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ABSTRACT: Rainfall projections from the Coupled Model Intercomparison Project (CMIP) models are strongly tied
to projected sea surface temperature (SST) spatial patterns through the “warmer-gets-wetter” mechanism. While these
models consistently project an enhanced equatorial warming, they, however, indicate much more uncertain changes in
zonal SST gradients. That translates into large uncertainties on rainfall projections. Here, we force an atmospheric model
with synthetic SSTs whose zonal SST gradient changes span the range of CMIP5 uncertainties in the presence and in the
absence of the robust equatorially enhanced warming. Our results confirm that projected rainfall changes are dominated
by the effect of circulation changes, which are tied to SST through the “warmer-gets-wetter” mechanism. We show that
SPCZ rainfall changes are entirely driven by the uncertain zonal SST gradient changes. The western equatorial Pacific
rainfall increase is largely controlled by the robust enhanced equatorial warming for modest zonal SST gradient changes.
However, for larger values, the effect of the zonal SST gradient change on rainfall projections becomes dominant due to
nonlinear interactions with the enhanced equatorial warming. Overall, our study demonstrates that uncertainties in the zonal
SST gradient changes strongly contribute to uncertainties in rainfall projections over both the South Pacific convergence zone
and western equatorial Pacific. It is thus critical to reduce these uncertainties to produce more robust precipitation estimates.

KEYWORDS: Precipitation; Sea surface temperature; Climate change; Hydrologic cycle; Climate models; Regional models

1. Introduction both the ITCZ (Byrne et al. 2018) and the SPCZ (Brown et al.
2020). Thus, there is a need to better understand the reasons be-
hind these rainfall projections uncertainties.

The mechanisms leading to those rainfall changes are strongly
tied to the projected SST changes through two distinct mecha-
nisms. The first is “thermodynamical.” A uniform surface ocean
warming indeed results in a higher humidity loading due to the
Clausius—Clapeyron equation. In the absence of circulation
changes, this yields more rainfall in regions of surface convergence
such as the ITCZ and SPCZ and less rainfall in regions of surface
divergence. This mechanism associated with the effect of the pre-
sent-day circulation on moisture changes is known as the “wet-
gets-wetter paradigm” (e.g., Held and Soden 2006). This mecha-
nism however usually yields smaller rainfall changes than those as-
sociated with changes in atmospheric circulation (Chadwick et al.
2013; Xie et al. 2010). Such circulation changes are strongly tied to
SST changes. Fast atmospheric waves indeed homogenize the up-

The rainfall response to anthropogenic climate change has
major implications for the future of many Pacific island nations
because it impacts many sectors of human activities including
water resources, agriculture, infrastructures, and human health
(Mclver et al. 2016). This is particularly the case for the tropi-
cal western Pacific, where many countries consist of low-lying
atolls, with heavy reliance on rain-fed agriculture due low wa-
ter storage capacity, and groundwater that is exposed to pollu-
tion from sewage systems and agricultural activities (Duncan
2012; Falkland 2002). Providing reliable island-specific rainfall
projections is thus necessary for regional adaptation planning.
The main rainfall providers for tropical Pacific islands are the
intertropical convergence zone (ITCZ) north of the equator
and the South Pacific convergence zone (SPCZ) in the South
Pacific (blue contours in Fig. 1a). The ITCZ and SPCZ are

themselves strongly tied to the sea surface temperature (SST)
distribution, as both develop for SSTs above 27°-28°C in the
present-day climate (e.g., Graham and Barnett 1987).

Earth System Models (ESMs) gathered in the Coupled Model
Intercomparison Project (CMIP, Taylor et al. 2012) are widely
used for issuing future climate projections. As shown on Fig. 1a,
these models consistently project an increase of climatological
rainfall over the equatorial Pacific (Grose et al. 2014). Off the
equator, rainfall projections are far less robust, especially under
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per tropospheric warming in the tropics, which is equilibrated with
the mean surface warming through moist adiabats. Atmospheric
stability hence decreases in regions where SST warms more than
the tropical mean, and increases in regions where it warms less
(Johnson and Xie 2010). The SST minus its tropical mean or
“relative SST” is a thus reasonable proxy for future atmospheric
stability changes, with a projected rainfall increase in regions
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FIG. 1. DJF changes in (a) precipitation (in mm day ') and (b) SST (in K) projected by CMIP5 multimodel mean
(MMM) between the future (2080-2100) and historical (1989-2009) periods under RCP8.5 scenario. Stippling in
(a) and (b) indicate regions where more than 75% of CMIP5 models agree on the sign of precipitation changes and
relative SST changes (RASST, defined as SST changes minus their tropical mean), respectively. Blue and red contours
indicate observed (GPCP) and CMIP5 MMM rainfall reaching 5 mm day ' over 1989-2009, respectively. Boxplots
representing the CMIPS5 distribution of (c) the equatorial relative SST change computed as the average of RASST in
the green box domain in (b) (5°S-5°N, 120°E-80°W) and (d) the SST change zonal gradient, computed as the differ-
ence between the two blue boxes in (b) (note that the mean east-minus-west SST gradient at the equator is negative,
so that a negative SST gradient anomaly indicates a strengthening of the east-minus-west SST gradient). The whiskers
represent the 10th and 90th percentiles and the outliers are not represented. The colored dots represent values from
the ABSW simulations (a = 2 in blue; « = 0 in black; « = —1 in yellow, others « values in red, with 0.5 increment). The
purple star represents the CMIP5S MMM, corrected using the method of Li et al. (2016) (see text for more details).

where the SST warms most: this is the “warmer-gets-wetter” para-
digm (e.g., Xie et al. 2010).

As a result, uncertainties in projected regional SST patterns
are a major source of uncertainties in future rainfall projections
(Ma and Xie 2013; Xie et al. 2015). This is particularly the case
in the SPCZ region, where the wet-gets-wetter mechanism tends
to increase rainfall but is strongly offset by circulation changes
associated with the warmer-gets-wetter mechanism (Brown et al.
2020; Widlansky et al. 2013).

As shown on Fig. 1b, CMIP5 models on average project an en-
hanced equatorial Pacific warming relative to off-equatorial regions.
This enhanced equatorial warming has been related to a reduced
evaporative damping at the equator (e.g., Liu et al. 2005; Xie et al.
2010), with some contribution from reduced ocean dynamical cool-
ing induced by the Walker circulation slowdown (e.g., DiNezio et al.
2009). The multimodel model mean also projects an enhanced
warming over the eastern equatorial Pacific compared to the western
equatorial Pacific, leading to a reduction of the equatorial west—east
SST gradient (Fig. 1b). This warming of the cold tongue has been at-
tributed to a positive feedback loop between evaporative cooling
and the trade wind reduction (e.g., Xie et al. 2010), increased vertical
ocean heat transport arising from enhanced near-surface strati-
fication in the cold tongue (DiNezio et al. 2009) and a limi-
tation of the warming over the west Pacific by cloud
feedbacks (e.g., Ramanathan and Collins 1991).

The enhanced equatorial warming is very robust across models
(Fig. 1c), with only three CMIP5 models out of 31 projecting a
relative equatorial SST cooling. On the other hand, the projected
weakening of the zonal SST gradient is far less robust (Fig. 1d;
Coats and Karnauskas 2017), with one-third of the models projec-
ting a strengthening of the zonal SST gradient. This inconsistency
between ESMs projections result from a great spread of the future
SST changes in the western equatorial Pacific, and to correspond-
ing uncertainties in the future rainfall changes (e.g., Li et al. 2016).
In addition, historical changes simulated by CMIP models do not
match the observed trend over recent decades, which is character-
ized by an eastern equatorial Pacific cooling (i.e., a strengthening
of the zonal equatorial SST gradient), casting some doubts on the
reliability of CMIP projections (Cai et al. 2021; Power et al. 2021).
‘While some studies suggest that this mismatch may be related to
internal variability of the climate system (Chung et al. 2019; Coats
and Karnauskas 2017; Watanabe et al. 2021), other studies argue
that ESMs systematic biases may lead to erroneous projections of
SST patterns in the equatorial Pacific (e.g., Cai et al. 2019; Luo
etal. 2018; Seager et al. 2019).

ESMs indeed generally exhibit common biases over the tropical
Pacific, including an equatorial cold tongue that is too intense and
extends too far into the western Pacific (e.g., Li and Xie 2014), and
a too-zonal SPCZ (e.g., Brown et al. 2020; Lin 2007; Samanta et al.
2019) and blue and red contours in Fig. 1a). Several studies
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highlighted a statistical relationship between the intensity of the
cold tongue bias and the spatial pattern of the projected SST
change (e.g., Li et al. 2015, 2016; Ying et al. 2019). The underpin-
ning physical mechanism for such results is that the cold bias is as-
sociated with 1) a too-weak negative cloud—SST feedback in the
western Pacific and 2) a too-strong wind-upwelling dynamic
feedback in the eastern Pacific. This leads to an overestimated
warming in the western Pacific, and an underestimated warming
in the central and eastern Pacific. These statistical relationships
can be used to correct the pattern of projected SST changes (e.g.,
Li et al. 2016) through the so-called emergent constraint methods
(Hall et al. 2019). Resulting bias-corrected SST changes display a
weaker warming in the western Pacific and a stronger warming
in the eastern Pacific, i.e., a stronger reduction in the equatorial
zonal SST gradient as indicated by the purple star (the bias-cor-
rected multimodel mean value) in Fig. 1d.

Complementary to those statistical analyses on CMIP models,
sensitivity experiments with atmospheric models have been used
to investigate how biases and uncertainties in the projected SST
changes may affect rainfall projections in the tropical Pacific.
Zhou and Xie (2015) demonstrated that present-day ESM SST
biases result in an overestimation of the rainfall increase in the
eastern Pacific just south of the equator, and an underestimation
of the Walker circulation slowdown. Such modeling strategy
however did not explore the effects of uncertainties in the ESM
projected SST warming pattern. Recently, Dutheil et al. (2019)
using Li et al.’s (2016) bias-correction strategy showed that the
statistical corrections of SST warming patterns from CMIP5
models induced an additional drying of the SPCZ in the future in
response to an increased circulation change. While this confirms
that the projected SPCZ changes are strongly sensitive to
changes in the SST pattern, this study only explored one possible
way of correcting the SST projections, and not the full range of
plausible SST pattern changes given the uncertainties of ESMs.
There is thus a need to explore the influence of the SST warm-
ing pattern on rainfall projections more widely.

To explore the projected rainfall sensitivity to the projected SST
pattern, we design here a series of sensitivity experiments. We per-
formed a first set of regional atmospheric model simulations where
the enhanced equatorial warming is kept constant but where the
zonal structure of the SST pattern varies and covers the range of
the CMIPS projected SST changes depicted on Fig. 1d. An addi-
tional set of experiments where the zonal mean SST warming is
suppressed allows investigating potential nonlinear interactions be-
tween the robust zonal-mean warming and the uncertain changes in
the zonal SST gradient. A vertically integrated water budget is used
to identify the main mechanisms that contribute to precipitation
changes in all these experiments. Details about the regional model
configuration and experimental designs are provided in section 2,
the results in section 3 and a summary and discussion in section 4.

2. Methods

a. WRF configuration and control experiment

We use the same configuration of the Weather Research
and Forecasting (WRF) Model version 3.9.1 as the one of
Dutheil et al. (2019, 2020, 2021). This configuration covers
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the tropical Pacific region (26°N-42°S, 101°E-59°W) at 1° X 1°
horizontal resolution with 32 vertical levels. The use of a re-
gional configuration allows us to reduce the computation
time and thus to perform a large number of sensitivity ex-
periments. The physical parameterizations include Lin et al.
(1983) microphysics scheme, the Community Atmosphere
Model (Collins et al. 2004) for shortwave and longwave radi-
ation, the University of Washington (UW) planetary bound-
ary layer (Bretherton and Park 2009) with the Monin-Obukhov
surface layer parameterization, and the Noah land surface
model (Chen and Dudhia 2001). The parameterization of
subgrid-scale convection is taken from the Zhang-McFarlane
scheme (Zhang and McFarlane 1995).

Our control experiment (CTRL) for present-day conditions
is run over the 1980-2016 period, with surface and lateral
boundary conditions extracted from 6-h outputs of NCEP2 re-
analysis, and a CO, concentration that is representative of
present-day conditions (379 ppm). Such experiment has al-
ready been evaluated in Dutheil et al. (2019), and we hence
only briefly validate the climatological present-day rainfall
here. The CTRL simulation accurately captures the major cli-
matological features in the southwest Pacific (Fig. 2). The
SPCZ orientation is relatively close to observations, despite a
slight underestimation of its slope (0.18°S/°E versus 0.23° and
0.24°S/°E in CPC Merged Analysis of Precipitation (CMAP;
Xie and Arkin 1997) and Global Precipitation Climatology
Project (GPCP; Adler et al. 2003) observations, respectively;
Fig. 2a). Rainfall rates are also realistic despite a dry bias in
the western equatorial Pacific and too much rainfall in the
SPCZ core (Table 1). In addition, the bias relative to GPCP
tends to be weaker than observational uncertainties estimated
from the CMAP minus GPCP differences (Fig. 2). More details
on the CTRL experiment evaluation can be found in Dutheil
et al. (2019).

b. Experimental design

We computed the CMIPS multimodel mean (MMM)-
projected SST change (ASST) as the seasonal (for each month
of the year) SST difference between the future (2080-2100) and
historical (1989-2009) periods under RCP8.5 scenario.

We estimate the equatorially enhanced warming ASST, (Fig. 3b)
as the zonally averaged ASST, i.e., the average of ASST over
all the Pacific oceanic grid points along each latitude. And
thus the zonal SST gradient changes ASST, is computed as
follows:

ASST (a) = o (ASST — ASST,), 1)

with « varying from —1 to 3 in steps of 0.5 (Figs. 3e-h).

The corresponding values of the zonal gradients are indi-
cated using colored dots on Fig. 1d: @ = —1 samples the lower
end of the CMIPS zonal SST gradient changes distribution,
showing a slight increase of the zonal equatorial SST gradient
relative to present-day values, while « = 3 corresponds to the
CMIP5 models with the largest reduction of the zonal SST
gradient. This method is similar to that of van der Wiel et al.
(2016), but it is applied to SST changes instead of the present-
day climatological SST.

Unauthenticated | Downloaded 01/16/25 12:43 PM UTC



Anomalie Precip. (CTRL - GPCP)

slope CTRL = -0.18
-glope CMAP = -0.23
slope GPCP =-0.24

108

208
308

160E 180 160W 140W 120W

Anomalie Precip. (CMAP - GPCP)

10N
0
108
208
308

160E 180 160W 140W 120W

[ [ .

-3 -2 -1 0 1 2 3
(mm.day™)

FIG. 2. Precipitation anomalies (shading; in mm day™!) for DJF
climatology calculated as the difference between (a) CTRL and
GPCP observations and (b) CMAP and GPCP observations. Dashed
and thick lines in (a) represent the mean position of SPCZ and the 6
mm day ! isopleth, respectively, for CMAP (blue), CTRL (black),
and GPCP (red). The slope (°E/°N) of the SPCZ mean position for
each dataset is also indicated in (a).

We perform two sets of nine experiments over the 1980-2016
period. Those experiments are summarized in Table 2. The
first set is referred to as RELW for relative warming. This
set only differs from the CTRL experiment through the sur-
face boundary condition: the variable ASST,(«) SST change
(Figs. 3e-h) is added to the CTRL SST (note that the a =0
RELW experiment corresponds to the CTRL experiment).
This introduces some inconsistency between the SST and the
lateral boundary conditions near the domain boundaries, but
we did perform an extra experiment that shows that this does
not influence our results (see discussion in the appendix).

The second set of experiments is referred to as ABSW for
absolute warming. In this set ASST, + ASST («) (Figs. 3a—d)
is added to the CTRL SST (note that the & = 0 ABSW experi-
ment corresponds to an experiment where only the enhanced
equatorial warming is applied). Since this set is characterized
by a mean warming, typical of the climate change signals,
changes in lateral boundary conditions from CMIP5 (com-
puted as they were for the MMM SST change) are added to
the NCEP2 present-day boundary conditions (see Table 3 for
fields used). The CO, forcing is set to a value representative
of the future period (2080-2100) for the RCP8.5 scenario
(845 ppm).

¢. Decomposition of precipitation changes

Precipitation changes in the ABSW experiment are ob-
tained as follows:

JOURNAL OF CLIMATE
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TABLE 1. CTRL and MMM of CMIP5 models precipitation
bias (in mm day ') relative to CMAP and GPCP observations
in the western equatorial region (5°S-5°N, 140°-180°E) and the
SPCZ region (5°S-5°N, 160°-240°E).

Western SPCZ
equatorial region region
Precipitation bias (5°S-5°N, (20°S-5°N,
(mm day ") 140°-180°E) 160°~240°E)
CTRL — CMAP =31 =09
CMIP5 MMM — CMAP -1.6 0.4
CTRL — GPCP =17 0.1
CMIP5 MMM — GPCP -0.3 1.6
AP(a) = Pygsw.o — Perre- @

Those precipitation changes include three components:

AP(a) = AP, + APg(a) + AP (@), 3)

where AP, is the precipitation change in response to the en-
hanced equatorial warming ASST,, AP4(a) precipitation change
in response to the variable zonal SST gradient ASST («), and
AP, (a) the potential nonlinear interaction between the two.

The precipitation response to the enhanced equatorial
warming ASST, that forces the ABSW, (a = 0) experiment is
obtained as follows:

AP, =P ABSW,(a=0) Perre- 4)
The precipitation response to the zonal SST gradient changes
ASST,(a) that forces the RELW,(«) experiment are obtained

as follows:
APg(O‘) = PRELW,a = Perge- ®)

The potential nonlinear interactions between the enhanced
equatorial warming and the changes in zonal SST gradient are
obtained as the Eq. (1) residual or equivalently as follows:

AP, (@) = Pppsw,a — P ABsw.(a=0) ~ APg(O‘)' (6)

This approach can be applied to any variable, to specifically
isolate its response to ASST,, ASST,(«), and their potential
nonlinear interactions.

d. Divergence of moisture flux

Moisture flux divergence is a good approximation of the
large-scale, low-frequency tropical precipitation (e.g., Neelin
and Held 1987; Seager et al. 2010). We thus decompose the
precipitation changes in the ABSW,a experiment into three
terms, as in Chung et al. (2014):

AP(a) = ADYN(a) + ATHE(a) + AMIX(et).  (7)

The dynamical term (labeled DYN) is associated with the
effect of circulation changes Au(a) on the present-day humid-
ity g, i.e., to the “warmer-gets-wetter” mechanism discussed
in the introduction:
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FIG. 3. December—February (DJF) average SST changes (in K) applied in the (a)-(d) ABSW and (e)—(h) RELW
experiments, for different values of the a parameter. The RELW (« = 0) experiment has no SST change applied and
is used as a historical reference to compute projected changes in other experiments.

—1 P,
ADYN(a) = p—gL V - [Au(a)7]dp,

®)

where p is the air density, g is the gravity acceleration, P; is
the surface pressure, u is the horizontal wind vector, ¢ is the

specific humidity, the overbar denotes the present-day simula-
tion climatology, and A the future minus present simulation
climatology.

The thermodynamical term (labeled THE) is associated
with the effect of moisture changes Ag(«) on the present-day
circulation u, i.e., to the “wet-gets-wetter” mechanism:

TABLE 2. List and description of experiments.

Expt

Absolute warming (ABSW)

Relative warming (RELW)

CO;, forcing
Boundary conditions
SST forcing

Asymmetry strength o

845 ppm
NCEP2 + [CMIP5 MMM (2080-2100) — CMIP5 MMM (1989-2009)]
SSTcrrL + ASST, + o X ASST,
[—1:0,5:3]

379 ppm

NCEP2

SSTerrL + a X ASST,
[-1:0,5:3], « = 0 = CTRL
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TABLE 3. List of variables concerned by the delta methodology.

JOURNAL OF CLIMATE

Variables Variable dimensions  Units
Specific humidity 3D kg kg !
Temperature 3D K
U component of wind 3D ms?
V component of wind 3D ms!
Geopotential height 3D m
Relative humidity at 2 m 2D Percent
U component of wind at 10 m 2D ms !
V component of wind at 10 m 2D ms!
Temperature of surface at 2 m 2D K
Pressure at surface 2D Pa
SST/land skin temperature at 2D K

the surface
Sea level pressure 2D Pa
-1 b
ATHE(a) = EJ V - [uAg(a)]dp. )
0

The mixed term (labeled MIX) is associated with the effect
of circulation changes Au(«) on moisture changes Ag ():

—1 P
AMIX(a) = p—gL V. [Au(@Ag(@)ldp.  (10)

The decomposition of the precipitation changes in section 2¢
into a response to ASST,, ASST,(c), and nonlinear effects can
be applied to the various terms of Eq. (6). For linear terms like
DYN and THE, the resulting expression is straightforward [e.g.,
ADYN, involves V - (Au.)g, and ADYN, involves V - (Au,)g,
ie., ADYN, only involves circulation changes in response to
ASST,]. It is only for the MIX term that cross-products between
the various components appear [e.g., V - (Au.)Agg(a), a term
that involves both the response to the robust ASST, and to
ASST, (a).

3. Results

In section 3a, we first discuss climatological precipita-
tion changes in response to the robust enhanced equato-
rial warming in CMIP models, focusing on austral summer
[December—February (DJF) average] because it corresponds
to the season with the maximum extension of the SPCZ. The
effect of the uncertain zonal SST change in the absence of a
zonal-mean warming is then assessed in section 3b. We finally
investigate nonlinear interactions between the uncertain part
of the SST change and the more robust equatorially enhanced
warming in section 3c.

a. Precipitation changes due to the robust equatorial
enhanced warming ASST,

Figure 4 displays DJF rainfall, surface wind, and moisture
divergence changes due to the equatorial warming ASST,,
which is displayed on Fig. 3b. ASST, drives a dipolar rainfall
response, with a wetter equator and pronounced rainfall in-
crease in the western Pacific near Papua New Guinea and a
drying to the south. This pattern captures two aspects of the

VOLUME 35

CMIPS robust response to climate change (Fig. 1a): the en-
hanced equatorial precipitation and drying in the southeastern
tropical Pacific, suggesting that these aspects are partly related
to the enhanced equatorial warming.

Moisture transport divergence changes (contours on Fig. 4a)
match precipitation changes very well (spatial pattern correla-
tion of 0.85), justifying the use of the moisture divergence bud-
get to understand these rainfall changes. The mixed term is a
minor contributor to the budget (cf. Figs. 4a,d). The thermody-
namical term is also weak (Figs. 4a,c), and resembles the precip-
itation climatology (spatial pattern correlation of 0.75), as
expected from the wet-gets-wetter mechanism. The dominant
term is the dynamical term: there is a 0.84 spatial pattern corre-
lation between ADYN, (Fig. 4b) and AP, (Fig. 4a). This indi-
cates that circulation changes drive the rainfall in response to
the enhanced equatorial warming. As underlined by previous
studies, this circulation change is broadly consistent with the
“warmer-gets-wetter” mechanism. The wind response in the
Southern Hemisphere indeed converges toward the largest SST
warming (Fig. 3b) in the equatorial band (Fig. 4b). This does
not explain, however, why the rainfall increase is largest close
to Papua New Guinea. Previous studies have noted that the
positive convergence feedback (i.e., the fact that convergence
anomalies strengthen rainfall changes due to moisture transport
and that those rainfall changes reinforce the convergence anom-
aly through Matsuno—Gill dynamics) can only occur in high
rainfall regions (e.g., Zebiak 1986). To account for that effect,
previous studies have used rainfall changes proxies based on
SST (Flannaghan et al. 2014; Fueglistaler et al. 2015; Sobel et al.
2002) or relative SST (Izumo et al. 2020) weighted by climato-
logical rainfall. Contours on Fig. 4b indeed confirm that relative
SST changes weighted by present-day rainfall matches reason-
ably well the dynamical term ADYN,, especially for the en-
hanced rainfall change near Papua New Guinea. Overall, those
analyses tend to support the warmer-gets-wetter mechanism in-
voked by previous studies: the enhanced equatorial warming
drives anomalous convergence near the equator and anomalous
divergence south of ~8°S, with a maximum rainfall increase in
the far western Pacific where high present-day rainfall allow the
positive convergence rainfall feedback to operate.

b. Precipitation changes due to the uncertain zonal SST
gradient change ASST,

The top panels in Fig. 5 display DJF precipitation, surface
wind, and moisture divergence changes in response to ASST,
for a =2 and a = —1, respectively corresponding to a weakening
and an enhancement of the zonal equatorial gradient (Figs. 1d,
3e,d). The ASST,(a = 2) forcing yields a drying in the SPCZ re-
gion and more rainfall in the equatorial region (Fig. 5a), while
the ASST,(a = —1) experiment yields weaker opposite patterns
(Fig. 5¢). In both cases, the precipitation changes match very
well the moisture divergence changes (contours in Figs. 5a—c),
which are almost entirely explained by the dynamical effects
(i.e., changes in wind divergence; Figs. Sb—d). The average rain-
fall response as a function of « at the equator and within the
SPCZ shown in Figs. Se and 5f confirms that rainfall changes in
these two regions are entirely controlled by the dynamical term,
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FIG. 4. Precipitation response to the enhanced equatorial warming from CMIP5. December-February (DJF) aver-
age (a) precipitation (shading; in mm day ') and moisture divergence (contours; in mm day ') changes for the
ABSW (a = 0) experiment that corresponds to the zonal-mean MMM projected CMIP5 SST change (Fig. 2b).
Changes are estimated from the ABSW (a = 0) minus the reference present-day experiment (RELW,a = 0). The
moisture divergence is further decomposed (see section 2d for details) into its (b) dynamical (circulation changes),
(c) thermodynamical (humidity changes), and (d) mixed (term involving the circulation and humidity change) contri-
butions. Vectors in (b) represent the surface wind changes (in m s~ '). The numbers in the upper-right corners indicate
the pattern correlation between (a) the precipitation and the total convergence moisture changes, (b) the dynamical
term and relative SST changes multiplied by the present-day climatological precipitation (contours), and (c) the ther-

modynamical term and climatological precipitation (contours).

which increases linearly with «. This indicates that ASST, drives
circulation changes that dominate the precipitation changes,
both at the equator and under the SPCZ.

Let us now discuss what drives those circulation changes in
response to ASST,. As was the case for the response to ASST,,
changes in surface divergence tend to match those in relative
SST weighted by present-day rainfall quite well (0.87 and
0.63 pattern correlation), in agreement with the warmer-gets-
wetter mechanism. For instance for ASST (a = 2), the relative
cooling under the northern flank of the SPCZ produces near-
surface divergence and drying, while the relative warming at
the equator and south of 15°S produces near-surface conver-
gence and more rainfall (Figs. 5a,b).

Overall, here we find that the precipitation response associ-
ated with the zonal SST gradient change ASST, is also entirely
driven by circulation changes and in general consistent with
the warmer-gets-wetter mechanism. Experiments where the
zonal equatorial gradient weakens yield more rainfall along
the equator and less rainfall under the SPCZ (Figs. Sa.e,f),
with the opposite signature in experiments where the gradient
strengthens (Figs. Sce,f).

¢. Nonlinear interactions between the zonal-mean and
zonally asymmetric warming

The methodology described in section 2c¢ allows isolating
the precipitation response AP, («) that arises from nonlinear
interactions between responses to the equatorial warming

ASST, (Fig. 1c) and zonal gradient SST changes ASST,(a)
(Fig. 1d). Figure 6a indicates that the nonlinear response also
matches the moisture divergence changes very well (shading
and contours on Fig. 6a).

Overall, this nonlinear response is dominated by the dy-
namical term, i.e., by the effect of the nonlinear circulation re-
sponse Au,(a) [Au,(a) = Au () — Au, — Aug(a)] on the
present-day humidity g (cf section 2d), with a weaker contri-
bution from the MIX term and a negligible contribution from
thermodynamical effects (Figs. 6a—d).

Let us focus on the equatorial region, where the nonlinear
contribution to the rainfall change is largest (Figs. 6e,f): in this
region the dynamical term explains about two third of the
rainfall response and the MIX term only one-third. The MIX
term corresponds to cross terms involving the circulation
and humidity changes resulting from the enhanced equato-
rial warming, the SST gradient and the nonlinear changes.
The fact that the dynamical term ADYN,, involving V - (Au,)g
terms dominates nonlinearities indicates that the circula-
tion changes Au, themselves arise from a nonlinear pro-
cess. We hypothesize that this nonlinear process is largely
related to the convergence feedback described in Zebiak
(1986). This process describes the mutual interaction be-
tween rainfall anomalies, which reinforce the circulation
through Matsuno-Gill dynamics and convergence which
reinforces rainfall through its effect on the vertically inte-
grated water budget. Zebiak (1986) notes that this effect
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FIG. 5. Precipitation response to the zonal SST gradient change from CMIP5. December-February (DJF)

average precipitation (shading; in mm day ') and moisture divergence (contours; in mm day ') changes for
(a) the RELW (a = 2) and (c) the RELW (a = —1) experiments. Future changes are estimated as RELW (a = 2
or « = —1) minus the reference present-day experiment (RELW,a = 0). (b),(d) As in (a) and (c), but for the
dynamical (circulation changes) contribution to the moisture divergence change. Contours (solid for positive
and dashed for negative) and vectors in (b) and (d) respectively represent the relative SST changes multiplied
by the present-day climatological precipitation and the surface wind changes. The pattern correlation between
the dynamical term and relative SST changes multiplied by the present-day climatological precipitation is indi-
cated on the upper-right corner of (b) and (d). Average (e) equatorial box [black box in (c¢)] and (f) SPCZ box
[red box in (c)] DJF moisture convergence change (black; in mm day ') as a function of the « coefficient. The
brown, green, and blue lines respectively indicate the dynamical, thermodynamical, and mixed contributions

to the total moisture convergence change.

can only operate in regions where the total wind field is
convergent.

Figure 7a supports this hypothesis: the dynamical contribu-
tion associated with nonlinearities (and hence the nonlinear
circulation change; brown line) is equal to zero for negative
values of «, and only becomes positive for positive values in
the equatorial region. This is because the present-day circula-
tion is divergent on average in this region (black dashed line),
and the equatorial warming ASST, only is not sufficient to
make it convergent (« = 0 in black thick line; Fig. 7a). It is
only in presence of SST gradient changes associated with
a > 0 that there is a shift to a convergent total circulation
(black thick line) and that there is thus an extra convergence
associated with nonlinear convergence feedback (brown line).

Under the SPCZ, only the most extreme « value of 3 induces
a shift to a divergent circulation (black thick line in Fig. 7b),
explaining why there is no nonlinear interaction between the
equatorially enhanced warming and zonal gradient change for
most of the a range.

d. Relative contribution of ASST,, ASST,, and their
nonlinear interactions to the precipitation changes

Figures 8a and 8b shows total rainfall changes two contrast-
ing cases of the SST pattern changes: a strengthening (a = —1,
see Fig. 3a) and a weakening (« = 2, see Fig. 3d) of the zonal
SST gradient changes. These two cases are contrasted but do
not even span the full range of zonal SST gradient changes in
CMIP5 (Fig. 1d). Those uncertainties in the zonal SST
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FIG. 6. Nonlinear precipitation response due to the interaction between the robust zonal-mean and uncertain zon-

ally asymmetric projected SST change. (a) DJF ABSW minus RELW precipitation (shading; in mm day ') and mois-
ture divergence (contours; in mm day ') changes for a = 2. DJF ABSW minus RELW (b) dynamical contribution to
the moisture convergence, with vectors indicating the ABSW minus RELW wind changes (¢) thermodynamical con-
tribution to the moisture convergence and (d) mixed contribution to the moisture convergence. Average DJF ABSW
minus RELW moisture changes (black; in mm day ') as a function of a (e) in the equatorial box [black box in (a)]
and (f) in the SPCZ box [red box in (a)]. The brown, green, and blue lines respectively indicate the dynamical, ther-

modynamical, and mixed contributions to the ABSW minus RELW moisture convergence change.

gradient changes result in large uncertainties on the projected
rainfall change (Figs. 8a,b): the equatorial gradient strength-
ening case corresponds mostly to a strong rainfall increase in
the far western Pacific, with no clear effects elsewhere, while
the weakening case is associated with more widespread changes
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including a clear rainfall increase along the equator and drying
under the SPCZ.

Figures 8c and 8d further summarizes contributions from
the equatorial warming AP, (red), from the zonal SST gradient
changes AP,(«) (dark blue) and from nonlinear interactions
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FIG. 7. Moisture convergence. Average DJF moisture convergence (in mm day ') in ABSW (black thick lines),

CTRL (black dashed lines), and dynamical contributions to the ABSW minus RELW moisture convergence change
(brown) as a function of « (a) in the equatorial box (black box in Fig. 5a) and (b) in the SPCZ box (red box in Fig. 5a).
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FIG. 8. Spatial pattern of precipitation changes (in mm day ') in the ABSW experiment for (a) « = —1 and (b) a = 2.
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(dark blue; AP,), and nonlinearities (light blue; AP,,).

between the equatorial warming and the zonal gradient changes
AP, () (light blue) to rainfall changes AP(«) (black) between
the future climate and the present-day rainfall. In the SPCZ
region, rainfall changes are largely driven by changes in the
zonal SST gradient, with positive zonal SST gradient
changes inducing a drying and a negative wetting. The en-
hanced equatorial warming in response to climate change
(RCPS8.5) contributes to a ~0.2-0.3 mm day ! drying, a
much smaller contribution than that of the zonal SST gradi-
ent changes. Finally, nonlinear interactions between the
equatorial warming and zonal SST gradient changes can be
neglected under the SPCZ. On the other hand, none of the
three effects can be neglected in the equatorial region
(5°S-5°N). The ~1 mm day ! precipitation increase induced
by the equatorial warming explains more than 50% of the
total precipitation changes for &« = 1.5. The contribution of
the zonal gradient and its nonlinear interaction with the
equatorial warming contribute roughly equivalently, and
dominate precipitation changes for a = 2. For a = 3, for in-
stance, their combined contribution explain ~60% of total
precipitation changes.

These results highlight that the uncertainties of zonal SST
gradient changes ASST,(a) in CMIPS models account for
most of the future precipitation uncertainties in CMIP models
through the warmer-gets-wetter mechanism. On the other
hand, the uncertain zonal gradient change and its nonlinear
interaction with the equatorial warming only dominate the
equatorial rainfall changes for a = 2, i.e. the robust enhanced
equatorial warming tends to dominate the equatorial rainfall
increase for a = 1.5. This is a likely explanation of why

future rainfall changes in CMIP are more robust along the
equator than under the SPCZ (Fig. la). In the following
section, we discuss the relevance of our results for CMIPS5 more
extensively.

4. Discussion: Relating our experiments to CMIP5
projected precipitation changes

The current paradigm to explain tropical precipitation
changes in response to anthropogenic forcing is a competition
between the “wet-gets-wetter” and “warmer-gets-wetter” mech-
anisms. In the SPCZ region, previous studies (e.g., Brown et al.
2013; Widlansky et al. 2013; Dutheil et al. 2019; Brown et al.
2020) have shown that these two effects tend to oppose each
other, the SPCZ being moistened by the “wet-gets-wetter”
mechanism in response to the mean warming, but dried by the
“warmer-gets-wetter” mechanism because this region experien-
ces a weaker warming than the rest of the tropics (i.e., a relative
SST cooling). Based on a hierarchy of models, Widlansky et al.
(2013) suggested that the diversity of precipitation responses
simulated by CMIP models in this region is related to the ampli-
tude of the mean warming. They hypothesized that the drying of
the SPCZ in simulations with a modest warming (1°-2°C) was
due to a dominant “warmer-gets-wetter” mechanism in that
case, while the dominant “wet-gets-wetter” mechanism would
lead to a rainfall increase in simulations with a stronger mean
warming (>3°C). Our results based on idealized atmospheric ex-
periments do not support this interpretation. The “wet-gets-
wetter” mechanism only induces a very modest rainfall increase
under the SPCZ under the ~3°C mean warming we consider,
while the “warmer-gets-wetter” mechanism drives considerably

Unauthenticated | Downloaded 01/16/25 12:43 PM UTC



15 SEPTEMBER 2022 DUTHEIL ET AL. 6185

SPCZ [160E-240E;20S-55] Western equator [140E-180E;5S-5N]
|

2.0 - ! \ iy 5.0 I
— 3 r=069 o 4o B [r=09t ° E
> — o > " e I
> 10 . & o @ ‘
° ° 9o © - T 30 . K ;
£ o o o £ e 00" o |

0.0 : . LX o0 1
_E, . o ° eooo .c " E’ 2.0 4 - . _
g st . 2 10 S E
% -1.0. 4 - . e % 5 o B f
R . < 00 = o —0—0
9 20 L = o ° |
a I A 1.0 o E

3.0 I I \ 1 2.0 T I T

1.0 0.8 -06 0.4 0.2 0.0 0.3 0.0 03 0.6 0.9

Relative SST change (K) Relative SST change (K)

o CMIP5 * WRF
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larger rainfall changes. In addition, our results show that precipi-
tation changes are very sensitive to zonal SST gradient changes,
while the enhanced equatorial warming plays a smaller role in
this region (Fig. 8d).

Figure 9 examines whether this conclusion is also valid
within the CMIP5 multimodel database. In the SPCZ region,
there is a significant linear relationship (r = 0.69) between
changes in relative SST and changes in precipitation simu-
lated by CMIP5 models (Fig. 9a). Colder relative SST changes
lead to a drier SPCZ, supporting a strong influence of the
“warmer-gets-wetter” mechanism, in agreement with the re-
sults from our modeling framework. This relationship is also
consistent with the key role played by dynamical processes
in our results. The most striking difference on Fig. 9a is a
—0.6 mm day ! offset of our experiments relative to CMIP5,
making the sign of the rainfall change much more consistent
in our experimental set than in CMIP5 models. This differ-
ence could be due to a weaker wet-gets-wetter mechanism in
our simulations than in CMIP5 models. The wet-gets-wetter
mechanism is indeed stronger in presence of stronger back-
ground convection (Chou and Neelin 2004). As CMIP5 mod-
els tend to overestimate precipitation in the SPCZ core
relative to observations and our simulations [e.g., Lintner et al.
(2016) and Table 2], this may lead to an overestimated wet-gets-
wetter mechanism in CMIP simulations than in our simulations.
This also suggests that CMIP5 model inconsistencies in precipi-
tation changes under SPCZ are partly related to their overesti-
mation of climatological precipitation in this region. Another
possible explanation is the lack of air-sea coupling which
could exacerbate the precipitation response in our experi-
mental setup. In coupled models, the drying in response to
cold relative SST anomalies should indeed increase down-
ward shortwave radiations and hence damp the initial cooling
(e.g., Li et al. 2016; Ying et al. 2019), an effect that is not cap-
tured in our forced framework. The potential effects of other
coupled feedbacks such as the Bjerknes feedback is more dif-
ficult to anticipate, and more studies will probably be needed
in a coupled framework.

The relative SST changes from CMIPS5 models are quite
robust in the central and eastern equatorial Pacific (Fig. 1b).
We will thus focus on the western Pacific box (Fig. 1b). In that
region, CMIPS5 relative SST and precipitation changes also ex-
hibit a positive linear relationship (Fig. 9b, r = 0.91): more
positive relative SST changes lead to a wetter western equato-
rial region. This relationship is similar in our simulations with
a slope of 6 mm day ! K™!, although we note that we do not
span the full range of relative SST changes in CMIP, because
we do not vary the amplitude of the enhanced equatorial
warming in our experimental framework. The offset between
CMIP5 models and our simulations is also consistent with a
different efficiency of the wet-gets-wetter (or dry-gets-drier at
the equator) mechanism in our experiments and CMIP5 mod-
els, this time more underestimated in our simulations than in
the CMIP5 models (but underestimated in both) due to a
drier bias in the western equatorial region (Table 2). Despite
this potential underestimation of the wet-gets-wetter mecha-
nism in CMIPS5 models, the strong correlation between the
rainfall and SST changes is consistent with previous studies
pointing to a dominant role of the warmer-gets-wetter mecha-
nism in the western equatorial Pacific (e.g., Xie et al. 2010;
Ma and Xie 2013). An additional result from our study is that
this warmer-gets-wetter mechanism is boosted by nonlinear
interactions between the equatorial enhanced warming and
the zonal SST gradient changes for cases that correspond to a
strong weakening of the zonal equatorial SST gradient.

One advantage of our model relative to CMIP5 models is
the use of a pseudo—global warming approach which avoids
the adverse effects of the large present-day SST biases in
CMIP models. However, this comes also with uncertainties.
While CMIP uses a variety of models, our results are from a
single model, with some precipitation biases in CTRL such as
the dry bias in the western equatorial Pacific (Fig. 2). There-
fore, these results need to be extended to other models to be
confirmed, with notably other parameterization of the convec-
tion which is an important source of uncertainty for the precipi-
tation projections (e.g., Evans et al. 2016). Additionally, in our
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experimental strategy, the spatial pattern varies but not the am-
plitude of the mean forcing. There are however uncertainties
in the latter, for instance associated with the future evolution
of greenhouse gases concentrations. This should just add a
constant offset to rainfall changes in the SPCZ region, but
may modify the range of SST pattern changes for which non-
linearities operate in the equatorial region. Despite those
uncertainties linked to our model and experimental frame-
work, the comparison between our results and CMIPS5 models
discussed above suggests similar mechanisms in the two
datasets.

The uncertainties associated to the zonal equatorial warm-
ing pattern has been statistically related to the intensity of the
cold tongue bias (e.g., Li et al. 2015, 2016; Ying et al. 2019).
The underpinning physical mechanism is that the cold tongue
bias favors 1) a too-weak negative cloud-SST feedback in the
western Pacific and 2) a too-strong wind-upwelling dynamic
feedback in the eastern Pacific, inducing a westward shift of
the warming pattern, i.e., a less “Nifo-like,” more “Nifia-like”
warming pattern. Our results highlight the importance of zonal
SST gradient changes for future rainfall projections, especially
under the SPCZ. Given the uncertainties in the spatial pattern
of SST changes it is thus critical to better understand their
cause and reduce their uncertainties for more robust estimates
of future rainfall changes. Toward that goal, some emerging
constraint methods have been developed to better constrain
SST changes projected by CMIP models (Li et al. 2016). Such
methods tend to lead to a larger reduction of the zonal

equatorial SST gradient, similar to that imposed in our « = 2.5
experiment (Fig. 1d). Dutheil et al. (2019) used such statisti-
cally corrected SST projections in a dynamical atmospheric
downscaling exercise for the SPCZ region. This approach re-
sulted in a much stronger SPCZ drying than in CMIP
(=25% vs —7%). Similarly, the experimental setup used in
that paper indicates a 1.7 mm day ™' (—30%) drying of the
SPCZ for a = 2.5. Both studies hence suggest that the future
SPCZ may become much drier than what CMIP models cur-
rently project, however those studies do not explicitly ac-
count for the effect of air—sea coupling. In the future, it may
hence be interesting to compare the impact of emergent
constraint methods (statistical correction of projections
based on present-day bias) to dynamical methods (where
the present-day bias of a climate model is corrected, for in-
stance via a flux correction approach) on future SST and
rainfall changes. In addition, given that the El Nifio-like re-
sponse seems to be most robust in models (e.g., Li et al.
2016), it may also be advisable to select models in terms of
their ability to reproduce the rainfall response to El Nifio
events over the historical period, in order to obtain a more
robust estimate of the projected rainfall response. Finally,
the spatial pattern of SST changes also has a remote influ-
ence on remote regional climate regimes, such as the Indian
(e.g., Li et al. 2017) or North American (He et al. 2020)
monsoons. A more robust estimate of the spatial pattern of
tropical Pacific SST changes would hence also reduce pro-
jection uncertainties at a larger scale than indicated in this
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study. These are among questions to be explored in the
future.
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APPENDIX

Sensitivity of Our Results to Lateral
Boundary Conditions

Because variation of zonal asymmetry is applied all over
the grid, it yields an inconsistency between the SST and the
air temperature at the lateral boundaries (since the air tem-
perature is kept constant for all «). This inconsistency is
maximum for the simulations with o« = 3. Therefore, to
evaluate the potential effects of these temperature inconsis-
tencies at the boundaries, an additional simulation (called
ABSW_smooth) has been performed where the modifica-
tion of zonal asymmetry (a = 3) is applied only in a central
part of our domain, and the SST field smoothly transitioned
to the CMIP5 MMM closer to the boundaries, avoiding the
temperature lateral inconsistencies. The precipitation and
wind surface changes relative to the CTRL run in ABSW_
Smooth and ABSW are very similar (Fig. Al), highlighting
that the inconsistency between SST and the lateral boundaries
has only a minor impact on our results, probably since the
boundaries are far from the studied areas.
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