1.3 ± 0.03 °C due to GHGs. Relative to GHGs,

a b

c d

e f

g h

Fig. 3 The change of Surface Air Temperature (SAT), Precipitation (P), Potential Evapotranspiration (PET) and
P/PET due to GHGs (contrasting the averages of the RCP8.5_FixA for the years 2030–2050 and 2060–2080) and
Aerosols (taken as the differences between the averages RCP8.5_FixA and RCP8.5 for the years 2060–2080),
scaled by global mean surface air temperature changes. Gray regions do not have statistically significant changes
based on a 95 % confidence interval from a two-sided t-test
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aerosol reductions cause more warming in the NH mid-latitudes, and less warming in the SH
(Fig. 3a and b).

The patterns of precipitation change caused by GHGs and aerosol reductions are
quite different. The spatial heterogeneity of precipitation response to aerosols arises
from several factors. Aerosols serve as cloud condensation nuclei and thus have a
substantial effect on cloud droplet formation and eventually precipitation production
(Rosenfeld et al., 2008; Huang et al., 2014). Small variations or changes in the
amount, altitude, physical thickness, and/or microphysical properties of clouds due
to human influences can then alter the hydrological cycle (Huang et al., 2006a,
2006b). Overall, aerosols appear to induce larger P change per degree of warming
(blue area in Fig 3d). Lambert and Allen (2009) also found greater sensitivity of P to
aerosols than GHGs. Note that large and significant percentage changes occur over
some regions with low precipitation (i.e. the Sahara).

The PET pattern due to GHGs is more spatially uniform (Fig. 3.e) than that due to
aerosol reductions (Fig. 3.f). Aerosol reductions suppress the increasing PET over
parts of Africa and India, despite warming temperatures there. GHGs induce drying
(Fig. 3.g) over most land regions except Africa and Northeastern Asia, while aerosols
have a larger impact on Eastern Brazil, Europe, Northern Africa, Southern Africa,
Southern China and Western Northern Australia (Fig. 3.h). Opposite signs of P/PET
change occur between GHGs and aerosol reductions in northern Eastern Brazil and
India, but for different reasons. For Eastern Brazil, P/PET changes are due to different
sign in precipitation change between GHGs and aerosol reductions. For India, P/PET
changes are due to different sign in PET changes. In the reduced aerosol case, even
over places with decreasing P/PET, P/PET decreases can be caused by either decreas-
ing P (Northern Australia) or increasing PET with a small P increase (e.g. parts of
China).

Figure 4 summarizes the normalized changes over selected regions in Fig. 3.
Normalized changes of SAT and PET due to GHGs are of the same sign and similar
magnitude across regions (red bars). Even though the precipitation change in Southern
Africa is negative, the aridity change there is similar to other regions. Normalized
changes due to aerosol reductions (blue bars in Fig. 4) have different magnitudes
across these regions, especially between the NH and SH. NH temperature changes
faster than the global mean (except India). The NH temperature change is notable in
the reduced aerosol case. Aerosol reductions induce positive precipitation changes
over NH regions but negative precipitation changes over the SH (Fig. 4.b). This shift
is in addition to the larger total rainfall change. The PET changes due to aerosols are
larger than from GHGs over the NH (e.g., 20 % larger over Europe and Eastern
China) except over India (near zero). P/PET changes due to GHGs are of the same
sign, but not the same magnitude in seven study areas (e.g. -0.2 ± 3.8 %/°C over
Northern Australia but −5.0 ± 2.6 %/°C over Europe). Aerosol reductions cause larger
normalized P/PET change than GHGs over these seven regions and cause positive P/
PET change in India while negative change over the other six regions (Fig. 4d). The
near-zero global aridity change due to aerosols is mainly driven by increasing P/PET
over northern Africa (Fig. 3h).

In summary, the normalized change of T, P, PET and P/PET due to GHGs are more
homogeneous in space than those due to aerosols. Despite of having minimal impact on global
aridity, aerosols cause more regional normalized P/PET change than GHGs.
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4.2 Physical factors determining different normalized change due to GHGs
and aerosols

4.2.1 Changes in PET

To explore how GHGs and aerosols impact PET differently, we use equation (1) to quantify the
relative contributions of changes in SAT, relative humidity (RH), wind speed (u2) and available
energy (Rn - G) to the total percentage changes in PETover global land. See Appendix A of Fu
and Feng (2014) for details on the method of deriving the individual contributions. The change
in PET due to GHGs is dominated by SAT changes (64.2 ± 1.6 %), while the changes in RH
and available energy also make appreciable contributions (14.5 ± 2.3 % and 19.7 ± 1.5 %,
respectively). The partitioning of relative contributions broadly agrees with Fu and Feng
(2014), except for a larger contribution of u2 of 1.5 ± 0.8 % (0 % in Fu and Feng (2014)).
This also supports Scheff and Frierson (2014), which showed warmer temperature increases
PET due to increasing vapor pressure deficit and the Clausius–Clapeyron slope. The larger
sensitivity to SAT for the GHG case holds in all selected regions.

For the aerosol case, the available energy contribution to global PETchange is as large as the
SAT contribution (41.3 ± 5.8 % and 58.0 ± 2.6 %, respectively). The available energy
contribution can be even larger than the SAT contribution in NH regions with high aerosol
loading. The available energy contribution is mainly caused by net shortwave radiation at the
surface. RH and u2 do not impact PET significantly at the global scale (0.4 ± 7.6 % and
0.3 ± 1.3 %, respectively), but regionally RH or/and u2 make appreciable contributions over
Europe, Eastern Brazil, Southern Africa, Northern Australia and India. In India, aerosol effect to
PET through SATcancel out that through RH (not shown), leading to minimal changes in PET.

4.2.2 Changes in P/PET

Similarly, we provide the details in Appendix A of this study on the method of deriving the
individual contributions of changes in SAT, RH, u2, Rn - G and P to total percentage changes
in P/PET globally and over the seven study areas.

Figure 5 shows the relative contributions of changes in SAT, RH, u2, Rn - G and P to the
total percentage changes in P/PET over the seven study areas and global land. To highlight the
different magnitudes, all relative contributions are displayed as positive numbers in Fig. 5,
regardless of the actual sign. The change in P/PETover global land due to GHGs is dominated
by SAT change (47.9 ± 3.2 %), while the changes in P, RH and Rn - G contribute
(26.0 ± 6.6 %, 10.4 ± 2.6 %, 14.5 ± 0.8 %, respectively). Fu and Feng (2014) showed that
SAT changes dominate the global aridity changes in CO2 only case. Regional responses to
global temperature change, however, could be different. Precipitation causes the largest aridity
change due to GHGs in Eastern China and Northern Australia, although temperature
dominates in the other five study areas except India. Similarly, Gao et al. (2015) argued that
precipitation changes dominate GHG induced aridity change in Tibetan Plateau.

Fig. 4 Area average of normalized changes of Surface Air Temperature (SAT), Precipitation (P), Potential
Evapotranspiration (PET) and P/PET due to GHGs (contrasting the averages of the RCP8.5_FixA for the years
2030–2050 and 2060–2080) and Aerosols (taken as the differences between the averages RCP8.5_FixA and
RCP8.5 for the years 2060–2080). The red (blue) error bar denotes two standard deviation of GHGs (Aerosols)

R
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In the aerosol case, the greatest impact to global P/PET change is from P (49.7 ± 7.7 %),
and SAT and Rn - G contribute (28.6 ± 3.6 % and 20.5 ± 1.3 %, respectively). Regionally, P
causes the largest change of P/PET in all study areas except Europe and Eastern Brazil. RH is
important in Europe, Eastern Brazil, Southern Africa, Northern Australia and India.

Thus, changes in P/PET due to GHGs are dominated by SATand P. Aerosol induced P/PET
change is not caused by the same physical factors across different regions.

5 Discussions and conclusions

We find that under RCP8.5 (a high GHG emission scenario), the global annual mean P/PET
over global land decreases (i.e. drying) by 6.4 ± 0.8 % in 2060–2080 relative to 1985–2005,
consistent with earlier studies. In RCP4.5 (a mitigation scenario) the P/PET decrease is only
3.7 ± 0.6 %. The ensemble variance from a single model is small compared to the difference
between these two scenarios, indicating the difference between scenarios is significant. The

a b

c d

e f

g h

Fig. 5 Relative contribution of Surface Air Temperature (SAT), Relative Humidity (RH), Wind Speed at 2 m
(u2), Surface Available Energy (Rn - G) and Precipitation (P) on the change in P/PET over seven study areas and
global land. The red (blue) error bar denotes two standard deviation of GHGs (Aerosols). Note all relative
contributions are displayed as positive numbers, regardless of the actual sign
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larger ensemble spread at regional scale is associated with the high variance of regional
precipitation patterns, but all regions except Northern Australia and India have a significantly
(larger than ensemble spread) smaller drying in the mitigation scenario (RCP4.5).

Reduction of aerosols is another forcing to future global change with a different time scale
than GHG forcing. Four RCP scenarios all assume aerosol emissions decreases, which
enhance the future GHG warming and increase precipitation. Here we show that aerosol
changes have little impact on global land aridity, but may have significant effects at regional
scale. This result has broad implication, because previous work has suggested that Bvolcanic^
(geo-engineering) and dust aerosol changes would lead to global drought (Tilmes et al., 2013).
In our model simulations, aerosols indeed lead to strong suppression of precipitation (Fig. 3d).
However, aerosols induce a similar amount of PET and precipitation change over land,
canceling out any change in P/PET.

In our simulations, aerosol decline contributes nearly a full degree of warming by 2100 in
RCP8.5 and nearly half of the total increase in precipitation. These non-negligible aerosol
effects on future temperature and precipitation have been noted by previous studies (e.g. Levy
et al., 2013). To the best of our knowledge, however, the effects of GHG increases and aerosol
decreases on future global P/PET have not been separated out before. Previous studies
suggesting that future predicted climates are more arid (defined by P/PET) focused only on
GHG effects.

The physical mechanism of GHG induced P/PET is mainly temperature-based (e.g. the
evaporation rate increases with temperature and other factors do not compensate). Based on
this mechanism, one would expect an aerosol-driven cooling to have similar effects on P/PET
as a GHG-driven one, just with the opposite sign. Surprisingly, our study fails to detect any
significant net impact of aerosol changes on P/PET, suggesting that future changes of P/PET in
the model are entirely attributable to GHGs even though the temperature and precipitation
change are not all due to GHGs. This result contradicts previous claims that aerosols will lead
to aridity increases, which consider only the impact on precipitation and ignore that on
evaporation. Our study is consistent with a previous study by Zhao et al. (2014) that looked
at the impact of dust aerosols over semi-arid regions.

The sensitivity of T, P, PET and P/PET due to GHGs is consistent in sign and magnitude
across regions, while the sensitivity due to aerosols varies between regions, because of the
regional nature of the response to short-lived aerosol effects (Shindell et al., 2015). Therefore,
conclusions focusing on the sensitivity of aridity to GHGs may not be applicable in NH
regions of high aerosol loading and large aerosol perturbations.

There is relatively larger land warming (1.5 ± 0.1 °C/°C) due to aerosols than due to GHGs
(1.3 ± 0.03 °C /°C), due to larger aerosol loading over land. Since large land warming is the
fundamental reason behind land P/PET decreases under GHG warming (Sherwood and Fu,
2014), the 25 % larger land warming due to aerosols partly explains the larger PET sensitivity.
Another contributor to larger PET sensitivity due to aerosols is the surface energy budget
perturbation (Rn - G), which is mainly from short-wave clear-sky changes. Because aerosols
decrease surface temperature and also heat the atmosphere through direct absorption, aerosols
lead to a reduction of precipitation. Over NH regions except India, the contribution through
this energy term is even larger than that temperature. Part of this is coming from absorbing
aerosols, which warm the surface (increasing PET) but block solar radiation reaching the
surface (decreasing PET).

Overall, GHG mitigation may significantly reduce the projected drying. Mitigation of
aerosols tends to lead to enhanced warming, which in turn generally increases PET. But it
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also leads to enhanced precipitation, so the net global effect on P/PET is small. Temperature
term dominates the response to GHGs, while the response to aerosols is more complicated, and
can vary regionally, due to differences in both P and PET. In this work, we have not explored
the impact of different types of aerosols. Zhao et al. (2014) found the effects of dust aerosols
are indiscernible in the expansion of arid and semi-arid areas on a global scale. In CESM1,
most of aerosol effects on liquid clouds are due to SO4 (Gettelman et al., 2010), so it is likely
SO4 is the major component of the aerosol impact we have analyzed. Although our large
ensemble approach can quantify uncertainty due to model internal variability, the uncertainty
associated with the model structure need further study.
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Appendix A: Change in P/PETand contributions from changes in SAT, RH,
u2, Rn - G and P

Here we define P/PET = g(SAT, RH, u2, Rn - G, P) (i.e. P over equation(1)), the subscripts B0^
and B1^ to represent the mean values for the different simulations, respectively.

To SAT: Δ(P/PET)_SAT = g(SAT1, RH0, u20, Rn - G0, P0) - g(SAT0, RH0, u20, Rn - G0,
P0). The same method treat to RH, u2, Rn - G.

To P: Δ(P/PET)_P = g(SAT1, RH1, u21, Rn - G1, P1) - g(SAT1, RH1, u21, Rn - G1, P0).
Note the effects of precipitation on P/PET is positive number when the other variables
negative, so here we define the relative contribution by |xi|/Σ|xi|, not xi/Σxi.
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