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Abstract: Global warming is expected to lead to changes in the global hydrological cycle, including
an intensification of precipitation extremes. Physically, changes in precipitation extremes with climate
depends on changes in the moist-adiabatic temperature lapse rate, the upward velocity, and the tem-
perature when they occur. In the tropics, the Walker Circulation is intimately tied to upward velocity
and the El Nino Southern Oscillation (ENSO), which drives and depends on the sea surface temper-
ature (SST) asymmetry across the tropical Pacific. How the Walker Circulation strength will change
with global warming has been disputed in literature. Using an idealized aquaplanet general circulation
model to isolate ocean-atmosphere dynamics, we simulate various Walker Circulation strengths by
prescribing levels of zonally asymmetric ocean heat flux divergence (0, 20, 40, and 60 W/m?) in a slab
ocean configuration. Each level of Walker Circulation strength is forced under a climate scenario sim-
ilar to present-day and then under incremental warming scenarios. We show that while precipitation
extremes will intensify with both Walker Circulation strengthening and global warming, global mean
precipitation does not change with Walker Circulation strengthening, and increases with global warm-
ing. The SST gradient in the tropics increases with Walker Circulation strengthening, but generally
decreases with global warming. If the Walker Circulation strengthens under global warming, tropical
precipitation extremes intensify in both frequency and magnitude. The changing of precipitation ex-
tremes to global warming, Walker Circulation strength, and SST gradient calls for further studies of
the physical mechanisms behind responses of the Walker Circulation and ENSO to climate change.

1 Introduction Walker Circulation strength with global warming
(Merlis and Schneider, 2011; L’'Heureux et al.,
2013; Kociuba and Power, 2015; Zhang and Li,
2014). ENSO and the Walker Circulation drive
and depend on sea surface temperatures (SST) in
the equatorial Pacific Ocean and the SST gradi-
ent across the Pacific. Again, there is disagree-
ment of projected SST gradient changes within
model predictions and recent observational data
(Deser et al., 2010; Zhang and Karnauskas, 2017).
The strength of the Walker Circulation produces

Motivation for Work

It is certain that warming from greenhouse gases
will affect the global hydrological cycle by increas-
ing atmospheric water vapor content by 8% per de-
gree warming (Trenberth, 1999). However, global
mean precipitation will increase more slowly at a
rate of 1-2% per degree warming due to limita-
tions on radiative atmospheric energy availabil- o o
ity (Held and Soden, 2006; Stephens and Ellis, cond1.t~10ns similar t,0~ the two phases of ENSO—
2008). Where precipitation will increase is of the El NH}O z?nd L?x Nma—and 'affects the regional
most interest to us— particularly over the tropi- pI‘eC}pltathIl.lethl.n the tleplCS.. The. aspect of
cal ocean. Together, the El Nifio Southern Oscil- trop}cgl p.rempltat.lon we investigate is extreme
lation (ENSO) and the Walker Circulation largely preC}p}tat}on as cl}mate models suggest extreme
affect tropical precipitation with ENSO variability precipitation will increase more than mean pre-

being the strongest determining factor (Roeckner cipitation under increased greenhouse gases'(l.)all
ot al., 1996; McPhaden et al., 2006). However, et al., 2007). Understanding extreme precipita-

there is disagreement of the direction of projected tion is also a key aspect of understanding climate
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impacts on society; however, extreme precipita-
tion is underestimated within climate models com-
pared to observations (Allan and Soden, 2008; Min
et al., 2011). While extreme precipitation is not
simulated reliably within models, upward velocity
plays an important role in simulating extreme pre-
cipitation (O’Gorman and Schneider, 2009). Be-
cause upward velocity in the tropics is controlled
by Walker Circulation strength, we simulate vari-
ous strengths of the Walker Circulation in warm-
ing climates to analyze the response of extreme
precipitations to this forcing. Before delving into
our methodology and the model used, the driv-
ing motivations of this project—Walker Circula-
tion, ENSO, and the global hydrological cycle and
their responses to global warming— are explained
in greater detail in the following sections.

Walker Circulation: Physical Mecha-
nisms & History

The Walker Circulation is a zonal wind circula-
tion system characterized by upward motion in the
Western Pacific and downward motion in the East-
ern Pacific. The branch of ascending air is char-
acterized by a region of low-level convergence that
drives convection, usually localized over warm wa-
ter. After rising to higher altitudes, air in the
upper troposphere flows from west to east before
sinking to the surface in the Eastern Pacific, cre-
ating the descending branch of the Walker Cir-
culation. Warm and moist air is transported by
upward motion, while cool and dry air is trans-
ported by downward motion. Air at the surface
is driven by easterly trade winds, flowing from
east to west. The western branch of rising air
and eastern branch of sinking air can deepen due
to SST anomalies strengthening or weakening the
SST gradient. Thus, SSTs in the equatorial Pa-
cific are a main driving force of Walker Circulation
strength (Kociuba and Power, 2014).

As the atmospheric branch of ENSO, the
Walker Circulation is intimately tied to the South-
ern Oscillation, an atmospheric pressure pattern
spanning the tropical Indian and Pacific Oceans.
By observing sea level pressure and rainfall at cen-
ters around the globe, Sir Gilbert Walker recog-
nized a seesaw pattern in sea level pressure be-
tween high pressure in the southeast Pacific Ocean
and low pressure in the Indian Ocean (Walker,
1924; Rasmusson and Wallace, 1983). Follow-
ing his discovery, scientists developed indices to

measure the variability of Southern Oscillation as
well as its teleconnectivity. Showing the strongest
negative correlations of annual mean pressure be-
tween Darwin, Australia, and Tahiti in the south-
central Pacific, the sea level pressure difference be-
tween Darwin and Tahiti established itself as the
standard index for the Southern Oscillation (Tren-
berth, 1984; Ropelewski and Jones, 1984; Tren-
berth and Caron, 2000). Because sea level pres-
sure drives surface winds, the Southern Oscillation
and the Walker Circulation are two intimately tied
phenomenon in the tropical Pacific Ocean that
form ENSO (Julian and Chervin, 1978).

El-Nino Southern Oscillation
(ENSO): Physical Mechanisms &
Phases

ENSO 1is a coupled ocean-atmospheric phe-

nomenon whose phases are determined by SST
fluctuations. Though physically localized to the
tropical Pacific, the cycling of ENSO phases
largely influences on global weather patterns.
ENSO variation is the most prominent year-to-
year climate variation on Earth (McPhaden et al.,
2006). The two phases of ENSO—EI Nifio and La
Nina—recur every 2 to 7 years and develop with
shifts in atmospheric and sea level pressure asso-
ciated with surface wind strength, and thus are
intimately tied to Walker Circulation (McPhaden
et al., 2006). The ocean-atmosphere interactions
that determine the conditions of Pacific Ocean are
called the Bjerknes feedback, discovered by Jacob
Bjerknes who linked the Southern Oscillation to
ocean conditions during El Nino (Bjerknes, 1969).
This positive feedback includes vertical motion in
the atmosphere from surface to upper atmosphere,
horizontal motion at the ocean-atmosphere inter-
face across the Pacific, and vertical motion in the
subsurface ocean.

We must consider the mean state of the trop-
ical Pacific Ocean as a base foundation to de-
scribe the varying conditions of El Nino and La
Nina. ENSO-neutral conditions show cooler SST's
in Eastern Pacific and warmer SSTs in the West-
ern Pacific (Kessler, 2002). As part of the Bjerknes
feedback, trade winds flow from east to west and
pile warm surface water in the Western Pacific.
Because surface water in the east is transported
across the Pacific, upwelling beneath the surface
brings colder water from deeper in the ocean to
the surface in the eastern Pacific. This creates the
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East-West SST gradient of cooler SST's in Eastern
Pacific and warmer SSTs in the Western Pacific
that is observed as the mean state of the Pacific
Ocean. The SST gradient reinforces the East-West
pressure difference across the Pacific that drives
the trade winds, completing the positive feedback
cycle (McPhaden et al., 2006).

El Nino conditions reverse the Bjerknes feed-
back. The trade winds weaken, or possibly switch
directions, and atmospheric pressure increases in
the Western Pacific and decreases in the Eastern
Pacific. Upwelling in the Eastern Pacific subsides.
In the Eastern Pacific, anomalously warm SSTs
can be observed from reduced upwelling and mi-
gration of warm surface water from the Western
Pacific (McPhaden et al., 2006). The East-West
SST gradient is reduced as SSTs across tropi-
cal Pacific are warmer than the mean, thus the
East-West pressure difference that drives the trade
winds is also reduced.

La Nina conditions amplify the Bjerknes
feedback. The trade winds strengthen, atmo-
spheric pressure decreases in the Western Pacific
and increases in the Eastern Pacific, and upwelling
in the Eastern Pacific intensifies. In the Eastern
Pacific, anomalously cool SSTs can be observed
from increased upwelling bringing colder subsur-
face water to the surface. The East-West SST
gradient is stronger because SSTs in the eastern
Pacific are cooler than the mean and SST's in the
western Pacific are warmer than the mean. Thus,
the East-West pressure difference strengthens the
trade winds.

Relationship between Tropical Pre-
cipitation, Walker Circulation, & Pa-
cific SST gradient

Tropical precipitation is primarily controlled by
Walker Circulation and ENSO, thus SSTs in the
Pacific. During El Nino conditions when the SST
gradient is weak, there is more precipitation in the
central and Eastern Pacific and less precipitation
in the Western Pacific. During La Nina conditions
when the SST gradient is strong, there is more
precipitation in the Western Pacific and less pre-
cipitation in the Eastern Pacific. Because of the
conditions of trade wind strength and pressure dif-
ference across the Pacific, El Nino conditions are
associated with a weaker Walker Circulation and
La Nifa conditions are associated with a stronger
Walker Circulation—or, the SST gradient across

the Pacific is linked to Walker Circulation strength
(Meng et al., 2012). Thus, a weakened Walker
Circulation is associated with a decrease in the
SST gradient, or similar SSTs in both the East-
ern Pacific and Western Pacific. Conversely, an
intensified Walker Circulation is associated with
an increase in the SST gradient, or anomalously
warm SSTs in the Eastern Pacific and cool SST's
in the Western Pacific.

Responses of Walker Circulation &
ENSO to Global Warming

There are discrepancies within literature of the re-
sponse of the Walker Circulation to global warm-
ing in both model simulations and direct obser-
vations. The response of the Walker Circulation
to global warming is extremely relevant because
variations from the mean strength of the Walker
Circulation influences weather and climate sys-
tems globally with the greatest effect on tropical
weather and climate (Zhang and Li, 2017). Ex-
amination of future projections in climate models
show a weakened Walker Circulation with future
global warming (Held and Soden, 2006; Vecchi
et al., 2006; Merlis and Schneider, 2011; Kociuba
and Power, 2015; Zhang and Li, 2014). Exami-
nation of sea level pressure trends from 1900-2011
from ten different data sets drawn from reanal-
ysis, reconstructions, and in situ measurements
show a strengthened Walker Circulation with re-
cent global warming (L’Heureux et al., 2013).

On the other hand, the wide natural vari-
ability of ENSO makes it difficult to discern inter-
nal variability from externally forced variability,
such as increased variability due to global warm-
ing (Deser et al., 2012). Observational studies
show El Nino and La Nina typically recurring ev-
ery 2-7 years, showing an interannual variability in
the ENSO cycling of its phases (McPhaden et al.,
2006). However, looking on longer time scales,
there is a residual component showing an inter-
decadal variability that differs in spatial condi-
tions in SST, sea level pressure, and wind stress
fields from the interannual variability (Zang et al.,
1997; Chen and Wallace, 2015). There is an argu-
ment supported by direct observations that there
have been more frequent, stronger El Nifios than
La Nifias since mid 1970s (McPhaden et al., 2006).
However, climate models simulate a large range
of ENSO behavior, and it is not well understood
whether it is randomly generated, if other coupled



1 INTRODUCTION

natural processes are dominant drivers of ENSO
variability, or if an external force is the driving
mechanism (Collins et al., 2010; Deser et al., 2010;
Stevenson et al., 2012).

Using a coupled atmosphere-ocean model
forcing warming and limiting atmospheric ther-
modynamics to only the effect of surface winds,
Clement et al., (1996) proposed the effect of ocean
dynamics on regulating tropical climate, introduc-
ing an “oceanic thermostat.” Spatial differences
in surface warming over the tropical ocean, heat
flux out of anomalously warming regions, and ver-
tical advection of heat through anomalous equa-
torial ocean upwelling affect atmospheric circu-
lation. The addition of feedbacks, particularly
ocean-atmosphere coupled feedbacks, would en-
hance the thermostat effect. Now it is nearly im-
possible to discuss tropical circulations like ENSO
and the Walker Circulation without discussing the
contributions of SST variation.

A noteworthy measure of change in both the
Walker Circulation and ENSO is SST wvariabil-
ity. Zhang and Li, (2017) examined the roles of
three variations of SST warming on Walker Cir-
culation changes to global warming: differential
SST warming, uniform SST warming, and addi-
tional land warming. They found that differen-
tial SST warming amplifies weakening of the East-
West SST gradient and Pacific trade winds, but
because of this feedback, cannot be a fundamental
cause the weakened Walker Circulation. Rather,
uniform SST warming that affects the North Pa-
cific Monsoon and land warming in South America
attribute to the weakening of the Walker Circula-
tion.

In addition to the complex spatial variabil-
ity in responses of the Walker Circulation and
ENSO to global warming, there is a temporal as-
pect of global mean response to radiative forcing
that includes two components. Analysis of a cou-
pled atmosphere-ocean general circulation model
forced to preindustrial conditions and projected
warming conditions decomposed the response to a
fast component and a slow component (Held et al.,
2010). The fast component responds to warming
on a time scale of 5 years, and agreed with model
simulations to be the dominant response to warm-
ing at the end of the twentieth century. On the
other hand, the slow component has a sluggish
growth response to warming with a different spa-
tial structure than the fast component, holding
significantly large variability in the responses of

complex, coupled systems to warming.

Global Hydrological Cycle: Clausius-
Clapyeron & Scaling

The 7% per degree increase in atmospheric wa-
ter vapor content in response to global warming is
largely governed by the Clausius-Claperyon equa-
tion

lni _ AHyep , 1 1 (1)
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which is dependent on vapor pressure and temper-
ature (Trenberth, 1999; Sun et al., 2007). This
scaling with column water vapor content indi-
cates that relative humidity remains roughly con-
stant (Held et al., 2010; O’Gorman and Schneider,
2009). However, the increase in intensity of global
hydrological cycle, or global mean precipitation,
in response to global warming is far less than the
Clausius-Clapyeron scaling— approximately 1-2%
per degree warming (Cubasch et al., 2001). This
is because the change in the intensity of the global
hydrological cycle is controlled by surface energy
availability rather than water vapor availability
(Boer and Yu, 2003; Allen and Ingram, 2002;
Stephens and Ellis, 2008).

Extreme Precipitation

Due to increased moisture convergence, intensi-
fication of extreme precipitation is an expected
change in the global hydrological cycle in re-
sponse to global warming (O’Gorman and Schnei-
der, 2009; Allan and Soden, 2008). Changes in ex-
treme precipitation are most impactful to societal
well-being, and the magnitude of change is region-
specific (Pfahl et al., 2017). Scaling of the re-
sponse of extreme precipitation to global warming
and whether or not it exceeds Clausius-Clayperon
scaling depends on latitude. Particularly, changes
in tropical precipitation extremes greatly ex-
ceed Clausius-Clayperon scaling (Sugiyama et al.,
2010). In multi-model simulations, the Pacific
Ocean warms more at the equator than at the sub-
tropics, indicating greater changes in equatorial
SSTs—the same SSTs that influence Walker Cir-
culation and ENSO (Gastineau and Soden, 2009).
Simulated in an atmospheric general circulation
model, differential SST warming explains 63% of
rainfall changes in the tropical Pacific under global
warming (Zhang and Li, 2017). O’Gorman and
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Schneider, (2009) proposed a scaling for extreme
precipitation (P.) based on changes in the moist

adiabatic lapse rate (‘fi‘;j), the upward velocity

(we), and the local temperature (7).

e} )
This scaling incorporates a dynamical aspect that
is key to region-specific distribution of extreme
precipitation, and, in the tropics, is intimately tied
to the Walker Circulation (O’Gorman and Schnei-
der, 2009; Pfahl et al., 2017).

PeN_{we

2 Methods & Materials

Aquaplanet Model

To study the response of extreme precipitation
to changes in atmospheric circulation and global
warming, we use an idealized moist atmospheric
general circulation model (GCM) similar to Frier-
son et al., (2007) and O’Gorman and Schneider,
(2008). The model is an aquaplanet version of a
Geophysical Fluid Dynamics Laboratory (GFDL)
climate model. It excludes continental and topo-
graphical complexities that are present in the real
world and treats the planet as a constant den-
sity, water-covered spherical ocean. We use a slab-
ocean with 1-meter mixed layer as the boundary
condition between ocean and atmosphere. The
slab-ocean boundary takes into account radiative
and turbulent surface flux exchange between

Tropical Ocean Energy Flux Divergence vs Longitude

354

30+

25

20

Q-flux (W/m?)

151

0 50 100 150 200 250 300 350
Longitude

Figure 1: Prescribed ocean energy flux divergence (Q-
fluz) versus longitude averaged within -15° South to
15° North, for which increasing positive values indicate
cooling tendencies and decreasing positive values indi-
cate warming tendencies.

the mixed layer of the ocean and the atmo-
sphere. Using a gray-radiation scheme to rep-
resent longwave radiative transfer, atmospheric
longwave fluxes are simplified. Broadband long-
wave fluxes are absorbed, ignoring water vapor
and cloud radiative effects. Using an aquaplanet
model simplifies atmospheric convective dynamics
and isolates ocean-atmosphere dynamics.

Simulations

The series of simulations ran under the model
differ by wvariations of the Walker Circulation
strength within global warming scenarios. How
the Walker Circulation and global warming was
represented in the model are described below.

Prescribed ocean energy flux divergence

Prescribing an ocean heat flux divergence (Q-flux),
we simulate the Walker Circulation as Q-flux rep-
resents the influence of ocean circulation on sur-
face temperature. Representing the divergence of
the meridional ocean energy flux, a component of
the Q-flux varies only in latitude and is mathe-
matically represented as

1 —2¢? —¢?
5 %

where ¢ is latitude, ¢, = 16°, and Q,= 50 W /m?.
Following Merlis and Schneider, (2011) and Bor-
doni and Schneider, (2008), the reference latitude
b, is set to 16° and @Q, is set to 50 W/m?.

V- Fo(¢) = Qo C)

exp(

Prescribed zonally asymmetric ocean en-
ergy flux divergence

Further following Merlis and Schneider, (2011),
the zonally asymmetric component of the Walker
Circulation is represented by adding and subtract-
ing Gaussian lobes along the equator that are
spaced 180 degrees longitude apart (Figure 1).

V. [Fo(d)) +F1(/\a¢)] =V Fo(¢)+

A=2p)* (¢
Qlexp[—TE - E]_ (4)
Qlexp[_ ()‘ - )‘W) (¢
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Global warming:

a=1.0 a=14 a=1.8
SST (K) 293 298 302
Mean Precipitation (mm/day) 4.55 5.14 5.46
Extreme Precipitation (mm/day) |35.1 409 46.1

Table 1:

Global mean SST (K), global mean precipitation (mm/day), and tropical extreme precipitation

(mm/day) at present-day Walker Circulation strength, or Q-fluz= 40, for all climate cases, or a=1.0, 1.4,

and 1.8.

where A is longitude, \; = 30°, Ag= 90°, A=
270°, ¢1 = 7°, and Q,= 40 W/m?2. Values of Q-
flux are set to 0, 20, 40, and 60 W/m? to simulate
various Walker Circulation strengths. Present-day
conditions of the Walker Circulation are similar
to Q-flux=40 W/m? case. From here on further,
the variations of Walker Circulation strength are
generally acknowledged as Q-flux variations. SST
is one of the driving factors for Walker Circula-
tion strength, and prescribing zonally asymmetric
ocean energy flux divergence mimics the SST gra-
dient. The resulting Q-flux has similar magnitude
and spatial scale to reanalysis estimates (Tren-
berth et al., 2001; Merlis and Schneider, 2011).

Forced global warming

In a grey atmosphere scheme, global warming is
forced by rescaling the alpha («) parameter of the
reference optical depth,

(5)

where 7,¢ is the reference optical depth that is a

T = (kT;ef
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Figure 2: Contour plots of of time-averaged precipi-
tation (mm/day) in the tropical region -15° South to
15° North for all Q-flux cases from a=1.0 case.

function of latitude and height (Merlis and Schnei-
der, 2011). We use values of 1.0, 1.4, and 1.8 to
simulate present-day climate at (a)=1.0 and ap-
proximately 5 K incremental warming with each
increasing value. Global mean surface tempera-
ture ranges from 293 K to 302 K (Table 1). For
each climate scenario, four cases for Q-flux are ran,
resulting to a total of 12 simulations. Each sim-
ulation ran on a daily time scale, spun for 1200
days, and the last 800 days are analyzed.

Defining Extreme Precipitation
We define extreme precipitation as the 99.99t"
percentile of precipitation in the tropics from -
7° South to 7° North, consistent with O’Gorman
and Schueider, (2009). The trends of intensity and
frequency of extreme precipitation Walker Circu-
lation strength is consistent among 99t", 99.9*",
and 99.99*" percentiles.

Mean SST (K)
Q=0
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Q=20 {3035
" |
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Figure 3: Contour plots of of time-averaged SST (K)
in the tropical region -15° South to 15° North for all
Q-flux cases from a=1.0 case.
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Mean Water Vapor at 850 hPa (g/kg)
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Figure 4: Contour plots of of time-averaged water va-
por at 850 hPa (g/kg) the tropical region -15° South
to 15° North for all Q-flux cases from a=1.0 case.

3 Results & Discussion

Regional Changes

Regional responses of mean precipitation, SST,
water vapor, and omega (vertical velocity) vary
to forced Walker Circulation strengthening. In
present-day climate conditions (a=1.0 case), if
Walker Circulation strengthens, mean SST and
precipitation change in the same direction (Fig-
ures 2 and 3). In a west pool, or the ascending
branch of the Walker Circulation, SST increases
approximately 2 K and precipitation increases 14
mm/day from the no Walker Circulation case (Q-
flux=0 W/m?) to strongest Walker Circulation
case (Q-flux=60 W/m?). In an east pool, or the
descending branch of the Walker Circulation, SST
decreases approximately 3.5 K and precipitation
decreases 6 mm/day from Q-flux=0 W/m? to Q-
flux=60 W/m?2. The changes in SST and precipi-
tation between the end-members of Walker

Change in Walker Circulation Strength:

Mean Omega at 500 hPa (Pa/sec)
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Figure 5: Contour plots of 500 hPa (Pa/sec) in the
tropical region -15° South to 15° North for all Q-flux
cases from a=1.0 case.

Circulation strength supports the general state-
ment: SST increases (decreases) where precipita-
tion increases (decreases). This relationship be-
tween SST, precipitation, and Walker Circulation
strength is consistent throughout global warm-
ing cases (aw=1.4 and 1.8; not shown), support-
ing the ”warmer becomes wetter” and ”cooler be-
comes ’drier’” mechanism in the tropical ocean
(Sun et al., 2007).

As expected, there is more atmospheric water
vapor where there is more precipitation, and less
water vapor where there is less precipitation (Fig-
ures 2 and 4). Comparing mean precipitation and
water vapor at 850 hPa, water vapor increases ap-
proximately 0.001 g/kg to the 14 mm/day increase
in precipitation in the ascending branch. Con-
versely, water vapor decreases 0.001 g/kg to the 6
mm/day decrease in precipitation in the descend-
ing branch. The change in water vapor to the
change in mean precipitation with global warm-
ing is not a one-to-one relationship, as thoroughly
reviewed in literature (Held and Soden, 2006;

Q-flux=0 Q-flux=20 Q-flux=40 Q-flux=60
SST (K) 293 293 293 293
Mean Precipitation (mm/day) 4.55 4.55 4.55 4.55
Extreme Precipitation (mm/day) |31.1 329 35.1 39.1

Table 2: Global mean SST (K), global mean precipitation (mm/day), and tropical extreme precipitation
(mm/day) at all Walker Circulation strengths, or Q-fluz= 0, 20, 40, and 60 W/m?, for present-day climate,

or a= 1.0.
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Global Mean SST versus West-East SST Difference

Global mean SST (K)

Figure 6: Global mean SST (K) versus West minus
East SST difference (K) for all Walker Circulation
strengths, or all Q-flux cases, from all climate scenar-
108, or all a simulations.

Stephens and Ellis, 2008). Under forced increas-
ing Walker Circulation strength, the indirect re-
lationship between water vapor and precipitation
indicates that there are other additional factors
driving precipitation changes in the tropics.
Unlike the relationship between SST and pre-
cipitation, omega at 500 hPa, or vertical veloc-
ity, and precipitation in the tropics change in op-
posing directions when Walker Circulation forced
(Figures 2 and 5). That is, vertical velocity de-
creases (increases) where precipitation increases
(decreases). Negative vertical velocity values sig-
nify upward motion and more convection, and pos-
itive vertical velocity values signify downward mo-
tion and less convection. In the ascending branch
of the Walker Circulation, vertical velocity de-
creases approximately 0.1 Pa/sec. In the descend-

Frequency of Precipitation in the Tropics for all
Walker Circulation Strengths for Present-day Climate Case
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ing branch of the Walker Circulation, vertical ve-
locity increases between 0.03-0.05 Pa/sec. Where
there is more upward motion, there is more pre-
cipitation. Where there is more downward mo-
tion, there is less precipitation. In addition to
magnitude change, there appears to be a small
region of strong convection in the west pool and
zonal spreading of weak convection in the east pool
when Walker Circulation is forced to the highest
strength (Q-flux=60 W/m?).

Global Mean Precipitation

Extreme precipitation changes largely with Walker
Circulation strengthening and with global warm-
ing, but mean precipitation changes only with
global warming. Global mean precipitation re-
mains constant when Walker Circulation strength
is forced, indicating that the Walker Circulation
does not affect global mean precipitation. Tropical
extreme precipitation increases by 8 mm/day from
the case with no Walker Circulation (Q-flux=0
W/m?) to the strongest Walker Circulation case
(Q-flux=60 W/m?) (Table 2). Total SST and pre-
cipitation does not change with forced Walker Cir-
culation strength across all climate cases. In in-
creasing warming conditions, mean precipitation
increases 2.6% per degree warming from a= 1.0
to a= 1.4 and 1.6% per degree warming from a=
1.4 to a= 1.8, consistent with changes in global

Frequency of Precipitation in the Tropics for
10° Present-day Walker Circulation Strength for all Climate Cases
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Figure 7: Frequency of daily precipitation (mm/day) for all Walker Circulation strengths, or Q-fluz= 0, 20, 40
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Global Mean SST versus Extreme Precipitation
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or all Q-flux cases, from all climate scenarios, or all o simulations Lighter blue dashed lines indicate Walker
Circulation weakening from present-day, darker blue dashed line indicates Walker Circulation strengthening
from present-day, and black dashed line indicates no change in Walker Circulation strength from present-day.

mean precipitation due to warming. Under fixed
Walker Circulation conditions similar to present-
day strength (Q-flux= 40 W/m?), global mean
precipitation increases 0.91 mm/day with a 9 K in-
crease in global mean SST while tropical extreme
precipitation increases 11 mm/day (Table 1). This
suggests the sensitivity of tropical extreme precip-
itation to warming is stronger than the sensitivity
of global mean precipitation.

SST Gradient

Under each climate scenario, there is a greater
West-East SST difference with increased Walker
Circulation strength (Figure 6). When global
mean SST is 293 K, or a=1.0, the SST gradi-
ent across the tropics increases when Walker Cir-
culation strength increases, or when Q=flux in-
creases from 0 to 60 W/m?. This is consistent
across warming scenarios, a=1.4 (global mean
SST= 298 K) and a=1.8 (global mean SST= 302
K). Under global warming with fixed Walker Cir-
culation strength, the SST gradient generally de-
creases. At present-day and stronger Walker Cir-
culation conditions (Q-flux=40 and 60 W/m?),

the SST gradient decreases with increased global
mean SST. At weaker and no Walker Circulation
conditions (Q-flux=20 and 0 W/m?), the SST gra-
dient slightly increases from a=1.0 to a=1.4, then
decreases from a=1.4 to a=1.8. The discrepancy
from a=1.0 to a=1.4 is likely due to sensitivity to
the computational definitions of "West’ and ’East’
as West-East SST differences are very small or
non-existent at weak Walker Circulation strength
(Q-flux= 20 W/m?) or no Walker Circulation at
all (Q-flux= 0 W/m?) (Figure 2). The general
decrease in the SST gradient across the tropics
with global warming is consistent with results from
Merlis and Schneider, (2011).

Increased Frequency & Intensity

Extreme precipitation increases in frequency
with Walker Circulation strengthening and global
warming (Figure 7). Extreme precipitation be-
comes more frequent by a magnitude of 10!
when Walker Circulation strength is forced under
present-day climate conditions, and also by a mag-
nitude of 10! when global warming is forced under
present-day Walker Circulation strength.
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Extreme precipitation in the tropics increases
whether global mean SST increases and the
Walker Circulation strengthens, but the magni-
tude of increased intensity of extreme precipi-
tation depends on Walker Circulation strength-
ening or weakening with global warming (Fig-
ure 8). If Walker Circulation strength does not
change with global warming, extreme precipita-
tion still intensifies 7-14 mm/day. If Walker Circu-
lation strength remains similar to present-day (Q-
flux=40 W/m?), extreme precipitation increases
from 35 mm/day in present-day climate case (a=
1.0) to 46 mm/day in a= 1.8 warming case. The
possible projected pathways of changes in Walker
Circulation strength from present-day conditions
clearly shows that changes in extreme tropical pre-
cipitation with global warming is determined by
Walker Circulation strength.

4 Conclusion

Atmospheric dynamics, particularly the strength
of the Walker Circulation, play a dominant role
in tropical extreme precipitation, as supported by
O’Gorman and Schneider, (2009). Under current
climate, if the Walker Circulation strengthens,
there will be a greater SST gradient and higher
increase in intensity and frequency of extreme pre-
cipitation. Under global warming, if the Walker
Circulation weakens, there will be a smaller SST
gradient and lower increase in intensity and fre-
quency of extreme precipitation. Conversely, if
the Walker Circulation strengthens under global
warming, there will be a greater SST gradient and
higher increase in intensity and frequency of ex-
treme precipitation. The strength of the Walker
Circulation is a strong determining factor in the
changes of tropical extreme precipitation and SST
gradient in response to global warming.
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