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This aquaplanet modeling study examines how ocean heat transp¢@HT) and to-

pography in uence the location of tropical precipitation. Two glob& atmospheric
general circulation models from the GFDL hierarchy of models are e to test how
the atmosphere responds to the same forcing. One model (GRakis simpli ed

(gray) radiation and lacks cloud and water vapor feedbacks, whilén¢ other model
(AM2) has more complex radiation, cloud processes, and feedbsidkoth atmospheric
models are coupled to a slab ocean. In both models, adding an Andike-moun-

tain range or adding realistic Andes topography regionally displaceainfall from the

equator into the northern hemisphere, even when wind-evaporah feedback is dis-
abled. The relative importance of the Andes to the asymmetric henpikeric heating
of the atmosphere by ocean transport is examined by including idead and real-
istic zonally-averaged surface heat uxes (also known as g- uXet the slab ocean.
A hemispherically asymmetric g- ux displaces the tropical rainfall tavard the hemi-
sphere receiving the greatest heating by the ocean. In the zomakan, the displace-

ment of rainfall from the equator is greater in simulations with a realigc g- ux than



with realistic Andes topography. Simulations with both a g- ux and tgpography show
that the rainfall in the vicinity of the mountains is displaced slightly father to the

north in the region 50 (120) degrees to the west of the Andes in sifations using the
GRaM (AM2) model than in simulations that only have a g- ux. In both models,
the displacement of precipitation is always into the hemisphere recaig the greatest
ocean heating, but the displacements in the simulations using the AMR2odel are
greater than those using GRaM. The output in GRaM shows that theatmospheric
energy transport (AET) under-responds to a given OHT, while thecloud and ra-
diative feedbacks active in AM2 result in an overcompensation of th&ET. As a

result, experiments using the AM2 model show a greater displacemedf tropical

precipitation from the equator.
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Chapter 1
INTRODUCTION AND BACKGROUND

The Intertropical Convergence Zone (ITCZ) is a region of low-lel/&€onvergence
and deep convection in the deep tropics over the oceans. Undargling the dynamics
of tropical precipitation and its regional variations has implications dr those living
in the tropics. While our rst-order knowledge of the location of trgical precipita-
tion is sound, there is a key asymmetry that is not fully understoodmore tropical
precipitation falls in the northern hemisphere (NH) than in the soutlern hemisphere
(SH). The purpose of this thesis is to probe some of the theories this asymmetry
and to test them in idealized general circulation models (GCMs).

The zonally averaged mean meridional circulation (MMC) in the tropicss the
Hadley circulation, and has long been part of our conception of theopical general
circulation (Hadley, 1735). Precipitation occurs in the rising branclof the thermally
direct Hadley Circulation. Rising air in the deep tropics hits the tropopuse and
travels toward both poles, carrying momentum and energy with it. pon reaching
the edge of the Hadley regime, now dry air subsides in the subtropigadiatively
cooling as it returns to the surface. In general, the deserts ofdlworld are located in
the subsiding branch of the Hadley circulation, though there are mal asymmetries
(e.g. in regions of monsoons, in paleoclimate evidence of a green &jhaThe
surface branch of the Hadley cell ows equatorward, converging the deep tropics
and bringing moisture to the ITCZ, closing the cell.

Ignoring the in uence of eddies at the edge of the Hadley cell, greatheating in
the tropics is enough to drive the Hadley cell (Held and Hou, 1980)f the Hadley cir-

culation conserved angular momentum in the absence of eddy e scthe subtropical



jet would be much stronger than observed. However, eddies ane ianportant com-
ponent of the tropical circulation and cannot be ignored. Eddies m@ove momentum
from the jets, and control the strength of the Hadley cells. If wenly consider eddy-
momentum uxes, it can be shown that eddies alone can drive the Hey circulation
(Vallis, 2005). Both eddy e ects and angular momentum conservan are important
for understanding the Hadley circulation in the tropics.

In an aquaplanet world with equinoctial insolation and without any otler asym-
metries or ocean circulation, the ITCZ would always be at the equatavhere TOA
heating would be largest. The world, however, is not in a perpetuatjginox state and
the Hadley cells move with the seasons (Dima and Wallace, 2003). Oeedrculation
and land-sea contrasts are important for the understanding thication of tropical
precipitation. In an axisymmetric model, moving the peak surface teperatures even
slightly o the equator has a large e ect; the farther the peak tenperature is from the
equator, the stronger (weaker) the winter (summer) hemispherHadley cell becomes
(Lindzen and Hou, 1988). The latitude of maximum temperature is egtorward of
the zero streamline that separates the winter and summer Hadleglls. Incidentally,
Lindzen and Hou (1988) remarked on the absence of a strong NH teinHadley cell
in the observations of the time, which would be associated with moreopical rain
in the SH, something that was not observed. They thought that \tyen the lack of
actual data south of the equator, it is perhaps premature to woy unduly about the
discrepancy,” but that \the distribution of surface temperature needs more careful
and intensive measurement.” This is precisely the ITCZ asymmetry #t we are going
to study here.

At rst guess, one might expect that tropical precipitation would follow the max-
imum insolation, which is symmetric across the equator in the annualean (Liou,
2002). This ignores all surface asymmeteries in continent con gatron and radiative
properties. The fact that we have more annual mean rain in the NHsws that these

surface asymmetries must be important. In the annual mean, thBCZ is in the



Atlantic and eastern Paci ¢ ocean basins in the NH. Over the coursaf a year, either
the ITCZ spends more time in the NH than in the SH or it is more intenseuwding its
time in the NH. Only for a brief time during March and April does the ITCZ in the
Paci c approach the equator and dip southward, sometimes craag a double ITCZ
(Adler et al., 2003; Mitchell and Wallace, 1992; Schumacher and H@®)2003). The
symmetric pattern of solar forcing alone is not su cient to explain ths asymmetry
in tropical precipitation (Adler et al., 2003).

It is important to keep the zonal and regional pictures of tropicaprecipitation
separate. Over land, tropical precipitation is nearly symmetric ahd the equator in
the annual mean (Xie, 2005). Due to the land's smaller heat capacitthe highest
surface temperatures (and highest surface heat ux) are cloase phase to the seasons
than over the ocean. Tropical precipitation over land often followshe latitudes
the greatest insolation through the seasons. In the western Racand over the
maritime continent, where the thermocline is deep and there is the Biec warm
pool, precipitation is symmetric about the equator annually. In the mdian Ocean,
annual mean precipitation is in the SH. Sea surface temperatureSST) are high at
the equator year-round in the Indian ocean. The presence of colater upwelling
is an important feature that distinguishes the dynamics of the Atlatic/Paci ¢ from
those of the Indian. To rst order, the ITCZ is near the highest S$ in the Atlantic
and Paci ¢, which are north of the equator for the majority of theyear, displaced by
cold equatorial upwelling. For a discussion of how the SST maximum atfte deepest
ITCZ convection can be displaced by a few degrees of latitudes fr@ach other in the
tropics, see Tomas and Webster (1997). Zonal and annual-meaagical precipitation
is in the NH because it is in the NH of the Atlantic and Paci ¢ ocean basinsand near
the equator almost everywhere else (Mitchell and Wallace, 1992; lad et al., 2003;
Xie, 2005).

Besides equatorial upwelling in the eastern half of the Paci ¢ and Attgic ocean

basin, there is cold water upwelling on the western edges of contiterfie, South



America), and large regions of stratocumulus in the subtropics (Kileand Hartmann,
1993). In the Paci c basin, temperatures are lower in the SH tropgcand subtropics
and an equivalently large region of cold temperatures does not exisorth of the
equator when examining the annual picture.

The equatorial cold tongue does not follow the semiannual cycle ofsolation.
During the equinoxes when there is highest insolation, one could expe¢he cold
tongue to be decreasing in westward extent due to extra surfateating. During
the solstices, the cold tongue might be expected to approach a nraym in extent
due to less insolation. Observationally however, the cold tongue hassmall extent
(stays close to South America) during the April equinox, but exteds farthest into the
central Paci ¢ during October (Mechoso et al., 1995). SST on thegaator displays a
strong annual cycle and a weak semiannual cycle, while the forcimgrh insolation has
a strong semiannual cycle and no annual cycle. However, the Pacivarm pool does
migrate semiannually with the seasons. In April it is in the SH; in Octolre the NH.
This evidence indicates that ocean dynamics cannot be ignored in tHetermination
of tropical SST structure.

In general, the cold tongue is symmetric across the equator. Hoxee, the ITCZ
does not leap across it during the solstice seasons, staying conglietin the NH
during boreal summer and completely in the SH during austral summeln addition,
we only occasionally see a doubled ITCZ in March and April, but never ineptember
and October. Giese and Carton (1994) tested the importance dfig length of year
on the seasonal cycle of the equatorial cold tongue and winds, asllvas to tropical
precipitation, in a GCM with slab ocean. Increasing the length of theear to 18
months allowed waters south of the equator to warm up enough daog its summer
such that the ITCZ moves completely to the SH. The cold tongue delops twice
in this longer year, and the seasonal cycle of SST, winds and precapibn becomes
semiannual on the equator as expected by a peak in insolation thabsses the equator

twice yearly. Their model indicates that a 12-month year is not longr®ugh to allow



the SH to warm up su ciently to support more convection, but doesnot explain why
this SH region is cooler than the same region in the NH. Observationahd model
studies suggested, but then discarded the involvement of the ngmon circulation in
this NH preference for warmer waters and deep convection (Miteth and Wallace,
1992; Giese and Carton, 1994). Eccentricity creates a di erenae daily insolation
between the NH and SH hemispheres in the Giese and Carton (1994pdel; their
results showed that eccentricity would favor a SH ITCZ.

Another study in 1994 proposed a feedback that sustains asymimyeacross the
equator, given an initial perturbation (Xie and Philander, 1994), sinfar to that dis-
cussed by Lindzen and Nigam (1987). Some initial perturbation caesslightly higher
SST on one side of the equator than the other. Higher SST then inckes lower sea
level pressure (SLP) there, and sets up a pressure gradient@ss the equator. This
drives ow across the equator. On both sides of the equator, tee meridional winds
are turned due to the Coriolis force. With warmer NH waters, anontaeus southerlies
are induced. These winds turn to the right in the NH, creating anomaus south-
westerlies, and turn to the left in the SH, creating anomalous soutlasterlies. In the
SH, these anomalous winds act to increase the trade winds, whichre&ses surface
evaporation, and cools down the ocean in the SH. Conversely, in tNél, anomalous
southwesterlies slow down the trade winds and decrease evapmatincreasing SST
there. This serves to reinforce the temperature gradient acioshe equator, which
feeds back on the circulation (Xie, 2005). The involvement of windyaporation and
SST in this atmospheric feedback give it its name: the WES feedbadkoupled feed-
backs can also become involved. Greater winds also drive more coldewvaipwelling
which is another important feedback (Chang and Philander, 1994Xie (1996) show
that asymmetries originating in the eastern side of ocean basins amgortant and can
an asymmetric signal westward. These feedbacks still do not agds why the pref-
erence is for greater SST and rain in the NH tropics, only that a prefence for one

hemisphere over the other is possible, and that an initial double ITCZtate collapses



down to a single ITCZ in the simpler models of Chang and Philander (1994

Philander et al. (1996) examine the importance of coastline con gation as the
key equatorial symmetry-breaker in a GCM with no topography ané xed SST sur-
face. The hypothesis is that in the SH, greater upwelling (Ekman pupmng) is caused
by the southeasterly trades that are nearly parallel with the coaf South America
in the eastern Paci ¢, and by southerly winds induced by land-sea otrasts along the
African coast in the east Atlantic. In contrast, the northeastely trades in the NH are
perpendicular to the coast, which does not favor the upwelling of icowater. Colder
water due to preferred coastal upwelling in the SH would be the cnat asymmetry
for higher SSTs, favoring an ITCZ in the NH. However, in the GCM of Rilander
et al. (1996), air-sea interactions were not enough to create ar@ig precipitation
asymmetry; the addition of stratus clouds in the model provided th necessary feed-
back. As seen in observations, stratus clouds exist in the easteroean basins of both
the Paci c and Atlantic and work to decrease SST and increase stéity (Klein and
Hartmann, 1993). Clouds shade the ocean and cool it further,gulucing another pos-
itive feedback. WES feedback with these other feedbacks deserib feasible method
by which an equatorially-symmetric climate can be pushed into an asynetric one
given a source of asymmetry in one hemisphere.

Takahashi and Battisti (2007) note a few inconsistencies with s@raspects of the
coastline theory: the most prominent being that the region of cots upwelling along
the coast of Peru is much smaller than the region of low SST. In theitraospheric
model with an interactive mixed layer ocean, Takahashi and Battis{2007) use the
topography from the Rockies, Himalaya, and Andes to test the rpense of the climate
system to topography changes. The Andes block westerly midlatde ow and force
subsidence of dry air toward the equator. Subsidence of dry air leases evaporation,
which increases cooling of the ocean in the eastern SH Paci ¢ oceamiregion larger
than that described only by coastal upwelling. They also include cornmations of

other major mountain ranges along with the Andes, but nd that sirce the Andes are



upstream of the other ranges, their in uence on the subsidence tine tropics trumps
that of the Rockies, leading to an ITCZ preference in the NH. The dhors point to
the Andes as a driving in uence with respect to the NH ITCZ, and preer to think
of WES feedback starting from this initial orographic asymmetry. i response to the
idea that topography leads to a NH ITCZ, Philander et al. (1996) nad the existence
of ITCZ asymmetry in both the Atlantic and the eastern Paci c, andto the absence
of an Andes-equivalent in Africa.

The mechanisms discussed thus far have been local in origin and Eyge; a
tropical forcing (topography, ocean upwelling, etc) leads to a tpical response. That
the tropics can a ect the climate of the extratropics is well-knownmost notably by
the response to ENSO in the extratropics (Liu and Alexander, 20D7However, a more
recent line of research has shown that a remote forcing can a dtte tropics, and the
location of the ITCZ. Paleoclimate data provides evidence that temgrature anomalies
in one hemisphere are linked with the position of tropical precipitation{Koutavas
and Lynch-Stieglitz, 2003; Peterson et al., 2000; Haug et al., 20@EMenocal et al.,
2000; Black et al., 1999; Thompson et al., 2000, for example). Modgldies with
radiative forcings or paleoclimate con gurations, show precipitatio moving to the
warmer hemisphere (Chiang et al., 2003; Chiang and Bitz, 2005; Bowndi et al., 2006;
Yoshimori and Broccoli, 2008, 2009, for example).

Kang et al. (2008) tested the hypothesis that the extratropicsra important in an
idealized atmosphere model with an aquaplanet slab ocean. The etopics of one
hemisphere were heated and the other cooled by an equal amouif. e ect, these
asymmetric g- uxes simulate the ocean moving energy from one hephere to the
other. In this study, the ITCZ and SST maximum are in the warmed heisphere.

Kang et al. (2008) explain how changes in the extratropics e ect #htropics in
terms of energy transport. In the warmer hemisphere, less haatdi used polewards,
so less energy is transported poleward in this hemisphere. This egedic anomaly

is eventually felt by the Hadley circulation. In the warmed hemispherehe Hadley



circulation becomes more like a summer hemisphere circulation and isaker than its

counterpart in the winter hemisphere. Meanwhile, cooling in the oppgde hemisphere
has the opposite e ect. Eventually this cold anomaly propagates tine Hadley region,
and the circulation is also strengthened. More energy is transpea poleward in the
colder hemisphere to reduce the cross-equatorial heat di erencreated by the g-
uxes. The net e ect of this process is an anomalous Hadley cell tharansports

heat in its upper branch from warmer to colder hemisphere. The dace branch,
which moves in the opposite direction of the upper branch, convesg moisture in the
warmer hemisphere. The ITCZ is then in the warmer hemisphere.

The exact response of tropical precipitation to extratopical heag is model de-
pendent. Both Kang et al. (2008) and Kang et al. (2009) note thahe location of the
ITCZ is sensitive to the convection scheme used in their idealized mddgang et al.
(2009) showed that the ITCZ moves farther from the equator in enore complex GCM
that included water vapor and cloud feedbacks, as opposed to inetlyray radiation
atmosphere of Kang et al. (2008). The response of the ITCZ totextropical heating
is stronger with these feedbacks.

Studies by Frierson and Hwang (2012) and Hwang and Frierson (Z)1support
this energy constraint framework using CMIP3 and CMIP5 output Climate Model
Intercomparison Project). Frierson and Hwang (2012) show thachanges in extra-
tropical clouds and ice explain the majority of the tropical precipitéion changes in
CMIP3 2xCO2 slab simulations. Hwang and Frierson (2013) shows thaoud biases
over the southern ocean are linked to the double ITCZ problem longgerienced in
GCMs (Zhang, 2001; Mechoso et al., 1995). Too few clouds in the @ ocean
creates an anomalous warming compared to observations; in tumhjs extra warm-
ing results in an extra SH ITCZ. CMIP3 and CMIP5 models that show ha&e more
southern ocean clouds are more likely to have a single NH ITCZ.

In the previous modeling studies of Kang et al. (2008) and Kang et 4R009), the

forcing in the extratropics is through a zonally-symmetric ocean e ux (also known



as a g- ux) added to the surface energy equation in the mixed-lay®@cean. These
studies do not address whether a localized extratropical heatin@rt create a zonal
response in the tropics, or the importance of a dynamic ocean madé&wckar et al.
(2013) use an intermediate complexity coupled ocean-atmosphenedel with a single
rectangular ocean basin (Farneti and Vallis, 2009). They nd thathe hemisphere of
greater heat release from the ocean to the atmosphere by deemtev production is
always the hemisphere of greater tropical precipitation. Deep watproduction occurs
most in the sinking branch of the oceans meridional overturning cutation (MOC).
Opening a circumpolar channel, much like the Drake Passage of thalre/orld, anchors
the sinking branch of the MOC to the NH. In turn, tropical precipitation is greater in
the NH of this model. Zhang and Delworth (2005) show in the fully-cqaled GFDL
model that a decrease in the Atlantic MOC leads to a change in the Hesy circulation
with a southward shift of convergence and precipitation.

The aim of this thesis is to understand how both local and remote fting a ect
tropical precipitation in idealized models. A major focus of this studys the superpo-
sition of local forcing (through addition of a SH mountain range) witlremote forcing
(represented either by the ocean through either a g- ux in a mixethyer model or by
heat release in a fully dynamic model). Chapter 2 describes the hiechy of models
used in these experiments, brie y discusses any modi cations mattethese models,
and outlines simulations. Chapter 3 gives a brief description of conirclimatologies
in the two aquaplanet models used. Chapter 4 presents results froatmospheric
GCMs with mixed-layer oceans when a SH mountain range is added. @ter 5 adds
g- uxes alongside topography to gauge the relative impact of bottypes of forcings.

Theories that describe local forcing of the ITCZ often invoke the \BS feedback.
In Chapter 6, the wind dependence of evaporation is shut o in thetmmospheric GCMs
with slab oceans. Topography is again added, and the e ect of a WHBechanism is
judged by comparing runs with and without WES. Conclusions and futre directions

are presented in Chapter 7.
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Chapter 2
MODELS AND SIMULATIONS

The right model should be chosen for the right problem. Simpler modemay
better illuminate the fundamental processes involved, but lack theomplex details
that better simulate a realistic climate. On the other hand, more copiex models
may hide the main processes under all the complexities and distortettbig picture;
they also to be computationally expensive. Using a hierarchy of mddeallows the
comparison of results across levels of complexity and helps to ideptifie underlying
processes at work (Held, 2005). In the results that follow, a vatyeof models from
the GFDL model hierarchy have been used to see how adding layefscomplexity
changes the story, and if the results are robust.

The simpler model used in these studies is GRaM (Grey Radiation Modebn
aquaplanet, grey radiation, moist atmosphere GCM (Frierson et al2006). It has a
spectral dynamical core and is run in this study at T85 resolution wit 25 vertical
levels. All parameters are the same as those listed in Frierson et a2006) with
two exceptions that evolved in the default model setup since thatublication: the
solar constant is set to 1368 W/ and the critical Richardson number in the Monin-

Obukhov boundary layer scheme is set to 2. A mixed layer ocean witthaat capacity

of 1 10’ JK 'm 2 closes the surface energy budget, which corresponds to a mixed

layer depth of 2.4m. Such a shallow mixed layer depth decreases thiegnation time
to equilibrium and has little e ect on the mean state of the climate whercompared
to deeper mixed layer depths (Kang et al., 2009). Parametrized gity wave drag
is turned o. The model has moisture and precipitation, but no cloud or sea ice

are represented. The insolation is set analytically to approximate éhannual zonal
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mean; there is no seasonal or daily cycle. To keep the globally avexdgnergy budget
of the atmosphere near the observed budget, albedo is set to 08%&rywhere. The
longwave (LW) part of the calculation has one band with emissivity sdty equatorial
and polar optical depth parameters (grey radiation). Consequéy, there are no
cloud, ice, or water vapor radiative feedbacks in either the SW or LWands. Large
scale condensation is used for convection. These key simpli catioakow the direct
e ect of moisture to be examined without its feedbacks included. Tégray model
has been modi ed to include g- uxes.

The more complex model is an aquaplanet version of the AM2.1 atmbsre GCM
with a nite volume dynamical core and a mixed-layer ocean (GFDL, 2, 2006).
The simulations of Kang et al. (2008) use the very similar AM2.0 setuAll elds that
would produce an asymmetric radiative forcing (e.g., ozone) havedresymmetrized
across the equator. The radiative impact of aerosols is not includedHorizontal
resolution is 25 2 and there are 24 vertical hybrid pressure-sigma coordinate
levels. The heat capacity of the mixed-layer ocean is 110’ JK *m 2. Again, the
shallow mixed layer depth decreases integration time and has little eeeon the mean
climate (Kang et al., 2008). AM2.1 (called simply AM2 from here forwandhas more
advanced physics than GRaM: complex radiation and cloud schemes anplemented,
and unlike GRaM, cloud and water vapor feedbacks are present. Alaxed Arakawa-
Schubert convection scheme is used for moist convection. The iopt for diurnally
and seasonally varying insolation are present in the model, but for ®ar comparison
to GRaM, annual mean insolation is used.

With each model, simulations were completed with idealized topographyT)
and realistic topography (RT) and with zonally symmetric idealized (IQ and real-
world (RQ) surface heat uxes (Figure 2.1). In the IT simulation, a sngle mountain
stretches from the equator to 525, is 10 wide, and peaks at 4000 m through the
entire range. It is a simple representation of the Andes mountain mge; much of

these experiments draws inspiration from Takahashi and Battistf2007). The RT
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simulation uses real-world Andes topography interpolated with a spkn t to each
models grid. The horizontal resolution of the two models is compark though not
identical, which results in slightly di erent interpolations of the topogaphy. The
mountain ranges are actually \water mountains" as only the height fothe surface,
not the heat capacity, is changed.

Simulations were also completed with zonally-averaged surface heakes (Q-
uxes). The g- ux described in Kang et al. (2008) is used with two dierent ampli-
tudes (1Q10 and 1Q30) and is shown in Figure 2.1. The real-world zohaaveraged
g- ux (RQ) is also used. It is derived from the CERES TOA energetic bdget and
the ERA-Interim atmospheric reanalysis (Wielicki et al., 1996; Dee «il., 2011), and
is provided courtesy of Yen-Ting Hwang. To insure that the land deenot introduce
a spurious energy transport into this zonally-averaged g- ux, ta values over land are
set to zero. The implied ocean heat transport (OHT) of these g- xes indicates that
heat is moved southward at all latitudes in 1Q10 and 1Q30, while in the  simulations
the implied heat transport is generally poleward, but has a northwarcomponent at
the equator (Figure 2.1, panel d). Additional experiments were aducted with both
RT and all three g- uxes.

To test the importance of the wind-evaporation feedback, the wethdependence of

evaporation,

E = CoUj(Ghurt  Catm)?? (2.1)
is removed in both GRaM and the AM2 aquaplanet modelE is evaporation;Cy is
the drag coe cient of moisture determined by Monin-Obukhov dragheory; jUj is the
absolute magnitude of the wind in the bottom atmospheric layerg,; is the surface
speci ¢ humidity and oy, is the speci ¢ humidity in the rst layer of atmosphere.
In the model jUj is calculated using the surface wind magnitude and a gustiness
parameter; in all simulations this gustiness parameter is zero. Theay radiation

spectral model and aquaplanet AM2 models were re-written to rdaa netcdf ofjUj
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Figure 2.1: Topography and surface heat uxes used in this studya. \ldealized"
SH mountain range topography with contours every 1000m. b. Resiic Andes
topography with contours every 1000m. c. Zonal g- uxes used ithis study. Blue
and magenta lines show the surface heat ux described in Kang et §2008) with
peak amplitudes of 10 and 30 W n? at 65 latitude, respectively. The red line is
the zonally-averaged surface heat ux as derived from CERES TOé&nergy and ERA
reanalysis. d. The implied OHT for the surface heat uxes in panel cNote that
latitude axis of panels c and d is area-weighted (sine of latitude).
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Chapter Models Abbreviation | Description
3 GRaM/AM2 A Aquaplanet only
4 GRaM/AM2 IT Idealized Andes topography
GRaM/AM2 RT Realistic Andes topography
5 GRaM/AM2 noWES Flat aquaplanet, no WES feedback
GRaM/AM2 | noWES + RT | Realistic Andes topography, no WES feedback
6 GRaM/AM2 1Q10 Kang et al. (2008) g- ux, amplitude of 10 W m 2
GRaM/AM2 1Q30 Kang et al. (2008) g- ux, amplitude of 30 W m 2
GRaM/AM2 RQ Real-world zonally and annually averaged g- ux
GRaM/AM2 RT+1Q10 Realistic Andes topography + Kang et al. (2008),
amplitude of 10 W m 2
GRaM/AM2 RT+1Q30 Realistic Andes topography + Kang et al. (2008) g-
ux, amplitude of 30 W m 2
GRaM/AM2 RT+RQ Realistic Andes topography + real zonal g- ux

Table 2.1: Description of simulations discussed in this thesis.

at each lat/lon. Simulations in this study read in ajUj from the at aquaplanet
simulation that is symmetrized about the equator. This prescribe@Jj is not used in
the sensible heat or surface momentum ux equations.

Table 2 that lists all simulations that will be introduced in the following setions.
All simulations were integrated with both GRaM and AM2. GRaM simulatios were
spun up for three years, while AM2 simulations were spun up for veears. Five
additional years beyond the spin-up of each model are used foradysis. All results

discussed in this paper are robustly de ned using these averagingrpds.
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Chapter 3
AQUAPLANET CONTROL CLIMATOLOGIES

The mean climate of the control simulation (A) are remarkably similar ®aM
and AM2, yet di er slightly which explain some the di erences betweerthe climate
responses to various forcings. The jets in the GRaM control simtilan are farther
poleward than their counterparts in AM2 and the separation betwen the eddy-driven
jet and the subtropical jet is seen more easily in GRaM (Figure 3.1).hE atmospheric
jet is faster in the AM2 model than in the GRaM model.

The Hadley cells in GRaM simulations are stronger than in AM2, as measd by
the maximum in streamfunction at the cells' center (2L 10" kg s ' in AM2 and
2.6 10" kg s ! in GRaM). However, the streamlines in AM2 are tighter in both
its lower and upper branches, which results in greater mass ux coentrated at the
top and bottom of the cells. Gross moist stability in the tropics is slighy larger in
GRaM than in AM2 (Figure 3.2) because the total gross moist stratcation in AM2
is larger in magnitude (both total gross moist stability and gross mdistrati cation
are calculated as in Kang et al. (2009)). There is a small bit of asymtmg in gross
moist stability and gross moist strati cation because the separatio of the NH and
SH Hadley cells is slightly o the equator. Moisture is greatest in the logst layers
of the atmosphere, and dry static energy (DSE) is greatest high the atmosphere
because of the greater potential energy. Thus, di erences indhvertical structure of
the Hadley cells lead to di erences in the amount of DSE and latent he&ansport in
the two models. In addition, the upper branch of the Hadley cells in G&M is lower
in the atmosphere than in AM2. Because there is little mass transpiowvhere DSE is

greatest, the amount of poleward DSE transport in the tropics is s in GRaM than
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Figure 3.1: Aquaplanet simulation zonal wind (shading) and streamiiction (con-
tours) in the AM2 model (panel a) and GRaM model (panel b). Solidantours in-
dicate clockwise rotation while dashed contours show counterclegke motion. The
rst solid/dashed contours are at +/- 2 10*° kg s ! and subsequent contours are
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17

Gross Moist Stability (PJ)

Gross Moisture Stratifaction (kg/kg)

latitude

Figure 3.2: Total Gross Moist Stability (a) and Total Gross Moist Stati cation (b)
in the tropics of the AM2 (solid) and GRaM (dashed) aquaplanet simutans.
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in AM2.

The total energy transport in GRaM is greater than that in AM2 beause of the
greater temperature gradient and DSE transport in the midlatitués (Figure 3.3).
In the tropics, the DSE and latent heat transports are larger in mgnitude in the
AM2 simulation than in the GRaM simulation. However, these energy &msports
compensate for each other better in the tropics of AM2. As a relsuthe total energy

transport is less at all latitudes in the AM2 simulation than in the GRaM #&mulation.
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Figure 3.3: Aquaplanet northward energy transport and zonal stace temperatures in
AM2 and GRaM. Panel a displays the northward total energy trangsort (black line),

latent heat transport (blue line), and DSE transport (red line) in the aquaplanet only
simulation in the AM2 model. Panel b displays the same energy transpe for the

aquaplanet GRaM simulation. Panel ¢ shows the zonal surface teerpture for this
simulation. The solid line is for the AM2 model and the dashed line for th&RaM

model.
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Chapter 4

ADDITION OF A SINGLE SOUTHERN HEMISPHERE
MOUNTAIN RANGE

The response of the centroid of precipitation in the IT and RT simulabns are
similar, which indicates that the exact structure of the mountain rage does not play
a large role. The response of tropical rain to IT is slightly greater lsause the spine
of the IT range is 4000m for its entire extent, while the highest togpaphy of the
RT range is con ned to the tropics and subtropics. Because of th@milarity in the
climate response with both mountain ranges, only results from RT suttations are
shown here. The abbreviation RTminusA refers to the change in the@imate caused

by adding mountains compared to the at aquaplanet simulation.
4.1 Changes in the hydrologic cycle

Placing a mountain range into both models creates subsidence to thest of the
mountains as in Takahashi and Battisti (2007). When westerlies hithe mountain
barrier in the subtropics and midlatitudes, they are de ected poleard and equator-
ward. Figures 4.2 and 4.3 show these changes in the AM2 IT simulatioand the
same results are seen in GRaM simulations (not shown). Increasathsdence in-
hibits precipitation on the southern side of the equator, and the o#roid of rainfall
is displaced northward on the west side of the \Andes" in both AM2 ath GRaM
simulations (Figure 4.1 a and b).

The decrease in rain in the SH is greater than the increase of rain inetiNH.
There is a greater change of precipitation in the AM2 simulation than irGRaM;

the precipitation anomalies have a greater zonal extent and maguade in AM2. The
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Figure 4.3: Change in omega (shading) and meridional wind (contodirsthe IT sim-
ulation from the at aquaplanet simulation in AM2 at 90W. Red indicatesdownward
change in motion while blue indicates an upward change in motion. Solidntours
show a northward change in meridional wind while dashed contoursasi a southward
change.
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in uence of the Andes is seen 12@o the west in the AM2 RT simulation. The bulk of
RTminusA northern displacement of tropical rainfall ends after abut 50 of longitude
in the GRaM simulation, although there is a small northward displacenm of rain
seen around the entire globe. In addition, the decrease of suljircal rainfall to the
west of the Andes is larger in the AM2 simulation, even though the strdopics of this
model are much drier (Figure 4.1c). As well as having drier subtrog@cthere is less
precipitation in the tropics of the AM2 simulation than in the GRaM simulaion. Both
models' simulations see a decrease in the maximum tropical precipitat when adding
topography. Evaporation (Figure 4.1d) does not change as much precipitation when
adding topography. AM2 simulations have a greater decrease okepipitation on the
southward ank of the ITCZ, while the hemispheric changes in precifation are more
symmetric about the equator in GRaM.

The precipitation response to the east of the Andes is slightly dierg in the
models. In GRaM, precipitation increases north of the equator bafe winds hit the
topography. AM2 instead shows a weak increase of precipitation the south of
the equator. The large increase of precipitation east of the Andé&s the RT GRaM
simulation is not seen in the IT GRaM simulation. It is not a robust featwe of the
GRaM climate.

In steady state, the time and zonal mean moisture budget at theudace is de-
scribed by

P E=r [vO: (4.1)

Using this budget, we decompose RTminusA precipitatior) changes into changes
in evaporation (E) and changes in vertically-integrated moisture ux convergence
(r [vQ)). The majority of the increased precipitation are balanced by theom-
vergence term (Figure 4.4). The change in AM2 evaporation has tlgposite sign
from the changes in precipitation, but is almost an order of magnitud smaller than
the precipitation change; the GRaM RTminusA change in evaporatiors negligible

(Figure 4.4b). The moisture ux convergence when averaged both time (marked
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Figure 4.4: RTminusA changes in precipitation (panel a), evaporatio (panel b),
moisture ux convergence (panels ¢ and d), and moisture transgo(panels e and
f). In panels a and b, the AM2 results are represented by solid linesich GRaM
results by the dashed line. Panel ¢ shows the decomposed moistupe convergence
for the AM2 RTminusA simulation. The total moisture ux convergence (black), the
part from the MMC (green), the part from the stationary eddies (ed) and the part
from the transient circulations (blue) are all shown. The same deewosition for the
GRaM RTminusA simulations is shown in panel d. Note that the y-axis in gnel b
is smaller than the y-axes in panels a, ¢, and d. Panels e and f show REminusA
change in moisture transport (black line) for the AM2 (panel e) and€sRaM (panel f)
decomposed intoq] [ V] (red line) and V][ q] (blue line).
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by overbars) and zonally (denoted by brackets) can then be fumér decomposed (as

in Peixoto and Oort (1992) for example) into

ro VQl=r M@Er Malr [V (4.2)

Terms with asterisks are the anomalies from the zonal mean, andries with
primes are the departure from the time mean. The rst term on theright hand
side of the equation represents the portion of the moisture ux cwergence that is
attributed to the mean meridional circulation (MMC). The second tem is the part
from the stationary eddies and the third term is the part from all tansient circula-
tions. Decomposing the zonally-averaged, time-averaged moiguux convergence
into these terms shows that the majority of the change in moistureix convergence
is due to changes in the MMC term (Figure 4.4c and d). Although one ntig rst
think that adding mountains would result in a change that is largest inhe stationary
eddy term, this is not the case. While the zonal anomalies of speci awimidity and
meridional wind do

In both models, adding a SH mountain range results in a change to thepical
MMC (the Hadley cells), which occurs mostly in the region to the westfdhe moun-
tains. Figure 4.5 shows the change in zonal and time mean streamétion and speci ¢
humidity. This gure helps to diagnose if the RTminusA changes inr [V][g] are
related to changes in meridional wind, changes in moisture, or botithe streamlines
indicate that an anomalous cross-equatorial Hadley cell transgemore moisture into
the NH. Moisture has decreased in the SH tropics and subtropics damcreased in
the mid-troposphere of the NH tropics coincident with the anomalaiHadley cells
ascending branch (Figure 4.5).

It can be shown that:
(( Vila) =[a [ vI1+[vI[ q; (4.3)

where for a given quantity K], [X] = ([Xrr] +[Xa])=2 and [ X] = [Xgrr]
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Figure 4.5: RTminusA changes of streamfunction (contours) andgysci ¢ humidity
(shading) from adding mountains in AM2 (panel a) and GRaM (panel o Stream-
lines are displayed every 2 10 kg s !, starting at the 1 10° kg s * contour.
Solid contours indicate clockwise motion while dashed contours indieat counter-
clockwise motion. For comparison, the maximum Hadley cell streamfction in the
mean climate in either model is near:3 10" kg s *.
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[Xa]. Figure 4.2e and f show that both terms on the right hand side of Eqtion 4.3
contribute positively to RTminusA changes in moisture transport, ot the rst term

is larger. Changes in the circulation term ] [ V]) account for more of the change
in moisture transport than changes in the speci ¢ humidity. Taking he meridional
derivative of [ [ V] gives us moisture ux convergence in terms of two quantities:
G v] and [@%;}. The wind convergence change tert][®57 shows the most
change (not shown).

The same general meridional pattern of precipitation change exssin both models,
and the dominant terms (fj] [ V]) that balance the changes in precipitation are similar
in both models. Hence, it is likely that whatever mechanism pushes pipitation
northward does not need to rely on cloud feedbacks, as GRaM has douds. In
the GRaM simulations, the area of increased SH evaporation due tbet presence of
the mountains is very narrow along the equator (Figure 4.6). The amalous winds
across the equator are very small in GRaM. These di erences in tlanplitude and
spatial structure of the response in AM2 and GRaM to mountains ardue to cloud
feedbacks, which are important in AM2, but not allowed in GRaM.

In AM2 simulations, increasing SH subtropical subsidence increashs large stra-
tus decks there, cooling the surface and decreasing evaporat{éigure 4.6a). There
are also enhanced cross-equatorial winds in AM2, and the patteshanomalous evap-
oration near the equator would potentially indicate a WES feedbackHowever, the
strongest decrease in SST coexists with the greatest increaseha stratus cloud deck.
Stratus clouds could further cool waters and reinforce subside) favoring even more
stratus clouds, while decreasing evaporation. This subsidence \ebinhibit convec-
tion in the SH, thereby preferring a NH ITCZ, without needing to invd&ke any WES
feedbacks. In a later section, wind-evaporation feedback will berbhed o through
the evaporation parameterization to see if the models can suppdH tropical rainfall

without WES.
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Figure 4.6: The RTminusA changes in SST (shading), evaporation (pitive change
for red and negative change for green contours), and low cloude(jpw contour) in
AM2 (panel a) and GRaM (panel b). Green (red) contours indicat@ 10 W m 2
decrease (increase) in evaporation in AM2 and a 5 W rh decrease (increase) of
evaporation in GRaM. Vectors represent the change in the winds tifebottom sigma
layer. The yellow contour in panel a indicates where low clouds in AM2 ireased
by more than 10%. Black contours indicates topography higher thal0O0OOm. GRaM
elds are Gaussian Itered (bandwidth of 5 10 4 m 2.
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4.2 Changes in the energetic budget

4.2.1 Changes in energy transport due to the addition of tgpaphy

The addition of topography to each model changes the ow of ergr between the
hemispheres. Figure 4.7 shows the RTminusA di erence in zonally-amged atmo-
spheric energy transport (AET) of each topography simulation. n AM2, adding
topography results in an anomalous transport of heat from the Nko SH (Figure
4.7). This southward transport of heat is accomplished by the uppdranch of an
anomalous Hadley cell (Figure 4.5).

In GRaM, the change in atmospheric energy transport becomesnaplicated: de-
pending on how you calculate energy transport, the changes in egye transport
change. Using a direct method that takes the vertical integral ahoist static energy
transport (vMSE) gives a di erent estimate than using the more indect method that
uses a horizontal integral of the TOA radiation imbalance. These tamates di er by
as much as 0.3 PW in some locations for every GRaM simulation preseht@ this
thesis (Figure 4.8). The dierences in the energy transport estint@s are greatest
in simulations that include topography. As a result, the change in th&TminusA
estimate of energy transport at the equator has di erent signs wh the two esti-
mates. Figure 4.7 shows the RTminusA di erence using the direct cailation. There
IS noise because GRaM has a spectral core. The structure congsawell with that
from AM2, however, using the TOA budget to calculate the same qu#ty gives an
anomalous northward energy transport from adding topographgFigure 4.9). Vary-
ing the timestep and the vertical resolution does not change the dirence between
these two estimates. Using a Betts-Miller convection scheme insteaf the large scale
condensation does not change the estimates, and using higheribamtal resolution is
also not e ective at bringing the two estimates closer (not shown).

Both estimates are as exact as possible, and neither can be congdenore correct

over the other. Examining the TOA budget shows that the reasorof the anomalous
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northward energy transport (which would suggest a thermally indect anomalous
Hadley cell) is due to less OLR in the SH than in the NH (Figure 4.10). Thes
results suggest that there is an additional energy loss in the mod#lie to numerics
near the mountains. In GRaM, there is normally some energy loss. g each
step of integration, the energy loss is determined and replaced bgiding a constant
temperature to every grid point. In our simulations that do not hae topography this
temperature correction is on the order of 8 10 “K, which corresponds to an energy
loss of approximately 2 W m?. In the RT simulation, the temperature correction is
6:8 10 “K, which is about a 7 W m 2 energy loss. This greater energy correction
is more evidence that topography causes an extra northward nemcal di usion of
energy. It is possible that this numerical energy transport could é a forcing for
the southward transport of moist static energy (as seen in the dict calculation). It
suggest that these numerical issues may be the driver behind whyete is greater

tropical precipitation in the northern hemisphere of the RT GRaM simlation.

4.2.2 Attributing the energetic changes in the AM2 simulain with added topography

Another way to examine the cross-equatorial energy transpoit to examine the top-

of-atmosphere (TOA) radiative imbalance between the two hemisphes.

OET =%+ AET =°  TET =® (4.4)
z 0
TET =% = 2a?cos()( SW  OLR)d
z°, (4.5)

= 2a?cos()( SW  OLR)d;
0

where is latitude, a is the radius of the Earth, OET ~°%is the change in ocean
energy transport at the equator, TET ~®%is the total meridional energy transport

at the equator, SW is the change of net shortwave radiation (with positive de ned as
into the atmosphere) and OLR is the change in outgoing longwave radiation (with

positive de ned as leaving the atmosphere). In the integral, the eqtor is O and the
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north and south poles are=2 and =2, respectively. Here, SW and OLR uxes are
evaluated at model TOA and are integrated over the respective lespheres.

The change in total meridional energy transport across the equoa is exactly
balanced by the change in the net energy that enters the climategm (atmosphere
and ocean) in either hemisphere. Comparing simulations that ho@ET ~°9 constant
is equivalent to saying that changes in the TOA budget are completefue to changes
in energy transport within the atmosphere. To examine where the iportant regions

to changes in the energy transport are, a bit of rearrangement Bquation 4.4 reveals:

z 90 YA 90

2a?cos()( SW OLR)d 2a?cos()( SW OLR)d = 2 TET
0

(4.6)

In Equation 4.6, since the poleward limit of the integrals is the poles, &m Equa-

0

tion 4.6 gives the change in the cross equatorial energy transpatt the the hemi-
spheric averaged TOA energy imbalance. Looking at the area of thH-SH change
in the TOA budget shows us the latitudinal contributions to the chamge in the hemi-
spheric imbalance of absorbed radiation (Figure 4.12). The imbalanae radiation
between the hemispheres is related to the cross-equatorial egetransport. In Equa-
tion 4.6, note that the NH-SH radiation imbalance is the di erence beteen the
radiation in the hemispheres, not the addition of the net radiation in lte two hemi-
spheres: if this other quantity were used, then the total area dhe curves would be
zero since these simulations have reached equilibrium. The schematid-igure 4.11
translates how a change in the hemispheric imbalance of TOA radiatian related
to the cross-equatorial heat transport. Here, a positive chaagof TOA radiation is
de ned as an increase in energy absorbed into the atmosphere andegative change
in TOA radiation is a decrease in absorbed energy (an increase in epeemitted by
the atmosphere). The hemispheric imbalance is the NH minus SH net,(laV+SW)
TOA radiation { hereafter call NH-SH TOA, where positive indicates that there is

more radiation being absorbed into the NH than into the SH. If the aarage is posi-

=eq
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Figure 4.11: Schematic showing how changes in TOA absorbed radiaticelates to
NH-SH changes in radiation and cross-equatorial energy transpo
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means that there is a greater change of energy at that latitude imé NH atmosphere,
while negative indicates that there is greater energy at that latitud in the SH.
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tive, then the change in the NH-SH net TOA imbalance is positive and me energy
has been is absorbed in the NH atmosphere than the SH; hence, thange in energy
transport across the equator is negative (southward). Conwly, if the average is
negative, then there is an increase in energy absorbed in the SH asphere than in
the NH, and hence, there is an accompanying northward change ineegy transport

across the equator.

In the AM2 RTminusA di erence, the NH-SH area average is positiveindicating
that there is greater radiation absorbed in the NH than in the SH bewse of the
addition of topography (Figure 4.12). The change of energy trapert across equator
in the atmosphere is therefore southward. Anomalously more OLR énitted in the
SH than in the NH, while anomalously more SW is absorbed in the SH than the
NH. However, the change in the hemispheric imbalance of OLR emitted greater
than the change in the hemispheric imbalance in SW absorbed; that ihe change
in the imbalance of OLR contributes slightly more to the anomalous sthward heat
transport. If the change in TOA net radiation is instead split into clea and cloud sky
components, then both net cloud and clear sky radiation contribetto the southward
change in the cross-equatorial energy transport (Figure 4.12acaf). AM2 total
cloud radiation has the greatest positive changes from 5-20at these latitudes in
the SH, adding a mountain range has increased the low stratus deekhich reduces
the absorbed SW insolation. The high clouds in the SH (NH) have also ateased
(increased) which allows more (less) OLR. Together, these two e€ts decrease the
energy absorbed in the SH relative to the NH.

As mentioned earlier, the RTminusA change in the net TOA radiation othe
GRaM model is dierent. TOA net SW is constant in GRaM, so the chang in
TOA radiation is equivalent to the negative of the change in OLR. The llange of
the hemispheric imbalance in absorbed radiation in GRaM shows that me@energy
is absorbed in the SH than in the NH (Figure 4.12); there is more OLR amalously
emitted in the NH than in the SH because of the addition of topograph which
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indicates a northward change in energy transport across the egar. However, as
mentioned before, the reason for this northward transport cdadi be entirely due to
numerics in this model when topography is added.

Adding topography to a at simulation would increase the stationarywave com-
ponent of the heat transport, and an analysis of the changes inefMMC, stationary
eddy, and transient circulation terms of the MSE transport can belone, similar to
the analysis of moisture ux convergence in the previous section.olever, in calcu-
lating the stationary wave component of MSE transport f MSE ]) the majority of
this term is contributed from the mountain range itself. Raising a maotain range
increases the zonal anomaly of MSE over the range, which makes 8tationary eddy
term large in the immediate vicinity of the mountain. Calculating the staionary
wave component without including the region in the immediate vicinity othe moun-
tain range would give a better estimate of the change to the statiany wave energy
transport elsewhere, despite removing a region that is essentiaf the energy budget
to remain closed. Calculating§ MSE ] without the mountain range shows that the
contributions to the stationary eddy transport is small in comparien to changes in
energy transport by the MMC.

Adding topography decreases the global mean surface temperat (when com-
pared with the equivalent at run) in AM2, but not in GRaM (Table 4.2.2, Figure
4.6). This e ect occurs even when discounting the small amount otigace that is
elevated by the topography. The increase in stratus clouds in AMZAh¢t present in

GRaM) is one possible explanation.

4.3 Changes to the circulation and the momentum budget

The addition of the Andes-like mountains changes the structure a@he jets (Figure
4.13). Adding an Andes mountain range in the AM2 model shifts the Sjdt poleward
and decreases the strength of the NH jet. In GRaM, the jets in o hemispheres are

weakened. Atmospheric angular momentum relative to the rotatioof the Earth is
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AM2 | GRaM
EQ30 286.3| 288.0
RT+EQ30 | 286.6| 288.0
EQ10 291.0| 288.0
RT+EQ10 | 290.7| 288.0
A 291.1| 288.0
NoWES | 291.2| 288.1
RT+NOWES | 291.0| 287.9

RT 290.9| 288.0
IT 290.6| 287.9
RQ 294.1| 288.9

RT+RQ 293.6| 288.8

Table 4.1: Global mean surface temperature (K) of GRaM and AM2 simations.

decreased when adding a mountain range. Mountain torque fromaidg an Andes-
like range decreases the atmospheric angular momentum in both nedsl

In the tropics, if eddies and vertical advection are neglected, thethe zonally-
averaged momentum budget of the atmosphere reduces fo{ )v = 0. Ignoring
eddies is an invalid approximation and using this momentum budget maags how
much e ect eddies have in the tropics. As the meridional velocity is mazero, then
vorticity and the Coriolis parameter must balance. If =f = 1, then the angular
momentum balance is achieved through the zonal and time mean windghe farther
from 1that =f is, the more arole that eddies play in driving the Hadley circulation.
Eddies remove more momentum from the mean ow in GRaM simulationshan in
AM2 simulations; this also explains the stronger subtropical jets &M2 (Figure 3.1).
Adding mountains decreases =f in both models as seen in Figure 4.13. =f is
taken at 220HPa in AM2 and at 340HPa in GRaM because the jets arener in GRaM.
Caculating =f at a higher level in GRaM gives lower values. In summary, adding

mountains increases the role that eddies have in driving the tropicairculation.
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Chapter 5
REMOVAL OF WIND-EVAPORATION FEEDBACK

A hemispheric asymmetry conditions one hemisphere to have great®pical pre-
cipitation than the other. In the previous section, this asymmetryis a SH mountain
range and some mechanism to propagate this signal into the NH. @it the WES
mechanism is cited. Here, we test if the WES mechanism is present ireie model
simulations by arti cially excluding the wind dependence of evaporatim in calculat-
ing evaporation from Equation??, jUj is replaced with the symmetrized pro le output
jUj taken from the at, aquaplanet simulations (marked by the descripon noWES
from here forward). In all other equations, wind in the model evobs naturally. Only
in the evaporation parameterization does wind not change with timeThere are two
simulations presented here for each model that have the wind ewaption feedback,
one that is at (hoWES) and one with real-world Andes topography RT+noWES).
Note that the wind dependence of the sensible heat ux has not bealtered; since the
Bowen ratio in the deep tropics is small, any changes in evaporation uwid dominate

over those in sensible heat anyway.

5.1 The response of removing wind-evaporation feedback in a at aqua-
planet

Removing the WES mechanism in an aquaplanet simulation does not clyggnthe
mean climatology in a large way (noWESminusA). If WES is important formain-
taining convergence in the NH, turning o this parameterization shald decrease the
asymmetry of precipitation about the equator. Comparing the atsimulations with

and without WES (A and noWES simulations, respectively), there is lite change in
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the zonal-mean wind strength felt by evaporation in each model (Fige 5.1). The
wind di erence between the simulations with topography and WES (@nge) shows
that the wind felt by evaporation would otherwise vary much more thn it is pre-
scribed. When comparing how evaporation changes in simulations witbpography
and with/without WES, we see that adding topography results in a sintar change in
evaporation from the at simulation with WES regardless of whetheWES is present
or not. The response of evaporation to topography in these simtilans is di erent in
the models, with a southward shift in AM2 and a general tropical deease in GRaM.
The changes in evaporation are almost an order of magnitude smaltaan the scale
of tropical precipitation changes. The precipitation response is iesimilar regardless
of whether evaporation uses the prescribed or actual surfacend:

The response of precipitation in a at aquaplanet to turning o a WESfeedback in
these simulations is small, but shows di erent results in each modelifure 5.1). AM2
shows a small southward shift of precipitation when turning o WESwhile GRaM
shows an intensi cation of precipitation at the equator. [The aqualanet simulation
with WES in AM2 contained a tiny amount of random asymmetry: symmgizing
the wind strength in the evaporation parameterization likely helpedd symmetrize
the climate state.] The ITCZ in the aquaplanet AM2 simulation peakedIghtly in
the NH tropics (see Figure 4.1). Symmetrizing the wind eld in evapotén shifted
the upward branch of the Hadley cells southward (Figure 5.2). Remimg WES in
GRaM resulted in stronger Hadley cells which resulted in greater moise transport
to the ITCZ. The greater increase in SH Hadley strength results in are moisture
advection in the SH, which is re ected in a greater decrease of pigitation south of

the equator than north of it.



45

1 AM2 a 11 GRaM d
@ 0.5 ’\(,7 0.5
é O -~ | = ) !\v / é 0 ‘-‘ = ‘-/\ |
T PO TNTA T
2 .05 S 05
1 1
-90 -30 0 30 90 -90 -30 0 30 90
latitude latitude
= =
8 sp AM2 b & s5{ GRaM e
£ S
E E A
5 o =\ L e W
g g
[=% a
3] 'S
o -5 o -5
o o
-90 -30 0 30 90 -90 -30 0 30 90
latitude latitude
= 05 X 05
= AM2 cC & GRaM f
I= I=
E o n E
N | = —
5 PN o TS
< <
o o
o o
g g
v -05 o -0.5
-90 -30 0 30 90 -90 -30 0 30 90
latitude latitude

Figure 5.1: Zonal mean changes in precipitation, evaporation, andnad in experi-
ments with and without wind-evaporation feedback. Panels a-c siwochanges in the
AM2 simulations and panels d-f show the changes in the GRaM simulati®n The
changes in the wind felt by the evaporation parameterization are ingmels a and d.
Changes in precipitation are in panels b and e, and changes in evapgma are in
panels ¢ and f. Di erences of NOWESmMinusWES (dark green), NOWETminusRT
(light green), NOWES+RTminusRT (yellow), and RTminusA (orange) ae shown.
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5.2 Removal of wind-evaporation feedback in simulations wi th a SH
mountain range

Adding topography shifts the ITCZ northward in both models, evenwithout the
wind-evaporation feedback. The di erence in the RT+noWESminusoWES precipi-
tation change and the RTminusA precipitation change is shown in Figer5.3. This
quantity is the di erence of adding mountains in a noWES framework ersus a WES-
included framework. If WES is important the di erence will be large; ifturning o
the wind-evaporation feedback is completely unimportant then thdi erence will be
near zero. Figure 5.3 shows that this di erence is small in comparisdo the RTmi-
nusA precipitation change (Compare Figure 5.3 with Figure 4.1). Botimodels have
a little more precipitation at the equator in the NOWES topography runs, but this is
smaller than the amount that the centroid of precipitation shifts.

The change in pattern in evaporation, SST, and stratus clouds (Fige 5.4) be-
tween these experiments is also not as large as the di erences sgethe RTminusA
or RT+noWESminusNoWES changes. The RT+noWESminusNoWES SSThange is
slightly greater than the RTminusA SST change, but these changese not as large
as the cooling in the subtropics due to the mountains of either modeHence, with
or without WES feedbacks allowed, mountains in GRaM and AM2 shift t& ITCZ
north.

The impact of mountains is to shift the ITCZ into the NH, with or without WES
feedback operating. This suggests that the zonal extent of thmecipitation response
forced by the mountains is di erent in the two models because of thei erences in

stratus cloud feedbacks and not because of di erences in WESdbacks.
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Chapter 6

THE CLIMATE RESPONSE TO THE ADDITION OF
BOTH TOPOGRAPHY AND SURFACE HEAT FLUXES

In the experiments described in the previous sections, there wae prescribed
g- ux. In this chapter, we evaluate the sensitivity of the respons to the mountains
by modifying a g- ux to be (a) the zonal average of the real-world -qux (RQ) and
(b) an idealized midlatitude g- ux (IQ10 and IQ30) used in Kang et al. 008) and
Kang et al. (2009).

6.1 Zonal precipitation response in all simulations

The zonally-averaged precipitation for all simulations is presented ifigure 6.1. Col-
ors are ordered by the expected ITCZ location given previous thees of extratropical
g- ux forcing (Kang et al., 2009) and mountain forcing (Takahashand Battisti, 2007).
ITCZ location is computed by interpolating the precipitation eld with a cubic spline
algorithm and nding the maximum.

The variation of the ITCZ location over all g- ux and topography sinulations
is larger in the AM2 model than in GRaM: GRaM's pro le of precipitation varies
little, while AM2's varies wildly, swinging from 16 S to 9 N depending on the g- ux.
Cloud and water vapor feedbacks are responsible for the greatange of latitudinal
displacement in the experiments using AM2 than those in GRaM. AM2'sesponse
is larger than that seen in the real world, as evidenced by the ITCZ ¢ation of 8 N
in the RQ simulation. Some of this bias is due to the lack of continents dnack
of seasonal cycle, which would modulate the response. Radiativedikacks are the

mayjor player for accentuating the impact of both topography andsymmetric heating
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Figure 6.1: Zonally averaged precipitation in all AM2 (panel a) and GRd (panel b)
simulations. Note that the x-axis is area-weighted.
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on tropical precipitation.

Mountains are expected to a ect the precipitation less since theyadve a limited
regional response, and the results in Figure 6.1 con rm this exp&tton. In general,
g- uxes used in this study induce a zonal mean response of precgtion that is
larger than the mountains response. A \Pacic" ITCZ location is calalated using
the zonal average within 120 (50 ) longitude to the west of the mountain range in
AM2 (GRaM) (Figure 6.2). In the region to the west of the mountain ange (where
the Paci c ocean would be), the ITCZ is farther north than the gloal mean ITCZ
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location of the same simulation.

The energetic constraint described in Kang et al. (2009) is valid in tee simula-
tions, even when adding a mountain range. In both models, the ceoid of tropical
precipitation varies with the magnitude of the energy transport aoss the equator
(done by the Hadley circulation) (Figure 6.2). With a hemispheric imbalace in ra-
diation absorbed, the Hadley circulation moves energy to the hemlsgre with less
energy, and the lower branch of the Hadley circulation responds imurh, moving
moisture in the opposite direction. Although the range of the ITCZ loation is much
smaller in GRaM simulations, the energy moved by the circulations in thismodel is
more e ective at changing this location: per PW of energy moved aass the equator
moved by the atmosphere, the ITCZ moves about 12 degrees. bntrast, the ITCZ in
AM2 moves approximately 5 degrees per PW of cross-equatoriabbhéransport. The
correlation between ITCZ location and cross-equatorial energyansport is greater
in AM2 (R? = 0:98). The relative e ects of topography and asymmetric heating ar
more similar in GRaM than in AM2. As a result, the goodness-of- t of lhe relation
between cross-equatorial heat transport and the ITCZ locatiors not as strong in
GRaM.

6.2 An energetic analysis of the addition of g- uxes in simul ations with
the same topography

When given an asymmetric surface heating, the atmosphere in AM2ascompensates
while that of GRaM undercompensates (Figure 6.3). Here we de nemospheric

compensation as
J(AET, "% AETRQ=OET,"* OET, *)j=j AET %= OET ~°4 (6.1)

where X denotes an experiment andA denote the aquaplanet experiment with no
added ocean heat transport and no mountains. The ratio in Equatn6.1 is the

slope in Figure 6.3; overcompensation is indicated by a slope that is egper than
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Figure 6.3: Compensation of atmospheric energy transport to theplied ocean en-
ergy transport. The black line shows where the simulations of a pedtly compensat-
ing model would lie. The red line with steeper slope indicates the ovenspensation
of AM2 while the blue line with shallower slope indicates the undercompsation of
GRaM. Colors refer to the same simulations as in the legend of Figurel 6 Diamonds
are GRaM simulations, while circles are AM2. The symbols for the RT+IQ0 and
IQ30 cases are on top of each other, as are the RT+1Q10/1Q10 @nhe RT+RQ/RQ
cases.
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the one-to-one line (black line), while a shallower slope indicates thdt¢ atmosphere
undercompensates. Using a tropical compensation from 320N as in Kang et al.

(2009), instead of one at the equator does not change this resoitich, though with

this de nition, AM2's overcompensation is not quite as large.

Expanding upon this de nition of compensation illuminates how the fegbacks in
AM2 allow so much overcompensation. As seen in Equation 4.4, totale¥gy transport
at the equator must equal the sum of the atmospheric and ocearmnergy transports
at the equator. If our models atmosphere were to perfectly corapsate the applied
g- ux, then OET ~®= AET ~®and TET ~°9=0. If the atmosphere over-
reacts (as in AM2), then OET ~®4< AET ~®@and TET ~°9< 0. The con-
verse holds for an undercompensating atmosphere like GRaM, sath TET ~¢> 0.

Figure 6.4 shows scaled TOA net radiative terms while Figure 6.5 showsethemi-
spheric imbalance of TOA radiation (which are also the integrands ofdtation 4.6)
for all GRaM (a) and AM2 (b) simulations that include a g- ux. The lines in Figures
6.4 and 6.5 have been scaled by the cross-equatorial OET so thag it erent g- uxes
are compared equally; this scaling also changes the sign of simulatisnghat they all
correspond to a 1 PW energy transport across the equator thaeats the atmosphere
in the NH and cools in the SH. The dashed curves show a scale@ET ~°9. If the
local atmosphere did not respond at all to the g- ux (a local radiate response), then
the TOA energetic di erences should line up exactly on these dashédes. If atmo-
spheric transports everywhere exactly respond to the oceaneegy transport locally,
then the change in the TOA energetic terms should be zero everysrk (a purely
dynamic response).

The hemispheric average of the values in Figure 6.5 is equal t@ TET ~°4. If
the average is negative, then the atmosphere is undercompenmsgt if positive, the
atmosphere is overcompensating. It is notable that the TOA radiain imbalance of
both models show the same story in the extratropics: somewheretlveen a pure

radiative and a pure dynamic response. The atmosphere respordsally to the
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Figure 6.4: Scaled TOA energetics for all g- ux experiments. All vaks have been
scaled by the mean 2(B-20N ocean energy transport of the simulation. Panels a
(AM2) and b (GRaM) show the total (LW+SW) net TOA energy for all surface
simulations. Colors refer to the same g- ux experiments as shown ifigure 6.3.
Panel ¢ shows the change in SW TOA (positive indicates into the atmpisere), while
panel d shows the change in OLR (positive indicating out of the atmpkere). Panel
e shows the total net TOA clear sky radiation for AM2 simulations, wite panel f
shows the total net TOA cloudy sky radiation.
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Figure 6.5: Scaled NH-SH TOA energetics, as in Figure 4.12, but for ux exper-

iments. All values have been scaled by the mean &20N ocean transport of the
simulation. Panels a (AM2) and b (GRaM) show the total (LW+SW) net NH minus

SH TOA energy for all simulations with g- uxes. Colors refer to the ame Q- ux

experiments as shown in Figure 6.3. The dashed lines in these two panedicate the
scaled g- ux forcing. If the atmosphere responded completely lalty to the forcing,

then the TOA energetic term would lie exactly over the dashed line. P&l ¢ shows
the NH-SH change in SW TOA (positive indicates into the atmosphergjvhile panel d
shows the NH-SH change in OLR (positive indicating out of the atmosere). Panel e
shows the NH-SH total net TOA clear sky radiation for AM2 simulatiors, while panel
f shows the total net TOA cloudy sky radiation. This gure is the NH-SH equivalent
of Figure 6.4.
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surface heating by transporting some heat away and by increasifdecreasing) its
OLR inthe NH (SH). In GRaM, this is the entire story; this heating in the extratropics

bleeds gradually into the tropics, and it is the di erence of heating inhie extratropics

that is most important for explaining the cross-equatorial heat tansport. The average
TOA radiation imbalance is negative. GRaM is under-responding to alhie applied g-
uxes nearly linearly, as all the scaled NH-SH TOA radiation terms arapproximately

collinear.

In AM2, water vapor and cloud feedbacks completely change thesponse in the
tropics, and are largely responsible for the overcompensation. @all, the change in
the AM2 TOA energy imbalance is positive. The atmosphere is transgong more
amount heat into the SH than the ocean delivered to the NH. The stace heatings
are scaled here such that there is heat added (removed) to the N8H) from the
surface. However, a positive change in the NH-SH net TOA radiativenbalance
indicates that the atmosphere has responded to add even moresggy into the NH
and remove more energy from the SH. More (less) clear sky OLR iretlsH (NH) and
more (less) LW cloud warming due to changes in the Hadley circulatiomeapart of this
energetic response. With an even greater energy imbalance bewe¢he hemispheres,
the atmosphere works even harder to transport heat acrossetlequator; hence, the
ITCZ shifts far into the NH.

Figure 6.5 decomposes the AM2 TOA radiation imbalance into OLR and te
TOA SW, as well as total (OLR + net TOA SW) in clear and cloud skies (réer
to Figure 4.11 for how to read these gures). Both net clear sky diation changes
(mostly due to changes in LW water vapor absorption) and cloud raation changes
(both LW and SW) play a role in the overcompensation, but in di erentlatitude
bands. The response of net clear sky TOA radiation peaks in the geopics, while
changes in TOA net radiation in cloudy sky peaks farther into the subopics. In the
extratropics, the decrease (increase) in NH (SH) net TOA clear gkadiation from

greater (lesser) water vapor is stronger than the increase (dease) in NH (SH) net
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TOA cloud radiation. Figure 6.4 indicates how much of these NH-SH chges comes
from the NH and SH.

In AM2, the dierent e ects of clear and cloud sky radiation on the tange in
TET sometimes act together and sometimes against each other. Aux is added
that warms the NH and cools the SH extratropics; this heating is exwally felt
into the tropics. Deep convection shifts into the northern hemisgre. Changes in
circulation increase (decrease) the speci ¢ humidity in the NH (SH)Greater moisture
increases (reduces) the greenhouse e ect in the NH (SH), whiabsults in less (more)
OLR emitted to space in the NH (SH) deep tropics. Less (more) clousky OLR
is emitted to space in the NH (SH) deep tropics because of higher (Emwv cloud
top heights; changes in stratus decks is minimal in these simulation® the added
Andes simulations, stratus clouds play role). In the NH (SH) subtquics, decreased
(increased) high clouds reduce (enhance) cloud OLR. The warmemasphere in the
NH subtropics emits more clear sky OLR despite an enhanced greenke. Examining
all these changes together in a NH-SH context shows that therenore absorbed cloud
and clear net radiation acting to increase the anomalous TET acrosse equator.
Once the ITCZ has shifted o equator, the net absorbed radiatiorirom both cloud
and clear acts to make the hemisphere of the ITCZ the hemispher&mgreater MSE.
The other hemisphere has less MSE, and the net e ect is that the deey cell has
changed to reinforce its energy transport across the equatoihe more the ITCZ
shifts o the equator in these AM2 simulations, the greater the chage in energy
transport across the equator. GRaM does not have the cloud atear sky feedbacks
that allow the Hadley circulation to energetically reinforce itself o egator.

In Figure 6.5, all simulations have been scaled by the applied g- ux. the atmo-
sphere responded linearly to the magnitude of the g- ux, then allisulations would
show the same response. In the extratropics, all simulations doese to be react-
ing similarly, even the red lines (RQ simulations) which have a signi cantlyi erent

meridional g- ux structure. In AM2, the tropical response is notlinear. The dark
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Figure 6.6: Change in energy transport in all simulations that includeopogra-
phy. Panel a and b show the change in total energy transport in ARMand GRaM
simulations that include topography from their equivalent at simulatons. En-
ergy di erences shown are IQ30+RTminusiQ30 (purple), IQ10+RMminuslQ10 (blue),
NOWES+RTminusNoWES (yellow), RTminusA (orange), RQ+RTminusRQ (dark
red).

blue lines indicate simulations with the strongest g- ux (IQ30), and gt, when scaled,
the peak of the response is less per PW than simulations with smalleruxes. The

width of the ITCZ becomes broader the farther the ITCZ moves &ém the equator.

6.3 An energetic analysis of the addition of topography in si mulations
with the same surface heating

Figure 6.6 shows the di erence in zonally-averaged atmospheric ege transport of
each topography simulation from its at equivalent. This gure shovws the same quan-
tities as in Figure 4.12 a and b, but for all simulations, including those wht g- uxes.
If the topography simulation also includes a g- ux, then its climate rgponse is sub-
tracted with the at simulation that has the same g- ux, leaving only the e ect of the

added topography. The di erences shown in Figure 4.7 are 1Q30+RiinuslQ30 (pur-
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Figure 6.7: NH-SH TOA energetic analysis for topography simulationsPanels a
(AM2) and b (GRaM) show the di erences in the net radiation absorled in the NH
compared to the SH at each latitude for all simulations that include al mountain
range. Panel ¢ shows the NH-SH change in net SW at TOA (positive \soward,
energy increases in the atmosphere), while panel d shows the NH-&hange in OLR
(positive upward, energy leaving the atmosphere). Panel e shotkke NH-SH net TOA
clear sky radiation, while panel f shows the TOA cloudy sky radiationof AM2 sim-
ulations. Simulations shown are 1Q30+RTminuslQ30 (purple), IQL0RTmMIinusIQ10
(blue), NOWES+RTminusNoWES (yellow), RTminusA (orange), RQ+RTminusRQ
(dark red). Positive means that there is a greater change of eggrat that latitude
in the NH atmosphere, while negative indicates that there is greata&nergy at that
latitude in the SH.
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ple), IQ10+RTminuslQ10 (blue), NOWES+RTminusNoWES (yellow), RTminusA (or-
ange), RQ+RTminusRQ (dark red).

As discussed previously, examining the hemispheric imbalance of TOAdration
indicates which latitudes contribute most to cross-equatorial engy transport. Figure
6.7 shows this di erence for the sets of simulations that add topogphy while holding
g- uxes constant. All GRaM simulations show a similar pattern in TOA inbalance
to the addition of topography. The TOA imbalance of AM2 simulations &o have a
similar pattern but only for those simulations with small g- uxes that do not shift
the upwelling branch of Hadley circulation too far from the equator. The two Q-
uxes (IQ30 and RQ) shift the circulation so much that the \equata™ of the Hadley
circulation is far north or south of the physical equator, and takig di erences about
the physical equator does not capture these other changes.r Boe smaller g- ux AM2
experiments, the locations of the radiative response to the additioof topography
are similar to the same response in sets of simulations that add a gxwand hold
topography constant (Figure 6.5).

Note that the y-axis of Figure 6.5 has four times the range of those Figure 4.12,
but that zonal average TOA changes in Figure 6.5 are comparable smme of the
regional changes in TOA radiation as seen in Figure 4.10. Mountains inViR cause
a strong local TOA response that is diminished in a zonal mean frameik. The
radiative response of the atmosphere to an added mountain rangenot as strong
when seen in a zonal-mean framework. In GRaM, the most noticeald¥@ergetic
response is a weak decrease in NH SH subtropical TOA energetianter(where the
SH has cooled more). The pattern of tropical clear and cloudy skyanges due to
the insertion of mountains in most AM2 simulations is similar to those dut g-fklux
forcing albeit weaker in amplitude. With unrealistically large g- ux forangs, the
presence of topography has little impact on the position of the ITCof the cross-
equatorial energy transport. The extratropical response toopography in AM2 is
small, while the high latitudes of GRaM have decreased NH-SH OLR, imphg that



the SH warms slightly.
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Chapter 7
SUMMARY AND CONCLUSIONS

This study has examined how to move the tropical precipitation in twali erent
aquaplaent models. Despite the stark di erences in these two aquanet models,
the results are remarkably similar. Adding a mountain range results ia northward
shift in tropical precipitation. The westward extent of the shift is geater in the AM2
simulations. Changes in evaporation are small in both models, which indtes that
changes due to the surface wind are also small. Changes in the pri¢éatpn are
related most to changes in the moisture ux convergence, which imtn is related to
changes in the Hadley circulation.

The result that tropical precipitation shifts northward is a robust result in both
models with or without wind-evaporation feedback included in the eysration pa-
rameterization. That wind-evaporation feedback is not importantin these studies
questions its importance in determining the ITCZ location in both basis, though
more work needs to be done to show its importance in the Atlantic biais

Adding extra surface heat into one hemisphere shifts precipitatiotoward that
hemisphere. With a mountain range and g- ux, the e ects on the ITCZ are roughly
additive. By far, the implied ocean energy transports in these simulans move
precipitation farther than an Andes mountain range. Locally, the ltange of the TOA
radiation due to an added Andes range is similar to the analogous TOAanges from
a g- ux. In the zonal mean however, adding a g- ux results in a g&er shift in
tropical precipitation than adding a SH mountain range does.

Including a model without clouds shows the importance of cloud feleaicks on

the location of the ITCZ and how feedbacks are important for a mafs response.
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The stratus cloud deck enhanced in AM2 simulations with an Andes maotain range
is important for re ecting insolation, cooling the surface, and makig the SH less
conducive for deep convection. Changes in the high clouds and moist due to the
shift in the Hadley circulation also play an important role in both simulatios that
add topography and g- uxes. In the simulations with g- uxes, clod and clear sky
feedbacks are responsible for the overcompensation of the AMéhasphere to a given
g- Ux.

These results lend support to recent research showing that theean heat ux
is important for the location of the ITCZ. Using zonally averaged o@n heat ux
derived from observations puts the ITCZ in the correct hemispherin either model
used here. The addition of an Andes range adds for zonal variatiam precipitation.
The location of the ITCZ is modulated by both local and remote e ed, and neither
should be neglected when working to understand its dynamics.

Other work on this subject has been undertaken while writing this thsis and
will be investigated more fully after this thesis is nished. This other wrk includes
coupled ocean-atmosphere results with slanted ocean basins tettthe Philander
et al. (1996) slanted coastline thesis. There is also more analysis te done that
looks at the energetic and hydrologic impact of the addition of one otnent into an
aquaplanet world. Research in this thesis and undertaken while colapng this thesis
also begs the question of what e ect mountains have on the meridianoverturning
circulation of the ocean. If mountains change the ocean energyamsport, then it
is possible that the atmosphere energy transport would responddinectly. Future
work after this thesis will be directed either at this question or at dier questions of

large-scale coupled ocean-atmosphere interactions.



66

BIBLIOGRAPHY

Adler, R., et al., 2003: The version 2 global precipitation climatology @ject
(gpcp) monthly precipitation analysis (1979-present)J. Hydrometeor, 4, 1147{
1167.

Black, D. E., L. C. Peterson, J. T. Overpack, A. Kaplan, M. N. Evars, and M. K.
Kshgarian, 1999: Eight centuries of north atlantic ocean atmosphe variability.
Science 286, 1709{1713.

Broccoli, A. J., K. A. Dahl, and R. J. Stou er, 2006: Response of th itcz to
northern hemisphere coolingGeophys. Res. Lett.33, LO1 702.

Chang, P. and S. G. Philander, 1994: A coupled ocean-atmospherstability of
relevance to the seasonal cycld. Atmos. Sci., 51, 3627{3648.

Chiang, J., M. Biasutti, and D. Battisti, 2003: Sensitivity of the atlartic in-
tertropical convergence zone to last glacial maximum boundary mditions. Pa-
leoceanography18.

Chiang, J. C. H. and C. M. Bitz, 2005: In uence of high latitude ice ceer on
the marine intertropical convergence zone&Clim. Dyn., 25, 477{496.

Dee, D. P, et al.,, 2011: The era-interim reanalysis: con guration ahperfor-
mance of the data assimilation systenQuart. J. R. Meteorol. Soc, 137, 553{597.

deMenocal, P., J. Ortiz, T. Guilderson, and M. Sarnthein, 2000: Cehnent high-
and low-latitude climate variability during the holocene warm period.Science
288, 2198{2202.

Dima, I. M. and J. M. Wallace, 2003:J. Atmos. Sci., 60, 1522{1527.

Farneti, R. and G. Vallis, 2009: An intermediate complexity climate moel based
on the gfdl exible modelling system.Geosci. Model Dey?2, 73{88.

Frierson, D. M. W., I. M. Held, and P. Zurita-Gotor, 2006: A gray-diation
aguaplanet moist gcm. part i: Static stability and eddy scale]. Atmos. Sci., 63,
2548{2566.



67

Frierson, D. M. W. and Y.-T. Hwang, 2012: Extratropical in uenceon itcz shifts
in slab ocean simulations of global warmingl. Climate, 25, 720{733.

Fuckar, N. S., S.-P. Xie, R. Farneti, E. A. Maroon, and D. M. W. Frierson, 2013:
In uence of the extratropical ocean circulation on the intertropcal convergence
zone in an idealized coupled general circulation modél.Climate, 26, 4612{4629.

GFDL, 2004: The new gfdl global atmosphere and land model am2ImBEvalu-
ation with prescribed sst simulations.J. Climate, 17, 4641{4673.

GFDL, 2006: Gfdl's cm2 global coupled climate models. part i: Formuletn and
simulation characteristics.J. Climate, 19, 643{674.

Giese, B. and J. Carton, 1994: The seasonal cycle in a coupled meaamosphere
model. J. Climate, 7, 1208{1217.

Gries, S. M., et al., 2005: Formulation of an ocean model for globallmnate
simulations. Ocean Sciencel, 45{79.

Hadley, G., 1735: Concerning the cause of the general trade winéhil Trans,
Roy. Sog 39, 58{62.

Haug, G. H., K. A. Hughen, D. M. Sigman, L. C. Peterson, and U. Rdh2001:
Southward migration of the intertropical convergence zone thugh the holocene.
Science 293, 1304{1308.

Held, I. M., 2005: The gap between simulation and understanding in clate
modeling. Bull. Amer. Meteor. Soc, 86, 1609{1614.

Held, I. M. and A. Y. Hou, 1980: Nonlinear axially symmetric circulatios in a
nearly inviscid atmosphereJ. Atmos. Sci., 37, 515{533.

Hwang, Y.-T. and D. M. W. Frierson, 2013: Link between the double-
intertropical convergence zone problem and cloud bias over soeth oceanProc.
Nat. Acad. Sci.

Kang, S. M., D. M. W. Frierson, and |I. M. Held, 2009: The tropical reponse to
extratropical thermal forcing in an idealized gcm: The importancefaadiative
feedbacks and convective parameterizatiod. Atmos. Sci., 66, 2812{2827.

Kang, S. M., I. M. Held, D. M. W. Frierson, and M. Zhao, 2008: The rgonse of
the itcz to extratropical thermal forcing: Idealized slab-oceanxperiments with
a gcm.J. Climate, 21, 3521{3532.



68

Klein, S. A. and D. L. Hartmann, 1993: The seasonal cycle of low atiform
clouds.J. Climate, 6, 1587{1606.

Koutavas, A. and J. Lynch-Stieglitz, 2003: Glacial-interglacial dyamics of
the eastern equatorial pacic cold tongue-intertropical convegrence zone sys-
tem reconstructed from oxygen isotope record$?aleoceanography 18, URL

http://dx.doi.org/10.1029/2003PA000894

Lindzen, R. and A. Hou, 1988: Hadley circulations for zonally averad heating
centered o the equator.J. Atmos. Sci., 45, 2416{2427.

Lindzen, R. and S. Nigam, 1987: On the role of sea surface temgara gradients
in forcing low level winds and convergence in the tropicg. Atmos. Sci., 44,
2418{2436.

Liou, K. N., 2002: An Introduction to Atmospheric Radiation. 2d ed., Academic
Press, 51-54 pp.

Liu, Z. and M. Alexander, 2007: Atmospheric bridge, oceanic tunheand global
climatic teleconnections.Rev. Geophys.45.

Mechoso, C. R., et al.,, 1995: The seasonal cycle over the tropicacpc in
coupled oceanatmosphere general circulation modé#on. Wea. Rey 123, 2825{
2838.

Mitchell, T. P. and J. M. Wallace, 1992: The annual cycle in equatoriadonvection
and sea surface temperaturel. Climate, 5, 1140{1156.

Peixoto, J. P. and A. H. Oort, 1992: Physics of Climate American Institute of
Physics, New York.

Peterson, L. C., G. H. Haug, K. A. Hughen, and U. Rhl, 2000: Rapichanges in
the hydrologic cycle of the tropical atlantic during the last glacialScience 290,
1947{1951.

Philander, S. G. H., D. Gu, G. Lambert, T. Li, D. Halpern, N.-C. Lau, aad R. C.
Pacanowski, 1996: Why the itcz is mostly north of the equatord. Climate, 9,
2958{2972.

Schumacher, C. and R. A. Houze, 2003: The trmm precipitation raad's view of
shallow, isolated rain.J. Appl. Meteor., 42, 1519{1524.



69

Takahashi, K. and D. S. Battisti, 2007: Processes controlling the ean tropical
paci c precipitation pattern. part i; The andes and the eastern pai c itcz. J.
Climate, 20, 3434{3451.

Thompson, L. G., E. Mosley-Thompson, and K. A. Henderson, 2000ce-core
palaeoclimate records in tropical south america since the last glacrabximum.
J. Quat. Sci., 37, 377{394.

Tomas, R. A. and P. J. Webster, 1997: The role of inertial instabilityn determin-
ing the location and strength of near-equatorial convectiorQ. J. R. Meteorol.
Soc, 123, 1445{1482.

Vallis, G., 2005: Atmospheric and Oceanic Fluid DynamicsCambridge Univer-
sity Press.

Wielicki, B. A., B. R. Barkstrom, E. F. Harrison, and J. E. C. R. B. Lee G.
L. Smith, 1996: Clouds and the earth's radiant energy system (@=): an earth
observing system experimentBull. Amer. Meteor. Soc, 77, 853{868.

Xie, S.-P., 1996: Westward propagation of latitudinal asymmetry in &oupled
oceanatmosphere modell. Atmos. Sci., 53, 3236{3250.

Xie, S.-P., 2005: The shape of continents, air-sea interaction antet rising
branch of the hadley circulation. The Hadley Circulation: Present, Past and
Future, H. F. Diaz and R. S. Bradley, Eds., Springer, chap. 5, 121{152.

Xie, S.-P. and S. G. H. Philander, 1994: A coupled ocean-atmospéenodel of
relevance to the itcz in the eastern paci cTellus, 46A, 340{350.

Yoshimori, M. and A. J. Broccoli, 2008: Equilibrium response of an atm
spheremixed layer ocean model to di erent radiative forcing agesit Global and
zonal mean responsel. Climate, 21, 4399{4423.

Yoshimori, M. and A. J. Broccoli, 2009: On the link between hadley ciutation
changes and radiative feedback processé&eophys. Res. Lett.36, L20 703.

Zhang, C., 2001: Double itczs]. Geophys. Res.106, 11 785{11 792.

Zhang, R. and T. L. Delworth, 2005: Simulated tropical response a substantial
weakening of the atlantic thermohaline circulationJ. Climate, 18, 1853{1860.



