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Abstract

Precipitation increases under increasing greenhouse gases (GHGs) over the globe, except many subtropical areas where it
decreases. Several mechanisms have been proposed to explain this subtropical drying, which increases the risk of drought
over subtropical land areas but was considered as a temporary response to increased GHGs by a recent study. Here climate
simulations by different models under different forcing scenarios, including three multi-millennium simulations, are ana-
lyzed to examine the changes in the boundaries, area and mean precipitation of the subtropical dry zones, defined as the
areas with annual-mean precipitation (P) below 2.5 mm/day. Results show that dry-zone mean P decreases under all forcing
scenarios, over all time periods and persists into new equilibrium states. After the initial transient period, the northern and
southern dry-zone boundaries of the Northern Hemisphere shift poleward and equatorward respectively, while those of the
Southern Hemisphere mainly shift equatorward. During the initial transient period, the dry-zone boundaries expand both
equatorward and poleward, consistent with previous studies. Dry-zone areas of both hemispheres increase. In contrast, mean
precipitation averaged over subtropical subsidence zones may increase due to increased water vapor and weak drying over
areas with weak subsidence. Increased subtropical subsidence and decreased subtropical precipitation are associated with
increased equator-subtropical sea surface temperature gradients, which may lead to increased dry-zone area. Particularly, the
P decreases over the subtropical dry zones result mainly from the enhanced drying effect due to increased vertical gradient
of water vapor (dq/dz), with additional drying from increased subsidence, but offset by the wetting effect of increased water
vapor. The dq/dz change results from tropospheric warming that persists throughout all stages of GHG-induced warming,
which explains why the subtropical drying is a permanent response to GHG increases.
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1 Introduction

P4 Aiguo Dai
adai@albany.edu

As Earth’s climate warms in response to rising greenhouse
gases (GHGs), even with some uncertainties, precipitation
is expected to increase over most of the globe, except many
subtropical dry regions where precipitation is projected to
decrease (He and Soden 2016; Scheff and Frierson 2012a,

< Danging Huang
huangdq@nju.edu.cn

College of Hydrology and Water Resources, Hohai

University, Nanjing 210098, China

Department of Atmospheric and Environmental Sciences,
University at Albany, State University of New York (SUNY),
Albany, NY 12222, USA

School of Atmospheric Sciences, Nanjing University,
Nanjing 210023, China

China Meteorological Administration Hydro-Meteorology
Key Laboratory, Nanjing 210098, Jiangsu, China

Frontiers Science Center for Critical Earth Material Cycling,
Nanjing University, Nanjing 210023, China

Fujian Climate Center, Fujian Meteorological Bureau,
Fuzhou 350007, China

Published online: 30 April 2023

b; Delworth and Zeng 2014; Dai et al. 2018; Huang et al.
2020). This subtropical drying greatly increases the risk of
drought over many subtropical land areas (Dai et al. 2018).
In contrast to this projected subtropical drying under cur-
rent global warming, paleoclimate proxy data suggest wetter
subtropics than today during the warm early-middle Pliocene
about 3—4 Mya (Burls and Fedorov 2017), when the orbital
forcing and atmospheric CO, level were essentially the same
as today, with atmospheric CO, around 400 ppm (Fedorov
et al. 2013). This differs from today’s dry subtropics and
is inconsistent with the projected decreases in subtropical
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precipitation in the twenty-first century under GHG-induced
warming. Thus, there is an apparent contradiction among the
early-middle Pliocene warm and wet subtropics and today’s
warm and dry subtropics and the projected even warmer
and drier subtropics in the twenty-first century. However,
we should emphasize that the early-middle Pliocene climate
represents an equilibrium state, while today’s and the pro-
jected twenty-first century climates are transient states. This
raises the question: Is the current and projected subtropical
drying only a temporary and transient response to the GHG
forcing or will it persist into the final state as the system
approaches a new equilibrium?

Sniderman et al. (2019) suggested that the projected
Southern Hemisphere subtropical drying in the twenty-first
century may be only a temporary response to GHG-induced
rapid warming that may disappear as the system reaches
a new equilibrium. Their main evidence is that the nega-
tive precipitation change averaged over 25°S-35°S weakens
during the twenty-second and twenty-third centuries com-
pared with that in the twenty-first century and its annual
precipitation change is either small or become positive in the
twenty-third century in the simulations under the Extended
Concentration Pathway 8.5 and 4.5 (ECP8.5 and ECP4.5) by
nine CMIP5 models. However, the 25°S—-35°S zone includes
many wet areas with annual precipitation exceeding 2-3 mm/
day (such as over South America and many oceanic areas),
where future precipitation increases. Thus, the mean pre-
cipitation change averaged over the entire 25°S-35°S zone
is not representative of that over the Southern Hemisphere
subtropical dry zone defined by climatological annual-mean
precipitation amount. Furthermore, the twenty-third cen-
tury change examined by Sniderman et al. (2019) is still
a transient response to the external forcing of the earlier
and twenty-third centuries; therefore, it does not allow the
authors to make conclusions regarding the equilibrium
response. Thus, how the subtropical dry zones change under
GHGe-induced transient or equilibrium warming is still an
open question.

Our recent work (Huang et al. 2020) showed that the
spatial change patterns of surface air temperature (SAT)
and precipitation are similar and stable at different warm-
ing stages and under different forcing scenarios when the
patterns are normalized into local change per 1 K global
warming. In particular, Huang et al. (2020) showed that
the subtropical drying will persist into the near-equilibrium
states reached 3000-5000 years after an abrupt quadrupling
of atmospheric CO, in several models. Thus, it is unlikely
that the subtropical drying is only a temporary phenomenon
that exists only during the transient response period. This
depends on the evolution of the meridional SST gradient
with time and whether it weakens enough for the dynamic
effect to overcome the thermodynamic effect. This suggests
that the inconsistency between the early-middle Pliocene
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warm and wet subtropics and today’s and near-future warm
and dry subtropics cannot be explained by the small dif-
ferences between the transient and equilibrium change pat-
terns simulated by current climate models. However, as their
focus is on global change patterns, Huang et al. (2020) did
not specifically examine the time-dependent response of the
subtropical dry zones (in terms of its northern and southern
boundaries and its area) and their mean precipitation and
subsidence under various warming scenarios.

The subtropical dry zones is usually defined by the
regions where annual precipitation minus annual evapora-
tion is less than zero (Seager et al. 2010; Scheff and Frierson
2012b), or equivalently by combining annual precipitation
with annual potential evapotranspiration to define aridity
over land (Feng and Fu 2013). Furthermore, many studies
used the zero line of the zonal-mean mass flux stream-func-
tion to define the edges of the subtropical subsidence zones
and found a poleward expansion of these zones (e.g., Lu
et al. 2007; Fu and Lin 2011; Davis and Birner 2017), which
is often linked to the expansion of the Hadley Cell found in
observations (Hu and Fu 2007) and model projections (Lu
et al. 2007; Gastineau et al. 2008; Hu et al. 2013; Tao et al.
2016). Scheff and Frierson (2012a, b) found that most of the
CMIP3 and CMIP5 model-simulated precipitation decreases
are located poleward of the latitude location of the current
subtropical zonal-mean precipitation minimum (¢,,;,,), from
which they concluded that the model-simulated subtropi-
cal drying results mainly from a poleward expansion of the
subtropical dry zones. However, as the current subtropical
dry zones cover a large area poleward of ¢,,,,, it is possi-
ble that many of the projected precipitation decreases may
still be within the current dry zone, rather than outside of
it due to its expansion, as shown by Fig. la-b of Dai et al.
(2018). That is, the relative locations of the projected pre-
cipitation change and ¢,,;, do not really allow one to infer
about the areal change of the subtropical dry zones; one
needs to examine the changes in the actual boundaries of
the dry zone, which is usually defined based on long-term
annual-mean precipitation (Huang et al. 2017a). Because
future subtropical precipitation will be influenced by not
only subsidence but also increases in atmospheric water
vapor, the dry zone defined by annual-mean precipitation (P)
may differ from the subsidence zone examined by Lu et al.
(2007) and others. Thus, from these earlier studies, which
examined only transient responses, it is still unclear whether
the subtropical dry zones (defined in terms of P) will expand
poleward under GHG-induced warming and whether such a
change will be just a transient response or will persist into a
new equilibrium state.

Several mechanisms have been proposed to explain the
subtropical drying; they include enhanced drying by sub-
sidence due to the negative horizontal temperature advec-
tion and increased vertical gradients of specific humidity
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Fig. 1 Annual-mean precipita-
tion climatology (in mm/day)
from (a) GPCP v2.3 observa-
tional data (Adler et al. 2018)
averaged over years 1979-2020,
(b) the CESM1 PiControl run
(for years 1-151), and its nor-
malized change [as the CESM1-
simulated change (relative to
the PiControl climatology and
averaged over the last 50 years)
divided by the global-mean
temperature change, in mm/day
per 1 K global warming] from
CESMI1 (¢) 2x CO, (for years
451-500), (d) 4 x CO, (for years
951-1000) and (e) 1% CO, (for
years 151-200) simulations.
The 2.5 contour outlines the
current areas with annual-mean
precipitation below 2.5 mm/day
in GPCP in (a) and in CESM1
PiControl run in (b—e). The
dots indicate the subtropical

dry zones with annual-mean
precipitation below 2.5 mm/
day within 10°S—40°S and
10°N—-40°N in GPCP in (a) and
in each experiment for the stated
time period in other panels
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(Chou et al. 2009), poleward expansion of the subtropical
subsidence zones (Lu et al. 2007) and poleward shifts of
the subtropical dry zones (Scheff and Frierson 2012a, b),
increased regional land—sea thermal contrast (He and Soden
2016), increased horizontal moisture transport (Held and
Soden 2006), and changes in meridional SST gradients over
the equatorial Pacific (Burls and Fedorov 2017). Different
precipitation responses to GHG forcing over the subtropical
and other oceans have also been attributed to the different
change patterns in SSTs (Xie et al. 2010). In particular, the
meridional (tropical to subtropics) SST gradients may affect
the strength of the Hadley circulation and thus precipita-
tion in the deep tropics and the subtropics (Xie et al. 2010;
Fedorov et al. 2015; Burls and Fedorov 2017). The SST and
SAT change patterns averaged over a few to several decades
may be significantly influenced by internal climate variabil-
ity (Dai et al. 2015; Dong and Dai 2015), which can contrib-
ute to regional SST and precipitation differences averaged
over such periods among individual model projections that
contain different realizations of internal variability. One
way to minimize such influence by realization-dependent
internal variability is to compare the averages over many
decades (e.g., 50-100 years; Huang et al. 2020, 2022; Liu
et al. 2022) or over many ensemble simulations (Dai and
Bloecker 2019).

Here, we use long-term simulations with the Community
Earth System Model version 1 (CESM1; Hurrell et al. 2013),
together with the extended multi-century simulations from
CMIP6 experiments and the abrupt 4 X CO, multi-millen-
nium simulations from three climate models, to address the
following questions:

1. How do the northern and southern boundaries of the
subtropical dry zones (defined using a threshold of
annual-mean precipitation) change under GHG-induced
transient and equilibrium global warming?

2. What are the possible mechanisms behind the model-
projected changes in the intensity and size of subtropical
dry zones? and,

3. How do the changes for the subtropical drying zones
compare with those for the subtropical subsidence zones
under GHG-induced global warming?

Answers to these questions should improve our under-
standing of the response of the subtropical dry zones to GHG
forcing. They may also help us understand the warm and
wet subtropics during the early-middle Pliocene. Our study
differs from previous studies (e.g., Lu et al. 2007; Scheff
and Frierson 2012a, b; Feng and Fu 2013; Davis and Birner
2017) in that we focus on the actual boundaries of the sub-
tropical dry zones defined by local annual-mean precipita-
tion, rather than the subsidence zone or precipitation change
patterns; and we also compare the transient and equilibrium

@ Springer

changes using multi-millennial long simulations. In contrast,
the previous studies only examined recent or near-future
transient changes of the dry zone under increasing GHGs
and they did not explicitly explore the key mechanisms or
processes leading to the precipitation decreases within the
interior of the current dry zone and over the newly expanded
dry-zone areas.

2 Model experiments and analysis method

We address the above questions by analyzing three groups of
experiments summarized in Table 1. First, we ran long simu-
lations with the Community Earth System Model version
1.2.1 (CESM1) (Hurrell et al. 2013) for three experiments:
a 500-year run with abrupt CO, doubling (2 X CO,) of the
pre-industrial CO,, a 1000-year run with abrupt CO, quad-
rupling (4 X CO,), and a 235-year run with 1% CO, increase
per year (1% CO,) starting from the pre-industrial level of
284.7 ppm. The climatology from a 151-year pre-industrial
control run (PiControl) using the CESM1 was used as the
baseline for computing changes for the experiments with
increased GHGs. Detailed descriptions about these CESM 1
simulations are provided in Huang et al. (2020). Second,
we used the historical plus extended SSP5-8.5simulations
from 1850 to 2300 available from six CMIP6 (Eyring et al.
2016) models (namely, ACCESS-CM2, ACCESS-ESM1-5,
CanESMS5, CESM2-WACCM, IPSL-CM6A-LR, and MRI-
ESM2-0). Please note that most CMIP6 models do not pro-
vide simulations beyond 2100; thus, they are not ideal for
analyzing long-term responses. Third, we analyzed data
from abrupt 4 X CO, multi-millennium simulations from
three coupled models (MPI-ESM-1.1, GISS-E2-R, and
CESM 1.0.4) obtained from https://data.iac.ethz.ch/longr
unmip/ and described in Rugenstein et al. (2019). The long-
term climatology from the PiControl runs by these three
models was used as the baseline for computing the changes.
More details about these experiments are shown in Table 1.
In this study, following Huang et al. (2020), all the changes
are normalized by the global-mean warming amount relative
to the pre-industrial control run and expressed as changes
per 1 K global warming; this minimizes the impact by dif-
ferent global warming amounts due to different radiative
forcing under different scenarios or during different time
periods.

In this study, one of our goals is to determine whether
the subtropical precipitation decrease is only a temporary or
transient response to increased GHGs, or it is persistent into
the new equilibrium climate. Here, we refer to the precipita-
tion decrease as drying, which does not refer to the drying
of the land surface. The latter can be caused by precipitation
decreases, potential evapotranspiration increases, or both,
which is the case in the subtropics (Dai et al. 2018). Thus,
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Table 1 The model simulations used in this study

Model name Institution (Country) Experiments (years) LonxLat
CESMI1 simulations
CESM1.2.1 National Center for Atmospheric Research (USA) 2xCO, (500 years) 144 x96
4xCO, (1000 years)
1% CO, (235 years)
PiControl (151 years)
CMIP6 model simulations
ACCESS-CM2 Commonwealth Scientific and Industrial Research Organisation (Australia) Historical (year 1850-2014) 192*%144
Australian Research Council Centre of Excellence for Climate System Sci-
ence (Australia)
ACCESS-ESM1-5 Commonwealth Scientific and Industrial Research Organisation (Australia) 192*145
CanESM5 Canadian Centre for Climate Modelling and Analysis (Canada) SSP5-8.5 (year 2015-2300) 128 x 64
CESM2-WACCM National Center for Atmospheric Research (USA) 288x192
IPSL-CM6A-LR Institute Pierre-Simon Laplace (France) 144 %143
MRI-ESM2-0 Meteorological Research Institute (Japan) 320x 160
Long simulations with abrupt 4 x CO,
MPI-ESM-1.1 Max Planck Institute for Meteorology (Germany) 4xCO, (4458 years) 192x96
PiControl (2000 years)
GISS-E2-R NASA Goddard Institute for Space Studies (USA) 4xCO, (5000 years) 144 %90
PiControl (5225 years)
CESM1.0.4 National Center for Atmospheric Research (USA) 4xCO, (5900 years) 144 %96

PiControl (1000 years)

following previous studies (Huang et al. 2017a, b), we define
the subtropical dry zones within 10°S—40°S and 10°N—-40°N
using individual grid boxes whose long-term (e.g., 50-year)
annual-mean precipitation is below 2.5 mm/day (Fig. 1).
This allows us to examine the temporal changes in the actual
boundaries and areal extent of the dry zone in model simu-
lations. We analyze the Northern Hemisphere (N.H.) and
Southern Hemisphere (S.H.) dry zones separately, focusing
on changes in their southern and northern boundaries, area,
mean precipitation and vertical velocity, and their underly-
ing mechanisms. We choose the 2.5 mm/day threshold after
testing different thresholds (e.g., 1.5, 2.0 and 3.0 mm/day)
for defining the subtropical dry zones. We found that using
observational precipitation data from GPCP v2.3 (Adler
et al. 2018), the 2.5 mm/day threshold can best identify the
well-known subtropical dry regions, while a 3.0 mm/day
threshold results in subtropical dry zones that almost covers
the entire subtropical regions. Because the poleward bound-
ary may reach 40°N/S (the edge of the predefined subtrop-
ics) at some locations, especially at the northern boundary
in Eurasia and western North America, which may affect
the boundary change, we employed two ways to examine the
issue. First, we set the northern edge of the N.H. subtopic
as 45°N and recalculated the boundary changes. The results
showed a similar but more obvious equatorward shift of the
northern boundary in the N.H. (figure not shown). Second,
we chose lower thresholds (1.5 and 2.0 mm/day). A 2.0 mm/

day threshold leads to slightly smaller but similar subtropical
dry zones, as shown previously (Dai et al. 2018). Moreover,
a 1.5 mm/day threshold leads to the dry-zone boundaries
getting farther away from the edges of the subtropics, and
their changes show similar shifts as shown in Fig. 7a—d.
The dry-zone changes are not very sensitive to the thresh-
olds used to define the dry zone. Overall, even though the
boundary at certain locations reaches the predefined edges
of the subtropics in our original definition, our results are
not greatly affected by this limitation.

To explore possible links between the subtropical dry
zones, subtropical pressure vertical velocity (o, positive
downward), and the tropical-subtropical SST gradient
(referred to as meridional temperature gradient or MTG),
we define the subtropical-mean vertical velocity and MTG
as follows:

Oy.n. = [<‘”>](100—400 Ny

Ogp. = [(03>](100_400 sy’
MTGy = [SST o103 — [SST (100 -0 ny»

MTGgy = [SST] o100 5) — [SST ] (100 —a0° )5
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where the square brackets denote the zonal averaging over
0°-360° longitudes and over the indicated latitude bands,
and the angle brackets “ () ” indicate averaging vertically
from 700 to 300 hPa (the mid-troposphere, following Byrne
et al. 2018). We also examined latitude bands of 25°-35°N,
20°-40°N, 25°-35°S and 20°-40°S as the subtropics, and
the results are not very sensitive to this latitude band.

To help understand what induces changes in subtropical
dry-zone precipitation, the vertically integrated moisture
budget (Chou et al. 2009),

P'=—(0d,q') - ('9,q) - <\7 . Vq>, +E +e¢, (1)

is further diagnosed, where the overbar denotes the
PiControl climatology (for the CESM1) or 1900-1999
mean (for CMIP6 historical runs), which is defined as
the current climate. Here (') represents the departure or
change from the current climate, “ () ” denotes vertical
mass integration from 1000 to 500 hPa, as the upper lev-
els do not directly contribute to low-level convergence
and thus precipitation, d, represents the vertical deriva-
tive with respect to pressure, P is precipitation, g is spe-
cific humidity, E is local surface evaporation, and € is a
residual term. Chou et al. (2009) revealed that the first
two terms —(60pq’> (referred to as P1) and —<m’0pc_1>
(referred to as P2) on the right side of Eq. (1) are most
important, they represent the contributions from changes
in vertical moisture transport or convergence (a thermo-
dynamic term) associated with mean flow (w) and

changes in the vertical gradient of water vapor (d,q’) and
from changes associated with changes in vertical velocity
(®’, a dynamic term) and the mean water vapor gradient

(9,q), respectively. To quantify the thermodynamic effect

from increased water vapor only through horizontal water

vapor transport or convergence, in the 3rd term
/

(—<I7 . Vq> , referred to as P3), we used the PiControl

1% (horizontal winds) to exclude its future change and
emphasize the role of changes in water vapor horizontal
gradients, so that P3 represents the contribution of water
vapor only through horizontal gradient changes without
wind changes. Note that the effect of increased water
vapor through vertical convergence is included in P1, and
changes in horizontal wind convergence are included
through @’ in P2. To understand the relative importance
of the budget terms in Eq. (1) for the subtropical precipi-
tation changes, the 4th term E’ (referred to as E), which
is the change in local surface evaporation, is also exam-
ined for the CMIP6 experiments.
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3 Subtropical dry-zone changes
under various warming scenarios

We first examine how the subtropical dry zones change
among different simulations. Figure 1 shows the current
annual-mean precipitation maps and the subtropical dry-
zone areas outlined by the 2.5 mm/day contour from GPCP
observational data and CESM1 PiControl run, together with
their changes in the CESM1 2x CO,, 4xCO, and 1% CO,
experiments. The GPCP data (Fig. 1a) show that the low-
precipitation areas are located mainly over the subtropi-
cal eastern South and North Pacific and Atlantic Oceans,
Australia, the southern Indian Ocean, southern and north-
ern Africa, the Mediterranean region, the Middle East, and
western North America. The CESM1 PiControl run (Fig. 1b)
broadly reproduces these low-precipitation areas, albeit with
noticeable differences (e.g., unrealistic dry zone over the
equatorial central-eastern Pacific due to the cold tongue
biases of SST). Here we will focus only on the low-precip-
itation areas within 10°~40°N or S and refer to them as the
subtropical dry zones (indicated by dotted areas in Figs. 1,
2, 3). The subtropical dry zones in the historical simulations
by the six CMIP6 models (Fig. 2) and the PiControl runs
(Fig. 3) by the three models with abrupt 4 X CO, multi-mil-
lennium simulations show patterns broadly similar to those
in GPCP. Thus, these models simulate the subtropical dry
zones reasonably well.

The subtropical dry zones (indicated by dots in Figs. 1,
2, 3) are relatively stable with only small changes among all
the model simulations under different warming scenarios,
with decreased precipitation over most of the dry zone areas.
Most of these GHG-forced simulations (Figs. 1, 2, 3) show
large precipitation decreases over regions to the south of the
current subtropical North Pacific dry zone and to the west of
the current subtropical South Pacific dry zone. It is evident
that the boundaries and area of the subtropical dry zones
change noticeably in some of the simulations (e.g., Figs. 1d,
e, 2b,d, h, 1, 3d, f).

To illustrate the temporal evolution of the subtropical dry
zones under increasing GHGs, we show the time series of
the subtropical dry-zone boundaries, area and mean precipi-
tation under various warming scenarios in Figs. 4, 5, 6, 7.
We notice that the subtropical dry-zone edges over Eurasia
and a few other regions reach or exceed 40°N/S (Figs. 1, 2,
3), thus our poleward changes of the dry zone reflect the
edge shifts within 40°N/S but excludes those outside it. This
is reasonable since our focus is on changes in the subtropical
dry zones, rather than the changes in midlatitude dry areas,
and the 40°N/S limits already provide enough room for sub-
tropical dry-zone boundary changes in future climates. We
checked those poleward boundaries reaching the 40°N/S
limits and found that they mostly move equatorward, which
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(a) ACCESS-CM2,Historical,Year 1900-1999 mean

(b) ACCESS-CM2,SSP585,Year 2251-2300 mean minus historical climatology
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(h)CESM2-WACCM,SSP585,Year 2250-2299 mean minus historical cllmatology
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Fig.2 Annual-mean precipitation (in mm/day) from the six CMIP6
models in (a, c, e, g, i, k) their historical run (average over years
1900-1999) and (b, d, £, h, j, 1) its normalized change [as the differ-
ences between 2251-2300 (under SSP5-8.5) and 1900-1999 (under
historical forcing) divided by the global-mean temperature change,
in mm/day per 1 K global warming] for (a, b) ACCESS-CM2, (c, d)
ACCESS-ESM1-5, (e, f) CanESM5, (g, h) CESM2-WACCM, (i, j)

IPSL-CM6A-LR, and (k, 1) MRI-ESM2-0. The 2.5 contour outlines
the current areas with annual-mean precipitation below 2.5 mm/day
in each historical run. The dots indicate the historical (left panels)
and future (right panels) subtropical dry zones with annual-mean pre-
cipitation below 2.5 mm/day within 10°S—40°S and 10°N—40°N in
each experiment for the stated time period
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(a) MPIESM1.1,PiControl,Year 1-2000 mean

90°E 180° 90°W 0°
(f) CESM1.0.4,4XCO2,Year 5851-5900 mean minus PiControl climatology

45°N b 3 r Y o
30°N
15°N
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15°S
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Fig.3 Annual-mean precipitation (in mm/day) from a, c, e the
PiControl climatology and b, d, f the its normalized change [as the
change (relative to the PiControl climatology) over the last 50 years
of the multi-millennial 4 X CO, simulation divided by the global-
mean temperature change, in mm/day per 1 K global warming] for
a, b MPI-ESM-1.1, ¢, d GISS-E2-R, and e, f CESM1.0.4. The 2.5

means most of the boundary changes will not be affected by
the 40°N/S limits (figure omitted). For the N.H. dry zone,
the CESM1 experiments consistently show a southward shift
of the southern boundary (by ~0.2°-0.6° latitude per 1 K
global warming) with a small northward shift of the northern
boundary (by ~0.05°-0.2° latitude per 1 K global warming)
under the 2 X CO,, 4x CO, and 1% CO, forcing scenarios
(Fig. 4a), leading to increased dry-zone area (by ~0.5-2.5%
per 1 K global warming, Fig. 4c, except some larger changes
in the first 50 years, especially for the 1% CO, run). In con-
trast, for the S.H. dry zone, only the northern boundary
expands northward (by ~0.1°-0.2° latitude per 1 K global
warming), while the southern boundary either changes little
or moves slightly northward (Fig. 4b). Despite this, the S.H.
dry-zone area still increases considerably (by ~0.5-5% per
1 K global warming, Fig. 4d, except some larger changes in
the first 50 years), which is partly due to westward expansion
of the dry zone in the eastern South Pacific (e.g., Fig. lc—e).
Thus, the subtropical dry zones expand mainly equatorward
after the initial transient period, especially for the low-lati-
tude dry-zone boundaries.

The mean precipitation over the time-varying subtropi-
cal dry zones decreases in both hemispheres, especially in
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contours for the mean precipitation outline the current areas with
annual-mean precipitation below 2.5 mm/day in the PiControl run.
The dots indicate the PiControl (left panels) and future (right panels)
subtropical dry zones with annual-mean precipitation below 2.5 mm/
day within 10°S—40°S and 10°N—40°N in each experiment for the
stated time period

the N.H. (by ~1-5% per 1 K global warming, except some
larger changes in the first 50 years) under GHG-induced
warming (Fig. 4e, f). These decreases exist throughout the
long 2 X CO, and 4 x CO, simulations, suggesting that the
subtropical drying in both hemispheres is not a temporary
and transient response to increased GHGs. In Fig. 4, The
large percentage changes per 1 K global warming in the first
50 years in the 1% CO, run are mainly due to the division
by the small warming amounts during the first several dec-
ades. The 31-year smoothed changes from the 1% CO, run
approach the steady levels seen in the 2 X CO, and 4 X CO,
simulations, although some multidecadal-centennial fluctua-
tions exist, especially for the dry-zone area. This suggests
that (a) internal variability can significantly influence the
estimated dry zone (its boundaries, area, and mean precipita-
tion) using data over a short time period (e.g., < 50 years);
(b) the normalized dry-zone changes are similar in magni-
tude among different forcing scenarios; and (c) the subtropi-
cal drying induced by increased GHGs is permanent, not
temporary.

The extended SSP5-8.5 simulations from the six CMIP6
models show diverse changes of the subtropical dry-zone
boundaries (Fig. 5, red and pink curves). For example, for
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Fig.4 Time series of the normalized 31-year moving averaged
changes in subtropical dry-zone’s southern boundary (S.B.) and
northern boundary (N.B.) (a, b in degrees latitude per 1 K global
warming), dry-zone area (¢, d % change per 1 K global warming) and
dry-zone mean precipitation (e, f, % change per 1 K global warm-
ing, averaged over the time-varying dry-zone area) in the Northern

the N.H. dry zone (Fig. 5a—f), the southern boundaries
clearly show equatorward expansion in five models except
IPSL-CM6A-LR, while the northern boundaries show slight
equatorward expansion in four models except IPSL-CM6A-
LR and MRI-ESM2-0. For the S.H. dry zone (Fig. 5g-1), the
northern boundaries move equatorward in five models except
MRI-ESM2-0, while the southern boundaries also show
equatorward expansion in four models except IPSL-CM6A-
LR and MRI-ESM2-0. For the dry-zone areas, they generally

(b) Dry zone boundary change in S.H.
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(d) Dry zone area change in S.H.
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(f) Dry zone Precipitation Change in S.H.
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Hemisphere (left panels) and Southern Hemisphere (right panels) for
the three CESM1 experiments (2xCO,, 4xCO, and 1% CO,). All
the changes are relative to the PiControl run climatology. A positive
latitude change means a poleward shift of N.H. dry zone boundaries
and an equatorward shift of S.H. dry zone, vice versa for the negative
change

increase in both hemispheres in most models; while for the
dry-zone mean precipitation, it mainly decreases in most
cases. Most of the normalized changes are steady over time,
especially after the late twenty-first century. And the changes
do not recover to their present values (i.e., zero change) for
most cases. Overall, the CMIP6 model results are quali-
tatively consistent with the CESM1 in that they generally
suggest an expansion of the subtropical dry-zone area and a
decrease in subtropical dry-zone mean precipitation in both
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«Fig.5 Time series of the normalized 31-year moving averaged
changes in subtropical dry-zone’s southern boundary (S.B.) and
northern boundary (N.B.) (in degrees latitude per 1 K global warm-
ing, left y-axis), dry-zone area and dry-zone mean precipitation
(% change per 1 K global warming, right y-axis) in the Northern
Hemisphere (left panels) and Southern Hemisphere (right panels)
from the CMIP6 SSP5-8.5 experiments using a, g ACCESS-CM2,
b, h ACCESS-ESM1-5, ¢, i CanESMS, d, j CESM2-WACCM, e, k
IPSL-CM6A-LR, and k, 1 MRI-ESM2-0. The red and blue dot lines
indicate the zero lines for the red curves (left y-axis) and blue curves
(right y-axis), respectively. All the changes are relative to the 1900—
1999 mean from the historical runs. A positive latitude change means
a poleward shift of N.H. dry zone boundaries and an equatorward
shift of S.H. dry zone, vice versa for the negative change

hemispheres, albeit the dry-zone boundary changes differ
among the CESM1 and CMIP6 simulations.

For the three multi-millennial 4 X CO, simulations, the
CESM1.0.4 model shows mainly equatorward expansions
of the subtropical dry zones with small changes for the pole-
ward boundaries in both hemispheres, leading to increased
dry-zone area with decreased dry-zone mean precipitation
(Fig. 6c¢, f). These changes are very similar to our CESM1
results (Fig. 4), and they persist through the 5900-year simu-
lations, again suggesting that these are permanent, not tem-
porary, changes caused by the CO, increase. The subtropical
dry-zone area (mean precipitation) also increases (decreases)
permanently in the other two multi-millennial simulations,
although the boundary expansion occurs mainly in the N.H.
dry zone (Fig. 6a, b, d, e) and the dry-zone mean precipita-
tion decrease is small in the S.H. in GISS-E2-R (Fig. 6e).

Figure 7 summarizes the normalized subtropical dry-
zone changes averaged over the last 50 years from all the
experiments analyzed here. Most of the model simulations
show an equatorward expansion of the dry zone in both
hemispheres, while the changes for the high-latitude dry-
zone boundaries show more diverse shifts (Fig. 7a, b). All
the cases show increased subtropical dry-zone area except
CanESMS5 (Fig. 7¢), and decreased dry-zone mean precipita-
tion except for the N.-H. of ACCESS-CM2 and the S.H. of
CESM2-WACCM (Fig. 7d). In general, the changes from the
CESM1 experiments and the three multi-millennial simula-
tions are in good agreement qualitatively, while the CMIP6
SSP5-8.5 simulations show diverse results, likely in part due
to their transient nature and short length of simulation. We
have further examined the changes in subtropical dry zones
over land only as this is more societally relevant. The results
show that both the northern and southern boundaries of the
continental dry zones in both hemispheres’ subtropics move
mainly equatorward (Fig. 7e, h), and their changes are bigger
than the subtropical dry zones. The continental dry zones do
not show accordant increased area and weakened precipita-
tion as the subtropical dry zones. More than half models
show slightly decreased or increased area and strengthened
or weakly increased precipitation for the N.H. dry zones.

Models show more spreads and some also show inconsistent
changes between the two hemispheres. This may be partly
due to the reduced areas of the continental dry zones, espe-
cially for the N.H..

The equatorward expansion revealed here differs from
previous studies that suggested a poleward expansion of the
subsidence zone (Scheff and Frierson 2012b) or a poleward
(and equatorward) expansion of the Hadley Cell (Lu et al.
2007; Gastineau et al. 2008; Hu et al. 2013; Tao et al. 2016).
These earlier studies examined the model-simulated tran-
sient changes during the twenty-first century. We examined
the boundary changes of the N.H. and S.H. dry zones for
different 50-year periods during the initial 300 years of the
simulations analyzed here, and found that their boundaries
expand both poleward and equatorward in the first 150 years
but expand mainly equatorward thereafter (by comparing
Fig. 8a, b and Fig. 7a, b). Thus, the likely reason for the dis-
crepancy is that the earlier studies examined projections only
up to about year 2100, which is still in the transient state,
similar to the fast responses in the first 150 years shown in
Figs. 4, 5, 6 and 8. Another factor is the positive effect of
increased water vapor that may offset the negative effect
of increased subsidence on precipitation over the poleward
edges of the subsidence zone, which is examined in detail
below in Figs. 9, 10.

Since descending motion suppresses formation of clouds
and precipitation, we further use the 0 Pa/s contour of the
vertical velocity (o) at 500 hPa to define the subtropical sub-
sidence zone, following Chou et al. (2009) and compare the
subsidence-zone changes in its boundaries, area, and precipi-
tation with the dry-zone changes discussed above. Figure 9
shows that the subtropical dry zones (black solid line) are
generally located slightly inside the subtropical subsidence
zones (green dashed line), but matches much better with the
subsidence zones outlined by the contour of ®=0.01 Pa/s
(blue dashed line) in the CESM1 PiControl run. The zonal-
mean changes in the boundaries, area and precipitation of
the subtropical subsidence zones (Fig. 10a—d) differ substan-
tially from those for the subtropical dry zones (Fig. 7a—d).
Precipitation decreases over many parts of the subtropical
subsidence zones, but increased precipitation is also seen
over parts of the subsidence zones in the North and South
Pacific and other regions, especially for the subsidence zone
defined by o >0 Pa/s (Fig. 9). As a result, the mean pre-
cipitation averaged over the subsidence zones for the last
50 years increases in most of the experiments (Fig. 10d), in
contrast to the decreased precipitation over the subtropical
dry zones (Fig. 7d). However, when the subsidence zone is
defined by w > 0.01 Pa/s, their changes (Fig. 10e—h) are more
comparable to those of the subtropical dry zones (Fig. 7a—d),
including decreased precipitation in the three CESM1 simu-
lations. This seems to suggest that precipitation over areas
within current climatological o between 0 and 0.01 Pa/s may
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Fig.6 Time series of the normalized 31-year moving averaged
changes in subtropical dry-zone’s southern boundary (S.B.) and
northern boundary (N.B.) (in degrees latitude per 1 K global warm-
ing, left y-axis), dry-zone area and dry-zone mean precipitation (%
change per 1 K global warming, right y-axis) in the Northern Hemi-
sphere (left panels) and Southern Hemisphere (right panels) from
the multi-millennial abrupt 4xCO, experiments using a, d MPI-

increase due to the contribution (generally wetting effect)
of increased water vapor (the 3™ and 4" terms on the right
side of Eq. 1) that may exceed the small drying effect caused
by the weak subsidence (the 1st and 2nd terms on the right
side of Eq. 1). Further examination revealed that the differ-
ence between the wetting effect of increased water vapor and
drying effect caused by the weaker subsidence is positive
over the regions within @ between 0 and 0.01 Pa/s, with the
value of both (P3 — (P1+P2)) and (E — (P1+P2)) being
positive (about 0.01 ~0.04 mm/day and 0.17 ~0.2 mm/day
per 1 K global warming from the CESM simulations for both
the N.H. and S.H.). Thus, future subtropical precipitation
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ESM-1.1, b, e GISS-E2-R, and ¢, f CESM1.0.4. The red and blue dot
lines indicate the zero lines for the red curves (left y-axis) and blue
curves (right y-axis), respectively. All the changes are relative to the
PiControl run climatology. A positive latitude change means a pole-
ward shift of N.H. dry zone boundaries and an equatorward shift of
S.H. dry zone, vice versa for the negative change

change will be influenced by not only the drying effect of the
descending motion but also the wetting effect from increased
water vapor under warmer temperatures, with the latter
playing a dominant role over the weak subsidence areas.
Even with the ® >0.01 Pa/s threshold, the CMIP6 extended
SSP5-8.5 simulations still show different results between
Figs. 7a—d and 10e-h likely in part due to their transient
nature and short length of the CMIP6 simulations, as well as
different matches of our dry zones with the w-based subsid-
ence zones in these models.

Based on these model results, we conclude that the sub-
tropical dry zones would expand equatorward, and also
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Fig.7 Normalized changes in the subtropical dry-zone’s boundary (a, the negative change. All the changes are significant at the 5% level

b), area (c) and mean precipitation (d) averaged over the last 50 years based on Student’s #-test. The changes are relative to the PiControl
under anthropogenic warming for all the experiments examined in climatology (for the CESM1 and multi-millennial simulations) or
this study: the CESM1 experiments, SSP5-8.5 simulations from six 1900-1999 mean (for SSP5-8.5 runs). e-h same as a—d, but for sub-
CMIP6 models, and three multi-millennial 4 X CO, simulations. A tropical dry-zone over land only, whereas a—d include both land and
positive latitude change indicates a poleward shift of N.H. dry zone ocean of the dry zones

boundaries and an equatorward shift of S.H. dry zone, vice versa for
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Fig.8 Same as Fig. 7a—d, but averaged over the transient period of 51-100 years

poleward and westward in some models, while the dry-
zone mean precipitation would decrease under increased
GHGs. Further, the expansion of the subtropical dry zones
and its precipitation decrease are not temporary but perma-
nent features of the GHG-induced climate change that are
fairly steady and persist for thousands of years after a CO,
increase. Mean precipitation over the subtropical subsidence
zones with ® >0 Pa/s generally increases due to increased
precipitation over the areas with weak subsidence, where the
wetting effect of increased water vapor exceeds the drying
effect of the subsidence.

4 Possible mechanisms for the subtropical
dry-zone changes

The meridional SST gradient (MTG) influences the strength
of the Hadley circulation (Williamson et al. 2013; Seo et al.
2014), and hence the position and intensity of its descending
subtropical branch (Sniderman et al. 2019). In their CESM1
4 x CO, experiment (at a lower resolution than ours), Burls
and Fedorov (2017) have also attributed the subtropical dry-
ing partly to the meridional SST gradient change via the
Hadley circulation. Since the tropical-subtropical SST gra-
dient may affect the Hadley circulation and therefore the
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subsidence and precipitation in the subtropics, in this study
we firstly examine the relationships among the meridional
SST gradient, subtropical precipitation (P) and subtropical
pressure velocity (w). Our results indicate that their relation-
ships are more robust and consistent when averaged over
0°-360° longitudes than the case when averaged only over
the subtropical dry zones. This may be because the subtropi-
cal subsidence and precipitation can be influenced by the
MTG outside the longitudes of the subtropical dry zones,
as the corresponding tropical and subtropical parts of the
Hadley circulation may be located at different longitudes
(e.g., connected by the trade winds). For this reason, here
we focus on the relationships among the zonal-mean of these
three variables.

Figure 11 shows that on an annual basis, in the three
CESM1 experiments a strong MTG is associated with
strong subtropical descending motion and reduced subtrop-
ical-mean precipitation in both hemispheres, although the
relationship is stronger in the S.H. Similar relationships are
seen in the SSP5-8.5 simulations from the six CMIP6 mod-
els and three long abrupt 4 X CO, simulations (scatter plots
not shown). Figure 12 summarizes the correlation coeffi-
cients among the MTG, subtropical-mean precipitation and
subtropical-mean vertical velocity from all the experiments
analyzed here. Except the weak relationships in a few cases,
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Fig. 9 Normalized annual-mean
precipitation change (in mm/day
per 1 K global warming, shad-
ing, relative to PiControl clima-
tology) from CESM1 a 2 x CO,
(for years 151-200), b 4 x CO,
(for years 451-500) and ¢ 1%
CO, (for years 951-1000). Also
shown are isolines of 2.5 mm/
day annual-mean precipitation
(black solid), as well as 0 Pa/s
pressure velocity (green dashed)
and 0.1 Pa/s pressure velocity
(blue dashed) at the 500 hPa
level. The dots indicate the
subtropical dry zone with down-
ward motion within 10°S—40°S
and 10°N—40°N in each experi-
ment for the stated time period,
which may differ from the
PiControl run (outlined by the
blue dashed contour)
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most of the simulations consistently show significant cor-
relations among the three variables, with a strong MTG
leading to increased subtropical subsidence and decreased
subtropical precipitation. Associated with the strong MTG
and strong subtropical subsidence, the subtropical dry-zone
area also generally increases in the three CESM1 experi-
ments (Fig. 13, except panel c) and other model simulations
(except for the CESM2-WACCM model, Fig. 14). Overall,
most simulations show that a strong MTG is associated with
strengthened subtropical subsidence, reduced subtropical
precipitation and increased subtropical dry-zone area.
Drying is a balancing act of various processes and each
term in the moisture budget equation can play a role in the
changes of subtropical dry-zone precipitation. Here, we
focus on the persistent increase of water vapor under ris-
ing temperatures that can cause persistent drying through
subsidence due to increased vertical gradient of water vapor
(P1 in Eq. 1). Both increased vertical gradient of water
vapor (P1) and increased descending motion (P2) over the

-0.2

-0.1 -0.05 0 0.05 0.1 0.2

subtropical dry zones can lead to a precipitation decrease
there (Fig. 16). In the CESM1 experiments, the change
pattern of P1 (Fig. 15a—c) broadly resembles that of pre-
cipitation (Fig. lc—e) over the subtropical dry zones, espe-
cially over the subtropical North Pacific and North Atlantic
Ocean. In contrast, P2 reduces precipitation mainly around
the equatorward boundary of the subtropical dry zones in the
2xCO, and 1% CO, runs (Fig. 15d, f), but it also extends
to most of the subtropics in the 4 X CO, run (Fig. 15¢). We
further examined the conventional thermodynamic term P3
and local evaporation term E, and found that the spatial pat-
tern of P3 is similar to that of P14+ P2 over the subtropical
dry zones (figure not shown), but with much smaller values.
Meanwhile, local evaporation change (E) is positive with
large values (figure not shown). Figure 16 shows that P1
leads to precipitation decreases in all the experiments, rep-
resenting the drying effect due to increased vertical gradients
of water vapor content. P2 decreases in the three CESM1
runs and three CMIP6 simulations (as ACCESS-CM2,
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Fig. 10 Normalized changes in the subtropical subsidence zone’s
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panels) boundary (a-b, e—f), area (¢, g) and mean precipitation (d,

h) averaged over the last 50 years under anthropogenic warming for
the CESM1 experiments and SSP5-8.5 simulations from six CMIP6

models. A positive latitude change means a poleward shift of N.H.
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5% level based on Student’s t-test. The changes are relative to the
PiControl climatology (for the CESM1 experiments) or 1900-1999

mean (for SSP5-8.5 runs)
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Fig. 11 Scatter plots of the annual zonal-mean meridional SST gradi-
ent (MTG, unit: K) vs. annual subtropical-mean precipitation (mm/
day, blue dots and line, left y-axis), or vs. subtropical-mean pressure
vertical velocity (o, in 1072 Pa/s, red dots and line, right y-axis, posi-
tive downward) in the CESM1 a, d 2xCO,, b, e 4XCO, and c, f 1%

ACCESS-ESM1-5 and CESM2-WACCM?2), but increases
slightly or changes little in the other three CMIP6 models.
P3 is very small (near zero) and negative in most experi-
ments over the whole dry-zone regions, which differs from
that over the regions with o between 0 and 0.01 Pa/s. These
changes indicate that the drying effect is mainly due to P1.
Additionally, the sum of P14+ P2 +P3 exceeds the model-
simulated precipitation decrease in all simulations, whereas
the local evaporation change (E, 4th term in Eq. 1) is posi-
tive and quite large, suggesting that the drying effect (mainly
from P1) is partly offset by the wetting effect from increased
local evaporation. Additionally, we notice that local evapora-
tion also increases with rising temperatures over oceanic dry
zones, but follows precipitation changes over land that show
decreases in many of the simulations, especially over the
Southern Hemisphere dry-zone (figures not shown). Thus,
over ocean P1, P2 and P3 all contribute to the subtropical
drying with P1 playing a dominant role, while increased E
partially offsets the drying. Over land, drying from P1 domi-
nates in the Northern Hemisphere dry zone, while decreased
E and wetting from P2 dominate in the Southern Hemi-
sphere dry zone. Overall, the enhanced drying from subsid-
ence due to increased vertical gradients of water vapor (P1)
would greatly reduce subtropical precipitation, with some

Tropical-subtropical SST gradient (K)
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CO, experiments in the a—¢ Northern Hemisphere and d, e Southern
Hemisphere. The regression line and equation (in the same color as
the dots, each dot is for one year) and the number of simulation years
(nyr) are also shown

additional drying effect from increased descending motion
(P2) in the subtropics; while increased local evaporation (E,
mainly over ocean) would partly offset these drying effects
(P1+P2+P3), leading to moderate decreases in subtropical
precipitation.

The enhanced drying of the mid-lower troposphere by
subsidence due to increased vertical gradient of water vapor
(i.e., P1) has been noticed before (Chou et al. 2009; Dai et al.
2018). This enhanced drying occurs even without a change
in the strength of the subsidence. This occurs because spe-
cific humidity g increases much faster in the lower tropo-
sphere than in the upper troposphere under GHG-induced
warming (Fig. 17) because ¢, which is much larger in the
lower troposphere, increases roughly by ~7%/K at all levels
following the Clausius—Clapeyron equation as changes in
relative humidity are small (Chen et al. 2020). This occurs in
all the CESM1 simulations, over different periods, and per-
sists to the end of the simulations (Fig. 17). The g changes
depend mainly on tropospheric warming and thus are robust
and permanent changes caused by the increased GHGs. In
general, the g changes from the six CMIP6 simulations and
our CESM1 experiments are in good agreement qualita-
tively. The g change is a thermodynamic response to GHG
forcing that should exist in both the transient and equilibrium
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responses. Thus, we expect its drying effect to exist even as
the system approaches a new equilibrium after increased
GHGs. In addition, we further showed that increased subsid-
ence (P2), which represents a dynamic change, would also
contribute to the subtropical drying in all the CESM1 and
CESM2 simulations, but not in the other models (Fig. 16).

5 Summary and discussion

In this study, we have examined and compared the sub-
tropical drying in response to increasing GHGs over dif-
ferent time periods and across different forcing scenarios
(2xCO,, 4xCO, and 1% CO,) using long-term simu-
lations by the CESM1, together with those from the six
CMIP6 SSP5-8.5 simulations and abrupt 4 X CO, multi-
millennium simulations from three coupled models. We
first defined the subtropical dry zones within 10°-40°S and
10°—40°N using grid boxes whose annual-mean precipita-
tion is below 2.5 mm/day, and then examined the changes
in subtropical dry-zone boundaries, area and mean precipi-
tation under increasing GHGs. Most of the model simu-
lations consistently show a substantial equatorward shift
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of the southern boundary and a slight poleward shift of
the northern boundary in the Northern Hemisphere (N.H.)
subtropical dry zones after the initial transient period
of ~ 150 years. These changes lead to an increase in the
N.H. dry-zone area. In the Southern Hemisphere (S.H.),
although changes differ among different simulations, most
of them show an equatorward shift for both the northern
and southern boundaries of the S.H. subtropical dry zones
after the initial transient period, and an increase in dry-
zone area mainly due to a westward expansion of the dry
zone in the South Pacific. The dry-zone boundaries expand
both equatorward and poleward during the transient period
in both hemispheres, consistent with previous studies
(Scheff and Frierson 2012b; Lu et al. 2007; Gastineau
et al. 2008; Hu et al. 2013; Tao et al. 2016). Also consist-
ent with previous studies, the mean precipitation over the
subtropical dry zones decreases. Furthermore, the dry-
zone precipitation decreases and other associated changes
exist over different periods, under different forcing sce-
narios, and persist into equilibrium states. Our results from
various experiments using different models under differ-
ent forcing scenarios suggest that these changes are likely
permanent, rather than temporary, response to increasing
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Fig. 15 Normalized (a—) P1 (—(@d,q’')) and (d-f) P2 (—('d,q))
changes (mm/day per 1 K global warming) from CESM1 a, b 1%
CO, (for years 151-200), ¢, d 2xCO, (for years 451-500) and e, f

GHGs. We also examined the zonal-mean precipitation
averaged over the entire 25°S-35°S zone as in Snider-
man et al. (2019) and found either little change or some
increases toward the end of the long simulations (figure
not shown); however, the increased precipitation comes
mainly from relatively wet areas over the oceans and South
America within 25°S-35°S (Figs. 2, 3), rather than from
the dry zone areas. Thus, the zonal-mean precipitation
change averaged over 25°S-35°S is not representative of
that over the S.H. subtropical dry zone, which shows con-
sistent drying in different long simulations.

These subtropical dry-zone changes, including the
decreased precipitation, are qualitatively consistent with
those for the subtropical subsidence zones outlined by verti-
cal velocity  >0.01 Pa/s instead of @ >0 Pa/s in the CESM 1
simulations. In particular, mean precipitation averaged over
subsidence zones based on ® >0 Pa/s would increase mainly
because the wetting effect from increased water vapor
(through moisture convergence and local evaporation) would
exceed the drying effects from increased vertical gradients of
water vapor and increased downward motion over areas with
weak subsidence (0 < <0.01 Pa/s). Thus, precipitation and
other changes for subtropical subsidence zones defined using
® >0 Pa/s (e.g., Chou et al. 2009) may not be comparable
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4xCO, (for years 951-1000) simulations. The dotted areas indi-
cate the subtropical dry zone with annual-mean precipitation below
2.5 mm/day within 10°S—40°S and 10°N—40°N in each experiment
for the stated time period

with those for subtropical dry zones defined using a precip-
itation-based threshold.

In most of the simulations, a strong zonal-mean equator-
subtropical (0°~10°N/S minus 10°-40°N/S) SST gradient
(MTG) is usually associated with enhanced subtropical sub-
sidence, increased subtropical dry-zone area, and decreased
subtropical precipitation. This mechanism is in addition to
the enhanced drying of the lower troposphere by subsid-
ence due to increased vertical gradient of water vapor (P1
in Eq. 1) in the subtropics as noticed previously (Chou et al.
2009; Dai et al. 2018). However, the long-term changes in
zonal-mean MTG and subtropical o differ among the model
simulations (figures not shown), and they tend to be small
and exhibit weak relationships between them, in contrast to
the robust relationships revealed by their interannual varia-
tions. Thus, we cannot conclude that GHG-induced warming
would increase or decrease MTG, contributing to increased
or weakened subsidence in the subtropics.

Our calculations indicate that the drying results from
the increased vertical gradient of water vapor dominates,
with some additional drying from increased downward
motion. The drying is partly offset by the wetting effect from
increased local evaporation (E), leading to only moderate
decreases in subtropical precipitation. The water vapor ver-
tical gradient change (P1) mainly depends on tropospheric
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warming and thus should persist into the new equilibrium
state after a GHG increase. This implies that the subtropical
drying is not just a temporary phenomenon of the transient
climate response but would persist into the new equilibrium
state.

The changes in downward motion over the subtropics
seem to be unrelated to the diverse changes in low-latitude
SST gradients among the simulations, which are also incon-
sistent with a weakened Hadley circulation under GHG-
induced warming (Dai et al. 2001; Held and Soden 2006;
Vecchi and Soden 2007; Chadwick et al. 2013; Rosa and
Collins 2013). As noticed by Dai et al. (2001), the weak-
ening of the time-mean Hadley circulation is likely related
to the increased tropical stability associated with vertical
cloudiness changes (Wang and Rossow 1998), rather than
the SST gradient changes. The reduction in the number of
convective events due to the imbalance in the change rates
of surface evaporation and precipitation intensity would also
lead to a decrease in the time-mean vertical motion in the
deep tropics (Dai et al. 2020). However, it is unclear how a

2 =CESM1 4xCO2
5 = ACCESS-ESM1-5 SSP5-8,5 6 = CanESM5 SSP5-8.5
9 = MRI-ESM2-0 SSP5-8.5

3 = CESM1 1%C02 4 = ACCESS-CM2 SSP5-8.5
7 = CESM2-WACCM SSP5-8.5

weakened Hadley circulation would lead to stronger subsid-
ence in the subtropics.

Consistent with Huang et al. (2020), our results suggest
that the warming patterns and the associated precipitation
change patterns over the subtropics during the twenty-first
century are likely to be similar to those when the system
reaches a new equilibrium, except for the slightly different
expansions of the dry-zone boundaries during the tran-
sient period. Thus, the difference between the transient and
equilibrium change patterns is likely to be small and can-
not explain the wetter subtropics during the early-middle
Pliocene (Burls and Fedorov 2017). To overcome the dry-
ing mechanisms discussed here, other processes, such as
a weakened meridional temperature gradient over the low
latitudes and thus weakened subtropical subsidence, would
need to play a much bigger role during the early-middle
Pliocene. However, such changes are absent in model sim-
ulations examined here, even as the system approaches a
new equilibrium. Furthermore, this study investigates the
change of subtropical dry zones only under GHG-induced
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Fig. 17 Vertical profiles of zonal-mean specific humidity changes
averaged over the subtropical dry zone in the N.H. (a—c) and S.H.
(d-f) for different periods (unit: g/kg) relative to the PiControl cli-

warming. Changes in response to other forcing agents
(e.g., aerosols and ozone) still need to be investigated.
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