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ABSTRACT

Most climate models project a weakening of the Walker circulation under global warming scenarios. It is argued, based on
a global averaged moisture budget, that this weakening can be attributed to a slower rate of rainfall increase compared to that
of moisture increase, which leads to a decrease in ascending motion. Through an idealized aqua-planet simulation in which
a zonal wavenumber-1 SST distribution is prescribed along the equator, we find that the Walker circulation is strengthened
under a uniform 2-K SST warming, even though the global mean rainfall-moisture relationship remains the same. Further
diagnosis shows that the ascending branch of the Walker cell is enhanced in the upper troposphere but weakened in the lower
troposphere. As a result, a “double-cell” circulation change pattern with a clockwise (anti-clockwise) circulation anomaly
in the upper (lower) troposphere forms, and the upper tropospheric circulation change dominates. The mechanism for the
formation of the “double cell” circulation pattern is attributed to a larger (smaller) rate of increase of diabatic heating than
static stability in the upper (lower) troposphere. The result indicates that the future change of the Walker circulation cannot
simply be interpreted based on a global mean moisture budget argument.
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Introduction

motion must decrease in the future warmer state. The cause

Considerable debate exists among climate scientists as to
how the tropical Walker circulation and sea surface tempera-
ture (SST) pattern will change due to the emissions of green-
house gases under the influence of anthropogenic activities
(Knutson and Manabe, 1995; Clement et al., 1996; Held and
Soden, 2006; Vecchi et al., 2006, 2008; IPCC, 2007, 2013;
Vecchi and Soden, 2007; Dinezio et al., 2009, 2010; Schnei-
der et al., 2010; Merrifield, 2011; Bayr et al., 2014; Sandeep
et al., 2014). Clement et al. (1996) suggested, from a purely
oceanographic point of view, that a La Nifa-like SST pat-
tern with a strengthened Walker circulation will occur under
global warming due to the increase of upper-ocean stratifi-
cation. Held and Soden (2006) argued, from a global at-
mospheric moisture budget point of view, that because global
mean precipitation increases at a smaller rate (around 1%-2%
per 1 K of warming) than that of moisture (around 6%—7%
per 1 K of warming), the global mean mass flux or ascending
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of the rainfall-moisture “mismatch” is attributed to the global
atmospheric energy balance constraint that precipitation or
latent heating increase is to a large extent balanced by the
change of radiative cooling, which depends on the square root
of moisture in the air column (Shine et al., 1990). A recent
theoretical study suggests that an El Nifo-like warming or
a weakening of the Walker cell is primarily determined by
the current climate mean state through a longwave radiative—
evaporative damping mechanism (Zhang and Li, 2014).

In the tropics, due to the weak horizontal temperature gra-
dient, atmospheric adiabatic cooling associated with ascend-
ing motion is approximately balanced by diabatic heating
in either present-day (PD) or global warming (GW) climate
states. The anthropogenic forcing may induce two competing
processes in changing vertical motion. On the one hand, SST
warming causes an increase of lower-tropospheric moisture,
which can strengthen ascending motion through enhanced di-
abatic heating. On the other hand, upper-tropospheric tem-
perature increases at a higher rate than lower-tropospheric
temperature and, as a result, the atmosphere becomes more
stable, which leads to the decrease of ascending motion
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(Knutson and Manabe, 1995). Thus, the change of the as-
cending branch of the Walker circulation would depend on
the relative importance of these two competing processes.

The motivation behind the present study is based on the
observational analysis results reported by Hsu and Li (2012),
who found there is competition between the monsoon and
surrounding circulation systems (such as the intertropical
convergence zones over the equatorial Indian Ocean in boreal
summer and over the Atlantic in boreal winter) under global
warming, and that only “the richest becomes richer”. It is
also motivated by the fact that land surface warming is much
greater than ocean warming under global warming. To elim-
inate the monsoon and land impacts and examine the “pure”
Walker circulation response to global warming, we design
a set of idealized numerical experiments in an aqua-planet
Earth. Through diagnosis of the idealized simulation outputs,
we hope to understand the relative importance of the moisture
effect versus the stability effect in affecting the Walker circu-
lation strength.

2. Idealized model setting

We consider an idealized water-covered Earth in which
there is no monsoon or excessive land warming effect. A
zonal wavenumber-1 zonal SST distribution is specified in the
tropics (within 20°S—20°N). The model used for this study is
an atmospheric general circulation model developed at the
Japan Meteorological Agency Meteorological Research In-
stitute (MRI). For a detailed description of this model, read-
ers are referred to Yukimoto et al. (2011) and Mizuta et al.
(2012). The model resolution is T106, and each simulation
is integrated for 10 years. Solar radiation in this idealized
experiment is fixed at the equinox.

Figure 1 shows the idealized SST pattern in the PD cli-
mate state. The SST is symmetric about the equator, with
maximum amplitude directly on the equator. Along the equa-
tor, the highest (lowest) SST is located at 120°E (60°W). In
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the GW climate state, a global uniform 2-K warming is im-
posed and the CO, concentration is doubled.

One of the greatest uncertainties in future projections by
climate models is cumulus parameterization (e.g., Stocker,
2001). To test the sensitivity of the simulation results to
the model convective parameterization scheme, three par-
allel runs with the Yoshimura et al. (2015) (hereafter YS),
Arakawa and Schubert (1974) (hereafter AS) and Kain and
Fritsch (1990, 1993) (hereafter KF) convective parameteri-
zation schemes have been carried out for both the PD and
GW climate simulations. It has been shown that the MRI
model with these schemes can simulate realistic climatologi-
cal mean states of tropical and monsoon precipitation (Endo
et al., 2012) and realistic tropical cyclone distributions (Mu-
rakami et al., 2012).

3. Results

In the presence of an idealized zonal wavenumber-1 SST
distribution, the Walker circulation is well simulated in both
the PD and GW states (Fig. 2). Maximum ascending motion
and precipitation appear over the warmest pool, and mini-
mum rainfall and descending motion appear around 60°W.
The most striking difference between the GW and PD simu-
lations lies in the change of the vertical motion profile over
the ascending branch of the Walker circulation around 120°E
(Fig. 2c). The ascending motion is strengthened (weakened)
in the upper (lower) troposphere. Consistent with the verti-
cal velocity change, a westerly anomaly appears in the upper
and lower levels, while an easterly anomaly appears between
(Fig. 2c¢). As a result, an anomalous “double-cell” verti-
cal overturning circulation pattern with a clockwise (counter-
clockwise) cell in the upper (lower) troposphere forms. The
separation line between the upper and lower cells appears at
300 hPa. Figure 3 further confirms that the “double-cell” pat-
tern is a robust signal that can be found in each individual ex-
periment with different convective parameterization schemes.
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Fig. 1. Horizontal pattern of a prescribed SST field in the PD simulation. The
SST field is symmetric about the equator (units: °C). It peaks at the equator and
decreases poleward. Along the equator, the highest SST (31°C) is located at
120°E and the lowest SST (27°C) is located at 60°W.
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Fig. 2. Zonal-vertical cross sections of zonal overturning circulation (vectors)
and vertical p-velocity (color scale; units: Pa s~ 1) averaged between 2°S and
2°N, derived from the ensemble average of the YS, AS and KF simulations: (a)
PD simulation; (b) GW simulation; (¢c) GW minus PD. (d) Zonal distribution
of SST (dashed; unit: °C) and precipitation (solid; units: mm d~!) in the PD

simulation.

An important issue is how to quantitatively measure the
change of the strength of the Walker circulation. The area-
averaged change of vertical motion at the ascending branch
of the Walker circulation is plotted in Fig. 4a. The ascend-
ing motion is strengthened above 300 hPa but weakened be-
low 300 hPa, and remains unchanged at the maximum verti-
cal velocity level (300 hPa). Thus, the vertical motion over
the region cannot be used to determine the change in overall
strength of the Walker circulation. In previous studies (e.g.,
Vecchi et al., 2006), the difference of sea-level pressure (SLP)
between the Western and Eastern Hemisphere was used to
measure the strength of the Walker circulation. However, as
shown in Fig. 5 and Table 1, such a definition is highly sensi-
tive to the domain selected in the idealized aqua-planet simu-
lations. For example, the change of the east-west SLP gradi-
ent is negative when the domains 60°-0°W and 120°-180°E
are used, but becomes positive when the domains 70°-0°W
and 110°~180°E (in which the domains are only expanded
westward by 10° longitude) are used (Table 1). This sug-
gests that the zonal SLP gradient (which mainly measures
low-level zonal wind) is also not a good indicator.

Table 1. (a) The SLP differences between 60°—0°W and 120°-
180°E averaged over three latitudinal bands in the PD and GW sim-
ulations and their difference (units: Pa). (b) As in (a) but for the SLP
differences between 70°—0°W and 110°-180°E.

SLP difference (Pa)
(a) PD GW (GW-PD)
0.5°S-0.5°N 446.295 444.078 —2.217
2°N-2°S 446.411 444.207 —2.204
5°N-5°S 445.952 443.947 —2.005
SLP difference (Pa)
(b) PD GW (GW-PD)
0.5°S-0.5°N 428.057 428.726 0.669
2°N-2°S 428.3 429.05 0.75
5°N-5°S 428.223 429.237 1.014

Given the great uncertainty in both the SLP and vertical
motion fields, we decide to use the original definition of cir-
culation (Holton, 2004) to measure the strength of the Walker
circulation. The strength of zonal overturning circulation in
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Fig. 3. Zonal-vertical cross sections of zonal overturning circulation (vectors)
and vertical p-velocity (color scale; units: Pa s~!) averaged between 2°S and
2°N in the (a) YS, (b) AS and (c) KF simulations, respectively.
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Fig. 4. (a) The vertical profile of p-velocity (red; units: Pa s~!) and static stability (green; units: 0.5 K hPa~")
averaged over 110°~130°E and 2°S-2°N. (b) The vertical profile of Q; (green; units: 10~* K s~ 1), horizontal
temperature advection (blue; units: 10~% K s~1) and adiabatic heating (red; units: 10~% K s~1) averaged over
110°~130°E and 2°S-2°N. In both panels, the vertical profiles are derived from the ensemble average of the
YS, AS and KF simulations. The solid line denotes GW and the dashed line PD.

the longitude—height cross section may be calculated accord-
ing to an area integral of meridional vorticity

1 do Jdu
dxd
// <P282 dx 917) b
where @ is vertical p-velocity (®). This circulation defi-

nition contains the combined information of both the verti-
cal motion and the zonal wind in a large longitude—height

domain. Figure 6 shows that the climatological maximum
westerly (easterly) wind locates at 150 hPa (925 hPa) in both
the PD and GW simulations, while the strongest upward mo-
tion appears near 120°E. Considering a longitude—height do-
main of 120°E-60°W and 925-150 hPa, we calculate the per-
centage change of the intensity of the Walker circulation in
the PD and GW simulations averaged over three latitudinal
zones (Table 2). The results show that the Walker circula-
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Fig. 5. The SLP profiles averaged from 2°S to 2°N derived from the ensemble average of the YS, AS and KF
simulations (unit: Pa). The solid (dashed) line denotes the GW (PD) simulation. The red shading in (a) rep-
resents the region between 60°W and 0°W, and the blue between 120°E and 180°E. In (b), the red shading
represent the region between 70°W and 0°W, and blue between 110°E and 180°E.
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Fig. 6. Vertical profiles of zonal mean zonal wind (units: m s averaged in (a) 120°E-60°W, (b) 120°E-0°W and (c)
120°-30°E. (d) Mass weighted column-integrated omega (units: Pa> s m~') averaged between 2°N and 2°S. The solid
(dashed) curve is for the GW (PD) simulation (blue for the YS, red for the AS and green for the KF experiment).

tion is strengthened under global warming in all three con-
vective parameterization sensitivity experiments, regardless
of the latitudinal band chosen. We further test the sensitivity
of the result to the longitudinal domain. Given that the Kelvin
wave response length scale (in response to a given heating
in the warm pool) is greater than the Rossby wave response
length scale, additional calculations with greater longitudinal
domains, 120°E-0°W and 120°-30°E, are performed (Table
2). In the latter case, the Kelvin wave response length scale
(270°) is exactly three times as large as the Rossby wave re-
sponse length scale (90°). The result indicates that the Walker
circulation strengthening signal is robust.

Since the change of zonal overturning circulation in
the equatorial plane exhibits a “double-cell” pattern, with
clockwise (counter-clockwise) circulation change in the up-
per (lower) troposphere (Figs. 2 and 3), we further examine
which cell dominates the overall strength of the Walker cir-
culation. Our calculation shows that the change of strength
of the Walker circulation in the idealized aqua-planet model
is primarily controlled by the upper cell circulation change.
But what causes the strengthening of the upper-tropospheric
vertical motion? In the tropics, where the horizontal temper-
ature gradient is small, for both the PD and GW equilibrium
state, the adiabatic cooling associated with vertical motion is
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Table 2. The percentage change (GW — PD/PD) of intensity of the
Walker circulation (units: %) calculated based on the original defini-
tion of circulation in different longitude—latitude domains and from
925 hPa to 150 hPa. The results are derived from the ensemble av-
erage of the YS, AS and KF simulations.

SLP difference (Pa)
(@) PD GW (GW—PD)
0.5-S-0.5°N 446.295 444.078 —2.217
2°N-2°S 446.411 444207 —2.204
5°N-5°S 445.952 443.947 —2.005
SLP difference (Pa)
(b) PD GW (GW—PD)
0.5-S-0.5°N 428.057 428.726 0.669
2°N-2°S 428.3 429.05 0.75
5°N-5°S 428.223 429.237 1.014

approximately in balance with the diabatic heating term; thus,

0S+01=0. €))
In Eq. (1), S denotes atmospheric static stability and Q; rep-
resents apparent heating (Yanai et al., 1973), which includes
longwave radiation, condensation heating and divergence of
eddy static energy transport. Equation (1) implies that the
change of vertical motion under global warming is deter-
mined by the combined effect of the static stability and appar-
ent heating changes. It has been shown that global warming
leads to an increase of both static stability and diabatic heat-
ing. Thus, it is necessary to reveal their relative roles; in par-
ticular, how their relative effects change with height. Figure 4
illustrates how the static stability parameter and the diabatic
heating change vertically. Whereas the static stability param-
eter increases throughout the troposphere, apparent heating
exhibits a maximum increase in the upper troposphere, which
is consistent with a previous study by Huang et al. (2013).
The diagnosis of horizontal temperature advection shows that
this term is negligible (Fig. 4b). Therefore, Eq. (1) is indeed
valid in the region of interest.

To quantitatively measure the relative contributions of the
static stability and diabatic heating to vertical motion change
in the upper and lower troposphere, we transform Eq. (1) into
the following form:

1
A0 =~ AQ: + 9ixg

S AS, @)

where A represents the difference between the GW and PD
state.

Figure 7 shows the diagnosis results for upper- and lower-
tropospheric vertical motion based on Eq. (2). The effect of
diabatic heating change exceeds (falls behind) that of static
stability change above (below) 300 hPa. In other words, the
strengthened upward motion in the upper troposphere is pri-
marily caused by the diabatic heating effect, whereas the
weakened upward motion in the lower troposphere is mainly
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Fig. 7. The vertical p-velocity changes averaged in the upper
(100300 hPa; blue; units: Pa s~!) and lower (300—1000 hPa;
red) troposphere and the contributions to the vertical velocity
changes by the diabatic heating term (column 2), static stabil-
ity term (column 3), and sum of the two terms (column 4). All
values are averaged over (2°S-2°N, 110°~130°E) based on the
ensemble average of the YS, AS and KF simulations. Whiskers
stand for the maximum and minimum value for each term in the
YS, AS and KF simulations.

affected by enhanced atmospheric static stability. The result
indicates that a more stable atmosphere does not necessarily
lead to weakened vertical circulation. It is the net effect of
diabatic heating and static stability changes that determines
the final sign change of the vertical motion.

4. Conclusion and discussion

Idealized aqua-Planet simulations are performed with the
aim to understand how the Walker circulation changes in an
idealized world of no competition among monsoon circula-
tions and no influence from excessive land warming. A zonal
wavenumber-1 SST distribution is prescribed in the tropics in
the PD simulation. It is found that the Walker circulation is
strengthened in such an idealized world, given a uniform 2-
K SST warming. Diagnosis shows that the ascending branch
of the Walker cell is enhanced in the upper troposphere but
weakened in the lower troposphere. As a result, a “double-
cell” circulation change pattern forms, with a clockwise (anti-
clockwise) circulation anomaly in the upper (lower) tropo-
sphere. The upper tropospheric circulation change dominates
the strength change of the Walker circulation. The mecha-
nism for the formation of the “double cell” circulation pattern
is attributed to a greater (smaller) rate of increase of diabatic
heating than static stability in the upper (lower) troposphere.

While the Walker circulation is strengthened under global
warming, global average upward motion is weakened in
the aqua-planet simulations (Table 3). This indicates that
the global moisture budget argument put forward by Held
and Soden (2006) is valid even in an idealized aqua-Planet
model. It is found that global average water vapor content
in the current model increases by 19% with a 2-K warming,
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Table 3. The percentage change rate (GW—PD/PD) of globally av-
eraged column-integrated moisture, upward motion, precipitation
rate, net downward radiation at surface (including both longwave
and shortwave radiation), and net radiative cooling in the atmo-
sphere.

Percentage change (%)

YS AS KF
Moisture +192%  +195% +18.5%
Upward motion —845% —-990% —6.70%
Precipitation +3.98% +4.57%  +4.55%
Surface radiation (downward) +2.82% +2.87% +1.92%
Radiative cooling +3.13%  +2.71% +2.78%

whereas global mean precipitation and surface latent heat flux
increase only by around 4%. The slower rate of rainfall than
moisture increase is consistent with the fact that global mean
ascending motion decreases in the model. Therefore, the
global moisture budget argument seems to be applicable to
changes of global mean upward motion, but may be insuffi-
cient to explain the change of the Walker circulation confined
in the equatorial region.

The use of the traditional circulation definition implies
that the major factor determining the overall strength of the
Walker circulation is the zonal wind component, not verti-
cal velocity. If the strength of the Walker circulation is de-
fined based on maximum vertical velocity at the ascending
branch of the Walker cell, one might find there is no de-
tectable change in maximum vertical velocity in the middle
troposphere under GW (see Fig. 4). If the column-integrated
vertical velocity is instead used, one might find that the result
is highly dependent on the area average (figure omitted).

It is worth mentioning that the traditional circulation def-
inition depends on the upper and lower boundaries used. By
examining the zonal mean zonal wind profiles, we note that
the altitude of the maximum easterly (westerly) in the lower
(upper) troposphere changes little between the PD and GW
simulations in the current idealized aqua-planet model, even
though the tropopause may increase under GW (Singh and
O’Gorman, 2012). It would be interesting to examine how the
upper and lower boundaries of the Walker cell might change
under GW in a realistic land—sea distribution model.

The fact that the Walker circulation is strengthened in an
aqua-planet simulation but weakened in the future projections
of most Coupled Model Intercomparison Project Phase 5 cli-
mate models suggests that the weakening of the Walker circu-
lation in the real world must involve factors associated with
realistic land—sea distributions. We intend to investigate these
factors in future work.
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