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Earth satellites have observed continuous increasing vegetation growth during the past four decades, a phe-
nomenon called Earth greening. Nearly all Earth System Models (ESMs) participating in Coupled Model Inter-
comparison Project (CMIP) for Intergovernmental Panel on Climate Change (IPCC) project a continuous greening

Equﬂﬂ:rmm irati of the planet during the 215t century. To investigate the hydrological feedback from the projected Earth greening,
SZ;p;;;?ZI::a o we prescribed the increase in leaf area index (LAI) in the 21% century as projected by CMIP5 ESMs into a state-of-
DDWW paradigm the-art ESM (IPCLCM), and simulated equilibrium climates for current CO, and LAI, an increase of CO, alone, an

increase of LAI alone, and increases of both CO, and LAI, respectively. We find that the greening simultaneously
intensifies evapotranspiration and precipitation over land. In terms of soil moisture content, the spatial differ-
ence between the responses of evapotranspiration and precipitation causes a hydrological response of the "dry
gets drier, wet gets wetter" (DDWW) paradigm. Increasing LAI significantly decreases soil moisture content over
dry regions, including the Western North America, Southern South America, East Siberia, Central Asia, South
Asia, Northern China, Sahel, Southern Africa, and Australia. Over wet regions, such as the Amazon and Congo
rainforests, the greening-induced increase of terrestrial evapotranspiration favors more convective precipitation,
so that the new equilibrium does not decrease soil moisture content. The DDWW paradigm in terms of P-ET
response does not hold over wet areas. To mitigate climate change with forestry, policymakers should prevent
degradation of existing forests, support afforestation over wet regions, and avoid planting trees in dry regions.

1. Introduction

Earth satellites have observed continuous increasing vegetation
growth during the past four decades, a phenomenon called Earth green-
ing (Zhu et al., 2016; Cortés et al., 2021). Vegetation greening feeds back
to the climate through biogeochemical and biophysical processes (Piao
et al., 2019). The former is widely studied focusing on the impacts on
the carbon cycle (Fang et al, 2001; Piao et al., 2009). The latter is the
effects on the hydrological cycle and climate, which are caused by the
modifications in the land surface biophysical properties, such as albedo,
surface roughness, and evapotranspiration (Alkama et al., 2016; Zeng
et al, 2017; Lian et al., 2020; Meng et al., 2020; Yu & Diallo, 2021).

Earth System Models (ESMs) are an essential tool to study these feed-
backs, as they could couple the vegetation with the atmosphere and the
water cycle (Eyring et al, 2016; Sellar et al., 2020). Nearly all ESMs
participating in Coupled Model Intercomparison Project (CMIP) for In-
tergovernmental Panel on Climate Change (IPCC) project a continuous
greening of the planet during the 21% century (Mahowald et al., 2015,
2016; Zhao et al., 2020).
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The projected Earth greening is supposed to influence the hydrolog-
ical cycle significantly. As terrestrial evapotranspiration is dominated
by vegetation transpiration (more than 60%) (Jasechko et al., 2013;
Good et al., 2015), water losses to the atmosphere generally increase
with increasing vegetation growth, which has been a dominant driver
of increasing global land evapotranspiration during the past 30 years
(Zhang et al., 2015; Zeng et al, 2018). Enhanced evapotranspiration
(ET) accelerates the recycling of atmospheric moisture and eventually
affects precipitation. Besides, the projected Earth greening is expected
to produce two opposite effects on soil moisture content, the change of
which represents the change of background dryness over the region and
is of most relevance to agriculture (Robock et al., 2000; Dai et al., 2004;
Seneviratne, 2012). On the one hand, Earth greening decreases surface
albedo and absorbs more solar radiation, increases canopy conductance
and enhances transpiration to favor more precipitation, both of which
support persistence of wetness (Bounoua et al., 2000; Buermann et al.,
2001; Spracklen et al, 2012). On the other hand, the greater capacity
of water loss associated with greening leads to a faster depletion of soil
moisture, which is against the persistence of wetness (Pielke et al., 1998;
Kim & Wang, 2012).
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Several studies have investigated the hydrological feedback from
greening, but these researches focused on the past 30 years or limited
to a specific region (Li et al., 2018; Zeng et al., 2018; Lian et al., 2020;
Yu & Diallo, 2021). To the best of our knowledge, the response of the
hydrological cycle to the projected Earth greening in the 21st century
is still uncertain. Besides, whether the spatial pattern of the response
emerges as a "wet-get-wetter and dry-get-drier" (DDWW) paradigm is
under debate. The original DDWW paradigm was proposed from the
thermodynamic response of P-ET to global warming and was based on
oceanic data (Greve et al., 2014; Greve & Seneviratne, 2015). The land
surface is dry compared with the ocean surface and gets drier due to
global warming (Dai et al., 2004; Feng & Fu, 2013; Cook et al., 2014;
Sherwood & Fu, 2014). The overall drying of the land surface is ex-
pected to enhance the frequency and severity of droughts that are of
devastating impacts on a wide range of socio-economic sectors particu-
larly for regional agriculture (Dai, 2011; Seneviratne, 2012; Trenberth
et al, 2013). Currently, the DDWW paradigm has become a common
slogan widely used across different disciplines. However, different uses
of the terms "wetting" and "drying", as well as the words "wetter" and
"drier", yield inconsistencies in the DDWW paradigm (Roth et al., 2021).
Recent studies even indicated that the DDWW paradigm does not apply
to land surface (Greve et al., 2014; Greve & Seneviratne, 2015), and the
land surface will be less arid in a warming future (Roderick et al., 2015).
Thus, the tendency of dryness/wetness over land in the future is very
uncertain (e.g., Held & Soden, 2006; Milly & Dunne, 2010; Sheffield
et al., 2012; Roderick et al., 2015).

In this study, we used a global climate model coupled with a land
surface model to investigate the hydrological feedback from the pro-
jected greening in the warming future. We simulated four equilibrium
climates for different atmospheric CO, concentrations and global LAI
distribution. Five questions are addressed in our analysis: (1) How does
the hydrological cycle (precipitation, evapotranspiration, soil moisture
content and P-ET) respond to the projected Earth greening in the 215t
century?, (2) Will the spatial pattern of the response of soil moisture
and P-ET emerge as a DDWW paradigm?, (3) Is the greening-induced
change in aridity index representative of the greening-induced change
in soil moisture content?, (4) What are the mechanisms behind the re-
sponse of soil moisture content? (5) What are the implications of the
greening-induced change in soil moisture content?

2. Materials and methods
2.1. Projected Earth greening in the 21% century

The projected Earth greening in the 215 century was extracted
from 27 state-of-the-art ESMs in CMIP5 used for the fifth Assessment
Report (AR5) of the IPCC (Taylor et al., 2012; Stocker et al., 2013).
Table 1 lists the models and details of their projections of LAL. We exam-
ined the model simulations of annual area-weighted average global land
LAI for 1982-2099 (Fig. 1a, HISTORICAL run to 2005 and the medium
mitigation scenario RCP4.5 from 2006). All ESMs coupled with a dy-
namic vegetation model show significant greening of land surface for
the 215t century. Along with radiative forcing gradually stabilizing till
2100 (Thomson et al., 2011), LAI in all ESMs tends to be stable in the
late 215t century (Fig. 1a). The correlation analysis showed that 9 of
the 27 ESMs significantly reproduced the historical interannual variabil-
ity of land LAI between 1982 and 2005 as observed by Advanced Very
High Resolution Radiometer (AVHRR) (Zhu et al., 2013). The satellite-
observed significant increase of LAI (0.37 m? m~2 per decade, P <
0.05) has also been reproduced by all the 9 ESMs (BNU-ESM, CCSM4,
CESM1-BGC, CESM1-CAM5, HadGEM2-CC, HadGEM2-ES, IPSL-CM5A-
LR, MIROC-ESM-CHEM and bee-csm1-1; 0.31 +0.23 m? m~2 per decade,
P < 0.05) (Fig. 1a and Table 1).

The LAI change at pixel (i, j) in month n in ESM k between the early
215t century (2007-2011) and the late 215t century (2095-2099) is esti-
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mated as:

ALAIL 04, .0, k) = LAIggpg 210050, J, 1, k) — LA ggpp 201053 > 11, K)
(D

where LAIggp 21005 @0d LAI gy 20105 are the ESM-simulated multiyear
average monthly LAI for the early 215t century and the late 215t century,
respectively. For the late 215t century, LAI at pixel (i, j) in month n in
ESM k is:

LALy o5, j,n, k) = LAIyy g rR 2010505 js 1) + ALAI 10050, j, 1 k) 2)

where LAI,y yrg 20105 iS the satellite observed multiyear (2007-2011)
average monthly LAIL The assumption behind the calculation is that
ESMs better capture future seasonal changes in LAL despite their current
tendency to overestimate absolute values of LAI (Malhi et al., 2009). We
further assume that an ESM can better capture future change in LAI if
it has reproduced the satellite-observed historical change in LAIL Thus,
in this study, the ensemble average of the calculated LAI of the 9 ESMs
illustrated above was used to project Earth greening in the late 215t cen-
tury.

Fig. 1b displays the projection of Earth greening for the 215 cen-
tury. Land surface is projected to be much greener in the late 215t cen-
tury throughout the globe (Fig. 1b and S1). The global enhancement of
LAI is 0.21 m? m~2, about 14% of current global land LAI The most
pronounced enhancement of LAI occurs over the regions north of 50
degrees during growing seasons (Fig. 1b, ¢ and Figure S1), where veg-
etation growth gets a direct benefit from surface warming (Zhou et al.,
2001; Dass et al., 2015; Zhu et al., 2016). A large enhancement of LAI
is also found in China, the United States, Central Africa including the
Congo rainforest, and South America excluding the Amazon. This green-
ing trend is attributed to the change in precipitation pattern and the
physiological impact of rising CO, (Alkama et al., 2014; Dardel et al,
2014). The mechanisms on why and how vegetation responds to cli-
mate and CO, changes have been investigated in many studies (e.g.,
Bathiany et al., 2014; Dardel et al., 2014; Dass et al., 2015; Mahowald
et al., 2015; Piao et al., 2015; Zhu et al., 2016). Here we focus on how
the Earth system will respond to the projected Earth greening in the late
215t century.

2.2. Model simulations

We performed several AMIP-like numerical experiments to investi-
gate the response of hydrological cycle to the projected Earth greening
in the late 215 century (Table 2). Experiment 0 is a control experiment
to document the climate under current LAI distribution and atmospheric
CO, concentration (CTRL). Experiments 1-3 are the climates under in-
creasing LAI (SIM_LAI), rising CO, (SIM_CO2), and rising both CO, and
LAI (SIM_ALL), respectively. SIM_LAI — CTRL documents the response
of the Earth system to the projected Earth greening. Yet this response
neglects the change in water use efficiency due to rising atmospheric
CO,. To investigate the climate response to greening under rising atmo-
spheric CO,, we analyze the difference between SIM_ALL — CTRL and
SIM_CO2 - CTRL. This approach considers not only the land-climate
coupling, but also the effect of rising atmospheric CO, on water use effi-
ciency. In all experiments, sea surface temperature and sea ice coverage
(oceanic boundary condition) are set to climatological seasonal cycle
(e.g., Bounoua et al., 2000; Betts et al., 2007; Costa et al., 2007). Land
surface boundary condition in each pixel and each plant function type
is prescribed with the different climatological monthly varying LAI All
experiments run for 60 years, starting from the same initial condition.

The Earth System Model used to perform the experiments is IP-
SLCM5A from the Institute Pierre Simon Laplace modeling community
(Marti et al., 2010; Dufresne et al., 2013). The model has participated
in the CMIP5 used for IPCC ARS5. The atmospheric model is the Lab-
oratoire de Météorologie Dynamique atmospheric general circulation
model with Zooming capability (Hourdin et al., 2006). The land surface
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Table 1

A summary of the Earth System Models used in this study.
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model name modelling center land model Resolution (lonxlat) dynamic LAI reproduction of historical LAI
bee-csm1-1 BCC BCC-AVIM1. 128x64 y y
bee-csm-1-m BCC BCC-AVIM1. 320x160 y n
inmcm4 INM Simple model 180120 y n
ACCESS1-0 CSIRO-BOM MOSES 192x145 n n
ACCESS1-3 CSIRO-BOM CABLE 192x145 n n
BNU-ESM GCESS CoLM+BNU-DGVM 128x64 y y
CCsM4 NCAR CLM 288x192 y y
CESM-BGC NSF-DOE-NCAR CLM 288x192 y y
CESM1-CAM5 NSF-DOE-NCAR CLM 288x192 y y
CESM1-WACCM NSF-DOE-NCAR CLM 144x96 y n
CanESM2 CCCma CLASS2.7+CTEM1 128x64 y n
FIO-ESM FIO CLM3 128x64 n n
GFDL-CM3 NOAA GFDL LM3 144x90 y n
GFDL-ESM2G NOAA GFDL LM3 144x90 y n
GFDL-ESM2M NOAA GFDL LM3 144x90 y n
HadGEM2-CC MOHC JULES+TRIFFID 192x145 y y
HadGEM2-ES MOHC JULES+TRIFFID 192x145 y y
IPSL-CM5A-LR IPSL ORCHIDEE 96x96 y y
IPSL-CM5A-MR IPSL ORCHIDEE 144x143 y n
IPSL-CM5B-LR IPSL ORCHIDEE 96x96 y n
MIROC-ESM MIROC MATSIRO+SEIB-DGVM 128x64 y n
MIROC-ESM-CHEM MIROC MATSIRO+SEIB-DGVM 128x64 y y
MIROC5 MIROC MATSIRO+SEIB-DGVM 256x128 n n
MPI-ESM-LR MPI-M JSBACH+BETHY 192x96 y n
MPI-ESM-MR MPI-M JSBACH+BETHY 192x96 y n
NorESM1-M NCC CLM4 144x96 y n
NorESM1-ME NCC CLM4 144x96 y n

* The row ’dynamic LAI’ shows whether there is any interannual variability of LAI. The row ’reproduction of historical LA’ shows whether there is a significant
correlation (R > 0, P < 0.05) between modelled land LAI (historical run) and observed land LAI (AVHRR LAI3g) from 1982 to 2005.
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Fig. 1. Projected changes in LAI from the CMIP5 ESMs for 1982 to 2099. (a) Interannual variation of global land LAI in each ESMs. LAI during 1982-2005 is
derived from the historical run, and that during 2006-2099 from the RCP4.5 run. The bold green line shows the interannual LAI during 1982-2011 as observed from
the AVHRR satellites. The bold lines or *** after the model names indicate that the ESM has significantly reproduced the satellite-observed historical change in LAIL
(b) Spatial pattern of the projected Earth greening in the late 21%t century (the change of LAI between the late 215 century (2095-2099) and the early 21% century
(2007-2011)). (c) Same as (b) but shown at latitude and month spaces.
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Table 2
Numerical experiments in this study to quantify the response of Earth system to
the projected Earth greening.

Experiment Simulation LAI CO,

0 CTRL current current

1 SIM_LAI projected current

2 SIM_CO2 current projected
3 SIM_ALL projected projected

* Current LAI is the multiyear (2007-2011) average monthly LAI as observed
from AVHRR. Projected LAI is the multiyear (2095-2099) average monthly LAI
as calculated from Eq. (2) using CMIP5 RCP4.5 simulations. Current CO, is 390
ppm. Projected CO, is 538 ppm in the late 215 century under RCP4.5 scenario.

model is Organising Carbon and Hydrology In Dynamic Ecosystems (OR-
CHIDEE) (Krinner et al., 2005). ORCHIDEE is proved to be of capacity
to simulate terrestrial water cycle well (Piao et al., 2007; Rebel et al.,
2012; Mueller & Seneviratne, 2014). In ORCHIDEE, evapotranspiration
is modeled as the sum of vegetation transpiration, soil evaporation, in-
terception, and sublimation; the simulation of these processes has con-
sidered temperature, radiation, wind speed, specific humidity, vegeta-
tion growth activity, and soil moisture deficit (Krinner et al., 2005). As
shown in Figure S2, the simulated climatology of precipitation, temper-
ature and evapotranspiration in CTRL are significantly correlated with
the observed patterns (R = 0.71, 0.99, 0.83, respectively; all with P <
0.001). The spatial resolution is 1.5° latitude x 3.0° longitude and 19
vertical levels, and the temporal resolution is a 1.5 minute time step.
All the simulations were performed on the Tianhe supercomputer (TH-
1A) in the National Supercomputing Center in Tianjin, China.

2.3. Analysis

We restricted the analysis to the vegetation regions where the mul-
tiyear average LAI is larger than 0.1. To ensure that the simulated soil
moisture fields are in balance with the climate, we also restricted the
analysis to the last 50 years of the simulations, when these experiments
reached equilibrium after 10 years (Figure S3) (Seneviratne et al., 2006;
Costa et al., 2007). The 50-year-long simulations allow us to quantify
unforced internal climate variability and test whether the response is
significant from internal variability (two-sample t-tests, n = 50) (Swann
et al., 2012; Devaraju et al., 2015).

We calculated potential evapotranspiration and aridity index using
model outputs. We applied the Penman-Monteith (PM) algorithm to cal-
culate potential evapotranspiration (Penman, 1948). The PM algorithm
is generally accepted as the most comprehensive physically based al-
gorithm to model evapotranspiration (Sheffield et al., 2012). The PM
equation for actual evapotranspiration is

A pCy/ra

T= Rnet + D 3
Avyrrgry T ATy, @

where ET is actual evapotranspiration (W m~2), Rnet is surface net ra-
diation (W m~2), D is vapour-pressure deficit (Pa), A is the slope of the
plot of saturated vapour pressure against air temperature (kPa °C™1), y
is the psychometric constant (kPa °C™1), p is the air density (kg m~3),
¢, is the specific heat of air at constant pressure (J kg °c™. r, is aero-
dynamic resistances (s m™1), and it is controlled by wind speed. r; is
surface resistances (s m~!), and it is the reciprocal of canopy conduc-
tance g,

=gl —————— o

smaxP(W)

where g ... is leaf-level maximum conductance, f(w) is soil moisture
stress scalar, and w is soil moisture content, LAl is leaf area index, k; and
k, are parameters dependent on aerodynamic roughness and vegetation

type.
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Assuming a zero surface resistance (r,), the standard PM equa-
tion collapses to potential evapotranspiration (Sheffield et al, 2012).
It writes as

PE:SIAA Rnet+52Ay

6.43(1 + 0.536U)D 5
+7 +7 ( ) (5)

where PE is potential evapotranspiration (mm day~!), U is wind speed
at 2-meter height (m s~1). The constant s (0.035) changes a unit of W
m~2 to mm day~!, and the constant s, (0.408) changes a unit of M.J m~2
day~! into mm day~!. All of A, y, Rnet and D can be calculated from the
model outputs of air temperature, humidity, net radiation, and surface
pressure.

Aridity index is defined as the ratio of potential evapotranspiration
over precipitation (Greve et al., 2014; Greve & Seneviratne, 2015; Lin
et al., 2015),
_ PE
P

where Al is aridity index, PE is potential evapotranspiration (mm day~1)
and P is precipitation (mm day—1).

Al (6)

3. Results

3.1. Change in precipitation and evapotranspiration due to the projected
Earth greening

We first investigated the Earth greening induced precipitation
and evapotranspiration change by analyzing the difference between
SIM_ALL — CTRL and SIM_CO2 - CTRL (see methods). The results show
that the projected greening is simulated to increase land surface precipi-
tation, particularly over tropical rainforests and boreal forests (Fig. 2a).
A widespread and significant increase of precipitation is also found over
Northern Hemisphere mid-high latitudes during MAM (March, April and
May) and JJA (June, July and August; Fig. 2b-c).

As for evapotranspiration, both the potential evapotranspiration and
actual evapotranspiration are investigated. Following Eq. 5, potential
evapotranspiration is controlled by net radiation, air temperature, wind
speed, humidity and surface pressure. All these factors are influenced
by the greening of the Earth. The results show that the projected green-
ing decreases potential evapotranspiration over a large part of the land
surface (Fig. 3), particularly Northern Hemisphere mid-high latitudes
during MAM and JJA (Fig. 3b-c). In contrast, the increasing LAI leads
to a worldwide spread increase in actual evapotranspiration (Fig. 4).
To better separate the direct vegetation feedback and vegetation-soil-
hydroclimate feedback, we expanded the actual evapotranspiration to
two parts: the biological process of plant transpiration and the phys-
ical process of evaporation (the sum of soil evaporation, intercep-
tion and sublimation). As shown in Figure S4 and S5, plant transpi-
ration sees a worldwide increase in response to the projected green-
ing (Figure S4a), especially over the Northern Hemisphere mid-high
latitudes during JJA (Figure S4c). In contrast, the response of evapo-
ration showed regional differences (Figure S5): the greening-induced
evaporation increased in most of the Northern Hemisphere and Africa
but decreased in the Amazon basin and Australia at the annual scale
(Figure S5a).

Several reasons account for the opposite direction of the change in
potential evapotranspiration and that in actual evapotranspiration, as
a response to the greening of the Earth in the late 215 century. Poten-
tial evapotranspiration is based on the assumption of sufficient water
supply (mathematically, a zero of surface resistance); namely, this con-
ception neglects the change in the capacity of water loss associated with
a change in vegetation growth activity. In fact, increasing LAI decreases
surface resistance directly (Eq. 4), leading to a greater capacity of water
loss and acceleration of actual evapotranspiration (Eq. 4). As vegetation
transpiration dominates evapotranspiration over land (Jasechko et al.,
2013; Good et al., 2015), the influence of vegetation growth on terres-
trial evapotranspiration is non-neglectable. As shown in Fig. 4, the effect
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is so strong that increasing LAI leads to a worldwide spread increase in
actual evapotranspiration. As a result, first, the increase in evapotran-
spiration accelerates the moisture cycle and thus increases cloudiness
(Figure S6a) and precipitation (Fig. 2). The increase in cloudiness fur-
ther decreases incoming solar radiation over land. Second, the increase
in evapotranspiration leads to an increase in specific humidity (Figure
S6b), which decreases the vapor-pressure deficit. Third, the increase
in evapotranspiration leads to evaporative cooling that decreases sur-
face air temperature (Figure S6c¢). Last, increasing LAI increases surface
roughness and decreases wind speed (Figure S6d). All of the decreases
in solar radiation, vapor-pressure deficit, surface air temperature and
wind speed lead to a decrease in potential evapotranspiration (Eq. 5;
Fig. 3), which seems to be paradoxical with an increase in actual evap-
otranspiration, but actually to be a result of the increase in actual evap-
otranspiration. In conclusion, decreasing potential evapotranspiration
provides a strong indication of increasing terrestrial evapotranspiration,
which is similar to the pan evapotranspiration paradox (Brutsaert & Par-
lange, 1998).

3.2. Change in soil moisture content due to the projected Earth greening

We also investigated the Earth greening induced soil moisture
change using the same methods. Figure 5a shows that increasing LAI
significantly (P < 0.05) decreases soil moisture content over the West-
ern North America, Southern South America, East Siberia, Central Asia,
South Asia, Northern China, Sahel, Southern Africa and Australia. Mean-
while, an increase of soil moisture content is simulated over the Ama-
zon and Congo rainforest regions. Over other regions, soil moisture
content does not change with the greening (Fig. 5a). Interestingly,
it seems that, over almost all arid regions (aridity index > 2, see

Fig. 2b), an increase of LAI leads to a reduction in soil moisture content
(Fig. 1b, 5a, b).

The spatial patterns of the Earth greening induced soil moisture
change in the four seasons (Fig. 5c-f) are similar to that at the annual
scale (Fig. 5a). Over South Asia, Southern China and Sahel, the most
widespread and robust reduction in soil moisture occurs in boreal spring
(MAM; Fig. 5c¢); over the high northern latitudes, Central North Amer-
ica and Central Asia, that occurs in boreal summer (JJA; Fig. 5d); over
the Western United States, and Southern Africa, that occurs in boreal
Autumn (SON: September, October and November; Fig. 5e); and over
Eastern China and Australia, that occurs in boreal winter (DJF: Decem-
ber, January, and February; Fig. 5f). It seems that the most substantial
reduction in soil moisture content occurs in the season when it is rela-
tively arid (Fig. 5c-f, and S7). Taking the Sahel as an example, during
the dry seasons (MAM and DJF), soil moisture content significantly and
strongly decreases; but during the wet seasons (JJA and SON), soil mois-
ture content only slightly decreases, although LAI increases as much as
that in the dry seasons (Fig. 5c-f, Figure S1 and S7). Due to soil mois-
ture memory (Dirmeyer et al., 2009; Rahman et al., 2015), soil moisture
change in one season also leads to a change of soil moisture in other
seasons. As a result, increasing LAI leads to an annual reduction in soil
moisture content over those arid and seasonal arid regions (Fig. 5).

We then investigated the effects of increasing LAI and rising CO,
on soil moisture content separately. Compared to CTRL, the increase of
LAI alone significantly decreases soil moisture content over those arid
and seasonal arid regions (SIM_LAIL; Fig. 6a). The spatial pattern is al-
most the same as the result having considered the effect of rising atmo-
spheric CO, (Fig. 5a), indicating a weak influence of rising atmospheric
CO,. On the one hand, rising CO, tends to reduce the density of stom-
atal pores in leaves and thus enhance water use efficiency (de Boer et
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al., 2011; Farrior et al., 2015; Schimel et al., 2015). This effect is likely
to increase soil moisture content. On the other hand, radiative forcing
caused by rising CO, increases evaporation capacity. This effect is likely
to decrease soil moisture content. As a result, these two opposite effects
cancel out each other at most regions (SIM_CO2 — CTRL; Fig. 6b). Fig. 6¢
demonstrates that the response of soil moisture content to the projected
increasing LAI and rising CO, in the late 215t century (SIM_ALL — CTRL)
is dominated by the effect of increasing LAI (Fig. 6a).

In short, dry lands (defined in terms of the aridity index) get drier
(defined in terms of the soil moisture) due to the projected Earth green-
ing in the late 215t century, supporting the DDWW paradigm.

3.3. Change in P-ET and aridity index due to the projected Earth greening

The original DDWW paradigm was proposed from the thermody-
namic response of P-ET to global warming, so we also treated P-ET as a
metric and investigated its response to the projected greening. As shown
in Fig. 7, the increase of P-ET mainly occurs over the Amazon and Congo
rainforests, accounting for only a tiny proportion of wet land areas. For
most wet regions such as the boreal forests, the greening-induced P-ET
decreased. It seems that the DDWW paradigm in terms of P-ET does not
hold.

Apart from soil moisture content, the aridity index is widely used
to characterize background dryness. To verify whether the greening-
induced change in aridity index is representative of the change in soil
moisture, here we investigated the change in aridity index due to the
projected Earth greening. As the projected Earth greening is simulated
to reduce soil moisture content over a large part of dry lands (Fig. 5), we
expected an increase of aridity index over these regions. However, con-

versely, the aridity index decreased over many regions, including Cen-
tral United States, Central Asia, Northern China, Sahel, Southern Africa,
and the Amazon (Fig. 8a). At seasonal scale, a significant decrease of
aridity index is found over Northern Hemisphere mid-high latitudes dur-
ing MAM and JJA (Fig. 8b-c). Thus, it is obvious that the change in
aridity index is not representative of the response of soil moisture to the
greening.

We tried to investigate why the aridity index decreases with the
greening of land surface, and why it is not representative of the change
in background dryness. Background dryness depends on not only precip-
itation, but also how fast water would evaporate (Sherwood & Fu, 2014).
As for aridity index, the latter is measured with potential evapotranspi-
ration (Eq. 6). As mentioned above, potential evapotranspiration de-
creases (Fig. 3) and precipitation increases (Fig. 2) over a large part of
land surface, which explains the decrease of aridity index as a response
to the projected Earth greening in the 215 century (Fig. 8). In addi-
tion, as discussed in section 3.1, decreasing potential evapotranspiration
provides a strong indication of increasing terrestrial evapotranspiration.
Namely, the change in potential evapotranspiration fails to characterize
the change in how fast water would evaporate. Therefore, it is no doubt
that the change in aridity index is not representative of the change in
background dryness in a greening future.

4. Discussions
4.1. Mechanisms on the response of soil moisture content

The greening of the Earth increases the capacity of water loss to
the atmosphere by decreasing surface resistance (Eq. 4) (Bounoua et al.,
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2000; Buermann et al., 2001). The greater evapotranspiration capacity
breaks the equilibrium between water supply (precipitation) and water
demand (evapotranspiration capacity), and the hydrological system ad-
justs itself to reach a new equilibrium. Given the same soil moisture con-
tent, the greater evapotranspiration capacity makes land surface evapo-
rate terrestrial water faster (Eq. 3) and results in a widespread increase
of terrestrial evapotranspiration (Fig. 4). If the increase of evapotran-
spiration does not favor more local precipitation, soil moisture content
reduces, and the depletion of soil moisture, in turn, constrains evapo-
transpiration (Eq. 4). In this situation, it is the reduction in soil mois-
ture content that pulls back the system to the original equilibrium. This
situation is found over dry regions where precipitation is not main-
tained by local recycling water, including the Western United States,
Southern South America, East Siberia, Central Asia, India, and Australia
(Fig. 2, 4 and 5).

The other situation is that increasing evapotranspiration favors more
precipitation, as found over wet regions (Fig. 2). Increasing evapo-
transpiration adds water into the atmosphere. As the atmosphere can-
not continuously hold this increasing water, precipitation increases.
The question is where to rain. According to the planetary boundary
layer (PBL) theory, PBL is shallowest over wet, vegetated surface and
deepest over dry, bare land (Segal et al, 1989; Hohenegger et al.,
2009; Rihani et al., 2015). As shown in Figure S8a, the boundary layer
height decreased in wet regions in response to the projected green-
ing. There is an immense amount of moist static energy (MSE) over
moist vegetation. A shallower PBL with bigger MSE implies a bigger
MSE per unit of PBL, which is supportive to an increase of potential for
convective development, moist convection, and moisture convergence
(Clark & Arritt, 1995; Segal et al., 1995; Betts et al, 1996; De Rid-
der, 1997; Hohenegger et al.,, 2009). In return, the increase of mois-

ture convergence boosts convective activity, leading to positive feed-
back of moisture recycling. Consequently, the greening strengthens the
positive moisture-precipitation feedback over moist vegetation (Figure
S8b). As a result, our model simulations show that increasing LAI signif-
icantly increases precipitation over boreal forests during growing sea-
sons and over tropical rainforests (Fig. 2). The increase in precipitation
is even more than the increase in evapotranspiration over the Amazon
and Congo rainforests (Fig. 7). In the new equilibrium for the moist vege-
tated surface, the greening accelerates moisture recycling by altogether
increasing evapotranspiration and precipitation, and does not change
soil moisture content (Fig. 2, 4, and 5).

Therefore, the change in soil moisture content is a result of the con-
flict between water supply (precipitation) and water demand (evap-
otranspiration capacity). Over wet lands, a greater capacity of water
loss to the atmosphere associated with greening strengthens the pos-
itive moisture-precipitation feedback. It increases both evapotranspi-
ration and precipitation, and does not decrease soil moisture content
(wet gets wetter). However, over dry lands, the greater evapotranspi-
ration capacity cannot favor more precipitation and directly decreases
soil moisture content (dry gets drier). Then, the spatial pattern of the
greening-induced change in soil moisture content emerges as a DDWW
paradigm.

4.2. Contribution to DDWW paradigm

Many studies investigated whether DDWW is valid in a warming fu-
ture (e.g., Held & Soden, 2006; Chou et al., 2009; Seager & Vecchi, 2010;
Feng & Fu, 2013; Cook et al., 2014; Greve et al., 2014; Greve & Senevi-
ratne, 2015; Roderick et al, 2015). Most studies support the DDWW
paradigm, but recent studies suggest that change in aridity index un-
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der global warming does not follow the DDWW paradigm over land
(Greve et al., 2014; Greve & Seneviratne, 2015; Roderick et al., 2015).
The debate is mainly caused by the the limited knowledge on evapotran-
spiration. Sheffield et al, (2012) has pointed out that the widely used
temperature-based algorithm to estimate potential evapotranspiration
overestimates the drying trend under global warming. The PM-based
potential evapotranspiration algorithm (Eq. 5) is the most widely used
algorithm to estimate potential evapotranspiration and then aridity in-
dex (Sheffield et al., 2012; Greve et al., 2014; Greve & Seneviratne, 2015;
Roderick et al., 2015). The algorithm considers net radiation, tempera-
ture, humidity and wind speed (Eq. 5) but neglects the evapotranspira-
tion capacity associated with vegetation growth. Nearly all these studies
neglected the feedback of the greening of the Earth, which is induced
by rising atmospheric CO, concentration and its derived climate change
(Mahowald et al., 2015, 2016) (Fig. 1 and S1).

Similar to the pan evapotranspiration paradox (Brutsaert & Par-
lange, 1998), we found that the greening-induced change in potential
evapotranspiration is in the opposite direction of the greening-induced
change in actual evapotranspiration. The projected Earth greening in-
creases canopy conductance, decreases surface resistance and thus sig-
nificantly increases actual evapotranspiration (Fig. 4). The increase in
evapotranspiration increases precipitation, cools land surface, and de-
creases net radiation by altering clouds. In addition, increasing LAI slows
down wind speed. All these factors contribute to a decrease of the PM-
based potential evapotranspiration (Fig. 3). The increase in precipitation
and the decrease in potential evapotranspiration result in a decrease of
aridity index over most of land surface (Fig. 8), which is in contrary
to the change in soil moisture content (Fig. 5). Because the change

in potential evapotranspiration is not representative of the terrestrial
evapotranspiration, the change in aridity index is also not representa-
tive of the change in background dryness in a greening and warming
future.

Our model simulations (SIM_CO2) show that the rising atmospheric
CO, concentration itself does not change soil moisture content over most
of land surface (Fig. 6b). By contrast, the simulations forced by the pro-
jected Earth greening in the late 215t century (SIM_LAIL, SIM_ALL) show a
significant decrease in soil moisture content over dry lands particularly
during dry seasons (Fig. 6a and c). It indicates "dry gets drier". Over wet
lands, the greening strengthens the positive moisture-precipitation feed-
back by increases in both evapotranspiration and precipitation (Fig. 2
and 4), keeping soil moisture content at a relatively constant level
(Fig. 5). That implies "wet gets wetter". In summary, rising CO, alone
does not cause a hydrological response of DDWW paradigm, but the
projected Earth greening in the late 215t century does.

4.3. Implication for carbon cycle and forestry policy

In response to a rise of atmospheric CO, concentration, plants reduce
diffusive stomatal conductance of their leaves and thus the maximal leaf-
level maximum conductance g, ... (de Boer et al., 2011; Lammertsma
et al., 2011). With a reduction of g, .., plants minimize transpirational
water loss and maximize assimilation rate. That is an enhancement of
water use efficiency (WUE = GPP /gT> where WUE is water use effi-
ciency, GPP gross primary production). The enhancement of WUE in-
dicates that the same amount of water can be used to trade for more
carbon (Jackson et al., 2005). The maximum amount of renewable wa-
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ter for plants over dry lands is precipitation (Zeng et al., 2013). Thus,
the optimization of the usage of precipitation leads to a greening over
dry lands (Bathiany et al., 2014; Farquhar, 1997; Donohue et al., 2013;
Farrior et al., 2015).

The coexistence of greening and drying over dry lands has implica-
tion for the global carbon cycle. The carbon pool in dryland biomes is
tremendous as dryland ecosystems cover 45% of the Earth’s land surface
(Grace et al., 2006, Poulter et al., 2014). The large interannual variation
of precipitation over dry lands leads dryland ecosystems to be one of the
key drivers of the global carbon cycle interannual variability (Poulter
et al., 2014). On the one hand, as the same precipitation can trade for
more carbon under rising WUE, the same interannual variation of pre-
cipitation results in a more significant interannual variability of carbon
cycle over dry regions (GPP = WUE X P, where P is precipitation to
trade for carbon; it is representative for greening). On the other hand,
the drying of land surface indicates that vegetation growth is more sen-
sitive to precipitation. As a result, the global carbon cycle interannual
variability is expected to increase due to the coexistence of greening and
drying over dry lands.

Forestry policymakers tend to support the policies that are favorable
to plant more trees, considering the valuable ecological, economic, so-
cial and aesthetic services provided by forests (Bonan, 2008). Afforesta-
tion also helps slow down the increase of CO, concentration and con-
tributes to climate change mitigation (Robert et al, 2008). However,
forestry policymakers rarely took the biophysical feedback of afforesta-
tion into consideration. A comprehensive, global view of the feedback
sheds some light on the effects of forestry activities. The different re-
sponses of soil moisture to increasing LAI between dry and wet lands
help to optimize the location and species of afforestation.

Over wet lands, the projected greening strengthens the positive
moisture-precipitation feedback, favors more precipitation and even in-
duces more water yield (Fig. 2 and 7). Thus forestry policymakers should
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prevent the degradation of existing forests and support more afforesta-
tion over these regions. Over dry lands, the greening reduces soil mois-
ture content, resulting in a higher sensitivity of dryland ecosystem to me-
teorological drought. This indicates that even a slight decrease in precip-
itation may cause a severe drought event. With the severe drought, trees
die and carbon sequestration by afforestation releases back to the atmo-
sphere. In addition, greening also decreases water yield (Farley et al,
2005; Fig. 7), indicating a decrease of renewable water for human so-
ciety. Thus forestry policymakers should avoid planting trees over dry
lands, and support a recreation of natural ecosystems adapted to local
environments. The Chinese government used to invest vast amounts of
money in planting trees over dry lands to alleviate land degradation,
which in return decreased the soil moisture content there and further
increased environmental degradation (Cao, 2008; Cao et al., 2010). Cur-
rently, these efforts have been changed to "planting trees only when it is
suitable", which has led to significant increases in leaf area and carbon
sequestration (Chen et al., 2019).

4.4. Caveats and limitations

There are some uncertainties associated with the experiment setup,
the model representation of soil moisture stress on vegetation, and the
number of ESMs involved. First, our experiments are initiated from the
historical climate and plant functional types. For example, SST and sea
ice coverage (oceanic boundary condition) were constrained from the
historical observation data. This is unrealistic to some degree when tar-
geting the future since vegetation’s hydrological feedback depends on
background states such as climate, plant functional type, and vegetation
phenology (Dirmeyer et al., 2021; Notaro et al., 2020). However, large
uncertainty remains in the future SST and oceanic boundary condition,
which would induce additional uncertainties. So, we took the historical
climate and plant functional types as an alternative, which also helps to
simplify the interpretation.

Besides, the model representation of the soil moisture stress on vege-
tation would bring uncertainties. In many land surface models, the regu-
lation of stomatal conductance is represented as a function of soil mois-
ture content. The simple generic function is generally expressed using

10

volumetric water content, the so-called ’beta’ function (Harper et at.,
2021). The land surface model ORCHIDEE also includes the ’beta’ func-
tion to represent the vertical soil flow in its 11-layer soil diffusion model
(Traore et al., 2014). However, the parameters representing plant and
soil hydraulic properties vary between ecosystem types and may change
over time, so applying one function for all plants may lead to errors. An-
other uncertainty comes from the fixed soil depth of 2 m everywhere in
the 11-layer module in ORCHIDEE, limiting access to deep soil moisture.

In addition, analyzing a single Earth system model is a limitation of
the current study. Although ESMs represent the highest level of human
climate simulation, these state-of-the-art ESMs are still subject to con-
siderable uncertainties, especially the various parameterization schemes
within them. Different treatments of the parameterization schemes of
cumulus convection, turbulence, radiation, cloud microphysics, and
land surface processes in ESMs may cause differences in model sim-
ulation results. As a result, the hydroclimate feedbacks of vegetation
may vary a lot by the model. To eliminate as much uncertainty as pos-
sible caused by a single model, we thoroughly assessed the capability
of IPSLCM ESM to accurately simulate the response of land surface
evapotranspiration to changes in vegetation growth activity, namely,
the sensitivity of ET to LAI (0ET /0LAI) in the model. Previous stud-
ies have shown that the 0ET /0L AIsimulated by the IPSLCM ESM is
0.32 + 0.0lmm/day, which is consistent with the observation-based re-
sults (Zeng et al., 2017). Therefore, IPSLCM is considered to have the
ability to simulate vegetation-climate feedback.

5. Conclusion

The hydrological feedback from Earth greening is often investigated
focusing on the past greening or being limited to a specific region. Less
attention has been paid to the feedbacks of projected Earth greening in
the 21st century. The greater capacity of water loss associated with the
greening of the Earth could directly change soil moisture content via an
adjustment of the equilibrium between water supply and demand of the
terrestrial hydrological cycle. Our numerical experiments clearly show
that rising CO, alone does not cause a hydrological response of "dry
gets drier, wet gets wetter" paradigm, but increasing LAI does. The pro-
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jected Earth greening in the late 215 century significantly decreases soil
moisture content over dry lands, including the Western North America,
Southern South America, East Siberia, Central Asia, South Asia, North-
ern China, Sahel, Southern Africa and Australia. Over wet lands, the
greening-induced increase of terrestrial evapotranspiration favors more
convective precipitation, so that the equilibrium is established with al-
together acceleration of precipitation and evapotranspiration under a
greening future.
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