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Abstract of "Interaction between the Andes and the Climate System, and the

Waves Studies” by Weixuan Xu, Ph.D., Brown University, December 2022

We used global climate models to study the interaction between the Andes and the
climate system. We found that the errors in the tropical Pacific climate simulation
might be related to the incorrect representation of the Andes in the low-resolution
global climate models. We adjusted the height of the Andes to the maximum height
instead of the average height and ran the Higher Andes versus Default experiments. In
a slab ocean model, we found that the Higher Andes experiment can more effectively
adjust the mid-latitude westerly wind and form a stronger equatorward circulation.
As a result of the evaporative cooling and radiative cooling, the eastern tropical Pacific
Sea Surface Temperature (SST) gets lower and precipitation gets inhibited over the
South Pacific, leading to a more accurate simulation for the mean state climate. As
a follow up, we ran these two experiments in the fully-coupled model to study the
ENSO variations. The results show that the Higher Andes setting can reduce the
amplitude of ENSO as well as producing a more irregular and asymmetric cycle. The
Andes also influences the land precipitations. We used a higher resolution global
model and showed that without the Andes, the moisture flux from the Amazon forest
can not be directed to the La Plata basin, and the severe storms on La Plata basin
no longer exist. Lastly, we carried out a related side project about using topology
to study climate waves. Using reanalysis data, we proved the existence of non-trivial
topology in Poincaré waves by finding a vortex / antivorex pattern in the wavevector

space, which is consistent with the theoretical simulations.
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Chapter 1

Introduction



1.1 How the Andes interact with the climate sys-

tem

1.1.1 How Mountains interact with climate

Atmospheric circulations are closely related to the topography distribution on earth.
Depending on their shape, orientation, size, and location, the mountains may have
different effects on the atmospheric circulation and convective systems.

The most simple and general example is when a stable airflow climbs up the
mountain, the air will be forced upward following the mountain slope, creating cloud
and precipitation on the wind side and strong evaporation on the lee side. But for a
lot of other the situations, the interactions are more complicated [Houze Jr., 2012].
For example, if the airflow is unstable or has strong shear, convection will be initiated
on a small scale and spread discontinuously along the uphill. When the mountain is
much lower than the precipitating clouds, the precipitation can be sustained across
the mountain but much weaker at the lee side. On the contrary, if the mountain is
large enough, the lower layer air will not be able to cross the mountain; instead, it
will pile up at the foothill. The upper air rises on top of this surface layer before it
reaches the mountain, causing rainfall ahead of the upslope.

The Andes and the Rocky mountains, oriented in the north-south direction, blocks
zonal air flow. The zonal air flows will be forced to move meridionally, resulting in
the stretching and squeezing as well as upward or downward motions [Wang and Ful,
2004]. These two mountains create large contrast in the wind and moisture features
on their east and west. In the meanwhile, orographic Rossby waves will be generated
after the airflow crosses the mountain, resulting in the zonal difference in precipitation
and temperature [Wills and Schneider;, 2018].

Meanwhile, the Tibetan Plateau, oriented in the east-west direction, has a different

dynamic mechanism for regulating the South Asia monsoon. Boos and Kuang [2010]



suggests that the South Asia monsoon is related to the blocking by the narrow and
high orography of the Himalayas. Similarly, Park et al.| [2012] suggests that the
mechanical downstream convection plays a key role in the presence of the East Asian
monsoon.

The mountains can influence the climate system in many different ways. In this
thesis, I will focus on the influence of the Andes on the tropical Pacific and South

American climate.

1.1.2 The Andes and atmosphere circulation

Located on the west coast of South America, the Andes is a north-south oriented
mountain with a length of 8900 km that covers the latitude from 10°N to 50°S. It is
a narrow and high mountain area, with an average elevation of 4 km and an average
width of 500 km [Molina and Little, [1981]. The presence of the Andes is important for
the formation of the climate system of the tropical Pacific as well as South America.

The two most important flows that interact with the Andes are the low-latitude
easterly wind from the Atlantic Ocean and the mid-latitude westerly wind from the
Pacific Ocean. When these two flows encounter the mountain, they will possibly turn

equatorward or poleward. With the constraint of the Sverdrup balance:

ow

ﬂvg: 8_])

(1.1)

The equatorward flow will decelerate upward (squeezing) and the poleward flow
will accelerate upward (stretching).

For the low-latitude easterly flow, the equatorward motion will not be able to
climb up the mountain and gets trapped at the east of the Andes, and this motion
can not be sustained when it encounters the equator where Coriolis force disappears.

As a result, the low-latitude easterly can only be directed poleward and go up. Part



of it will either climb across the mountain and reach the west side and part of it will
move up to the hillside and move southward, forming the South America Low-Level
Jet (SALLJ).

For the mid-latitude westerly flow, the equatorward flow will descend before it
approaches the mountain and further become an easterly as it approaches the equator,
creating an anticyclonic motion and reinforcing the tropical easterly wind at the
Pacific Ocean. The poleward flow will ascend and climb across the Andes, initiating
the orographic Rossby waves in the mid-latitude region |[Rodwell and Hoskins|, 2001].

As a result, the low-level jets along the Andes are equatorward-pointing at the
west and poleward-pointing at the east. These two jets are part of the high-pressure
anticyclonic system at the southeast Pacific and South Atlantic. The location of the
high-pressure center will migrate north or south with the seasonal cycle, resulting in
the change of the strength of these two jets at a different time of the year |[Espinoza
et al., [2020].

1.1.3 The Andes and precipitation

The difference in the atmospheric flows results in the difference in the hydroclimate
system on different sides of the Andes.

At the west of the Andes, the subsidence motion from the cross-Andes easterly
and the equatorward flow induces strong evaporation from the surface of the eastern
Pacific, resulting in a low Sea Surface Temperature (SST) over the coastal region
[Takahashi and Battisti, [2007b]. This subsidence motion creates capping effects and
provides a favorable environment for low-level clouds [Wood, 2012]. The low-level
clouds block the shortwave radiation from the sun and further lowers the surface
temperature. In the meanwhile, the subsidence motion inhibits convection in the
eastern Pacific, resulting in a cold and dry region the west of the Andes.

At the east of the Andes, the Amazon forest provides sufficient moisture that



is transported to the south by SALLJ [van der Ent et al., 2010]. Additionally, the
SALLJ is trapped above by the cross-mountain westerly when it approaches the mid-
latitude region, and this capping effect accumulates instability in the flow by latent
and sensible heating on the surface. When the SALLJ reaches a small mountain
range and releases its instability, it results in the most intense storms over the La
Plata basin [Houze Jr., 2012].

In conclusion, the different flow directions create a dry region to the west of
the Andes and a wet region to the east of the Andes, forming two very different

hydrological and ecological environments.

1.2 Tropical Pacific climate and its formation

1.2.1 Tropical Pacific Climate

The atmosphere over the tropical Pacific is dominated by the zonal Walker circulation.
The equator is dominated by easterly trade winds. When the moist and warm surface
easterly encounters the western boundary, it rises and forms a convection center,
with heavy rainfalls near Indonesia. On the contrary, the eastern branch of the
Walker circulation is dominated by a downward motion, resulting in a cold and dry
surface condition. In the upper atmosphere, the returning branch is from west to
east, completing the Walker circulation circle.

Corresponding to the circulation in the atmosphere, the upper tropical Pacific
Ocean also has zonally asymmetries features. With the surface easterly wind, the
surface ocean water migrates west in absence of the Coriolis force near the equator.
The warm surface water piles up in the western Pacific, forming a local warm pool that
provides a sufficient supply for atmospheric convection. While in the eastern Pacific,
the cold deeper ocean water moves up to compensate for surface water, resulting

in a cold tongue. The subsidence motion in the atmosphere and the upwelling from



deeper ocean forms low SST over the eastern Pacific. Consistently, beneath the ocean

surface, the thermoclines are tilted, deeper in the west and shallower in the east.

1.2.2 Shape of continents and the WES feedback

The first and initial difference that distinguishes the northern and southern Pacific
is the shape of the North and South American continents. [Philander et al. [1996]
runs a global climate model by simplifying the shape of the American continents
into a large triangle, with the western coast tilting from northwest to southeast. In
the northern hemisphere, the tropical trade wind is from the northeast, and in the
southern hemisphere, the trade wind is from the southwest, which means that the
wind is perpendicular to the coastline in North America and parallel to the coastline in
South America. Because of Ekman pumping, F' = fZxu, the mixed layer ocean water
mass transport is perpendicular to the direction of the surface wind, resulting in a
parallel ocean current to the North American coast and a perpendicular ocean current
to the South American coast. As a result, the South American coastal upwelling is
more efficient than North America, resulting in a colder SST at the initial state.
This initial SST difference is then enlarged by the Wind-Evaporation-SST (WES)
feedback suggested by [Xie and Philander] 1994a]. In the southern tropical Pacific,
the lower SST results in a high surface pressure center, while in the north tropical
Pacific, there is a low surface pressure center. A cross-equator wind from south to
north is initiated by this pressure gradient. With the Coriolis effect, the southerly
wind will be accelerating the easterly trade wind in the southern hemisphere and
decelerating the easterly trade wind in the northern hemisphere. The stronger wind
in the southern tropical Pacific then induces more evaporation and further lowers the
SST. This is positive feedback that formulates the north-south SST gradient over the

Pacific ocean.



1.2.3 The Andes and the cloud effects

In addition to the shape of the continents, another important factor for the southeast
Pacific cold tongue is the Andes. When the mid-latitude westerly wind from the
Pacific encounters the Andes, the isentropic surfaces of the atmosphere get squeezed.
According to the Sverdrup balance (Equation , with %—f < 0 with the squeezed
isentropes, and f < 0 in the southern hemisphere, the mountain will initiate a positive
v, which means the flow will turn towards the equator [Geerts and Linacre, [1997].
This equatorward turning will enhance the anticyclonic motion over the tropical south
Pacific, strengthening the high-pressure center with downward motion and inducing
more evaporation over the ocean surface.

The radiation-cloud feedback further lowers the southeast Pacific SST. With the
high-pressure center and the low SST, the southeast Pacific provides a favorable
environment for low-level clouds. These low-level clouds reflect solar radiation and

bring a cooling effect to the ocean surface, developing positive feedback for the cold

and dry environment [Wood, [2012].

1.3 El Nino Southern Oscillation

El Nino and La Nina are the positive and negative phases of the climate variation in
the tropical Pacific area. During an El Nino event, the Eastern Pacific experiences
abnormally high sea surface temperature (SST). The resulting decrease in the east-
west SST gradient is accompanied by a flattening of the thermocline in the tropical
Pacific and weaker upwelling in the Eastern Pacific coastal area [Guilyardi et al., 2009).
In the atmosphere, the easterly wind is weaker than usual, and the precipitation center
migrates to the east, causing much stronger rainfalls in the central Pacific. The La
NiNa phase is the opposite situation. El Nino and La Nina are periodic events that

occur every 2-7 years. Usually, an El Nino is followed by La Nina after a few months



[Neelin, 2011].

1.3.1 Initiation: Westerly Wind Burst and Bjerknes Feed-

back

The initiation of ENSO is commonly thought to be the Westerly Wind Bursts (WWBs),
which is defined as a strong rush of westerly wind occurs in the equatorial Pacific trade
wind region, with a strength of at least 7 m/s and duration of 5-20 days [Harrison and
Vecchi, 1997]. The occurrences of WWBs are related to the tropical cyclones [Keen),
1982 or the Madden—Julian Oscillation (MJO) [Kessler, [2001]. The WWBs have 3
major effects on the change in SST. First, they cool the western Pacific warm pool by
strong evaporative cooling [McPhaden, |2002], reducing the east-west SST gradient.
Secondly, the WWBs cause the surface currents to accelerate to the east [McPhaden
et al., 2020]. Third, WWB generate downwelling Kelvin waves that transport sub-
surface temperature anomalies [Ando and McPhaden, |1997].

However, WWBs occur at the frequency of about 3 times a year [Verbickas| [1998],
much higher than the frequency of ENSO. Another important process that develops
a WWB event into El Nino is the Bjerknes feedback. This is a positive feedback
system between the wind stress, the sea surface temperature (SST), and the upper
ocean thermocline. In the onset of an El Nino event, a WWB event weakens the
easterly trade wind that dominates the tropical Pacific region. When the surface
warm water is not transported to the west warm pool and the upwelling in the east
cold tongue is weakened, the east-west SST gradient is weakened and the thermocline
is flattened. The smaller SST gradient results in a smaller pressure gradient, which
further weakens the strength of the easterly wind. During a La Nina event, the

situation is the opposite.



1.3.2 Procession: tropical waves

The procession of an ENSO cycle is closely related to the propagation of the equatorial
Kelvin and Rossby waves. The WWB events initiate the downwelling Kelvin waves
that carry the warm temperature anomalies eastward. The Kelvin waves take about
2 months to travel across the Pacific, and when they reach the eastern Pacific cold
tongue, they depress the thermocline and reduce the upwelling of the thermocline
water, resulting in the peak of an ENSO event [Wyrtki, [1975].

When WWBs trigger downwelling Kelvin waves, they also initiate upwelling Rossby
waves off the equator at the same longitude. These upwelling Rossby waves propagate
westward at 1/3 of the speed of Kelvin waves, and when they encounter the western
boundary, they reflect back as upwelling Kelvin waves that carry a warm temperature
anomaly. These Kelvin waves with cold anomaly later reach the eastern Pacific after

the warm anomaly and result in a following La Nina event [Battisti, [1988§].

1.3.3 Simple ENSO models

In order to understand the irregular but periodic features of ENSO cycles, several
theoretical models have been suggested to understand the mechanism.
The most simplified model is a two-box model by |Jin [1997alb], and it was calcu-

lated on top of Cane and Zebiak| [1985] and [Wyrtki [1985]. This is a two-boxes model

and the dominant equations are:
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T, and T, are the SST in the Western and Eastern Pacific. The first terms
in Equations (1) and (2) are the heating from the radiative, sensible and latent heat

fluxes on the surface of the ocean. T, is the equilibrium temperature from the radiative



and convective balance. For the second terms in Equations (1) and (2), the function
M (x) represents the upstream difference.

This box model considers the temperature variations in the eastern and western
Pacific as results of radiation, temperature difference, and ocean currents. The simu-
lation results it gets to capture the temperature variation in the tropical Pacific over
a period of 4 years.

A more complicated model has been suggested by Vaart et al.| [2000].In this model,
they use a meridionally symmetric coupled system to study the ENSO cycle. The
Pacific basin is no longer simply divided into a few boxes and the SST depends on

both space and time. The dominant equation is:

(9tT + €w<T — T(]) + %H(wl)(T — Tsub<h)) + ulé’xT + vlﬁyT =0 (13)

The ocean model has a shallow-water layer of average depth H and an embedded
mixed layer of fixed depth H1, the zonal length of the ocean is L. and the meridional
direction is unbounded. ¢, is the Newtonian cooling coefficient and T} is the equi-
librium radiative temperature. The first term represents the adjustment towards the
radiative equative equilibrium SST. The second, third and fourth term represents the
advection of temperature. (u, v, w) is the shallow-water layer velocity field and (us,
vs) are the Ekman velocities determined by the wind stress. u; = us + u, v; = vs + v
and w; = w, + w. H is the Heaviside function. This model assumes that the tropical
Pacific tends to adjust towards a radiative and convective equilibrium, whereas the
dynamics are causing the departures from this equilibrium.

This model considers the contribution of each location’s temperature in terms of
zonal, meridional and vertical velocities as well as radiation. It captures the propa-
gation pattern of Kelvin and Rossby waves, which is essential to the explanation of
recharge oscillator theory and the time scale of ENSO. The propagation of the Rossby

waves contributes to the recharge and discharge of the equatorial thermocline. When
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the wind stress curl changes to an opposite sign, the Rossby wave continues to prop-
agate. The interval in the ocean’s dynamic adjustment to changing wind stress is
responsible for the phase transition of ENSO.

However, these simplified models fail to reproduce the irregular 2-7 years cycle of
ENSO. The irregularity is closely related to the model’s complexity and chaotic forc-
ing, both within and outside of the tropical region. These complexities are better cap-
tured and represented by Atmosphere-Ocean General Circulation Models (AOGCMs),

which can simulate near real-world ENSO cycles.

1.4 Topological waves

Topology has first been suggested to be applied to the study of climate waves by
Delplace et al.|[2017]. To better understand the similarity between climate waves and
the topological insulator, we need to understand the wave property and the topology

concepts.

1.4.1 Waves System

Here, we will consider the simplified situation with the g-plane approximation, where
the y derivative of the Coriolis frequency is a constant: [ = g—g.
If we consider a simplified version of the shallow water equation, by ignoring the

frictions and wind stress:

5 — Byv=—g:
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The different types of waves are the solutions of this set of the equation under
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different approximations.
The Kelvin waves only exist at the equator, and their existence depends on the
boundary condition at the equator that the meridional velocity vanishes. Therefore,

for Kelvin waves, these equations can be simplified as:

p

ou __ oh
5 = Yo
Byu = —g5; (1.5)
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And we obtain the dispersion relation for Kelvin waves as w = +/ghk. This
dispersion relation tells us that the frequency and wavenumber of Kelvin wave have a
linear correlation. The wavenumber can only be positive, indicating an eastward-only
propagation direction for Kelvin waves.

For the Rossby, Poincaré, and Yanai waves, by doing a Fourier transform on
the shallow water equation, the zonal and vertical equations become linear but the
meridional equation is not:

& + w o Ok 6—23/2)17 =0 (1.6)

d_y2 ( c? w 2

To have non-zero solutions away from the equator, the frequency and wavenumber

have to satisfy the discrete dispersion relationship:
w? Bk

g (1.7)

This solution applies to all the above-mentioned waves with different values of n.
When n=-1, it represents the Kelvin waves. When n=0, it represents Yanai waves.
When n=1,2,3,... it represents Poincaré or Rossby waves.

The approximation between Rossby and Poincaré waves is that Poincaré waves

have a higher frequency, so we can ignore 8k/w, and the dispersion relation is w? =
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AZk* + (2n + 1)Bc.

For Rossby waves with lower frequency, we can ignore w?/c?, and the disper-
sion relation becomes: w = —%. Therefore, Rossby waves have negative
wavenumber and only migrate westward.

Yanai wave is also called mixed Rossby-gravity waves, and it also only occurs at
the equator. It has antisymmetric phase patterns north and south of the equator.
The eastward-propagating Yanai waves behave like Poincaré waves and the westward-

propagating waves behave like Rossby waves.

The dispersion relation for all these waves can be shown in Fig. (1.1}

A l(2po)'2
12 Poincare waves 3 210
Kelvin wave
1-
= 5 k(cr2p)'2
f T I I [ | >
-3 -2 -1 0 1 2 3

Figure 1.1: Dispersion relation for different waves. Figure from Fedorov et al.| [2009)

1.4.2 Topology

In condensed matter areas, topology is often used to explain the topological insulators.

A simple example of topology is the hairy ball theorem (also called the hedgehog

theorem in Europe) [Renteln, 2013]. The hairy ball theorem tells us that a sphere
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with odd dimensions can not have tangent vector fields that can exist all over its
surface. This property is what distinguishes a ball from a donut, and it does not
change with continuous deformation. Topology classifies one family to another, and
members in the same family share the same property and can deform continuously
to each other, which can help us simplify the problems. This non-trivial property
can be quantified by a topological invariant, which in the hairy ball example can be
understood by the number of holes on the sphere’s surface, and in physics, it is called
the Chern number.

When the topological invariant changes, there will be the existence of gapless
conducting states at interfaces. These edge states no longer conserve the topological
properties, and they only exist in the boundary between different gauges. The edge
state has an asymmetric property in that it propagates only in one direction along the
boundary. An example in quantum physics is when skipping motion electrons execute
as their cyclotron orbits bounce off the edge. This bouncing motion is chiral and it
only moves in one direction. This chiral property of the edge modes makes it immune
to many types of disorder, and it is not sensitive to background situations. The Chern
number difference predicts the number of edge modes that exist between the states.
This chiral edge state can also be expressed as the edge connection band between
different states having a positive group velocity. This positive group velocity can be
the different combinations of left and right moving modes, but the difference between
them is determined by the topological bulk states and the difference in Chern num-
ber between these states. This phenomenon is called bulk-boundary correspondence
[Hasan and Kane, 2010].

The same theory can be applied to the climate waves in the earth system. The
rotation of the earth breaks the time reversal symmetry and separates the northern
and southern hemispheres as different gauges, and the equator as a boundary [Delplace

et al., [2017]. Because of the opposite signs of Coriolis frequency in the Northern and
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Southern Hemisphere, Poincaré waves in the Northern Hemisphere have the winding
number of 1 and the winding number becomes -1 in the Southern Hemisphere. Due
to the winding number difference of 2 between the different hemispheres, there must
be the existence of 2 edge modes at the equator. In reality, we do observe these two
different equatorial trapped modes as Kelvin waves and Yanai waves (Figure 1 in
Kiladis et al. [2009]). Similar to the one-directional bouncing of the cyclotron, the
equatorial Kelvin and Yanai waves only propagate towards to the east, and they are

also robust to the perturbations.

1.5 Outline of the thesis

In this thesis, the main idea is to understand how the Andes influences the climate
system, and how to apply topology theory in climate waves. The slab-ocean climate
modeling project about how the Andes influence the mean-state eastern Pacific cli-
mate is in Chapter 2. The atmosphere-ocean coupled modeling project about how
the Andes influence ENSO variations is in Chapter 3. The high-resolution modeling
project about how the Andes influences South America land precipitation is in Chap-
ter 4. The project about diagnosing topological patterns in stratosphere Poincaré

waves is in Chapter 5. The summary of the thesis and future works is in Chapter 6.
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Chapter 2

The Andes and the Southeast

Pacific Cold Tongue Simulation



2.1 Introduction

Changes in the tropical Eastern Pacific climate has significant influence on global
and regional climate systems |Xie et al.; 2007]. In the tropical Pacific, the easterly
trade wind moves warm surface ocean water towards the Western Pacific and forms
the Western Pacific warm pool. Upwelling of deep ocean water in the Eastern Pacific
lowers the sea surface temperature (SST), forming the Eastern Pacific cold tongue.
The ascending branch of the Walker Circulation is located in the Western Pacific
warm pool region and is accompanied by heavy rainfall, while the descending branch
is located in the Eastern Pacific cold tongue accompanied by strong lower-troposphere
stability and low-level clouds [Xie, |1998]. Ocean-atmosphere interaction in this region
leads to the El Nino—Southern Oscillation (ENSO) phenomenon [Dommenget), [2010],
which influences temperature and precipitation of other regions [Leathers et al., |1991]
by the Pacific/North America (PNA) teleconnection pattern [Yeh et al. 201§]. Fur-
thermore, climate model study suggests that the cooling in the Eastern Pacific in the
recent decade is responsible for the slowing down of global warming trend [Kosaka
and Xie, 2013|. Therefore, the correct simulation of the climate over this region is
crucial.

Despite its importance, there is a large bias in simulating the Eastern Pacific cli-
mate. Climate models have difficulty in simulating the Eastern Pacific climate where
low-level clouds are formed by large scale descending air [Bony}, 2005]. Analysis of
climate models from the phase 5 of Coupled Model Inter comparison (CMIP5) [Taylor
et al., 2012] reveals that most models simulate too high SSTs and too much precipi-
tation in the tropical Southeastern Pacific [Wang et al., [2014]. The overestimation of
precipitation in the tropical South Pacific leads to the double Intertropical Convection
Zone (ITCZ) problem [Takahashi and Battisti, 2007a).

Previous studies have suggested that the SST and precipitation biases are closely

related to the atmospheric energy budget in climate models [Hwang and Frierson)
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2013, [Li and Xie, 2014, |Adam et al., 2016]. |Adam et al. [2018] and Boos and Ko-
rty| [2016] argue that the asymmetric SST bias is related to the hemispherically and
zonally uneven heating anomalies, possibly due to the errors in simulating the radia-
tive effect of clouds and the strength of Atlantic Meridional Overturning Circulation
(AMOC) [Wang et al., 2014]. Overall, studies suggest that models simulate too little
reflection of shortwave radiation [Williams et al., 2013], and as a result the Southeast
Pacific is too warm.

These above mentioned biases result in a more symmetric distribution of SST
and precipitation over the Pacific Ocean in the Northern Hemisphere (NH) and the
Southern Hemisphere (SH). However, average SSTs are higher in the NH than in the
SH, and the ITCZ is located in the NH [Marshall et al.,|2014]. For SST, the asymmetry
is probably related to the uneven distribution of continents and topography. [Philander
et al.| [1996] suggests that the shape of South America is more favorable for upwelling,
forming low SSTs on the Southeast Pacific. Moreover, the relatively low SSTs in
South Pacific form a regional high surface pressure while the higher SSTs in North
Pacific form a low surface pressure. This asymmetric pattern brings an anticyclonic
motion in the South Pacific and a cyclonic motion in the North Pacific. These motions
strengthen the easterly trade winds in SH and weaken that in NH. The stronger trade
winds in SH further decrease SST with wind-evaporation-sea surface temperature
(WES) feedback [Xie and Philander, [1994b].

For precipitation asymmetry, Takahashi and Battisti [2007a] argued that the An-
des is the most important driver for the northward distribution of the Eastern Pacific
ITCZ. The Andes blocks the mid-latitude westerlies from the Pacific Ocean, and
squeezes the isentropic surface as low-level air approaches the Andes. To conserve
potential vorticity, the mid-latitude winds have to turn equatorward as it descend.
This effect brings cold and dry air from the polar region and enhances the anticy-

clonic motion [Rodwell and Hoskins|, 2001] as well as the subsiding motion in SH. This
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dynamic motion also affects the formation of clouds. Because ITCZ is located in NH,
the southern branch of the Hadley circulation is stronger, enhancing the descent over
the Southeast Pacific region. The enhanced decent helps maintain boundary layer
clouds [Mechoso et al.,|1995] and temperature inversion above the cold tongue [Wang
et al., 2004].

Several experiments have highlighted the importance of the Andes in the formation
of the climate features (e.g. clouds and SSTs) and energy transport over the Pacific.
Xu et al.| [2004] removed the Andes in a regional climate model and showed that the
removal of Andes caused a significant reduction of stratocumulus clouds and decrease
in absorption of solar radiation on the sea surface in the Southeast Pacific. |Feng
and Poulsen| [2014] changed the elevation of the Andes from 1 to 3 km and found
that the uplift of the Andes accounts for half of the cool SST over the cold tongue
and significantly strengthens the Walker circulation and cloud radiative cooling. In
addition, using aqua-planet modeling experiments, Maroon et al.| [2015] showed that
adding the Andes did lower the SST over the Southeast Pacific and cause a northward
propagation of the ITCZ.

The Andes is very important for the maintenance of the SST and precipitation
features in the Southeast Pacific. However, because it is a narrow mountain range,
its elevation may be too low to influence the Southeast Pacific climate when the
topography is smoothed in low resolution models. As a result, it cannot effectively
block the mid-latitude westerlies. |Xu et al.| [2004] and |Gent et al.|[2010] showed that a
higher resolution climate model has a better performance in simulating the wind and
temperature pattern, and this is mainly because of the better resolved orography.
Therefore, we hypothesize that the CMIP5 model bias in the Southeast Pacific is
related to the topography settings in climate models. We modified the topography
setting in South America and examined the influence of the topographic smoothing of

the Andes on the Southeast Pacific climate. Our results show that when the low-level
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wind is properly blocked by the Andes, SSTs in the Southeast Pacific decrease as
a result of enhanced wind and low-level clouds. The rest of the paper is organized
as follows. Section 2 introduces the climate model and the model settings of our
experiments. Section 3 compares the precipitation and SST of model results with
control and higher Andes cases, as well as the climate sensitivity for the elevation of
the Andes and the change in atmospheric energy transport. Section 4 summarizes

our findings.

2.2 Methods

2.2.1 Model Description

We used the National Center for Atmospheric Research (NCAR) Community Earth
System Model (CESM) version 1.2.2. The Community Atmospheric Model, version
4 (CAM4) is the atmosphere component of CESM. We ran the model with the finite
volume (FV) dynamical core and a slab ocean. In a slab ocean model, only the
interaction between atmosphere and mixed layer of the ocean is considered, and the
SST is determined by the depth of mixed layer and the energy fluxes [Lee, [2019].
Although a slab ocean model ignores the change in the ocean circulation, it is widely
used to study the response of the climate system to an imposed forcing because
the atmosphere adjusts very fast to the environment. The ocean circulations take
hundreds to thousands of years to reach an equilibrium |[Neale et al. [2013], so a slab-
ocean model can capture the fast response resulting from the atmospheric circulation.

To assess the skill of CESM-CAM4 and the effects of changing topographic set-
ting of the Andes in simulating Southeastern Pacific, we compared our model results
with instrumental records. For SST, we used the average of mean annual SST from
2004 to 2018 derived from the Hadley Centre Sea Ice and Sea Surface Temperature

(HADISST) data set (1°x1°)[Rayner et al., 2003]. For precipitation, we used the
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average of mean annual precipitation over 1979-2018 from the Tropical Rainfall Mea-

suring Mission (TRMM) for comparison with models [Kummerow et al., [1998].

2.2.2 Experiments

Compared with the 1-km high-resolution topography from the National Oceanic and
Atmospheric Administration (NOAA) National Geophysical Data Center (NGDC)

Global Land One-km Base Elevation (GLOBE) topography [Hastings and Dunbar,

1999 (Fig. [2.1p), 1.9°x2.5° resolution of the CESM control case has much smoothed
topography (Fig. [2.1p). In our experiment, we take the highest elevation within
each model grid point along the Andes, as shown in Fig. 2.1k, so that the Andes
can effectively block the zonal winds. The model results for the original topography
setting (Fig. [2.1p) will be referred to as the control run, and the output for the
modified elevation (Fig. ) will be referred to as the ‘Higher Andes’ case. To

compare with modern satellite data, the COy concentration is set to be 400 ppm.
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Figure 2.1: Elevation in South America from (a) National Oceanic and Atmospheric
Administration (NOAA) National Geophysical Data Center (NGDC) Global Land
One-km Base Elevation (GLOBE) topography, (b) 1.9° x 2.5° resolution of CESM
control run, and (c¢) Higher Andes topography. The area where we performed the
sensitivity test is marked with a red line.

In order to examine how different elevations of the Andes affect the Southeast
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Pacific climate, we also ran a series of sensitivity tests for the elevation of the Andes.
We set the elevation of the region within the red line in Fig. to 50 m, 1 km, 2

km, 3 km, 4 km, 5 km and 6 km.

2.3 Results and discussion

2.3.1 Change in SST

Compared with the observations, simulated SST in the control run is too high in the
Pacific, particularly in the northern and southern tropical /subtropical Pacific between
20°S and 20°N (Fig. [2.211). In the North Pacific, the overestimation is most severe
near 20°N and 120°W on the west coast of North America with the magnitude of
3°C, and it expands toward the central Pacific. In the South Pacific, the SST bias
is highest near the west coast of South America and also expands toward the central
Pacific. This bias is about 2°C on average. The regions where SST is overestimated
in the region from 160°E to 80°W in the South Pacific over tropical region, which
means that the extent of the cold tongue in the South Pacific is underestimated. In
mid latitude area of the Northwest Pacific, the SST is abnormally cold compared with
the observation (Fig. ) The change in the Atlantic ocean and Indian ocean is
not as obvious as in the Pacific ocean (Fig. S1), so it is not shown in the main text.

The warm SST bias in the South Pacific in the control run is reduced in the
Higher Andes case. (Fig. [2.2pf). In 0-20°S, the SST difference decreases from 1.47°C
to less than 0.40°C. It also induces the Pacific/North American teleconnection pattern
(PNA) in the North Pacific (Fig. [2.2f), with positive SST anomaly over mid and high
latitude North Pacific and negative SST anomaly over tropical Pacific, similar to the
results from Kosaka and Xie [2013]. This teleconnection explains how the cooling
over the Southeast Pacific SST also eliminates the SST bias over the tropical North

Pacific to some extent, by triggering Rossby waves which transports a cold SST signal
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Figure 2.2: Left panel: Annual mean Sea Surface Temperature from HADISST (a),
control CESM (b), and higher Andes CESM (c). Right panel: SST difference between
control and HADISST (d), High Andes and HADISST (e), and High Andes minus
control (f). The box 1 to 4 in (f) are the areas where we did the energy budget
analysis.

in the tropical area to the subtropical regions as a warm SST signal [Dai et al., 2017].

To quantitatively show the change due to the modification of the Andes, we calcu-
lated the Root Mean Square Error (RMSE) between the model outputs in each case
and the HADISST (Table . In the tropical North Pacific, the RMSE has been
reduced by 6.5%, while in the tropical South Pacific, it has been reduced by 22.3%.

The overall RMSE over the tropical Pacific is reduced by 15.1%.

Table 2.1: Root Mean Square Error (RMSE) for SST. Tropical Pacific is the ocean
region from 120°E to 60 °W, 40°S to 40°N.

SST RMSE (°C) Tropical Pacific NH Tropical Pacific SH Tropical Pacific

Control 1.52 1.37 1.66
Higher Andes 1.29 1.28 1.29

Our results suggest that the evaporative cooling and radiative cooling reduced the
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bias in the Southeast Pacific SST (see below). Evaporative cooling accounts for the
lowering of SST in the central South Pacific, while the radiative cooling explains the
change in coastal areas of South America.

The evaporative cooling comes from stronger winds. In the tropics, the zonal
wind blows from east to west. Near the west coast of South America, the strong
northward wind induces the Ekman transport away from the coast of surface ocean
water, resulting in low SSTs in the Southeast Pacific. Around 120°W in the South
Pacific, the low latitude easterlies, mid-latitude westerlies and the equatorward wind

on the coast of South America form an anticyclonic motion, establishing a high surface

pressure center in the Southeast Pacific (Fig. [2.3h).
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Figure 2.3: Contour: Surface latent heat. Arrows: Horizontal wind at 850 hPa. (a)
Control run, (b) Higher Andes run, (¢) Their difference. Box areas are the same as

Fig. 2.2

By increasing the elevation of the Andes, the northward motion near the west coast
of South America, as well as the easterlies near 20°S, is enhanced (Fig. [2.3c). The
stronger northwestward surface air flow induces evaporation over the ocean, increases
latent heat flux, and results in a lower SST in the central South Pacific. We compared
the surface wind distribution with the ECMWF reanalysis data (Fig. S2), but it is

difficult to tell if there is an obvious improvement due to the large discrepancy.

The radiative cooling comes from the increase of low-level clouds. Xu et al.| [2004]

found that the narrow steep Andes has a significant contribution to the formation of
clouds over the Southeast Pacific, and therefore results in the latitudinal asymmetry

in the Eastern Pacific climate. In our experiment, the change in the coastal Southeast
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Pacific climate is the result of the change in low-level cloud fraction. The higher Andes
setting in the model enhances the descent motion of air over the subtropical ocean,
forming a low-level trade inversion and low-level marine boundary layer (MBL) clouds
(Fig. 2.4h) [Bonyl, [2005]. This region covers the longitude from 120°W to 80°W in

subtropical area of the Southeast Pacific. The radiative effects of low clouds decrease

local SSTs.
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Figure 2.4: (a)-(c): Changes in cloud fraction from higher Andes to Control cases..
(a) low-level clouds (Surface pressure to 700 mb), (b) medium-level clouds (700 mb
to 400 mb) and (c) high-level clouds (400 mb to the model top). (d)-(f): Changes in
surface radiation. (a) incoming shortwave, (b) outgoing longwave, (c¢)net radiation at
the surface. Box areas are the same as Fig. [2.2]

Fig. and show the change in medium and high cloud fraction. Both
medium and high cloud fractions show a decrease in the same region where SST is
lowered (Fig. [2.2f). The decrease of medium and high clouds ends up with a weaker
warming radiative effect. Medium and high clouds show an increase in the South-
west Pacific where precipitation bias in the South Pacific Convection Zone (SPCZ) is
improved (Section b).

To examine the radiative effect from the change of cloud fraction, we show the
distribution of energy budget at the surface (Fig. [2.4Jd-f). Therefore, we examine
the distribution of the change in shortwave radiation (Fig. [2.4d), outgoing longwave

radiation (Fig. [2.4k) and change of energy absorption at the surface (Fig. [2.4f).
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Our results show that with the higher Andes, the absorbed solar radiation shows a
decrease near the west coast of South America at the latitude near 20 °S where low-
level clouds increase. From the equatorial Western Pacific to the Southeast Pacific,
both incoming shortwave energy and outgoing longwave energy increases as a result of
the decreasing medium and high cloud fractions in this area. However, the incoming
shortwave radiation increases by a great amount and the increase of outgoing longwave
radiation only offsets a small part of it. As a result, the overall change of the surface
radiation still shows an effect of heating up the major areas of the South Pacific, and
cooling down the coastal area of South America.

To analyze how much different types of energy accounts for the decrease in the
SST under the modification of the Andes topography, we took 4 boxes as shown in
Fig[2.2) where SST is decreasing and calculated the average energy change within each
box (Table 2.2). In the equatorial Western Pacific (Box 1) and central South Pacific
(Box 3), the surface is absorbing more shortwave radiation, but it is balanced by the
increased outgoing longwave radiation and stronger evaporation. In the coastal region
of South America (Box 4), the evaporation is getting smaller, and the incoming short-
wave radiation has decreased by a greater amount. For the region over the tropical
Western Pacific (Box 2), the high-level cloud fraction has reduced with the Higher
Andes setting (Fig. [2.4c), increasing upward longwave radiation and decreasing SST.
Table 2.2: Area-averaged deviations in SST(°C) and net surface SWs, LWs, LHFs,

and SHFs (W/m™?) for the Higher Andes minus Control run. Fluxes are positive into
the ocean. See text for the location of the boxes.

Box ASST ASW ALW ALHF ASHF

1 -0.63 15.16 -4.13 -10.64 -0.24
2 -0.77  -0.02  -2.1 3.97  -0.58
3 -1.01 2143 -8.02 -11.73  -0.51
4 -1.77  -16.23  4.62 13.61  -0.59
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However, the change in cloud fraction is more likely to be a feedback of the change
in the SST instead of directly causing SST change [Takahashi and Battisti, [2007a].
Thus, it is necessary to diagnose what would be the most initial change that is made by
the modification of the Andes topography. Following |Takahashi and Battisti [2007a],

we used the same equation as

AU 1 Aq B, AT, AF
AT = o, (— — 2.1
a< Ur +1+BT‘qST_q7’+1+BTTT’_T(ZT‘ (1+BT)LHFT) ( )
In which,
gl 1 Ogs B, .
=(1+B _— 2.2
o ( * r)[LHFT+QST_qT(aT)T Tr_Tar] ( )

and B is the Bowen Ratio that equals to SHF/LHF and the subscript r indicates
the control case. U is the surface wind speed, ¢ is the specific humidity near the
surface and ¢, is the near-surface saturation specific humidity. 7" is SST and T, is
near-surface air temperature. AF' is the extra radiative forcing.

The four terms in Table represents the change in SST due to the change in
surface wind speed (U term), specific humidity (¢ term), surface air temperature (7°
term) and radiative fluxes (F term). Here, change in shortwave radiation is only
considered as a feedback, and AF' is estimated as a change in longwave radiative
forcing on the SST due to the change in upper-troposphere humidity with the elevation
of the Andes |[Takahashi and Battisti, [2007a]. To know the relative importance from
the change in these parameters, we are only comparing these four terms inside the
parentheses. Table shows the values of these four terms in the box shown in
Fig2.2

It is clear that in the central and Eastern Pacific region (Box 2-4), the most impor-
tant contribution to the decrease of SST comes from the decrease of specific humidity
(q) term. This implies that in the equatorial Eastern Pacific, the central South Pacific

and Southeast Pacific area, the lowered SST in the Higher Andes run results from
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Table 2.3: Area-averaged relative contributions to SST changes, through latent and
sensible heat fluxes, by changes in surface wind speed (U term), in specific humidity
(q term), in surface air temperature (T, term), and by changes in longwave radiative
fluxes (F term).

Box Uterm qterm T, term F term

1 -0.16 -0.17 -0.02 -0.03
2 0.04 -0.26 -0.02 -0.02
3 -0.10 -0.33 -0.04 -0.05
4 -0.04 -0.31 -0.09 0.03

the drying effect associated with the lifting of the Andes. The strengthening of the
anticyclonic motion brings the dry air from upper atmosphere and induces stronger
evaporation over the entire South Pacific. However, when SST decreases, the satura-
tion vapor pressure will decrease according to the Clausius-Clayperon equation. This
reduction in specific humidity is the strongest negative feedback that prevents evap-
oration. Even though we are not considering the change in the shortwave radiation
as the force in the equation that initiates the lowering of the SST, it is the major
feedback that enhances the cooling. The colder sea surface temperature induces the
formation of low-level clouds by turbulent mixing in the atmospheric boundary layer
[Schneider et al., |2019]. The low-level clouds blocking the insolation is the most
important factor that enhances this cooling effect and further lowers the SST [Taka-
hashi and Battisti, 2007a]. In the tropical Western Pacific region represented by Box
1, the increase of near-surface wind speed and the drying effect play similarly impor-
tant roles in the decrease of the SST. In all the four boxes, longwave radiative effect
(F) term is relatively smaller than the other terms, implying that the change in the

longwave radiation is not an important original cause of the lowered SST.
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2.3.2 Change in Precipitation

In the control run (Fig. [2.5b), the SPCZ is much stronger and parallel to the equator
compared with observations (Fig. 2.5a), and it covers the area from 120°E to 120°W.
The control run fails to predict the strength and the location of precipitation observed
over the South Pacific (Fig. [2.5d). The SPCZ shifts northeastward and is much
stronger in the control run than in the observation. As a result, the cold tongue only
extends to 120°W in the South Pacific, and the dry band at the equatorial Eastern

Pacific is too narrow.
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Figure 2.5: Left panel: Color: Annual mean precipitation from TRMM (a), control
CESM (b), and higher Andes CESM (c). Right panel: Precipitation difference be-
tween control and MODIS (d), High Andes and MODIS (e), and High Andes minus
control (f) Contour: vertical velocity at 500 hPa (pa/s), with solid lines as positive
values (descending motion) and dashed lines as negative values (ascending motion).

When we increase the height of the Andes, the narrow, dry band at the equatorial
Eastern Pacific strengthens and extends westward, and the triangular dry region in
the Southeast Pacific extends to 140°W (Fig. 2.5¢). The location of the SPCZ is closer
to the observation in the Higher Andes run (Fig. [2.5¢), and the strong precipitation

bias in the central South Pacific is somewhat eliminated. The model results indicate
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that the higher elevation setting in the Andes can provide a better simulation of the
dry zone in the Southeast Pacific. The change in precipitation over other ocean basins
are not as significant (Fig. S3).

The RMSE is also calculated for precipitation with reference to the TRMM data
(Table . The RMSE for the tropical South Pacific has significantly reduced (by
29.2%). Even though the RMSE is slightly increased in the tropical North Pacific,
the RMSE for the entire tropical Pacific is still reduced by 9.29%. It proves that
the simulation of the tropical Pacific precipitation is getting better with the Higher

Andes setting.

Table 2.4: Root Mean Square Error (RMSE) for precipitation. Tropical Pacific is the
ocean region from 120°E to 60 °W, 40°S to 40°N.

Precipitation RMSE

(mm/day) Tropical NH Tropical SH Tropical
Control 1.83 1.70 1.95
Higher Andes 1.66 1.89 1.38

The vertical motion at 500 hPa is shown in the line contours in Fig. 2.5l The
descending motion is coupled with divergence and the ascending motion is coupled
with convergence. Because of the westward propagation of the convergence center in
the Higher Andes run, the descent motion in the mid-latitude Southeast Pacific is
enhanced (Fig. [2.5f) along with the enhancement of equatorward wind (Fig. [2.3k).
This is because when air flow is blocked by the higher Andes, the mid-latitude westerly
wind will be redirected towards the equator. This equatorward motion not only
brings cold and dry air from higher latitudes, but also descends as a result of the
conservation of potential vorticity. This descent motion inhibits convection in the
Southeast Pacific, resulting in a reduction in precipitation over the South Pacific

Ocean.
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2.3.3 Regional Averaged Pattern

Fig. shows the regional distribution of SST and precipitation. In the zonal
distribution of SST over the South Pacific (Fig. [2.6a), the modeled SSTs are higher
than the observed SSTs across the whole Pacific basin, with a smaller bias in the
Western Pacific and a larger bias in the Eastern Pacific. In the Eastern Pacific, the
modeled SST is 3°C higher than the observation, demonstrating that the simulated
Southeast Pacific cold tongue is too weak. With the higher elevation of the Andes,
the Eastern Pacific SST's become similar to the observation. In the Western Pacific,
however, the SST bias in the Higher Andes case is 0.8°C, somewhat higher than the

control run (0.6°C).
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Figure 2.6: Zonal (a, ¢) and meridional (b, d) distribution of annual mean SST (a, b)
and precipitation (c, d). SST is calculated only over the ocean area, and precipitation
includes both land and ocean.

In the meridional distribution of the SST (Fig [2.6b), the SSTs in control run
are about 1°C higher than observation throughout the whole tropical area. With
the higher Andes, this difference has been reduced by half, and the results are more
similar to the observation, particularly near the equator. This improvement is related
to the reduction of incoming solar radiation at the surface due to the increase in low
clouds and the increased surface evaporative cooling induced by the stronger winds.

Fig. [2.6c shows the zonal distribution of precipitation in the SH tropical region in

the Pacific area. In observation, precipitation decreases almost linearly from west to
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east in 160°E to 90°W. However, in the control run, the precipitation values are high
from 180°E to 130°W with a peak at 130°W, where simulated precipitation is twice as
high as the observation. With the higher Andes, precipitation over the central Pacific
Ocean decreases from 5 mm/day to 3.5 mm/day. Although it is still higher than the
observation, precipitation peak shifts westward to 150°W and is weakened. The higher
elevation in South America deflects the mid latitude wind to turn counterclockwise,
inhibiting precipitation off its west coast and enlarges the dry and cold area, resulting
in the westward migration of precipitation center.

Fig. is the meridional distribution of precipitation over the Pacific region.
The observations show a large contrast of precipitation between the North and South
Pacific. However, both Control and Higher Andes runs clearly show obvious double
precipitation centers on both hemispheres. Results from the Control run are similar to
the observed values from 2°S to 8°N, but are highly overestimated in the SH. Results
from the Higher Andes case exhibit a slight decrease of precipitation over the region
from 20°S to 9°N, but the precipitation values near the equator and in the Northern
Pacific are underestimated.

To understand how the elevation of the Andes changes the east-west circulation
over the Pacific, we calculate the stream function of divergent component of zonal
wind over equatorial Pacific (Fig. . The result shows that the Walker Circulation
is strengthened with the higher elevation of Andes. This result agrees well with the

improved east-west temperature gradient and the larger cold tongue area.

2.3.4 Sensitivity Test and Energy Budget Analysis

To obtain more insight on how the elevation of the Andes affects the climate over
the Southeast Pacific Ocean, we performed a series of sensitivity tests. In the area
outlined by red lines in South America (Fig. [2.1k), we set the elevation to 50 m

(indicated as the 'No Andes’ in the following sections), 1km, 2 km, 3 km, 4 km, 5 km
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Figure 2.7: Stream function of divergent component of zonal wind averaged over 5°S
to 5°N over Pacific region. Stream function is calculated as ¥ = aA¢ fop updp/g
as [Yu et al|[2012]. Because the Walker circulation and the Hadley circulation are
interconnected, the change in the vertical motion can result from both the zonal
and meridional circulation. Therefore, we use the ¥-vector method of
to partition the irrotational part of the three-dimensional flow into a pair of
orthogonal two-dimensional circulations.

and 6 km.

Fig. 2.8 presents the zonal and meridional distributions of SST and precipitation
of the cases with different heights of the Andes. In the SST zonal distribution (Fig.
), the SSTs do not show an apparent difference with different heights of the
Andes on the Western Pacific at the longitude from 160°E to 170°W. The differences
in SST's increase eastward. By changing the elevation in the Andes area from 50 m
to 6 km, the differences in SST's over the Southeast Pacific can be as large as 7°C. In
the SST meridional distribution, with the increasing height of the Andes (Fig. ),
the overall tropical SSTs over the Pacific basin decrease, and the greatest change
occurs at around 7°S. The decrease of SST over the NH is much weaker than the SH,
resulting in a meridional asymmetry SST pattern over the Pacific Ocean.

Similar to SST change, in the zonal precipitation distribution (Fig. [2.8¢), as the
height of the Andes increases, the precipitation in the Western Pacific does not change.
However, from 160°E to 90°W, it decreases almost linearly to the east. With lower
elevations of the Andes, precipitation peaks at 130°W over the South Pacific. With

the increasing elevation of the Andes, this precipitation peak is lowered and migrates

33



(a) Averaged SST 0-30°S (b) Averaged SST 150°E - 90°W

SST (°C)
SST (°C)

—- Higher Andes

T T T T T T T T
120 140 160 180 200 220 240 260 280 300
Longitude (degE) Latitude

(c) Averaged Precipitation 0-307S (d) Averaged Precipitation 150%E - 90°W

precipitation (mm/day)

precipitation (mm/day)

T T T T T T T T
120 140 160 180 200 220 240 260 280 300
Longitude (degE) Latitude

Figure 2.8: Sensitivity test for the height of Andes and SST (a), (b); sensitivity test
for the height of Andes and precipitation (c), (d).

westward. When the elevation is as high as 5 km or 6 km, the precipitation pattern
is very similar to the observation, although this elevation is unrealistic. However, we
can still conclude that the Andes with higher elevation does a better job in inhibiting
precipitation over the east and central South Pacific. In the meridional precipitation
distribution (Fig. [2.8d), when the Andes is removed, the precipitation pattern is very
symmetric about the equator and shows the double ITCZs. The increasing elevation
of the Andes significantly decreases the precipitation in the SH, while it only decreases
the precipitation in the North Pacific by a small amount. As a result, the north-south
precipitation difference increases. With the increasing elevation of the Andes, there
is less precipitation along the equator, consistent with the low SST and increasing
amount of low-level clouds.

The Control Run (solid black lines) model results show a similar distribution as
the case with a 2 km elevation of the Andes, while the Higher Andes Run (dashed
black lines) results show a distribution similar to the case of 4 km. These results
suggest that 2 km and 4 km are the effective heights of the Andes in the Control
and the Higher Andes cases. This explains why in the Control run, the height of the

Andes is not enough to block the zonal winds.
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To have a more straightforward comparison for the sensitivity test results, we plot-
ted Fig. as another interpretation for Fig. and Fig. From the sensitivity
test (grey line), the SST over all the areas in the Pacific, and the precipitation over
the South Pacific (Fig. —g shows a decreasing trend with the increasing height
of the Andes. The Control run (red line) overestimates the SST for all regions over
the Pacific compared with the observation (black line), and also overestimates the
precipitation except for the Southwest Pacific. In the Higher Andes case (blue line),
the simulation result approaches the observation obviously in the SST and precipi-
tation over the Southeast Pacific and the South Central Pacific. Although there is
slight increase of biases in the Southwest Pacific SST and the North Central Pacific
precipitation, and the Southwest Pacific precipitation barely changes with the Higher

Andes setting, this modification can be still considered effective.
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Figure 2.9: Sensitivity test comparison and results. (a)-(d): Comparison for SST.
(e)-(h): Comparison for precipitation. (a),(e): Change in the Southeast (SE) Pacific,
0°-20°S, 100°W-120°W. (b),(f): Change in the Southwest (SW) Pacific, 0-20°S,160°E-
180°. (c),(g): Change in the South Central (SC) Pacific, 5°S-15°S, 180°-120°W.
(d),(h): Change in the North Central (NC) Pacific, 5°N-15°N, 180°-120°W.
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It is also worth noted that the observation values for precipitation do not fall on
the sensitivity test lines at all in the precipitation figures (Fig —h). This indicates
changing the height of the Andes can not entirely solve the precipitation biases in
the CESM. This precipitation bias, which is related to the ITCZ problem, is a result
of atmospheric net energy input biases near the equator and the cross-equatorial
divergent atmospheric energy transport [Adam et al| 2018, Xiang et al., 2017].

To have a further insight into this problem, we analyze meridional energy transport
in the atmosphere (Fig. , a factor that is shown to be closely related to the
location of the ITCZs [Bischoff and Schneider, 2016]. Adam et al.| [2018] suggested
that I'TCZs are located further south compared with the observation, and this bias
in the ITCZ is related to the atmospheric energy budget. They suggest that the
southward shift of the ITCZ is related to either too much energy absorption in the
Southern Hemisphere or too little energy absorption in the Northern Hemisphere.
Here, we used the Energy Flux Equator (EFE), a latitude where northward energy
flux becomes zero, to indicate the location of the ITCZ. EKE shifts northward as
the elevation of the Andes increases, and all the cases show positive slope and a
single intersection at the zero line (Fig. [2.10p). Fig. [2.10p shows that more energy is
transported by the atmosphere from NH to SH with higher Andes, and the observation
value is consistent with the model result when the height of the Andes is between
5km and 6km. These two figures indicate that with the increasing elevation of the
Andes, the global mean I'TCZ migrates northward. Since the Andes is an important
factor that shapes the north-south ITCZ asymmetry |Takahashi and Battisti, [2007a],
correcting the effective height of the Andes is necessary to improve the global energy

budget and large scale circulation.
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Figure 2.10: (a) Northward Atmospheric Energy Transport (AET) near the equator.
(b) Cross-equator southward energy transport.

2.4 Summary and Conclusion

Eastern Pacific climate has an important regional and global influence [Collins et al.,
2010]. However, climate models have difficulty in simulating the cold tongue off the
west coast of South America. For example, compared with observations, CESM over-
estimates temperature and precipitation in the Southeast Pacific region [Bogenschutz
et al., [2018].

In this study, using the CESM slab ocean model, we showed that the smoothed
topography in South America will influence the model’s simulation for precipitation
and SST over the Southeast Pacific. The Andes is a narrow mountain range, and in
low-resolution models, its elevation is too smoothed that it cannot efficiently block
zonal winds. When we modified the elevation so that the mid-latitude westerly wind
is blocked and turns equatorward while descending, the anticyclonic motion in the
South Pacific is strengthened, increasing the amount of low-level clouds and surface
evaporation. As a result, the precipitation in the South Pacific is inhibited and the
SST in the Southeast Pacific is decreased.

Our sensitivity test results show that with the increasing elevation of the Andes,
the east-west SST difference in tropical South Pacific increases, and the tropical

Pacific SSTs decrease. Precipitation in the tropical South Pacific also decreases,
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and the precipitation peak is propagating westwards from the central South Pacific
to the Western Pacific. The result also shows that the southward cross-equatorial
atmospheric energy transport increases with the increasing elevation of the Andes,
indicating a larger NH-SH energy imbalance, closer to the observation. Our results
indicate that the control topography setting of the Andes in the CESM model with
resolution of 1.9°x2.5° has an effective height of 2 km; the modified Andes has an
effective height of 4 km.

It has been shown that the higher resolution climate model can significantly im-
prove the mean climate simulation. [Small et al.|[2014] showed that a 0.25° resolution
climate model can simulate the Southeast Pacific cold tongue better than a low res-
olution model. The major reason is that a better resolved orography will simulate
a more accurate atmospheric flow. |Adcroft| [2013] considered the representation for
topography as impermeable walls and porous barriers, and his results approximately
simulated for the key features for lateral transport. His study provides a possible
solution to fix the bias in a low-resolution global climate model.

With a better simulation of the mean tropical Pacific climate, we expect that
the ENSO simulation will be improved, as well as the future projection of the global
climate. However, the role of the ocean has not been tested in this work and there
are still some biases in the NH that may be related to the representation of the
topography in a low-resolution model. In the future, we hope to examine the role of

the ocean with a fully-coupled global climate model.
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Chapter 3

The Andes affect ENSO statistics



3.1 Introduction

The tropical Pacific climate is formed by the large-scale interaction between the at-
mosphere and the ocean. Its mean state has strong contrast between the wet and
warm western Pacific and the cold and dry eastern Pacific. Deviating from this
mean state, the tropical Pacific climate has a natural interannual variation called El
Nino/Southern Oscillation (ENSO, see [McPhaden et al.| [2020] for a review). ENSO
events alter the global atmospheric circulation, causing unusual floods or droughts
occur in many regions [e.g., Prieto, 2007], creating threats to our society in many
aspects including agriculture |[Nicholls, 1991], fisheries [Lehodey et al., 2020], public
safety [Fang et all 2021], and economic vitality [Bastianin et al., [2018].

Due to ENSO’s impacts, understanding its dynamics and predicting it a few sea-
sons in advance has been the focus of intensive research over the last 50 years. Early
methods built simplified models to simulate the components that affect ENSO’s ini-
tiation, generation and dissipation [e.g. [Bjerknes, 1969, Wyrtki, (1985, (Cane and Ze-
biak, 1985, \Jin|, 1996, 1997a.b]. These simplified climate models do simulate a quasi-
periodic signal and reveal some of the key components of the ENSO cycle, but many
important aspects of ENSO are not accounted for. With the lack of seasonal mod-
ulation and the non-linear processes in these simplified models, they are too limited
in scope and cannot reproduce the full complexity and diversity of ENSO [Jin et al.,
2020, Levine et al. 2016]. Coupled Global Circulation Models (CGCMs) are better
suited to capture many characteristics of ENSO compared with simplified models,
but they still have a lot of systematic errors |Guilyardi et al., 2009, Bellenger et al.
2014, \Guilyardi et al., 2020, Planton et al., 2021}, including biases in the mean state,
in processes contributing to the growth and decay of ENSO and occurrence statistics.
Biases in the mean state include the SST distribution, double Inter-Tropical Conver-
gence Zones (ITCZs) bias, and the errors in surface wind simulation [e.g., |Guilyardi

et al., 2020, Planton et al., 2021]. Biases in ENSO properties include the wrong
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amplitude, too sharply peaked power spectrum, excess westward displacement of the
ENSO pattern, too little skewness and so on [e.g., |Guilyardi et al., 2020, [Planton
et al., 2021]. In addition, there are still considerable uncertainties in ENSO proper-
ties under warmer climate, although climate models are improving in the agreement
of future projections |Cai et al., [2018] 2021].

Progress in overcoming these difficulties has taken many forms. One solution is
increasing the spatial and temporal resolutions of the atmosphere and ocean models
[Wittenberg et al.,|2018|. However, it is a slow and challenging process to reach higher
resolution model simulations, since each increase in resolution is exponentially more
difficult. |[Fox-Kemper et al. [2014] showed that the past decades’ rate of computational
improvement results in the doubling of full-complexity CGCM resolution only every
10.2 years [consistent with a recent update by Haine et al., 2021]. Therefore, instead
of using a higher-resolution climate model, we attempt to improve ENSO simulations
by better representing dynamical processes.

As many errors in ENSO properties and errors in the mean state climate are
closely connected [e.g., Zhang and Sun, 2014 |Abellan et al., 2017, He et al., [2018],
adjustments that can improve the mean state simulations may also improve the ENSO
simulation. The mean state over the Pacific can be influenced by many aspects of
the modeling system, but the focus in this paper is the representation of the An-
des. Previous studies showed that removing all orography in a CGCM modulates
the mean states and ENSO has a stronger amplitude and increased regularity [Kitohl,
2007, Naiman et al., 2017]. As the Andes alone are important for the formation of
the southeast Pacific cold tongue [Takahashi and Battisti, 2007aj, Xu and Lee| [2021]
hypothesized that the Andes are not high enough in the low-resolution CGCMs and
improving that could improve the simulation of the Pacific mean state and variabil-
ity. Indeed, with too low Andes, the modeled range insufficiently modulates the

atmospheric circulation and result in too warm SST in the southeast Pacific and too
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much precipitation over the south Pacific. To test this hypothesis, Xu and Lee| [2021]
modified the Andes in a coupled system with a slab-ocean model and compared the
experiment with a higher elevation of the Andes model versus a control experiment
with the standard coarsened Andes orography. They found an improvement in the
simulation of the tropical Pacific mean state with lowered SST in the southeast Pa-
cific cold tongue and the inhibition of precipitation over the central south Pacific. We
hypothesize that modifying the Andes will affect ENSO as well.

In this paper, we explore whether modification of the Andes can improve simula-
tions of the mean state climate and the ENSO cycle in the tropical Pacific using a
CGCM, focusing on the role of upper ocean dynamical feedbacks. Section 2 introduces
the experimental setup and the model setting. Section 3 and 4 compare the model re-
sults in terms of the mean state and ENSO cycle. Section 5 discusses the mechanism

explanations of our result and Section 6 talks about its scientific importance.

3.2 Method

3.2.1 Model and Experiment

We used the National Center for Atmospheric Research (NCAR) Community Earth
System Model (CESM) version 1.2.2 [Hurrell et al 2013]. It includes the Commu-
nity Atmospheric Model, version 4 (CAM4) as the atmosphere component, and an
extension of the Parallel Ocean Program (POP) Version 2 from Los Alamos National
Laboratory (LANL) as the ocean component. We ran the model with CO5 concen-
tration as in year 2000 (367 ppm) so that we can compare our result with the satellite
data. We used the atmospheric resolution of 1.9° x 2.5 © with 26 vertical layers and
nominal oceanic resolution of 1° with 60 vertical layers for our experiment.

Boos and Kuang][2010] showed that the narrow Himalayas mountain ranges, rather

than the Tibetan plateau, is essential to modulate the South Asian monsoon. Inspired
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by their study, we consider the Andes as a similar barrier that influences the topical
Pacific circulations. Fig. shows the 1-km high-resolution topography from the
National Oceanic and Atmospheric Administration (NOAA) National Geophysical
Data Center (NGDC) Global Land One-km Base Elevation (GLOBE) topography,
and Fig is the default topography setting in CESM (used in our control experi-
ment). In order to understand the influence from the Andes, we modified the height
of the Andes to the highest value according to the GLOBE topography (Fig. ;
experiment called "Higher Andes’). In each coarse-grained grid cell along the Andes
in the climate model, we computed its elevation as the maximal elevation within the
cell area of the fine-grained observations. Our approach is to evaluate the maximum
possible influence of the Andes, and not to simulate the exact influence of the Andes.
Both experiments were run for 350 years to allow the upper ocean to adjust to the

modification, and we used the last 160 years of model output for our analysis.
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Figure 3.1: Elevation in South America from (a) National Oceanic and Atmospheric
Administration (NOAA) National Geophysical Data Center (NGDC) Global Land
One-km Base Elevation (GLOBE) topography, (b) 1.9° x 2.5° resolution of CESM
Control experiment topography, and (c) Higher Andes experiment topography. The
height of the Andes is adjusted to the highest value according to the GLOBE to-
pography: in each coarse-grained grid cell along the Andes in the climate model, we
computed its elevation as the maximal elevation within the cell area of the fine-grained
observations. Same as Fig. 1 in Xu and Lee| [2021].
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3.2.2 Analysis

To analyze the model performance, we used the ENSO metrics package developed by
the International Climate and Ocean: Variability, Predictability and Change (CLI-
VAR) Pacific Region Panel [Planton et al., 2021]. These metrics allow us to rapidly di-
agnose and evaluate the model’s performance regarding the ENSO-related mean state
and properties, teleconnection pattern, and dynamical coupling. In this research, we
will focus on the comparison of the simulation accuracy between the Control and
Higher Andes experiments.

To evaluate the model’s performance on the tropical Pacific climate, we use
HadISST’s SST [Rayner et al., 2003], GPCPv2.3’s precipitation |Adler et al., [2003],
TropFlux’s net surface heat fluxes and surface wind stress [Praveen Kumar et al., 2012,
2013], and the Met Office Hadley Centre’s EN4 ocean temperature profile [Good et al.,
2013]. We use monthly data from these products over the period 1979 to 2018. Al-
though the CO, forcing within this period is not constant as in the model, it increases
linearly with the average value approximately equal to that in year 2000. Therefore
we still consider it a fair comparison.

To compare the spatial distributions between the observations and the simulations,
all data is interpolated onto a regular 1° x 1 ° grid. The gridded observational datasets
available are not perfect and choosing another group of datasets may slightly change
the metric values [e.g., Planton et al., 2021]. Using these observational datasets we
do not precisely evaluate the model, but merely detect the differences between the
Control and Higher Andes experiments and estimate if the new simulation is getting
better or worse.

In the evaluation of the mean state distribution (Fig. , , the model
mean distributions are calculated from averaging the 160 year model results. In order
to make comparisons with the 40 years observation data, the error bars are calculated

using the bootstrapping method. We did 10,000 bootstrapping samples each selecting
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480 months of data (i.e., 40 years) and calculated the average distribution of each
sample. The error bars are calculated as the standard deviation over the 10,000 40-
year-equivalent averages. The distribution of the 10,000 averages is nearly Gaussian,
so the standard deviation is an adequate measure of uncertainty.

For the ENSO variations section (Fig. , , unlike the mean state un-
certainties, the ENSO variations are interannual signals continuous in time. Their
spectral analysis is most meaningful within a continuous decadal-scale period match-
ing in duration to the available observational data. Thus, the 160 years of model
results are divided into 4 non-overlapping sections of 40 continuous years. Corre-
sponding distributions of each section are plotted as the thin, light lines, and the
averaged values of the 4 sections are plotted as the thick, dark lines. Root-Mean
Square Errors (RMSEs) are calculated between the averaged distributions and the
observations.

To quantify the processes that influence the ENSO variation, we calculated the

Bjerknes stability index [Jin et al. 2006] with the same equation as Zhao and Fedorov

[2020].
<u> < 2yv> <H@Ww> oT oT w
2]BJ = —0s— Lx - LZ - Hm +Ma6u<%>+/~baﬁw<E>+/~Laﬁhah<H_m>
(3.1)

The terms on the right hand side of this equation represent (1) Thermal Damping
(TD), (2) the 2nd, 3rd, and 4th terms add up as the Mean Advection Damping (MA),
(3) Zonal Advection Feedback (ZA), (4) Ekman Feedback (EK) and (5) Thermocline
Feedback (TH). The first two mechanicms act as a damping effect on ENSO, while
the remaining three feedback processes strengthen ENSO. This equation separates
the different mechanisms that can influence the ENSO cycle, which allows us to

understand what are key the processes that the Higher Andes experiment differs
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from the control experiment.

3.3 Changes in the mean state

Similar to the slab-ocean model simulations |Xu and Lee, 2021], the Higher Andes
in the atmosphere-ocean coupled model changes the mean state of the ocean and
atmosphere. We will evaluate these changes in four aspects related to mean changes

usually taken to affect ENSO: SST, precipitation, wind stress and ocean stratification.

3.3.1 SST and precipitation

Bayr et al.| [2018] and [Wengel et al. [2018] found a link between the mean SST bias and
ENSO seasonality as well as the balance of mechanisms generating SST anomalies. As
SST and precipitation biases are linked [e.g. Oueslati and Bellon, 2015, Brown et al.,
2020], the effect of the height of the Andes on these biases are analyzed together in
this section.

Figure[3.2]shows the latitudinal and longitudinal distribution of SST and precipita-
tion in the Observation (black line), Control (red line) and Higher Andes experiments
(blue line). In the eastern Pacific (Fig. [3.2h), the SST across latitudes is too warm
in both experiments, but this warm bias is smaller in the Higher Andes experiment
than in the Control experiment (RMSE of 0.6 °C and 1.2 °C respectively), especially
south of the equator. As a consequence, the north-south (N-S) SST gradient (defined
as the difference between the highest SST in the northern and southern hemisphere)
is better reproduced in the Higher Andes experiment than in the Control experiment
(Higher Andes: 1.4 °C; Control: 0.7 °C; observation: 1.5 °C). Both experiments
are also too warm along the equator (Fig. ), but again, the bias is reduced in
the Higher Andes experiment compared to the Control experiment (RMSE of 0.5 °C

and 0.8 °C respectively). Note that the bias is reduced everywhere but west of the
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Figure 3.2: (a),(b) SST distribution in Observation, Control and Higher Andes ex-
periments (°C). (c),(d) Precipitation distribution in Observation, Control and Higher
Andes experiments (mm/day). (a),(c) are distributions across latitudes (zonal av-
erage 150°E-90°W). (b),(d) are distributions along the equator (meridional average
5°S-5°N). The solid lines in model results are the averaged distribution over 160 years.
The error bars are calculated with the bootstrapping method. We did 10,000 times
of bootstrapping with 480 months (40 years) of data, and calculated the average dis-
tribution of each bootstrapping samples. The error bars are the standard deviations
of these 10,000 average distributions. The observation distributions (black lines) are
the average distribution of 40 years. The legends also show the Root Mean Square
Errors (RMSEs) calculated as the averaged difference between the model mean val-
ues (blue and red solid lines) and observations (black solid line). Uncertainties of the
RMSEs are the averaged values of the error bars. See Method section for detailed
explanations.

dateline.

In the tropical Pacific, the air from the southern and northern hemispheres con-
verges. The converged air is forced upward and creates the intertropical convergence
zone (ITCZ), a region of heavy precipitation, on average located at the north of the
equator [Philander et al., |1996]. The observed precipitation distribution across lati-
tudes in the eastern Pacific (Fig. ; black line) displays a strong N-S precipitation
difference, with around 1 mm/day south of the equator and a peak reaching 8 mm /day

around 7°N. In both experiments, the distribution of precipitation is too symmetric
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with respect to the equator, a persistent error in climate models called the double
ITCZs bias [e.g., Lin|, 2007, Bellenger et al., [2014} [Planton et al., 2021]. The section-
averaged bias is around 2.0 mm/day in the Control experiment (red line), and N-S
precipitation gradient (defined as the difference between the largest precipitation in
the northern and southern hemisphere) is around 2.1 mm/day. In the Higher Andes
experiment, the double ITCZ bias is still present but reduced (the N-S precipitation
difference of 2.4 mm/day), slightly reducing the mean bias (1.5 mm/day). However,
increasing the height of the Andes does not improve the dry bias in the western equa-
torial Pacific, as shown in Fig. [3.2d. But it inhibits central and eastern tropical Pacific
precipitation and still reduces the total precipitation bias (RMSE of 0.9 mm/day in
the Control experiment and of 0.7 mm/day in the Higher Andes experiment).

The changes brought by the modification of the Andes are similar in the present
experiment with a fully-coupled climate model and in the experiment from |Xu and
Lee| [2021] with a slab ocean model (Fig. [3.3): a higher elevation of the Andes
setting lowers the SST and reduces precipitation over the eastern tropical Pacific
area. However, the difference between the Control and the Higher Andes experiments
is smaller in the fully-coupled climate model, which means that the ocean circulation
feedbacks respond to withstand the changes in the atmosphere, and end up weakening

the influence from the Andes.

3.3.2 Wind stress

The surface wind over the tropical Pacific is an important factor that influences the
heat and moisture transport, controls the coastal upwelling, and contributes to the
development of the ENSO cycle [McPhaden et al. 2020]. As both zonal and merid-
ional wind stress modulate the amplitude of ENSO events [Hu and Fedorov, 2018,

Zhao and Fedorov, 2020], we analyze their evolution between the two experiments in

this section (Fig. [3.4)).
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Figure 3.3: Similar to Fig. but for the comparison between fully-coupled model
results (thick solid lines) and slab-ocean model results (thin dashed lines). The mod-
eled fully-coupled distributions are averaged over the last 160 years of 350 years
simulations. The slab-ocean distributions are averaged over the last 10 years of 30
years simulations. Here we only showed the average distributions but not the er-
ror bars because the fully-coupled experiments and the slab-ocean experiments are
run for different lengths compared with the observation. The legends also show the
RMSEs calculated between the each modeled average values and observations.

The tropical Pacific region, zonal wind stress is, on average, from east to west along
the equator in the Pacific. The meridional component is northward in the southern
hemisphere and up to 7°N and southward in higher latitudes, to form the ITCZ
(Fig. 3.4} black lines). This pattern is well reproduced in the Control experiment,
but the cross-equatorial winds in the eastern equatorial Pacific are too weak (they
reach 30x10™3 N m~? in the observation, but only 12x1073 N m~2 in the Control
experiment; Fig. [3.4d).

With the Higher Andes experiment, zonal wind stress becomes stronger than in the
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Figure 3.4: Same as Fig. , but for the zonal and meridional wind stress (103N
m~2). In (a) and (c), zonal average is computed between 150°E and 270°E.

Control experiment and observations in the south Pacific (Fig. [3.4) and in the central
to western Pacific region (Fig. [3.4b), and becomes weaker in the eastern Pacific region
(Fig. ) As a consequence, the zonal wind stress biases are slightly larger in the
Higher Andes experiment than in the Control experiment, across latitudes (4.5x1073
N m~2 and 2.7x1072 N m~2 respectively) and along the equator (11.0x1072 N m~2
and 6.7x1072 N m~2 respectively). The meridional component does not change much
across latitudes (Fig. [3.4c). It becomes slightly too strong south of 5°S in the Higher
Andes experiment and gets closer to the observation in the equatorial band (5°S to
5°N). This does not change the mean bias much (from 4.7x1073 N m~2 in the Control

experiment to 3.0x1073 N m~2

in the Higher Andes experiment). Along the equator
(Fig. [3.4(d), there is little change west of 200°E, but in the eastern equatorial Pacific,
the cross-equatorial winds are strengthened in the Higher Andes experiment, getting

closer to the observation (but still too weak). This bias is slightly improved but not

by a lot (around 11.5x1073 N m~2 in the Control experiment and around 8.9x1073
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N m~2 in the Higher Andes experiment).

The modified atmospheric circulation is related to the change in SST. Similar to
the slab ocean model results from Xu and Lee| [2021] (Fig. [3.3)), the Higher Andes
experiment lowers the SST in the southeast Pacific by enhanced evaporative and
radiative cooling [Xu and Lee, |2021]. The cooler SST in the south Pacific will enhance
the high sea surface pressure in the subtropical south Pacific, and therefore enhance
the anticyclonic motion |[Takahashi and Battisti, 2007a]. This enhanced anticyclonic
motion includes stronger easterly winds in the western equatorial Pacific (Fig).
Also, the colder SST in the south Pacific increases the surface pressure gradient in
the south and the north Pacific, forming a stronger cross-equatorial wind from the
southern hemisphere to the northern hemisphere (Fig). In conclusion, imposing
a higher elevation of the Andes induces stronger zonal and meridional wind stress in
the tropical Pacific.

SST biases in different climate models are different [e.g. Fig.2 in Burls et al.|
2017], but one common problem is that the east-west SST gradient in the climate
models is too small. The biases are either a warm bias or a weaker cold bias in the
eastern Pacific, indicating that the SST gradient in most of the CMIP5 models is
not as strong as in the observations. Our experiment increases the east-west SST
gradient by elevating the height of the Andes, and this change is accompanied by

stronger winds over the tropical Pacific.

3.3.3 Ocean stratification

Because the Higher Andes setting changes the atmosphere circulation, the upper
ocean would respond to this change and reach a new equilibrium. Here we show the
upper ocean temperature distribution in the two experiments from years 191 to 350.
An important aspect of the signal that develops into an ENSO event is the propagation

of a temperature anomaly in the subsurface ocean, and it can be measured by the
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change of thermocline depth [e.g., Zhao and Fedorov, [2020].

Fig. shows the potential temperature distribution in NINO3 region (150°-90°W,
5°S-5°N) in both experiments and in the observations (left panel), as well as the dif-
ferences between the model and the observations (right panel). The Higher Andes
experiment is closer to the observations, being colder than the Control experiment in
the upper 150 m and warmer than the Control experiment from 150 m to 300 m. As
shown in Fig. 3.5 compared with the Higher Andes experiment, the Control exper-
iment has a too large vertical temperature gradient in the NINO3 region, implying

too strong stratification.
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Figure 3.5: (a) Vertical distribution of the potential temperature (PT, °C) averaged
over the NINO3 region (210-270°E, 5°S-5°N). (b) Biases of PT in the vertical distri-
bution over the NINO3 region (model experiments minus observations). Error bars
are calculated with a similar method as Fig. 3.2}

Fig. [3.6k,b show the vertical distribution and the change of potential temperature
in the upper ocean of the equatorial Pacific. The thermocline in the Pacific ocean
is tilted (black line in Fig|3.6f); it is deeper in the western Pacific and shallower in
the eastern Pacific. A cooler potential temperature indicates a shallower thermocline,
while a warmer potential temperature indicates a deeper thermocline. The Higher
Andes experiment imposes a cooling in the eastern part of the thermocline, and a
warming in the western part (Fig. 3.6]), indicating a shallower thermocline in the
east and deeper in the west, resulting in a more zonal thermocline tilt.

However, this change in upper ocean potential temperature is not driven by
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Figure 3.6: (a) Vertical PT distribution at the equator for Control experiment (°C)),
the black line representing the depth of the 20°C isotherm (Z20). (b) PT distribution
for Higher Andes minus Control (°C)), with the black line representing the same Z20
as in (a). (c) Vertical velocity (w, cm/s) for Control experiment.. (d) Vertical velocity
(cm/s) for Higher Andes minus Control.

stronger coastal upwelling. In the eastern equatorial Pacific, the upper ocean is

dominated by strong upward motion (Fig. [3.6c), but in the Higher Andes, upwelling

weakens due to the weaker zonal wind stress in the eastern Pacific (Fig. |3.4Db).

3.4 Changes in ENSO Properties

As the mean state climate over the tropical Pacific is thought to be related to the

ENSO variability [Zhao and Fedorov, 2020], the modification of the Andes is expected

to influence the ENSO cycle. The long-term changes in ocean mean state climate are

the results of the changes in ENSO, as was suggested by |Atwood et al.| [2017]. In

the periods during which ENSO has an unusually large amplitude, the mean state
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climate will have cooler SSTs in the eastern Pacific and stronger precipitation in
the western Pacific, which tends to damp ENSO variability. In fact, the changes in
the mean state can affect the major feedbacks that control the characteristics of the
ENSO cycle [Karamperidou et al 2020]. Therefore, in this section, we will evaluate

ENSO performance in the Higher Andes experiment from various characteristics of

the ENSO cycle.

3.4.1 Amplitude

Fig. shows the zonal distribution of the standard deviation (STD) of SST anoma-
lies (SSTA) over the equatorial Pacific. The observation exhibits a small variability
in the western Pacific region but from 190°E to the South American coast, the SSTA
has a near-constant STD of about 0.9 °C. In the Control experiment, the SSTA STD
is around 0.5 °C larger than observed all along the equator. The simulated SSTA vari-
ability also peaks clearly around 245°E before decreasing towards the South American
coast. With the Higher Andes setting, the SSTA variability is decreased all over the
equatorial Pacific, resulting in a similar amplitude of SSTA STD to the observation
from 190°E to 240°E. The differences in the variability strength is consistent with
changes in the NINO3 index probability distribution function (PDF) (Fig. [3.7b).
In the Control experiment, extreme El Nino and La Nina events happen more fre-
quently than the observations. But in the Higher Andes experiment, the distribution
gets more concentrated to the center and the shape of its PDF is more similar to
the observation. Although SSTA variability is still too high in the western equatorial
Pacific and now has a too low variability in the far eastern Pacific in the Higher Andes
experiment, its RMSE is still much smaller than the Control experiment. Overall, the
Higher Andes experiment captures a much weaker SSTA variability over the equato-
rial Pacific compared with the Control experiment, more consistent with the observed

variability.
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(a) Zonal Distribution of SSTA STD (b) PDF of NINO3 Index
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Figure 3.7: (a) Standard deviation (STD) of SST anomaly (SSTA) along the equator
(°C; 5°S-5°N average). (b) Probability Distribution Function (PDF) of NINO3 index.
(¢),(d) meridional distribution of SSTA STD (°) at 150°W and 120°W. The 160 year
model results are divided into 4 sections of 40 years. Distributions of each section are
plotted as thin, light lines and the averaged values of the 4 non-overlapping sections
are plotted as thick, dark lines. The legends also show RMSEs calculated between
the averaged distributions and the observations. See Method section for detailed
explanations.

Fig. B.7c and d show the meridional SSTA STD distributions in the central
(150°W) and eastern (240°E) Pacific. In the central Pacific, the Control SSTA vari-
ations are much stronger than the observation from the 5°S to 5°N region, with an
error of 0.5 °C at the equator (66% stronger than the observation). By adjusting the
Andes, the difference from the observation is reduced by more than a half and is now
down to 0.2 °C larger than observed. In the eastern Pacific, the Control experiment
has also a too large STD. With Higher Andes the STD is much reduced and the
observation falls within uncertainties (blue shading in Fig. [3.7d). The comparison of

the meridional distribution demonstrates that the Higher Andes experiment largely

improves the SSTA variation errors near the equator.
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In the NINOS3 region, the Higher Andes experiment has slightly weaker SSTA
STD (0.8 °C) compared to the observation (1.0 °C), while the Control experiment
variation is about 50% stronger than the observation (1.5 °C). The distribution of
SSTA in the NINO3 region is quite narrow in the observation, with 90% of the SSTA
being moderate or neutral SSTA (NINO3 SSTA between -1.5 °C and +1.5 °C). The
distribution in the Control experiment is too spread out, with only 72% of moderate or
neutral SSTA. In this aspect, the Higher Andes experiment is closer to the observation
(94% of moderate or neutral SSTA). The meridional distribution of SSTA is closely
related to the frequency of ENSO and the meridional span of the anomalous Bjerknes
feedback [e.g., [Neale et al.| 2008].

Fig. shows the seasonality of the ENSO variations. ENSO variability peaks
during boreal winter and is weakest during boreal spring. This pattern is reproduced
by both experiments but the intensity of the variability is too high in the Control ex-
periment and is mostly correct in the Higher Andes experiment (within the observed
values; blue lines). A closer analysis shows that the intensity of the seasonality (de-
fined as the variability during November-January divided by March-May) is slightly
increased in the Higher Andes experiment compared to the Control experiment and
is closer to the observation (NINO3.4 region ((5°N-5°S, 170°W-120°W): 1.4 (Higher
Andes), 1.3 (Control) and 1.7 (Observation); NINO3 region: 1.2 (Higher Andes), 1.2
(Control) and 1.7 (Observation)).

3.4.2 Skewness

The SSTA skewness is a key measurement of the ENSO asymmetry, which is produced
by the nonlinear processes in the ENSO cycle [e.g., |An et al., 2020]. In the eastern
Pacific NINO3 region, the SSTA skewness is strongly positive [Dommenget et al.,
2013], meaning that El Nino events can reach larger amplitudes than La Nina events,

but occurring less frequently.
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(a) SSTA STD in NINO3.4 Region (b) SSTA STD in NINO3 Region
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Figure 3.8: Seasonal evolution of SSTA STD (°) in (a) NINO3.4 region and (b) NINO3
region.

Similar to Kohyama et al| [2017], we calculated the skewness of the 11-month

running mean NINO3 SSTA (Fig. [3.9n), and find a value of 0.9. The same method is
applied to the Control (Fig{3.9b) and Higher Andes (Fig. [3.9¢) experiments. In the
control experiment, the skewness is less than half of the observed (0.4), suggesting
that the El Nino and La Nina events are too similar in amplitude. In the Higher
Andes experiment, the skewness (0.7) is still too weak but much closer to the observed
value. The calculation of the skewness is consistent with the changes in the PDF of
the experiments (Fig. |3.7b). The variation in the observations ranges from -1.94 °C
to 3.19 °C. In the Control experiment, the range is -3.26 °C to 3.81 °C, while in the
Higher Andes experiment it is -2.14 °C to 3.33 °C. Thus, the Higher Andes experiment
captures a more similar variation range and the asymmetry between positive and

negative phases.

3.4.3 Spectral Characteristics

The spectra of the NINO3 index can reveal the variability across time scales of the

ENSO cycle [Guilyardi et all [2009]. In the spectrum of the observed NINO3 index

time series, the strongest signal is at 0.27 /yr, which is a 3.7 years cycle but even

with this strongest signal, its normalized amplitude is only 0.51. The dominant ENSO
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Figure 3.9: Time series of 11-month running mean Nino3 index, as |Kohyama et al.
2017], for (a) observations, (b) Control and (c) Higher Andes. Skewness of the
distributions indicated at the bottom right of each panel.

cycle does not have a very strong signal at a particular frequency; instead, the ENSO
cycle is somewhat irregular and its period is around 4 years.

To perform a spectral analysis with uncertainties appropriate for comparison to
the observed 40-year record, we used 160 years of data split into 4 sections of 40-years
spans of data. The spectrum is calculated for each section (light lines) and then the
average at each frequency (bold lines) for the Control and Higher Andes experiments
(Fig. are shown. The Control experiment spectrum has an excessive peak at
the frequency of 0.22/yr, revealing its very strong periodic 4.5-year cycle, which is
contradictory to the observation. A weaker peak near a 10 year period is also present
in the Control experiment, but not in the observation. In the Higher Andes experi-
ment, the 4.5-year and 10-year peaks disappear and the spectrum more realistically
captures a 3 to 8 year irregular, broadband ENSO cycles. Although the amplitude
of the Higher Andes experiment is slightly weaker than the observed spectrum, the

observed spectrum falls within the error bars of the Higher Andes experiment in
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Figure 3.10: Normalized spectrum of Nino3 index. The 160 year model results are
divided into 4 non-overlapping sections of 40 years. Spectrum of each section is
plotted as thin, light line and the averaged value of the 4 sections is plotted as thick,
bold lines. See Method section for detailed explanations.

most of the frequencies between 0.1 and 0.4. At higher frequencies (0.5 cycles/year
and above), the observations and both simulations agree. The irregularity of ENSO

over its dominant frequency range is therefore much improved in the Higher Andes

experiment.

3.5 Mechanism

The modification of the Andes results in a more La Nina-like oceanic mean state
(steeper thermocline tilt, colder eastern Pacific surface waters, enhanced eastern Pa-
cific zonal and meridional wind stresses), accompanied by fewer, less periodic, merid-
ionally narrower, and less extreme ENSO events with greater asymmetry between El

Nino and La Nina. For the changes in the mean state, the mechanisms are similar
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to what has been discussed in Xu and Lee| [2021], with the additional influence of
ocean dynamical processes, especially upwelling and horizontal advection. A higher
elevation of the Andes has a stronger effect in squeezing the isentropic layers in the at-
mosphere compared with the Control experiment. As a result, when the mid-latitude
westerly wind approaches the Andes, it becomes more difficult for the air mass to cross
the mountains so the wind turns equatorward. This equatorward turning is accom-
panied by downward motion because of conservation of potential vorticity. With the
strengthening of the anticyclonic motion in the southeast Pacific associated with this
equatorward turning, the atmosphere will have lower specific humidity and stronger
latent heat uptake, enhancing the formation of the low-level clouds above the ocean.
These low-level clouds will block the shortwave radiation and further lower the SST in
a positive feedback [Takahashi and Battisti, [2007a]. The thermocline becomes more
tilted and the eastern upper Pacific less stratified. The ocean upwelling is weaker in
the eastern Pacific and stronger in the central Pacific, consistent with the change in
zonal wind stress. These changes in the Higher Andes experiment are correlated with
the ENSO variations, either by changing the mean state feedback or by changing the
strength of the correlation between anomalies.

We calculated the Bjerknes Index (BJ) as Eq. (Fig. .11)), where uncertainty in
each terms is estimated based on 1000 samples using Bootstrapping method. Detailed
comparisons for each term are shown in Table[3.1] Results indicate that the reason for
the weaker ENSO in the Higher Andes experiment is the stronger damping effect from
the mean state. Among the contributions from the different terms, the difference is
mainly due to the stronger Thermal Damping, the stronger Mean Advection Damping
and the weaker Thermocline feedback.

The thermal damping term is the linear regression between the surface energy
flux anomaly and the eastern Pacific SST anomaly. The surface energy flux depends

negatively on the regional SST, and in the Higher Andes experiment this regression
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Name Decomposition

of the Term Definition Control Higher Andes

TD —ay Q.= —a,<T > -1.64 -1.82
*— g SW, = —agw < T' > -0.40 -0.23

>k—OéLI/V LW, = —arw < T > -0.05 -0.05

*—OéLH LH, = —apg < T > -1.08 -1.41

*—asy SHy = —agy < T' > -0.12 0.13

MA -0.59 -0.68

Udamp — <Lﬂ,> 0.36 0.26

Vdamp —== 0.49 0.46

Wdamp e -1.45 -1.40

ZA 0.43 0.44
fla (7] = pa < T' > 5.360-3 5.29¢-3

Bu < >= B[] 4.26 4.85

(2L X Chime 18.63 16.97

EK 0.20 0.19
fa (7] = po <T' > 5.36e-3 5.29¢-3
Buw < H(W)w' >= —F,,[7] 2.50e-5 2.37e-5
(2L X Chime 146646  1.50e+6

TH 0.67 0.56
fla (7] = po < T' > 5.36e-3 5.29¢-3

578 <h >= ﬁh[’/'é] 5.71 5.09

ap < H(w)TY,, >= an < h' > 17.93 17.44

(7=) X Chime 1.22 1.19

BJ -0.94 1.31

Table 3.1: BJ index equation (Eq. terms comparison. Terms with bold text are
not overlapping in 33% - 67% range (1 STD) between the two experiments, which
means the change is significant. "*’ represents terms that are not directly included in
the BJ index equation. Cy. is the time constant that converts the unit from s=! to
yr—L.
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Figure 3.11: BJ Index in both experiments. TD: Thermal Damping. MA: Mean
Advection damping. ZA: Zonal Advection feedback. EK: Ekman feedback. TH:
Thermocline feedback. BJ: BJ Index, sum of all the previous terms. The error bars
represent 95% confidence level. They are obtained by bootstrapping of the original
data 1000 times, calculating the corresponding BJ indexes with each bootstrapping
sample, then compute the standard deviations of each term.

has a steeper slope. According to Kim et al|[2014], this atmospheric feedback is

underestimated in the CMIP3 and CMIP5 models. In our experiment, the changes
in the regression are mainly contributed by the change in latent heat flux (Table
3.1). The Higher Andes experiment has stronger downward motion of the air over
the southeast Pacific with lowered specific humidity, inducing stronger evaporation
and takes up more latent heat flux from the ocean surface. The stronger latent heat
flux contributes to a stronger thermal damping. However, this term, estimated by
linear regression, has a relatively large uncertainty related to the fact that the thermal
damping includes some nonlinear feedback including the subsidence response to SST
and the high-level cloud cover. Thus, thermal damping is only moderately stronger
in the Higher Andes experiment than in the Control experiment.

The second term that contributes to the stronger damping BJ index is the mean
advection damping. Among the three directions, the zonal and meridional mean
currents are positive feedback that strengthens the ENSO cycle, but the vertical
current has a much stronger negative effect. In the comparison between the Control

and the Higher Andes experiments, the changes in all three dimensions are significant
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(Table. [3.1]). The weaker zonal mean current feedback is the main contributing term
for the difference between Higher Andes and Control experiments. In the Higher
Andes experiment, the mean westward current velocity in the NINO3 region within
the mixed layer decreases from 5.4 cm/s to 3.5 cm/s ( 36% decrease). This change
is consistent with the weaker zonal wind stress in the eastern tropical Pacific region
(Fig. [3.4b).

The third term that contributes the the stronger damping is the weakened Ther-
mocline feedback in the Higher Andes experiment. The thermocline feedback quan-
tifies the influence from the thermocline depth anomaly to the eastern Pacific surface
temperature anomaly. In the Higher Andes experiment, the eastern Pacific becomes
colder and the mean thermocline becomes deeper (Fig. . As a result, the upper
ocean is less stratified in the NINO3 region (Fig. . When the eastern equatorial
Pacific becomes less stratified, the zonal thermocline slope is less sensitive to the wind
stress [Kim et al., [2014] (8, in Table 3.1). With the weaker oceanic response to the
wind anomaly in the Higher Andes experiment, the Thermocline Feedback becomes
weaker and results in a weaker ENSO cycle.

Combining all the terms of the BJ index, the average damping index changed by
38%, from -0.94 in the Control experiment to -1.31 in the Higher Andes experiment.
Therefore, it is very likely that the ENSO amplitude is weaker in the Higher Andes

experiment because of the stronger overall damping effect.

3.6 Conclusion

In this study, we performed an experiment to understand how the simulated height of
the Andes affects the Pacific climate of the CESM atmosphere-ocean global coupled
model. The results show that by elevating the height of the Andes, the model simu-

lates the tropical Pacific mean state climate and the ENSO variations better, which
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suggests that creating elevation maps by simply smoothing away the high and low
features of high resolution observations is an oversimplification. For the mean state
climate, the Higher Andes experiment results in a greater east-west and north-south
SST gradient, and reduced precipitation over the south Pacific. Easterly wind stress
in the eastern and central Pacific becomes stronger, accompanied by stronger cross-
equator southerly wind stress. In the upper ocean, the Higher Andes experiment is
less stratified over the eastern tropical Pacific, and it has a steeper east-west ther-
mocline slope. ENSO variability is strongly affected: the Higher Andes experiment
exhibits a smaller amplitude, a greater skewness and a less regular ENSO period. All
of these changes exceeded the uncertainty due to limited simulation length, and all
are more consistent with observations results. Therefore, in this version of CESM a
higher elevation of the Andes allows better simulation of the tropical Pacific mean
state as well as ENSO variations in the CESM coupled model.

Although the improvement in the mean state climate and the ENSO properties
are related, it is hard to distinguish cause and effect. On the one hand, the changes
in the climate mean state can influence the ENSO characteristics [e.g., |[Fedorov and
Philander} 2000, Hu and Fedorov, [2018| |Zhao and Fedorov}, 2020]. Zhao and Fedorov
[2020], suggesting that strengthening of thermocline stratification and deepening the
mean thermocline depth will produce stronger ENSO. In our simulations, the Higher
Andes experiment has a weaker upper ocean stratification and a shallower thermocline
depth over the central and eastern Pacific (Fig. , and we found a consistent change
toward weaker ENSO events (Fig. 3.7). In addition, Hu and Fedorov| [2018] suggests
that with a stronger zonal wind over the central-western Pacific and stronger cross-
equatorial winds over the eastern Pacific, there will be a weaker amplitude of ENSO
variations. Consistently, our results also suggest that the elevation of the Andes
strengthens the wind and weakens ENSO variability. On the other hand, the changes

in the ENSO variations can also influence the tropical Pacific mean state. Because of
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the asymmetry of El Nino and La Nina, the changes of the mean state can result from
the varying occurrence and strength of strong El Nifio and La Nina events, and the
residual between them |Rodgers et al., 2004, McPhaden et all 2011} Atwood et al.
2017). In our result, the Higher Andes experiment significantly reduces the occurrence
of strong El Nino events, but has a smaller influence on the La Nina events (Fig. .
As a result, the eastern Pacific will have a cooler mean state in the Higher Andes
case.

Feng and Poulsen [2014] performed a similar experiment of modifying the height
of the Andes in a similar global coupled climate model (CCSM4), and examined
the response of the Pacific climate. However, their purpose was to understand the
impact of Andean uplift over geological time, while our purpose was to understand
biases in the modern Pacific climate and ENSO. Furthermore, the details of how
the Andes were changed and thus the results are quite different. |[Feng and Poulsen
[2014] carried out their experiment to understand if the long-term climate transition
in the Pacific since late Cenozoic is the result from the from 1 to 3 km kilometer-scale
uplift of the central Andes. Our experiment is seeking an appropriate representation
of the Andes in global climate models for the present day (changing the maximum
elevation from about 2 km to about 5 km), so as to understand the model biases in
the Pacific climate simulation. With this purpose, we compare our results against
observations to evaluate the simulation’s performance. In addition, the resulting
changes in ENSO here are distinct from Feng and Poulsen| [2014]. In their experiment,
as the height of the Andes increases, the ENSO period decreases. In comparison,
here no obvious change in the dominant frequency occurs, but the strength of the
NINO3 index spectral band reduces in our Higher Andes experiment (Fig. [3.10)). In
their histogram of ENSO events, they have slightly more extreme El Nifio and La
Nina events, less moderate El Nino and La Nina events and more weak El Nino and

La Nina events in the Higher Andes experiment. In our result, both extreme and

65



moderate El Nino and La Nina events decreased in frequency in the Higher Andes
experiment (Fig)3.7b), and phase asymmetry increased. However, consistent with
our results, they find that the mean zonal SST gradient increased with increasing
the height of the Andes, although more so than in our experiment. They found
major strengthening of zonal winds while we find modest changes to the mean wind
magnitude and structure.

Overall, we consider the modification of the Andes an improvement in represent-
ing the South American topography and the tropical Pacific mean climate and its
variability. This work highlights the fact that increasing the resolution of a climate

model without addressing the height of the Andes could be problematic.
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Chapter 4

The Andes and extreme

precipitation in South America



4.1 Introduction

La Plata basin has the most intense storms, with the highest occurrence of top 0.001%
strong convection in the world |Zipser et al., 2006]. Located in the southeast of South
America, it is bounded by the Brazilian Highlands to the north, the Andes Mountains
to the west, and Patagonia to the south, and it is the intersection area of many coun-
tries including Bolivia, Brazil, Paraguay, Uruguay, and Argentina. Using the Tropical
Rainfall Measuring Mission (TRMM) data and analyzing different precipitation fea-
tures, Zipser et al.| [2006] shows that these intense storms take place in austral spring,
from September to November. More precisely, the high-resolution precipitation data
shows that the hourly rainfall is stronger in October than in September and November
[Filho et al., 2014]. Consistently, Rasmussen et al. [2014] also uses lightning data to
show the La Plata basin region has the world’s deepest convective storms in October.

Understanding these severe storms is of great importance. These severe storms
are accompanied by intense rainfall, big hail, and strong lightning, and they cause
damage to towns and vineyards [Witze, 2018]. In the recent few decades, severe
thunderstorms are occurring more frequently in the La Plata basin [Taszarek et al.
2021]. |Cerdn et al. [2021] finds that the total precipitation days has increased by
15% and heavy precipitation day in the south La Plata basin has increased by 20%,
bringing more concerns to the more frequent extreme climate conditions under global
warming. In addition to global warming, Zhu et al|[2016] finds that South America
is experiencing significant land use change. The change in surface types can influence
convective features and precipitation |[Lee et al., [2011].

Among the possible factors that contribute to the formation of these severe storms,
we are particularly interested in the influence from the Andes. The Andes creates the
South America Low-Level Jet (SALLJ) located at the west, whose strength is closely
related to the strength of La Plata precipitation. Montini et al.| [2019] suggests that

the trend of increased precipitation over the La Plata basin in the recent decades is
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a result of the enhanced SALLJ, which is related to the poleward expansion of the
South Atlantic subtropical high-pressure center [Zilli et al.| 2017]. SALLJ contributes
to the severe storms for two important reasons. First, it provides moisture supplies
for precipitation. Over 70% of the available water vapor for precipitation over the
La Plata basin is directed by SALLJ [van der Ent et al., 2010, [Montini et al., [2019],
which is similar to the contribution from the Rocky mountains to the North America
tornadoes [Doswell III et al., [2012]. Second, the capping from the upper-level west-
erlies creates an environment for the accumulation of instability in SALLJ, providing
the condition for intense convection when this large instability releases [Houze Jr.|,
2012].

In this paper, our goal is to confirm the time and location of these severe storms
with the precipitation data and understand how the Andes influence their formations.
To achieve these goals, we use satellite data to examine the South America extreme
precipitation, and climate models to investigate how the Andes influence the forma-
tion of these severe storms. We explain our data and model experiments in Section
2. We analyze the high-resolution satellite data to understand the seasonal cycle and
location of these severe storms in Section 3. We design two model experiments and
quantify the how the Andes influence these severe storms in Section 4, and analyze
the change in vertical wind shear and moisture flux the mechanism in Section 5. We

conclude our results in Section 6.

4.2 Satellite Data and Model Experiment

4.2.1 Satellite Data

In addition to the lightning data shown in Rasmussen et al.| [2014], we investigate
the severe storms in terms of the precipitation extremes so that we can compare with

model outputs in the same variable. Therefore, we use the Climate Prediction Center
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(CPC) Morphing Technique (MORPH) precipitation data [Xie et al., 2020, with a
time resolution of 30 minutes and a spatial resolution of 8km. The data is available
from 1998 to 2019, and we use the entire time series for our study.

We use this very high time and spatial resolution satellite data in order to keep

track of these short-term processes. For our research interest, we only subset the data

located within the range of 15°S-45°S, 38°W-75°W in our analysis.

4.2.2 Model Experiment

To investigate the influence of the Andes, we use the National Center for Atmospheric
Research (NCAR) Community Earth System Model (CESM) version 1.2.2, with Com-
munity Atmosphere Model, version 4 (CAM4) as the atmospheric component. The
experiments are run with slab ocean settings because the major features of the mean
climate and atmospheric circulation features due to the mountain are well captured
without ocean circulation [e.g., results in Xu and Lee, 2021, |Xu et al., [2022]. We
choose the resolution of 0.47°x0.63° to resolve the shape and elevation of the Andes
better. The atmosphere CO5y concentration is set to be 367 ppm to match the value
in the year 2000. The experiments are run for 35 years and we use the last 15 years of
outputs for our analysis since it already reached the equilibrium. The model’s daily
outputs for precipitation and moisture flux are used for the analysis.

At the resolution in our experiments, the model’s default topography setting in
South America is as Fig. [A.Ib. Compared to the 1-km high-resolution topogra-
phy from the National Oceanic and Atmospheric Administration (NOAA) National
Geophysical Data Center (NGDC) Global Land One-km Base Elevation (GLOBE)
topography (Fig. [1.1h) [Hasings et al}, [1999], the default setting is representing the
shape and the height of the Andes reasonably.

Choosing a high-resolution model and capturing the reasonable elevation of the

Andes is very important in our experiment. Xu et al. [2022] shows that low-resolution
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Figure 4.1: (a) High-resolution satellite data for South America topography. (b)
CESM default topography setting with the resolution of 0.5°. (¢) Topography setting
for the 'No Andes’ experiment. The whole Andes mountain area’s elevation is adjusted
to 500m.

models can not block the mid-latitude westerly wind from the Pacific Ocean suffi-
ciently because the Andes is too low, resulting in errors in simulating the eastern
Pacific cold tongue. Similarly, the high-resolution climate model will effectively redi-
rect tropical easterly wind at the east of the Andes.

We modify the Andes as Fig. [A.If, in which we choose the Andes area and adjust
its elevation to 500 m. The whole Andes region is a plain field. We run the slab-ocean
model for this experiment with the exactly same setting as the default one except for

the topography and compare the difference between their results.

4.3 Precipitation Extremes in South America

CMORPH satellite data shows the annual mean precipitation takes place on the La
Plata basin as well as on the South Atlantic Ocean. The annual mean precipitation
distribution (Fig. 4.2h) shows that the region with the highest average precipitation
is near 27°S, 55°W on the South America continent, as well as near 38°W in the open

ocean. Precipitation is suppressed near the Andes mountain area as well as on the

71



(¢) Seasonal distribution
(a) Mean precipitation o (b) 95% precipitation 12 W 95% extreme precipitation
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Figure 4.2: CMORPH satellite data for precipitation. The time resolution is half an
hour. (a) Annual average precipitation in South America. (b) The 95% precipita-
tion strength of half-hourly local precipitation. (c) Seasonal cycle for precipitation
extremes in the selected region. Red columns are average precipitation and blue
columns are above 95% of the half-hourly value in this month.

eastern coast of the Pacific Ocean.

Extreme precipitation is only strongest over the La Plata basin. For the satellite
data, extreme precipitation for each grid point is calculated as the 95% value of 30-
minute precipitation ranked over 22 years time series. As shown in Fig. [.2p, the
spatial distribution of extreme precipitation is different from the distribution of the
average precipitation. Firstly, the most severe precipitation occurs on the La Plata
basin at around 28°S, 52°W. Compared with the land area, although the ocean also
has high average precipitation, its extreme precipitation is weaker. The ocean has
more frequent but milder precipitation, while land has stronger single precipitation
events. Secondly, the majority of the region to the west of 60°W has extreme pre-
cipitation values below 0.1 mm/hour, which means that this region rarely rains and
only has mild rainfall. The La Plata basin has stronger mean and extreme precipi-
tation compared with the south Amazon forest. The region where the most severe
precipitation occurs is very consistent with the region shown in Fig. 1 of
[2014], indicating that the region with severe lightning is accompanied by severe
precipitation.

The seasonal cycle of precipitation over La Plata basin shows the maximum mean

and extreme precipitation are both in October. We select the region where the most
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severe precipitation is strongest, as was shown in the red box in Fig. [4.2b, and did the
same ranking process for each month (Fig. [4.2¢). The monthly average precipitation
varies in a small amplitude, with the least precipitation in August and most precipi-
tation in October. The 95% precipitation has the strongest peak in October, with the
amplitude of 1.77 mm/hour (42.5 mm/day). The strongest extreme precipitation in
October consistent with [Rasmussen et al. [2014], which observes strongest lightning

in October on La Plata basin.

4.4 The Influence from the Andes

The CESM default experiment precipitation is similar to the satellite data in spatial
distribution and seasonal cycle, but the No Andes experiment has a different seasonal
cycle and much weaker mean and extreme precipitation over the La Plata basin.
The annual mean precipitation shows a strong decrease at the La Plata basin and
the eastern hillside without the Andes. From the default experiment annual mean
precipitation (Fig. ), the La Plata basin, the east side of the Andes foothill, the
coastline of the Brazilian plaetau and the south Amazon forest. When the Andes is
removed, the mean precipitation over the La Plata basin and the eastern hillside of
the Andes strongly decreases (Fig. [£.3p,c). Reduced rainfall at the foothill of the
Andes is because without the mountain, there is no longer an elevation difference, and
the easterly will not be uplifted and condensation does not occur, forming rainfalls
at the west side of the continent. Rainfall at the La Plata basin is reduced because
the moisture from the tropical region is no longer directed south by the mountain,
and the lack of moisture supply reduces the rainfall by a great portion. The coastal
precipitation along the eastern coastline remains strong in both experiments. This
is because the formation of coastal precipitation is related to the Brazilian Plateau

[Junquas et al.; 2016], which we did not modify it in our settings.
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Figure 4.3: (a-c) Same as Fig. [.2] but for the daily precipitation in the default model
experiment. (d-f) Same as Fig. but for the daily precipitation in the No Andes
model experiment. (g) Difference between (a) and (g). (h) Difference between (b)
and (e). (i) Probability Distribution Function (PDF) of the selected region’s daily
precipitation strength in October.

Extreme precipitation also decreases over the La Plata basin and the eastern
hillside in the No Andes experiment. In the model results, extreme precipitation
is calculated as 95% most intense daily precipitation over 15 years (Fig. [4.3p.e).
The extreme precipitation is weaker than the satellite data because in the model
results we rank the daily data while in satellite observation we ranked the half-houly
data. In the default topography experiment, the region with the greatest intensity

is similar in the eastern Andes foothill and the La Plata basin, which implies these

two regions have frequent occurrences of strong precipitation. On the contrary, the
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Amazon forest and the Atlantic ocean have high average precipitation but relatively
weak extreme precipitation, which means these two regions rain very often but with
mild intensity. In the No Andes experiment, regions that receive a large decrease in
extreme precipitation (Fig. [4.3h) is similar those in mean precipitation (Fig. 4.3g).
This result implies that role of the Andes for the mean and extreme precipitation
is similar. For the La Plaba basin, it provides a pathway for the available moisture
supply from north to south. For the eastern hillside, it forces the uplift of air and
causes condensation of water vapor.

The La Plata basin mean and extreme precipitation change without the Andes.
We calculate the monthly values of mean and 95% extreme precipitation within the
boxed area for both experiments (Fig. ,f), and find a large difference between the
two experiments. Firstly, the mean and extreme precipitation are a lot weaker in the
No Andes experiment. The annual mean precipitation decreases from 5.4 mm/day
in the default experiment to 3.5 mm in the No Andes experiment, with a decrease of
35%. The annual 95% extreme precipitation (not shown in the figure) decreases from
21.7 mm/day in the default experiment to 14.5 mm/day in the No Andes experiment,
with a decrease of 49%. Secondly, the seasonal contrast is more obvious in the No
Andes experiment. Comparing the precipitation in winter times (June - August) with
the summer times (December-February), the No Andes experiment shows a larger
difference with much dryer summer in the La Plata basin region. Thirdly, the month
with the strongest extreme precipitation changes without the Andes. Similar to the
satellite observation, the default experiment still finds the most extreme precipitation
in October, but the November extreme precipitation is almost equally strong. In the
No Andes experiment, the month with the largest mean precipitation and strongest
extreme precipitation is January, around the time that insolation is at its maximum
in the southern hemisphere.

The October daily precipitation histogram of La Plata basin shows the No An-
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des much less heavy rain days without the Andes (Fig. . We notice that the
distribution switch to a longer tail with a lower peak pattern, indicating there are
fewer near-zero precipitation days and more medium and strong precipitation days.
This result supports that the Andes is an important factor for the October extreme

precipitation in the La Plata basin region.

4.5 Mechanism

To understand how the Andes changes precipitation, we examine two major factors in
both experiments: vertical wind shear and surface moisture flux (Fig. . According
to [Pucik et al. [2021], the developments of strong convection require the existence of
strong vertical wind shear that provides instability. In the meanwhile, sufficient mois-
ture supply can ensure enough precipitation water required for these severe storms
[Montini et al., 2019], and near surface moisture is important to the formations of
heavy-rain-producing convective systems [Schumacher; 2015].

For the vertical wind shear analysis, we select the same boxed area as in the
precipitation extreme to examine the local environment’s instability. October vertical
wind shear in the default and No Andes experiments (Fig. ,c) show similar spatial
distributions, with the strongest wind shear belt at 30°S. In the mid-latitude region,
the vertical wind shear is mainly decided by the upper-level wind because it is much
stronger than the surface wind. The upper-level wind at 300 hPa is less influenced
by the Andes, resulting in a similar vertical wind shear pattern in both experiments.
In the default experiment, this belt is slightly deflected to the south, because the
isentropes have to stretch to cross the mountain, and this stretching of air column
will result in a poleward turn. This poleward deflection of the wind belt causes a
weaker vertical wind shear within the boxed region in the default experiment (Fig.

), but the overall seasonal cycles are similar in both experiment, which October is
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the month with the strongest vertical wind shear. This strong vertical wind shear can
prevent the undercut of the inflow of the storms, providing a favorable environment
for storm-relative winds. In addition, it can develop an upward vertical pressure
perturbation gradient force at the center of a storm, which ensures its persistence
[Pucik et al.|, 2021].

In spite of the similar characteristics from the vertical wind shear, the different
incoming surface moisture flux in different Andes settings causes the difference in ex-
treme precipitation. Due to the close correlation between the near-surface moisture
income and heavy precipitation [Schumacher, 2015], we only consider the moisture
transport below 900 hPa. In order to sufficiently count for all the upstream flux, we
enlarge the box region by 5° in each direction. In October, the near surface moisture
source is from the northeast direction in both experiments (Fig. ,d), SO wWe quan-
tify the incoming moisture source from north and east in all seasons (Fig. [£.4f). The
seasonal cycle shows that the default experiment has much stronger northerly mois-
ture income from the Amazon forest all year round, and slightly stronger easterly
moisture flow from the Atlantic in the spring. In October, the No Andes experi-
ment has the anticyclonic wind circle centered towards the east, resulting in a weaker
northerly and easterly moisture income in the boxed area. The cumulative moisture
income in October is about 75% stronger in the default experiment. In October,
although the No Andes experiment also has strong wind shear, it does not have
sufficient moisture supply to ensure heavy precipitation.

In addition, the strong upper westerly wind and surface northerly jet (SALLJ) are
both very important for the formation of the extreme convection. When the SALLJ
reaches the mid-latitude area, the lee side of the mid-latitude westerlies crossed the
Andes produce a capping inversion above it. This capping flow of dry air that allows
potential instability to build up by the accumulation of sensible and latent heating

below it [Houze Jr., 2012]. When the cap is broken, deep convection erupts and results
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in the severe rainfall in La Plata basin. The lack of moisture supply and accumulation
of instability explains the absence of severe storms are in the No Andes experiment.

In summary, the extreme precipitation in the October La Plata basin is closely
related to the strong vertical wind shear, sufficient surface moisture supply and the
existence of southward jet. The vertical wind shear is strongest in October, providing
an environment with the instability that ensures the persistence of strong storms.
The surface moisture flux from north and east is much stronger with the presence
of the Andes, which provides the sufficient water supply for strong precipitation,
resulting in severe storms in the La Plata basin. The upper westerly wind provides
a capping for the low level jet to accumulate instability, building up capabilities for

strong convection.

4.6 Conclusion

In this study, we use the high-resolution CESM model to show that the Andes is
very important for the moisture supply for extreme precipitation for La Plata basin
during October, and it influences the seasonal cycle of mean and extreme precipita-
tion. We first analyze the satellite data from CMORPH to prove that the extreme
precipitation in South America occurs in the La Plata basin region and these rain-
falls are strongest in October. To understand how the Andes contribute to these
extreme precipitation events, we run the CESM 1.2.2 with the slab ocean configu-
ration and design two experiments with and without the Andes. The model results
show that without Andes, the October severe precipitation in the La Plata basin re-
gion no longer exists. The annual mean precipitation decreases by 35% and extreme
precipitation decreases by 49%. The seasonal cycle also changes without the Andes,
with stronger summer-winter contrast and strongest extreme precipitation occurring

in January. From further analysis of the vertical wind shear and surface moisture
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flux in October South America, we find that the strength of the vertical wind shear
provides the large-scale disturbance in October, forming an environment for intense
convection. The Andes introduces stronger surface moisture from the Amazon and
the Atlantic that provides the precipitation water. The accumulation of instability in
SALLJ formed by the Andes increases the strength of convection. All these factors
result in severe precipitation in the La Plata basin region during October.

Our ultimate goal is to understand the formation of the La Plata basin’s severe
storms better. | Xu et al.|[2022] shows that the correct representation of the Andes is
important for the accurate simulation of the atmospheric circulation for the forma-
tion of the tropical Pacific climate. Similarly, in the simulation of the La Plata basin
precipitation, a good representation of the Andes can improve the simulation of the
moisture flux, resulting in better simulations of precipitation seasonality and inten-
sity. Climate models still have some difficulties capturing the regional precipitation
patterns and trends in South America precipitation [Rivera and Arnould, 2020], so
having a better understanding for the related factors such as the Andes is very im-
portant. Under the background of global warming, there are more uncertain factors
that we need to consider aside from the Andes, such as moisture supply and local
land surface conditions. The warmer climate will hold more water vapor according
to the Clausius-Clapeyron equation. In the mid-latitude southern hemisphere, pre-
cipitation extremes intensity increases by 5% with 1K of warming |[O’Gorman and
Schneider;, [2009]. The change of local vegetation type in the La Plata basin is likely
to change the soil moisture, surface temperature, and surface roughness, which will
all influence the strength of convection. Extreme precipitation is expected to occur
more frequently and with greater intensity under global warming |[Masson-Delmotte
et al. 2021], and having a better explanation and preparation is an important topic

in climate science.

79



150 a) Default: October Wind Shear Sgllpefault: COctober Moisture Flux & Q

30
=
25 =
=]
=
20 1.2.:
i
£ g
15 T
(%)
E
10 @
o
| i
L o d i el 5
B
el W
0 0 e
B0°S T50W B0EW 455W 30°W B0°S T50W BOEW A5W 30w
— B830hPa, 50 mfs
—— 300hPa, 50 mfs . — 100 kg.m,
]55}:“) No Andes: October Wind Shear (%J}lﬂo Andes: October Moisture Flux & Q

. = == 35
30
=
5 =
on
=
20 z
v
E E
15 T
(%)
=
10 o
(=}
w
5
0
60°S
W BOPW 45°W 30°W BEW BOW A55W 30w
2 (e) Wind Shear Strength (f) Surface Moisture Flux Strength
e Mo Andes 1400 4 —®— Default, E
Diefault =x: Mo Andes, E
. 1200 - —8— Default, N
- \n =¥+ Mo Andes, N
@ € 1000 1
£ 5
5 l= 80O -
g 5
B 5600
n A
2 15 400
= T
uw
o 5 2004
= &
o
= 04
_21}0 4
T T T T T T
6 8 2 4 6 8 10 12
Maonths Manths

Figure 4.4: (a) Default experiment October: Arrows are the wind at 300 hPa (Blue)
and 850 hPa (Brown). Color contours are the wind shear strength between 300 hPa
and 850 hPa. Boxed area is the same as Fig. 4.2a. (b) Default experiment October:
Arrows are the moisture flux (UQM and VQM) below 900 hPa. Color contours are
the specific humidity below 900 hPa. Boxed area is extended by 5 © in each direction.
(¢, d) Same as (a, b), but for the No Andes experiment. (e¢) The seasonal cycle of the
strength of wind shear in the box area of (a, ¢). (f) The seasonal cycle of the strength
of incoming surface zonal moisture transport from east of the box (red lines), and the
meridional moisture transport from north of the box (blue lines).
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Chapter 5

Topological Signature of
Stratospheric Poincaré — Gravity

Waves



5.1 Introduction

Much of what we understand about the climate system is made possible by recognizing
the importance of waves in Earth’s atmosphere and oceans. Waves are characterized
by predictable periodic motion that contrasts with the chaotic or stochastic behav-
ior displayed by many other components of the climate system. Remarkably, oceanic
and atmospheric waves share fundamental physics with those in quantum matter, and
topology plays an important role in the movement of the atmosphere and oceans. Al-
though the basic equations for idealized equatorial plane waves in the atmosphere and
ocean have been long known [see the historical perspective in Hendershott and Munk),
1970], wavelike variability has been observed in the atmosphere [Wheeler and Kiladis,
1999] and ocean |Farrar, 2008], and these waves have been linked to phenomena such
as El Nino [Wyrtki, |1975] and the Madden-Julian Oscillation [Madden and Julian,
1971], their connection to topology has only recently been discovered [Delplace et al.)
2017). This discovery presents an opportunity to use more sophisticated statistical
and mathematical analysis of the wave-like aspects of these phenomena, sharpening
our insights into their emergence from diverse variability, fundamental mechanisms,
and especially the ability of our modeling systems to appropriately simulate them.
Waves are usually categorized dynamically by matching observed variability to pre-
dicted dispersion relations [e.g.,Wheeler and Kiladis, 1999, [Farrar, 2008], which relate
the frequencies and spatial scales where waves may occur and how they propagate
through space and time (Fig. [5.1). Here we demonstrate a different distinguishing
and qualitative feature of certain waves, nontrivial topology, that can also be dis-
cerned from observations. The nontrivial topology found here in reanalysis data of
stratospheric waves agrees with a recent theoretical prediction Delplace et al.| [2017].

Topology is the field of mathematics concerned with the properties of spaces that
do not change under continuous deformations. A doughnut and an orange are topo-

logically distinct because the doughnut has a single hole (we say that it has a genus of
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Figure 5.1: a) Dispersion relationship in frequency-wavevector space for the shallow
water equations in the f-plane approximation. The upper and lower bands are positive
and negative superinertial frequency modes of the Poincaré waves, and the subinertial
range has only a zero frequency band containing modes in geostrophic balance as there
is no g effect in the f-plane approximation. b) Equatorial S-plane dispersion relation
showing the subinertial, quasi-geostrophic Rossby waves, the superinertial Poincaré
waves, and the Kelvin and Yanai waves. Figure from Vallis [2019).

1) while the orange has a genus of 0. Likewise a coffee mug has the doughnut topology
because it too has a single hole (the handle). Another example, more closely con-
nected to the phenomena discussed below, is known as the Hairy Ball or Hedgehog
Theorem that says that it is impossible to comb the spines of a hedgehog (because
there will always be at least one tuft) |Renteln, 2013]. By contrast, if one’s head
were a torus instead of spherical, one’s hair could be combed smoothly without a
part—but probably only boring people would choose that hairstyle. Topology is a
powerful tool that turns complicated problems into simple ones. For example, across
an interface between topologically distinct states of matter, a general principle known
as bulk-boundary or bulk-interface correspondence [Hasan and Kane, 2010] guaran-
tees the existence of boundary or interfacial waves. The waves move in one direction
and evidence topological protection, or immunity to backscattering even in the pres-
ence of defects. On a rotating planet, the equator acts as the boundary between two

topologically-distinct hemispheres, and so some equatorial waves propagate only in

one direction and are topologically protected (Fig. |5.1]).
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Past uses of topology in fluid mechanics have usually focused on coherent struc-
tures in space such as vortices. Here by contrast we study topology in wavevector-
frequency space where it can for instance guarantee the existence of eastward propa-
gating equatorial waves in Earth’s climate system. In particular there is a topological
origin for two well-known equatorially trapped waves, the Kelvin and Yanai modes,
caused by the breaking of time-reversal symmetry by Earth’s rotation, that helps to
explain the robustness of these waves against buffeting by the weather. This resilience
may also be implicated in other emergent equatorial wavelike phenomena such as the
Madden-Julian Oscillation (MJO), remarkable for its eastward propagation along the
equator.

Fig. shows the dispersion relation for the idealized shallow-water model
on the f-plane. There are three distinct bands: Positive and negative frequency
Poincaré waves and a zero-frequency geostrophically balanced mode. The topology
of each band is distinct and may be quantified in terms of a winding number (defined
below) in frequency-wavevector space. In particular, the Poincaré-gravity modes are
characterized by a vortex with winding number of +1. (The sign of the winding
number depends on the sign of the product of the Coriolis parameter and the wave
frequency.) Geostrophically balanced modes (that become Rossby waves once the
Coriolis parameter is allowed to vary with latitude) are by contrast topologically
trivial with zero winding number. The winding number of the Poincaré-gravity waves
changes by 2 upon crossing the equator. By bulk-interface correspondence, there
must therefore be 2 waves that traverse the otherwise forbidden region of frequency
space. Spectral flow in frequency-wavevector space as the zonal wavenumber increases
shows that the negative frequency Poincaré band loses two modes, the geostrophic
band gains and loses one mode and the positive frequency Poincaré band gains the
two modes. These are the equatorial Kelvin and Yanai waves. The two equatorial

modes move with an eastward group velocity at all zonal wavenumbers, and this
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unidirectional propagation reflects the breaking of time-reversal invariance by the
planetary rotation.

In this chapter of the thesis, I quickly review the theory of topology in the context
of the shallow water equations on the (constantly rotating) f-plane (Section 2). Then
I discuss how I process the ERAD reanalysis data from the stratosphere (Section 3).
The winding number for the waves is presented in Section 4. A brief conclusion is

presented in Section 5.

5.2 Theoretical Motivation

To motivate our investigation of the topology of waves in the stratosphere we briefly

review the linearized shallow water equations on the f-plane following |Delplace et al.

[2017).
% — fov = —g%
% + fou = —gg—z (5.1)

|5+ H(G+5) =0
Here u and v are the zonal and meridional velocity, fy is the Coriolis parameter in
the f-plane approximation and g is the gravitational acceleration. Also h is the height
anomaly and H is the average depth of the shallow water.

By adopting periodic boundary conditions to eliminate any boundaries, the nor-
mal modes of the linearized shallow water equations may be easily found by Fourier

transformation to frequency-wavevector space. Introducing the 3-component vector

U(z,y,t) = (u(x,y,t), v(z,y,t), h(z,y,t)) and substituting ¥(z,y,t) = U(k, {,w) pilk-F—wt)
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with k = (k, £), we obtain

—iw —fo gk U
fo —iw gl | x| o | =0 (5.2)
iHk iH! —iw h

This secular equation is solved to obtain three normal mode angular frequencies of

wy = F+/gH(k? + 2) + f2 and wy = 0. The corresponding amplitudes of the non-

zero frequency Poincaré-gravity waves are:

(k £il) fo
Vo= | (¢ Fik)fy (5.3)
+H(k*+ (%)
Normal modes are defined only up to an overall phase and magnitude. To quantify
the topoology we follow Zhu et al.|[2021] by introducing gauge-invariant but complex-

valued quantity = defined as follows:
E(k, ) = v(k,0) h*(k, ). (5.4)

We say that = is gauge-invariant because the phase of the normal modes cancels
out; only the internal phase difference between the two components of the waves (in
this case, meridional velocity and height) remains. For Poincaré-gravity waves, the
gauge-invariant quantity displays a vortex or antivortex (depending on the signs of

the frequency and the Coriolis frequency) centered at the origin in wavevector space:
Zi(k, 0) = £H fo(k* + 0*) (1l F ik) (5.5)

The vortex / antivortex has winding number +1 which constitutes its topological
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charge. The zero-frequency geostrophic mode, by contrast, has
Zo(k, £) = vo(k, €) - hiy(k, €) = igfok (5.6)

and thus has a domain wall at & = 0 and zero winding number. Its topological
charge therefore vanishes. The same result may be obtained from the barotropic
quasigeostrophic equations as the wave height is proportional to the stream function
while the meridional velocity is proportional to the zonal derivative of the stream

function thus leading in wavevector space to the same form as Eq.
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Figure 5.2: Theoretical calculation of the cross-correlation =(k, ¢) for normal modes
at different frequencies. The color bar represents the magnitude of = and arrows show
the phase of its complex-value. The low-frequency planetary waves have a domain
wall at £ = 0 and are topologically trivial. Note that the winding number of the

high-frequency Poincaré-gravity waves (bottom figures) depends on the sign of the
frequency.

Representing the phase of = with an arrow makes these patterns evident as shown
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in Figure . In [Delplace et al.|[2017] and many subsequent papers, linearized wave
equations have been characterized in terms of the topological Chern number. However
the Chern number has several disadvantages. First, in contrast to systems on spa-
tial lattices (where the Chern number was first applied), for continuous systems the
Chern number need not be integer and its value depends on how an integral over the
Berry curvature is regularized at high wavevectors. This ambiguity can sometimes be
avoided Delplace et al. [2017] if sufficient care is taken but is more of a mathematical
problem than a physical one because at small scales dissipation becomes important
and ultimately at the smallest scales the fluid description must be replaced by discrete
molecular dynamics. In any case the ambiguity does not arise for the winding number
which is determined at finite wavevectors. Second, it is unclear how to extend the
Chern number to systems with dissipation, driving, or nonlinearities — all properties
of geophysical fluids. Finally it is difficult to compute the Chern number from ob-
servations or simulations because it involves an integral of the Berry curvature over
wavevector space. We note that the winding number has recently been utilized in a

number of different contexts including active optical media.

5.3 Method

5.3.1 Data

In order to investigate the topology of the Poincaré waves in the observations, the
velocity field and geopotential height variable (u, v, h) has to satisfy several condi-
tions. First, it has to be away from the equator so that the the Coriolis force is large
enough to influence the wave activity, and the signal of the equatorial Kelvin wave
and Rossby waves are small enough. Second, the fluid needs to be stratified to apply
the shallow water equation, so we need to avoid lower troposphere where convection

occurs a lot. Third, the time resolution should be high enough to resolve the signal
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with frequency of 1-2 cycles per day (CPD).

Inspired by |Pahlavan et al.| [2021] who diagnosed the equatorial Kelvin and Yanai
waves as well as Poincaré waves signal in spectral analysis of the ERA5 data in the
stratosphere, we use the ERA5 reanalysis data [Hersbach et al., 2020] at the 50hPa
level to avoid the influence from convection. We select 4 time windows per day from
the hourly data in pressure levels in order to diagnose the Poincaré waves of 1-2 CPD
frequency. The data has a time duration from 2017 to 2020, and spatial range from

25°N to 65°N across all longitudes with horizontal resolution of 0.25°.

5.3.2 Data Processing

To observe the topological features on the stratosphere signals, we first reduce the
resolution of the data to 1° in latitude and 2.5° in longitude. The Poincaré waves
are the long waves in the horizontal direction, so it is safe to reduce the horizontal
resolution and still preserve the waves properties.

After that, we want to preserve only the high-frequency signals and remove the
seasonal signals from the data. We achieve this by first applying a low-pass boxcar
filter with a window of 182 days (half year) in the time dimension, then subtract the
low-frequency signals.

This process as a whole acts as a high-pass filter, and it only preserves the high-
frequency signals. The Poincaré waves can be observed when frequency is close to
the Coriolis frequency, which in the region we select (25°N - 65°N), the average
approximation is fy = 2Qsin(¢) = 1.42 CPD, which ¢=45°N is taken as the average
latitude, and €2 =1 CPD is the frequency in the unit of cycles per day.

Then we do a very similar process as |Wheeler and Kiladis [1999] by cutting the
time series into segments of 128 days with 96 days of overlaps. We cut the entire
time series into small segments because the waves that we are interested about has

a period shorter than 128 days, so it is safe to analyze the shorter time series. In
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addition, by adding up the spectrum from different segments, we can increase the
statistical significance to the waves analysis. We remove the linear trends from each
segment, and then we taper the latitudinal and time dimensions of the data to avoid
the edge effect from the Fourier transform. The tapering window we selected is the

Tukey window with a=0.5 |[Prabhu, 2014].

vn] =11 —cos 2] 0<n< ¥
vin] =1, F<n<i (5.7)

This is a cosine-tapered window with the cosine lobe of width N/4 in both ends
and a rectangular window in the center with the width of N/2, in which N is the
number of data in the time dimension. The tapering process can avoid leakage in the
Fourier transform in the next step.

After the data has been pre-processed, we perform a 3-dimensional complex Fourier
transform on both the geopotential height (k) and the meridional wind (v), so that

we can observe the data in the frequency-wavevector space.

F(k,l,v) = jfjf(x, y, t)e!Fe Y= dody dt (5.8)

Then we multiply the conjugate of v with h and arrive at a 3-dimensional gauge-
invariant complex number = on the frequency - zonal wavenumber - meridional
wavenumber space. We select a specific frequency so then the data is now a 2-D
complex data in the k-¢ space and can be visualized. We then apply a 2-D moving
Gaussian filter to accumulate statistics over a range of wavevectors, in order to im-
prove the statistical significance. This Gaussian window has the same size as the data

with o=1.5.
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1 k2402

e 202 (5.9)

G(k,0) =

2o

Finally we visualize the spectrum and phase of the result in zonal wavenumber -

meridional wavenumber space.

5.4 Topology of Stratospheric Waves

To look at the similar pattern as Fig. from a vertical section, we calculate the 3-
dimensional spectrum of v and h separately, average over the meridional wavenumber
(¢) dimension, and plot the spectrum of magnitude in zonal wavenumber (k) - fre-
quency (v) space (Fig. . We can find from the spectrum a cluster of bowl-shaped
signal away from the zero-frequency area, which represents the signal that satisfies
the dispersion relationship of the Poincaré waves. The strength of signals is slightly
different in the meridional wind and geopotential height, but in the distribution in k-~

space, they both have a gap with the strong signal at zero 0 frequency, which can be

explained by the eigenvalues of non-zero angular frequency: w = +/f2 + gH (k? + (2).
The gap represents a phase singularity property that the signal can not continuously
distribute in the gap between different eigenmodes. We note that there is a strong
signal at ¥ = 1 CPD, which is the signal of diurnal cycle.

The topological property can be shown more clearly from the phase distribution
in the k-¢ space. In our simulation results (Fig. , we expect that in the Poincaré
mode, there will be a vortex pattern with the negative frequency and a anti-vortex
pattern with the positive frequency. In the center of the vortex / anti-vortex, the
magnitude of the signal will be drop because of the lack of phase singularity. While
in the planetary waves mode, there will be a wall at k=0 that separates the different
directions of the vertically pointing phases. In the analysis of the ERA5 data, we

observe the similar patterns (Fig. . We choose different values of v in order to
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Figure 5.3: Spectrum of meridional velocity (v) and geopotential height (h) in the
zonal wavenumber (k) - frequency (v) space. The height of the variables is 50hPa,
and the latitude is from 25°N to 65°N. Color contours are the Logl0 of the spectrum.
v has the unit of cycles per day (CPD), and & has the unit of cycles per circumference.
show the cross sections for different layers in Fig. [5.1 v = —0.1 CPD represents the
pattern for the Rossby waves which have a near-zero frequency. It is consistent with
the simulation that it has oppositely pointing phase in the ¢ direction with positive and
negative values of k. The Poincaré waves patterns are in the frequencies with absolute
values larger than 1.4 CPD, where the phase forms a vortex around the original point,
and the magnitude of the signal is small at the center of the vortex. The figures for
frequency values in between show the phase pattern at the gap between these two
wave systems, where you can see the transition from the Rossby wave pattern to
the Poincaré wave pattern. The amplitude of the spectrum is strong near the region
where k£ = 0 and ¢ = 0, but it weakens quickly away from the origin point, which tells
us that the long waves are the dominant signals in the data we explored.

When we look at the spectrum and phase relationship in the troposphere, we can
still find the similar pattern for Rossby waves but the vortex pattern for Poincaré
waves no longer exist (Fig. [5.5). This is because in the troposphere, with all the
convection and moist processes, the atmosphere is no longer nicely stratified and the

Poincaré waves are no longer the dominant signals. Although the vortex patterns

92



(b) »=-0.5 CPD

e VNN

; NN T
R RN TN
NN NN
SN 27N AN

VIE 1 mr 7
YW et 7ot

VAN ey

5| LIS
LY T
X oo
-5 0 5
(c) »=-0.9 CPD (d) »=-1.2CPD
f——————
eSS Bt TN AT AT SN EANNRY
7 777 7 A= NN VAN NN TN 57 SN AN

o

(f) v=-1.8 CPD
SN
. RN
RN == 1
Y SOUNAARRRARNA
P AN A T

(4]

Figure 5.4: Plot of = obtained from ERA5 data, 25°N-65°N, 50hPa. Subplots repre-
sent different frequencies (v, unit: CPD). Color contours represent strength of signal
(magnitude of =), and arrows represent the phase of Z.

no longer preserve, we do noticed two other phenomena. Firstly, when v=-1.5 and
-1.8, the spectrum has the strongest signals with the negative value of k, which
indicates that the dominant signal is the westward propagating wave. The stronger

westward propagating signal is consistent with many of the previous analysis showing

a stronger signal in the negative k region compared with the positive k region [e.g.,

Wheeler and Kiladis, [1999]. Secondly, the area with strong signal spans a larger

range of k£ and ¢. This result is consistent with the result from Kiladis (2022) that
the dispersion relationship of Kelvin waves and Poincareé¢ waves show a steeper slope
when at the higher altitude atmosphere. Therefore, when we observe the signals from
the troposphere, the dispersion slope for v and k is much flatter, so the edge slope

for the bowl-shape pattern for Poincaré waves (Fig. is also wider and flatter. As

93



(b) »=-0.5CPD
27T 7 SNAALLLLLL L4
ALVLLL Ll L L
R R R R AR

(a) »= -0.1 CPD
¥

-5 0 5 -5 0 5

(c) v=-0.9 CPD (d) »=-1.2CPD

""" ap A AT ZAALL VUL LIS £ AN Ldd

s
5 AN TR 5 SN TN v
NN LSS

T NG ALy

Sz LA
== LALLLLLLLL
= L AAVLLLLLL L 0
VAL LV
VLLLLLLLL

PN L/ LA Ly
NV WL L

TFF L NLLLLL L
T AL
TN LWL

-5 -5 LN WY LI LY LY

AL WL L LSVl

-5 0 5 -5 0 5
(e) v= -1.5 CPD

...... =
AAVNNNNNN AN
Sl s i 4
OSSR
NN AL LS
TR A ELLLL L

= NGRS
RN AT

NN — S ALLLLL L
= = USS AL
A i AN )
PN e PR PR
L S S VLS

P .

-5 0 5 -5 0 5
k k

Figure 5.5: Same as Fig[5.4] but for the altitude of 850hPa.

a result, when we take a slice from a specific frequency, there will be a larger area
contained within the Poincaré wave pattern in the troposphere, where we can observe

the strong signals.

5.5 Conclusion

In this paper we demonstrated that Poincaré-gravity waves in the stratosphere have
the non-trivial topological signature expected from theory. The Poincaré-gravity
modes of the shallow water equations on the f-plane have non-zero winding number
in wavevector space. By contrast planetary waves show only trivial topology. Using

the ERAD reanalysis data at 50 hPa pressure level, we find the expected winding
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numbers of £1 at higher frequency and 0 at low frequencies. The winding number of
the Poincaré waves changes by 2 passing from the Northern to Southern hemispheres,
and the principle of bulk-interface correspondence predicts the existence of two lo-
calized modes at the equator. These are the Kelvin and Yanai waves that have been
previously seen in observation.

The mathematics of topology has great predictive power because it makes com-
plicated problems simple by focusing on robust features. The topology we investigate
here plays out in frequency-wavevector space, rather than in real space. Topology
in this setting is a new tool for climate science that is relatively immune to back-
ground noise as the distinct signatures of topology found in ERA5 observations of
Poincaré-gravity waves qualitatively distinguishes them from planetary waves. Future
application to emergent wavelike phenomena such as the Madden-Julian Oscillation

may be envisioned.
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Chapter 6

Conclusion



6.1 Summary

The main goal of this thesis is to improve our understanding of the interaction between
the mountain and the climate system, and to understand the climate waves from the
topology concepts. From Chapter 2 to 4, I use climate models to understand how
the Andes influence the climate system on the tropical Pacific as well as the South
America. In Chapter 5, I discover topological patterns in the stratosphere Poincaré
waves.

Key findings and highlights for each chapter are listed below:

e In Chapter 2, we use slab-ocean model to show that the Andes is underestimated
in the low-resolution global climate models, resulting in insufficient blocking
for the mid-latitude westerlies from the Pacific. The maximum instead of the
mean elevation is a better representation of the blocking effect of the Andes
in the climate models, which lowers the eastern Pacific SST and inhibits south
Pacific precipitation. The key finding of this chapter is Andes influences the
tropical Pacific climate by blocking the mid-latitude westerlies and force an
equatorward turning, so it has to be high enough in the climate models to
serve as an effective barrier. There are two highlights in this chapter. First,
we quantify the mechanism of how the higher Andes setting lowers the SST for
different regions, and we find that the coastal eastern Pacific is mainly from
radiative cooling, while the central Pacific is mainly from evaporative cooling.
Secondly, we run a series of sensitivity runs and find that the model’s default
setting of the Andes only has en effective height of 2 km, while the Higher Andes

setting captures the effective height of 4 km.

e In Chapter 3, we continue the experiment of elevating the height of the Andes,
but instead we use the atmosphere-ocean coupled model and to see how it

changes the ENSO cycle. The key finding is that the compared with the default
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topography setting, the higher Andes setting can not only regulate the tropical
Pacific climate mean state by lowering the eastern Pacific SST, but also change
the variations by reducing the ENSO amplitude, increasing ENSO asymmetry
and producing more irregular cycles, which are more similar to the observations.
A highlight of this chapter is that when we do the mechanism analysis for the
change in ENSO cycle, we add the significance analysis in our results. This
significance analysis is lacked in many of the previous studies, but we find that
it is very necessary because the uncertainty is very large, so the interpretation

of the results will be different considering this large uncertainty.

In Chapter 4, we use the high-resolution climate model and remove the Andes
to understand the mechanism of the extreme precipitation on the La Plata
basin changes compared with the default topography. The key finding of this
project is that the Andes influences the precipitation seasonal cycle of La Plata
basin, and the extreme precipitation strength reduces by about 50% without
the Andes. The highlight of this research is that it was generally thought that
the severe storm occurs in October because the moisture supply is strongest,
but in our research, we find that this is not correct. The reason for October
storm is because the vertical wind shear is strongest in October, providing a
large-scale condition that is best for perturbation. With the sufficient moisture

supply directed by the Andes, the severe storms occur in October.

In Chapter 5, we analyze the ERAD stratosphere data, and diagnose the non-
trivial topology pattern in the Poincaré waves that matches the theoretical
simulations. The key finding of this project is that for the first time we use
the climate data to prove the theory introduced in Delplace et al. [2017], which
implies topology can be applied to the future studies in climate waves. The

highlight of this project is that the non-trivial topology is not obvious in the real
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space but has to be observed in the wavevector space. The topology properties
in the wavevector space is not sensitive to the background noise, which makes

it a useful tool for the wave studies.

6.2 Future work

6.2.1 The Andes and the transient climate sensitivity

For the continuation of the study about how the Andes influences the climate system,
I also want to study how the Andes influences the transient global climate sensitivity.
Kosaka and Xie [2013] shows that the global mean temperature is closely related
to the eastern Pacific SST. Since the Higher Andes setting can decrease the eastern
Pacific SST, we hypothesize that by changing the topography, the global mean surface
temperature will also be influenced.

Given that the Higher Andes setting can help provide a more accurate simulation
of the present day climate, it is likely that it can provide a more reliable future
climate projection as well. Instead of using a global climate model with constant
forcing, in this study we will use an atmosphere-ocean coupled model with high-
emissions scenario (RCP 8.5) setting, and explore how the different settings of the
Andes will influence the global climate sensitivity.

There are several questions to be studied in this experiment. First is the global
mean temperature response. We will first analyze by 2100, will the global mean
surface temperature be the same or different in the different Andes setting simulations.
Second is the warming pattern spatial distribution. |Long et al. [2014] find that the
eastern and western Pacific are responding at different paces to global warming. Since
with the higher Andes setting, the Pacific east-west SST gradient becomes larger, it
will also likely to change this fast and slow response at the tropical Pacific. Third is

the precipitation distribution. Held and Soden| [2006] explains the 'wet gets wetter,
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dry gets dryer’ pattern under global warming. The higher Andes setting changes the
atmosphere circulation as well as the hydrology cycle, and we are curious how the
global precipitation pattern will the different compared with default topography.

By exploring the answer to these questions, we will be able to complete the study
of the Andes and the climate system. Based on the first two studies that provided a
foundation for the correct representation of the Andes topography, this study will take

advantage of the setting and improve the reliability for the future climate projection.

6.2.2 Why La Plata basin has the strongest storms

Following the study about the Andes and the South America extreme storms, there
are also other factors to be examined. In this study, we answered the question about
why October has the strongest convection by analyzing the vertical wind shear, but
there remains two additional questions about formation of these storms.

The first factor to be examined is the source of the moisture. Many of the precip-
itation centers gain their moisture from the ocean [e.g., Dar et al., 2021]. La Plata
basin receive most of the moisture from the Amazon forest [van der Ent et al., 2010].
In this study, we want to examine by how much the moisture from the Amazon forest
contributes to these severe storms. We will examine this question by turning off the
evapotranspiration of the Amazon forest in the climate models, and see if the mois-
ture from the tropical Atlantic ocean can still create the severe storms over La Plata
basin, and how do the intensity and frequency of these severe storms change.

The second factor is the local condition over the La Plata basin. Houze Jr.|[2012]
shows that the strong westerlies above the South America Low-Level Jet (SALLJ)
provides a capping effect that allows the accumulation of instability with surface
latent and sensible heat fluxes, and when the instability releases, intense convection
occurs. Our first hypothesis is that the surface roughness or the local elevation of La

Plata basin triggers the release of the instability, resulting in severe convection. In
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the meanwhile, Wu and Lee| [2019] shows that the surface vegetation type can also
change the scale of convection. We will also examine by how much does the local

vegetation contributes to these severe storms.
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