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Abstract

High to low latitude atmospheric teleconnections have been a topic of
increasing scientific interest since it was shown that high latitude extratropical
forcing can induce tropical precipitation shifts through atmosphere-surface ocean
interactions. In this thesis, several aspects of high to low latitude atmospheric
teleconnections have been considered.

The atmospheric energy transport response during Northern Hemisphere
cooling and warming from present day and Last Glacial Maximum (LGM)
conditions is investigated using sea surface temperature (SST) anomalies derived
from a freshwater hosing experiment. The results showed the enhanced sensitivity
of the present day atmospheric mid-latitude energy transport compared to that of
the LGM, suggesting its ability to reorganize more easily and thereby dampen high
latitude temperature anomalies that could arise from changes in the oceanic
transport.

The following question was if the atmosphere-surface ocean interactions would,
if enabled, affect these findings. This lead to a further re-examination of the role of
tropical SSTs in the tropical precipitation shifts. An atmospheric general
circulation model coupled to a slab ocean was used to investigate the relative roles
of tropical SST and energy flux changes in the Intertropical Convergence Zone
(ITCZ) response to the North Atlantic cooling. The results revealed a partial
(local) energy compensation in the high latitudes, arising chiefly from the negative
temperature feedback. The main energy compensation was shown to come from
the southern tropics, with the energy gain originating from the cloud radiative
feedbacks, temperature and longwave water vapor feedbacks. Regarding the role of
tropical SST changes to ITCZ shifts, using the set of idealized simulations with the
fixed tropical sea surface temperatures, it was shown that the ITCZ shifts are not
possible without the tropical SST changes.

The work was further extended by considering all other scenarios that can
induce the southward ITCZ shifts, namely the Northern Hemisphere cooling,
Southern Hemisphere warming and a bipolar seesaw like forcing that encompasses
both. In respect to the overall energy budget, these shifts were followed with
entirely different energy flux changes that, in the first scenario, provided the global
energy surplus; in the second, provided a global energy loss; and in the third, kept
the global energy budget changes close to zero. These simulations have provided an
insight into two key areas over which the convection strongly reorganizes in order
to provide the energy flux changes required by the system. The two areas are the
East Tropical Pacific and the Northern Tropical Atlantic with positive and negative
top-of-the-atmosphere energy flux anomalies, respectively. Furthermore, Southern
Hemisphere warming simulations have not only caused the ITCZ shift, but have
also affected the high northern latitudes, as seen from the surface temperature and
wind strength changes. These results may have important paleo implications to the
Dansgaard-Oeschger type of events.






Resumé

Der er blevet vist oget videnskabelig interesse for atmosfaeriske
langdistanceforbindelser mellem hgj -og lavbreddegrader, siden det blev vist at
hojbreddegrad extratropisk forcering kan foresage eendringer i tropisk nedber
alene gennem interaktion mellem atmosferen og havoverfladen. I denne
afhandling er flere aspekter af langdistanceforbindelser mellem hej -og
lavbreddegrader taget under behandling. ZAndringen i den atmosferiske
energitransport ved atkeling og opvarming af den nordlige halvkugle mellem
nutidige betingelser og betingelser under Sidste Istids Maximum (SIM) bliver
undersogt ved brug af havoverflade temperatur anomalier udledt gennem et
ferskvands pertubations eksperiment. Resultaterne viser en oget folsomhed af den
nutidige atmosferiske energitransport ved mellembreddegradder sammenlignet
med felsomheden under SIM, hvilket peger mod det nutidige klimas evne til
lettere at tilpasse sig og derved at dempe temperaturanomalier ved hoje
breddegrader, der kunne skabes gennem @ndringer i transporten i havet.

Der af folger sporgsmalet om en aktiv atmosfare-havoverflade interaktionen
endrer pa disse resultater. Dette leder til en videre undersogelse af de tropiske
havoverflade- temperatures rolle i endringer af den tropiske nedber. En
atmosferisk generel cirkulation model koblet til en overflade oceanmodel bruges
til at undersoge den relative rolle af tropiske havoverflade- temperature og energi
flux @endringer i reaktionen af den Intertropiske Konvergens Zone (ITKZ) pa
afkolingen af Nordatlanten. Resultaterne afslorer en delvis (lokal) energi
kompensation i de hoje breddegradder, forst og fremmest pa grund af en negativ
temperatur-feedback. Hovedkilden for energikompensationen vises at stamme fra
de sydlige tropiske egne, med energitilveeksten foresaget af sky-stréling-feedbacks.
Med hensyn til de tropiske havoverflade- temperatures rolle i skift i placeringen af
ITKZ vises det, ved hjxlp af en reekke idealiserede simuleringer med faste tropiske
havoverflade- temperature, at det ikke er muligt at s@endre placeringen af ITKZ
uden aendringer i tropiske havoverflade- temperature.

Arbejdet viderefores ved at tage alle andre scenarier i betragtning, der kan fore
til skift i ITKZ mod syd, hvilket indbefatter afkeling af den nordlige halvkugle,
opvarmning af den sydlige halvkugle, og en bipoler vippe lignene forcering der
indbefatter begge. Disse simuleringer giver indsigt omkring to negleomrader, hvor
konvektionen gennemgar kraftig omorganisering for at levere den energi flux
kraevet af systemet. Disse to omrdder er det ostlige tropiske Stillehav og det
nordlige tropiske Atlanten, med henholdsvis positive og negative energi-flux
anomalier ved toppen af atmosfaeren. Udover dette foresager opvarming af den
sydlige halvkugle ikke bare skift i placeringen af ITKZ, men pavirker ogsa de hoje
nordlige breddegradder, hvilket ses af @ndinger i havoverflade- temperaturen og
vindhastigheden. Disse resultater kan have betydning for forstaelsen af klimaskift
af Dansgaard-Oeschger typen under istiden.
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Introduction

Chapter 1

Introduction

1.1 Motivation

Abrupt climate change represents one of the major concerns for
modern societal development. The ability to predict the climate shifts
provides an opportunity for the adaptation of socioeconomic and
environmental systems that, in turn, can decrease the magnitude of the
impact. As a result, significant scientific efforts have been focused on the
topic of future climate change. However, it is imperative to also consider past
climate change, as the past provides a test for our current understanding, and,
more importantly, represents a tool for constraining and verifying some of
the possible future scenarios.

The demise of a number of past civilizations (Akkadian (4.2 kyr BP),
Mochica (1.500 kyr B.P.) and Classic Maya (1.200 kyr B.P.)) has been linked
to sudden and persistent change in climate conditions (De Menocal 2001).
This has often been related to enhanced aridity - as in the case of the Mayan
society, where rainfall decline and abrupt droughts were associated with the
southward Intertropical Convergence Zone (ITCZ) shift (Haug et al. 2003).
According to this study, in addition to the limited adaptation capabilities,
another factor that contributed to the enhanced sensitivity to climate change
was reaching the limits of the environmental carrying capacity. It remains
uncertain whether this historical lesson has been embraced by modern society
and for how long the projected global population of 10 billion will continue
to, with an increasing pace, exploit the available resources (UNEP report,
2011).

In the context of abrupt climate change, much effort has been made to
identify the “tipping points” in the climate system. In that sense, the stability
of the ice sheets (and their effect on the sea level rise), the state of the Atlantic
Meridional Overturning Circulation and the possible shifts in the location of
the Intertropical Convergence Zone (ITCZ) represent some of the major
uncertainties and concerns. Mentioned elements of the climate system are not

only significant because of their ability to shift into different equilibrium
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states but also because their changes have a global impact through oceanic
and atmospheric teleconnections.

This thesis addresses the global atmospheric responses caused by changes
in oceanic circulation with the major focus being the atmospheric
teleconnections due to the high latitude forcing. In particular, this includes
the analysis of the tropical response to the North Atlantic, Southern Ocean
and a bipolar seesaw like forcing; study of the atmospheric teleconnections
between the high latitudes of the opposite hemispheres; and consideration of
the atmospheric heat transport sensitivities under glacial and interglacial
conditions. Although the main aim of the thesis is to address the mechanisms
of high to low latitude communication, the possible implications to the actual
paleoclimate events have been broadly discussed. In that sense, of main
interest are the two abrupt events occurring towards the end of the last glacial
period, namely the Younger Dryas and Bolling-Allered.

1.2 Abrupt climate change recorded in paleo data

The last glacial period was intercepted by a number of very fast abrupt
warming events, referred to as Dansgaard-Oeschger (D/O) events, that were
followed by more gradual cooling over a longer time period (Dansgaard et al.
1984). Their amplitudes have been estimated to range between 9°C and 16°C
(Lang et al. 1999, Severinghaus and Brook 1999). The most recent of these
abrupt warming events, the Bolling-Allered, occurred towards the end of the
last deglaciation and was followed by the abrupt Younger Dryas cooling in
which the temperature almost returned to glacial conditions (Steffensen et al.
2008).

The most detailed records of the D/O and Younger Dryas climate shifts
originate from Greenland ice cores (Dansgaard et al. 1984 and 1993, NGRIP
members, Steffensen et al. 2008). However, the signature of these events has
been found across the globe implying a global scale changes. Some of the best
known records are the Asian Hulu cave stalagmites (Wang et al. 2001 and
2007), Arabian sea deposits (Banakar et al. 2010), tropical Atlantic ocean
sediment cores (Peterson et al. 2000, Haug et al., 2001, Lea et al., 2003,
Peterson and Haug, 2006), tropical Pacific ocean sediment cores (Lea et al.
2006, Kienast et al. 2006, Koutavas and Sachs 2008, Dubois et al. 2011) and
the Antarctic ice cores (EPICA members 2004).
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Signals of the Younger Dryas and D/O events documented in Bermuda
Rise records by Sachs and Lehman (1999) and Keigwin and Boyle (1999)
suggest about 4°C SST change across the climate transitions. A similar
number was estimated by Lea et al. (2003) for the Cariaco Basin, which
showed SST changes of about 3°C at the start of the Bolling and during the
Younger Dryas. Cariaco basin records also reveal changes in the precipitation
amount (Peterson et al. 2000, Peterson and Haug 2006), considered to be a
consequence of changes in ITCZ location. Precipitation decrease coincident
with high northern latitude cooling has also been observed in speleothem
records across the Asia (Fleitmann et al. 2003, Wang et al. 2001, Yuan et al.
2004, Kelly et al. 2006) suggesting a more southward ITCZ position during
these cold periods.

Within dating uncertainty, tropical changes are found to be in phase with
Greenland temperature shifts (Peterson et al. 2000, Kienast et al. 2001, Wang
et al. 2001, Peterson and Haug 2006, Koutavas and Sachs 2008). Antarctic
temperatures, on the other hand, reveal a complex relationship with their
northern counterparts, with changes that are smaller and less abrupt
compared to those observed in Greenland ice cores (Jouzel et al. 1987, Blunier
et al. 1998, Grootes et al. 2001). For example, Antarctic Dome C and EDC
record show a maximum amplitude of about 3°C during D/O events (Jouzel
et al. 2007). Consideration of Antarctic and Greenland ice core record
temporal characteristics and their relation, has (amongst others), lead to the
bipolar seesaw theory which argues for the antiphase relationship between the
two (Broecker 1998, Stocker 1998). However, a shortcoming of this classic
bipolar seesaw theory was the assumption of zero lag time between the
changes observed in Greenland and Antarctica. A study by Stocker and
Johnsen (2003) suggests a thermal bipolar seesaw model according to which
the abrupt climate signals from the North Atlantic are dampened and
integrated into the southern heat reservoir (mainly represented by the
Southern Ocean). This proposed relationship is in agreement with the
coupled model studies (Vellinga and Wood 2002, Stouffer et al. 2006) while
the suggested time scale for thermal damping requires an additional heat
reservoir in addition to the Southern Ocean.

High resolution NGRIP ice core data (Steffensen et al. 2008) shown in
Figure 1.1 offers the most comprehensive existing evidence for the abrupt
climate shifts at the end of the last deglaciation. The time period presented
spans from 15.5 till 11 kyBP and includes the Bolling-Allerod warm period
starting at 14.7 kyBP, cold Younger Dryas conditions at 12.9 kyBP and the
start of the Holocene at 11.7 kyBP. NGRIP ice core data reveals the extreme
abruptness of these transitions by showing that changes in 8O (a proxy for
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air temperature at the site of deposition) changed by more than 10°C within a
3 year period at 14.7 kyBP. The transition into Holocene was somewhat
slower and had lasted about 60 years. The cooling transition into Younger
Dryas, on the other hand, had lasted more than two centuries. Greenland
temperature changes associated with these climate shifts are about 10K
(Severinghaus et al. 1999, Landais et al. 2005).

Deuterium excess d, shown in red in Figure 1.1, is considered to be a
proxy for past ocean surface temperatures at the moisture source region. Its
record reveals even more abrupt transitions compared to 80, that
correspond to 2-4°C temperature changes at the source regions over periods
of 1 to 3 years, during both warming and cooling transitions. Steffensen et al.
(2008) argues that such fast change points to an atmospheric reorganization
that happens from one year to another.

An intriguing question arises from insoluble dust and Ca’ records in the
NGRIP ice core. These two proxies are believed to reflect the atmospheric
transport and dust source conditions. For Greenland, the main dust source
regions are the deserts of East and Central Asia (Svensson et al. 2000).
According to NGRIP record, both dust and Ca" concentrations decrease by a
factor of 5 to 7 within four decades during the warming events. Furthermore,
this decline precedes the changes in deuterium excess. However, during the
cooling events, an increase in dust and Ca’ is slower and it lags behind the
deuterium excess shift. This evidence led Steffensen et al. (2008) argue that
during the abrupt warming events, the changes in tropics preceded the
changes in the high northern latitudes. Moreover, they proposed that the
trigger for this high northern latitude warming is a tropical atmospheric
reorganization that lead to a northward ITCZ shift.

However, the proposed scenario requires some issues to be resolved, as
there is no known mechanism that would enable the ITCZ shift to the colder
hemisphere (Chiang and Cuffey 2008). In this thesis, an alternative chain of
events is proposed, whereby Southern Ocean temperature changes are
identified as a possible trigger for high northern latitude temperature changes.
In this interpretation, Southern Ocean cooling (due to, for example,
meltwater or ice discharge) could have triggered the initial tropical
reorganization through the fast atmosphere-surface ocean teleconnection
causing the ITCZ to shift northwards. As it will be shown, these tropical
changes could, in turn, affect the high northern latitudes, through the
interaction between the tropical Atlantic dipole and North Atlantic
Oscillation (NAO). This leads to circulation changes over the North Atlantic
area, affecting the high northern latitude wind strengths and surface
temperatures.
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ramp functions for the NGRIP records shown to the left and for the
corresponding results obtained using DYE-3, GRIP, and GISP2 data, where
these are available at sufficient resolution (see list of records below the figure).
From Steffensen, J. P. et al. (2008), Science 321, 680-684. Reprinted with
permission from AAAS.
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1.3 Abrupt climate change in modeling studies

Changes to the Atlantic Meridional Overturning Circulation (AMOC)
are often regarded as a trigger of abrupt warming and cooling events (Bond et
al. 1993, Alley et al. 1999). The most common scenario for such slowdown or
shutdown of the AMOC involves meltwater fluxes or sea ice discharge
(Manabe and Stouffer 1988, Vellinga and Wood 2002, Dong and Sutton 2002,
Rahmstorf 2003, Dahl et al. 2005 and many others). While the first coupled
General Circulation Model (GCM) simulations did not appear to capture the
global effect of the freshwater discharge into the North Atlantic (Manabe and
Stouffer 1988), later studies with the new generations of GCMs have shown
pronounced tropical precipitation response to high latitude freshwater forcing
(Vellinga and Wood 2002, Dahl et al. 2005, Zhang and Delworth 2005,
Stouffer et al. 2006). Furthermore, a study by Cheng et al. (2006) illustrated
the robustness of the tropical precipitation shift induced by the North
Atlantic cooling under both present day and LGM conditions.

In parallel with the mentioned coupled ocean-atmosphere experiments,
high to low latitude atmospheric teleconnections have been the subject of
extensive atmospheric modeling studies, following pioneering work by
Chiang et al. (2003) and Chiang and Bitz (2005). The latter study showed that
an increase in the high latitude sea ice or land ice cover can induce the
tropical precipitation shifts via an atmosphere-surface ocean teleconnection.
The succeeding study by Broccoli et al. (2006) investigated the tropical
response to the idealized bipolar seesaw like forcing in the simulations of
present day climate confirming the significant shifts in the ITCZ position. In
both studies, atmospheric model was coupled to a mixed layer (slab) ocean,
allowing only for the atmosphere-surface ocean interactions.

Several mechanisms have been proposed to explain the link between the
overall tropical precipitation changes and temperature shifts in the
extratropical North Atlantic. These can be summarized as follows (following
Clement and Peterson, 2008): (1) zonal linkages in the tropics (2) zonally
symmetric adjustments (3) fast oceanic teleconnections and (4) thermohaline

circulation impact on ENSO variability. These mechanisms will now be
described briefly.

The first interpretation, which proposes the tropical zonal teleconnections,
originates from the coupled GCM simulations of Dong and Sutton (2002). In
this study, applied freshwater forcing in the North Atlantic shuts down the
thermohaline circulation and induces the high latitude cooling. In less than a
decade, tropical Atlantic response to this extratropical forcing develops,
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featuring the cold sea surface temperature anomalies to the north and warm
to the south of the equator. Connection with the tropical Pacific is achieved
by the atmospheric Rossby wave propagation from the tropical Atlantic. This
was suggested to affect the Pacific surface winds and initiate coupled
feedbacks that lead to El Nifo conditions. In turn, El Nifio conditions cause
the weakening of the rainfall over the west tropical Pacific and India due to
the westward propagating Rossby waves.

The zonaly symmetric adjustment theory suggests that the signal of high
latitude cooling is propagated through atmospheric interaction with the
surface ocean (both in the Atlantic and Pacific basins). This theory thus
implies that except for the initial trigger, no further changes in ocean
dynamics are required for the tropical response to develop (Chiang and Bitz,
2005). The mechanism of this atmospheric teleconnection has been invoked
throughout this thesis and a more detailed explanation will be provided
towards the end of this section.

The fast global oceanic teleconnection interpretation is based on global
baroclinic adjustment due to North Atlantic freshening. The signal of high
latitude density perturbation is spread globally within decades (or even a few
years) by coastal Kelvin and interior ocean Rossby waves propagation causing
the equatorial thermocline deepening. This has been confirmed in simple
ocean model simulations by Cessi et al. (2004) and Huang (2000). However, it
is not clear if this adjustment, which relates the North Atlantic density
changes with the Pacific thermocline and surface temperatures, is as
important in more complex ocean models. For example, a study by
Timmermann et al. (2005) shows smaller response of the Pacific thermocline
than predicted by the simple models. This, in turn, results in only a small
surface temperature response although it does imply weakening of the El
Nino Southern Oscillation (ENSO) due to equatorial thermocline deepening.
However, a subsequent freshwater hosing multimodel study by Timmermann
et al. (2007), shows intensification of ENSO due to the AMOC shutdown in
four coupled models and weakening of ENSO in one model. This study
implies that ENSO weakening caused by thermocline deepening (due to
purely oceanic processes) is overruled by the atmospheric circulation changes
that act to shoal the thermocline through changes in Ekmann pumping, with
the overall result being a strengthening of the ENSO instead.

Chiang et al. (2008) reexamined the proposed fast teleconnection
mechanisms in the first decade of adjustment to North Atlantic cooling and
identified the influence of both baroclinic ocean adjustment and atmospheric-
surface ocean mechanisms. According to this study, an ocean-driven
extratropical cooling is followed by atmosphere-surface ocean equatorward
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cooling progression, which includes the evaporative cooling in the tropical
North Atlantic and causes a southward ITCZ shift. The main argument of the
study arises from the fact that the baroclinic ocean adjustment acting alone
requires warmer tropical sea surface temperatures symmetrically distributed
about the equator after AMOC slowdown. This is in contrast to the
asymmetric response about the equator in coupled model simulations. The
later, hemispherically asymmetric, response in the tropical Atlantic concurs
with the atmospheric surface-ocean mechanism proposed by Chiang and Bitz
(2005) and strengthens the argument for the dominance of the atmospheric
response. Oceanic response, however, does alter the atmospheric signals, by
dumping and reinforcing them depending on the region, indicating a
complex relation between the two.

Even within the studies that propose the atmospheric teleconnections as
underlying the tropical-extratropical communication, there are some
differences in the exact interpretation of the mechanism of ITCZ shift. The
main points regarding the two most common views, namely the SST and
energy flux perspective, are therefore addressed in the next section.

14 SST and energy flux perspective of tropical
precipitation shifts

The studies by Chiang and Bitz (2005) and Broccoli (2006) were the
first to propose atmospheric-surface ocean interactions as a key element of
high to low latitude communication. The work by Chiang and Bitz (2005)
aimed to investigate the atmospheric response to anomalous Northern
Hemisphere sea ice cover and LGM land ice cover in an AGCM coupled to a
mixed layer ocean. Two mechanisms, the equatorward propagation (through
the wind-evaporation-sst feedback) and the tropical marine ITCZ feedback,
were proposed to explain the atmospheric teleconnection between the high
latitudes and tropics.

In these simulations, increased NH ice cover causes weakened latent and
sensible heat fluxes to the atmosphere, making the atmosphere above colder
and drier. The progression of cooling is dominated by the sensible heat flux
in the midlatitudes and latent heat flux in the tropics. The advection of high
latitude cooling over the extratropical oceans causes an increased air-sea
temperature difference increasing the sensible (and latent) heat fluxes out of
the ocean. In the northern tropics, cooling affects the easterly winds due to
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the increased meridional surface pressure gradient, increasing the wind
speeds. As a result of surface wind strengthening, the latent heat flux out of
the ocean increases and the cooling spreads equatorward. Above the cold
SSTs areas, anomalies in the specific humidity develop. The observed relation
between the increased wind, evaporative cooling and the spread of surface
cooling resembles the wind-evaporation-SST (WES) feedback described by
Xie (1999). However, later studies by Kang et al. (2009) and Mahajan et al.
(2011) showed that the ITCZ shifts are possible even when the WES feedback
is disabled, although the magnitude of the ITCZ response is larger in the
presence of WES feedback (Mahajan et al. 2011).

According to the Chiang and Bitz (2005) study, tropical marine ITCZ
feedback activates as the cold SST front arrives to the ITCZ latitudes making
it shift southward. Cold SST front affects the surface pressure anomalies
through hydrostatic adjustment, producing the anomalous pressure gradient
across the ITCZ latitudes. This in turn causes a southward cross-equatorial
flow and the ITCZ shift. The proposed interpretation on meridional SST
gradient affecting the cross-equatorial flow by creating a surface pressure
gradient, is based on a previous work by Lindzen and Nigam (1987) and
Hastenrath and Greischar (1993). This cross-equatorial boundary layer flow
changes the meridional position of maximum surface wind convergence
which is equivalent to shifting ITCZ (Chiang et al. 2003). Study by Chiang et
al. (2002) confirms the relationship between the meridional surface
temperature and pressure gradients and the tropical convection locations,
showing that the anomalous tropical Atlantic SST gradient of about 1K can
shift the ITCZ by hundreds of kilometers.

The positive marine ITCZ feedback arises due to strengthened north
easterlies and weakened south easterlies. As a consequence, latent heat flux is
reduced to the south of the mean ITCZ position and increased to the north
helping maintain the anomalous meridional SST gradient. As the ITCZ
displacement occurs, the anomalous Hadley circulation causes asymmetry in
the moisture content by increasing the moisture transport from the colder
into the warmer hemisphere. Therefore, it is the atmospheric humidity that
sustains the hemispheric SST asymmetries. Once the northern hemisphere
becomes dryer it remains colder because of the greenhouse effect of the water
vapor. Increased subtropical winds that caused the initial SST anomalies are
only responsible for the initialization and not for the maintenance.

From the energy budget perspective, the ITCZ moves southward in order
to increase the northward energy transport via the Hadley cell and to
compensate for the high latitude energy loss due to the imposed sea ice. There
is a partial local compensation of the imposed cooling in the high latitudes,
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seen through reduced outgoing longwave radiation due to decrease in a
temperature and humidity. However, this is not sufficient and the anomalous
atmospheric northward heat transport is required to make up for the energy
loss. Southward movement of the ITCZ affects the radiative balance in such
way that more energy is absorbed due to the switch into a deeper convective
regime. This energy surplus is then transported northwards.

Annual mean energy fluxes at the top-of-the-atmosphere (TOA) and the
atmospheric heat transport anomalies from the study by Chiang and Bitz
(2005) are shown in Figure 1.2. The anomalies represent the difference
between imposed LGM land ice simulation and a present day control run.
The first panel (1.2a), showing the TOA shortwave anomaly, indicates that an
increase in albedo causes a decrease in shortwave radiation at about 60°N
while there is an increase in shortwave radiation in the northern tropics due
to cloud cover changes related to the southward ITCZ shift. Outgoing
longwave radiation (1.2b) is also reduced in the extratropics is not sufficient
to make up for the extratropical shortwave energy loss. Overall, positive TOA
longwave changes occur in the northern extratropics and southern tropics
while negative changes arise in the northern tropics. Maximal total energy is
absorbed in the southern tropics (1.2¢). Northward atmospheric energy
transport anomalies (1.2d) show a significant increase in the southern tropics
while the most of transported energy is lost in the northern tropics and
northern midlatitudes.

The energy flux perspective of high to low latitude atmospheric
teleconnections originates from the studies by Broccoli et al. (2006) and
Yoshimori and Broccoli (2008). Broccoli et al. (2006) suggest that changes in
atmospheric heat exchange between the tropics and midlatitudes are the likely
cause of the tropical response. Furthermore, Yoshimori and Broccoli (2008)
demonstrated that the interhemispheric contrast in radiative forcing better
correlates with the tropical Hadley cell response than the interhemispheric
temperature contrast.

Aquaplanet modeling studies by Kang et al. (2008) and Kang et al. (2009)
further expand the energy flux perspective. These studies postulate that the
tropical response to extratropical thermal forcing is determined by the
atmospheric heat transport response which, in turn, is governed by the
extratropical eddy energy fluxes. In this view, the tropical precipitation
response can be predicted from the Hadley mass response and this is further
related to the atmospheric energy transport response. The magnitude of the
tropical precipitation response is therefore determined by the fraction of the
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Figure 1.2: Annual mean energy flux summed over latitude bands, and zonal
and annual mean atmospheric heat transport differences between the LGM land
ice simulation and control. a TOA shortwave flux (GW/m, positive values are
towards the surface), b TOA longwave flux (GW/m, positive values are towards
the surface), c total energy absorbed in the atmospheric column (GW/m), d total
northward energy transport by the atmospheric circulation (PW). From: Chiang,
J. C. H. and C. M. Bitz (2005), Influence of high latitude ice cover on the marine
Intertropical Convergence Zone, Climate Dynamics (10.1007/s00382-005-0040-
5). Reprinted with permission from Springer.

imposed forcing that is balanced by atmospheric meridional moist static
energy fluxes. This is justified by the fact that while the anomalous Hadley
circulation transports the energy to the cooled hemisphere (in order to
compensate for the implied oceanic transport), it also increases cross-
equatorial moisture transport (to the warmed hemisphere), causing an
increase in the tropical precipitation response.

This perspective builds up on arguments by Held and Hou (1980) and
Lindzen and Hou (1988) which imply that in the presence of the asymmetric
thermal forcing about the equator, it is necessary for the rising branch of the
Hadley cell to shift to the warmer hemisphere (in order to avoid large
temperature gradients). This arises from the angular momentum conservation
consideration which provides an upper limit for the horizontal temperature
gradients allowed in the tropics. The implications of angular momentum
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conservation for the tropical temperature gradients are discussed in detail in
Appendix 1. Study by Neelin and Held (1987) also emphasizes the relation
between the tropical circulation response and atmospheric energy budget
changes.

In the aquaplanet model simulations without cloud and water vapor
feedbacks, Kang et al. (2008) found that about 25% of the implied oceanic
heat transport in the tropics was compensated for by atmospheric transport.
By adding the cloud and water vapor feedbacks, and altering the convection
scheme (in GFDL AM2 model), they showed that the compensation could
increase to 115%. This increase in compensation is attributed to subtropical
radiative feedbacks that act to further increase the interhemispheric gradient
in radiative imbalance. This study therefore also indicates the strong
dependence of the tropical response on the model convection scheme used, a
factor which may be of importance when comparing the tropical response
obtained by different models.

Succeeding work by Kang and Held (2011) suggests that the atmospheric
energy budget, controlled primarily by the surface energy budget, is more
fundamental in controlling the tropical precipitation shifts than the SSTs. In
this sense, the SST response is viewed as a result of the surface energy budget
and not as a driver of the precipitation response. This is to some extent in
contrast with the SST perspective in which SST changes are considered to be
the cause (and not the consequence) of the atmospheric heat transport and
precipitation response.

Chapter 2 of this thesis describes an attempt to reconcile these two views

and provides some further constraints on the role of tropical SSTs in ITCZ
shifts.

1.5 Employed models and experimental setups

The simulations presented in this thesis were obtained using two
atmospheric general circulation models, namely the National Center for
Atmospheric Research Community Climate Model version 3.6.6 (CCM3) and
Community Atmosphere Model version 3 (CAM3). The characteristics of
both are briefly summarized in this section together with the description of
the experimental configurations.

The CCM3 model has been described by Kiehl et al. (1998). It is a global
spectral model with a physics package that includes radiation, convection,
boundary layer processes as well as a diagnostic treatment of clouds and
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prescribed sea ice. It contains a Land Surface Model (LSM) (Bonan et al.
1998) that allows detailed treatment of land surface processes. Its standard
horizontal resolution is T42 (approximately 2.8° x 2.8° transform grid) with
18 levels in the vertical and a model top at 2.9 mb. The corresponding model
time step for this resolution is 20 minutes. Radiative fluxes are calculated
every hour and between hourly calculations, the radiative fluxes are held fixed.
In its default setup (which was also applied in our simulations) it is run in the
data ocean mode, meaning that it uses prescribed sea surface temperatures.

Dynamical simulations of the CCM3 model were analyzed by Hurrell et al.
(1998), who found the simulated pressure field patterns to be reproduced very
well. Over the subtropics, the reproduced surface pressure is larger than that
observed as a consequence of the bias in the simulated trade winds and the
corresponding surface wind stress. The amplitude and location of the main
upper tropospheric circulations were very well captured. However, simulated
200 hPa westerlies were stronger than observed between 40° and 50° in the
Northern and Southern Hemisphere. Improvements to the tropical
hydrologic cycle and Walker circulation resulted in a significant decrease of
the westerly bias in the equatorial upper troposphere compared to a previous
model version. The same study also found that the main storm tracks and
transient eddy flux fields are reasonably well simulated. Discrepancies related
to the simulated transient eddy heat flux maximum are present in the winter
over the North Pacific, while the transient kinetic energy is somewhat
underestimated by the model. Meridional heat transport in the CCM3
compares well with that obtained by Trenberth and Caron (2001) from the
reanalysis data, both in terms of peak value and the latitude of maximum
transport (Magnusdottir and Saravanan, 1999).

The results described in Chapter 2 were obtained by applying the
freshwater forcing SST anomalies from the intermediate complexity model
ECbilt-CLIO (Goosse and Fichefet, 1999, Opsteegh et al. 1998) into the
CCM3 simulations of both the present day and the Last Glacial Climate.
Freshwater simulations have been described by Wang et al. (2009) and they
correspond to freshwater pulse of 1.5 Sv applied to the North Atlantic over
the period of 20 years.

Detailed description of the Community Atmosphere Model (CAM3) and
its simulations is given in Collins et al. (2004) and Collins et al. (2006). This
model version has been used in the studies described in Chapter 3 and
Chapter 4 of the thesis. CAM3 dynamic formulation includes options for
Eulerian spectral, semi-Lagrangian, and finite-volume formulations. In our

simulations we applied T42 spectral resolution with 26 levels in the vertical.
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The model includes the land surface model CLM3 (the Community Land
Model version 3; Bonnan et al. 2002, Oleson et al. 2004), a slab ocean model
and a thermodynamic sea ice model. The slab ocean model formulation is
optional to CAM3 and the simulations can either be performed in the data
ocean mode (prescribed sea surface temperatures) or the slab ocean mode
(prescribed Q-flux field). The net heat removal rate out of the slab ocean (Q-
flux) is specified for each ocean grid point and month in order to maintain
the climatological observed annual cycle of sea surface temperatures. Q-flux
field is computed as the residual from the surface heat budget using the
corresponding data ocean model simulations. Mean ocean mixed-layer depths
are derived from a data set of the observed vertical profiles of ocean salinity
(Levitus, 1982). For illustration, mixed layer depths in the tropics are between
10 and 30 m.

Compared to the previous versions, major improvements to the
parameterizations of cloud and precipitation processes, radiative processes,
and aerosols have lead to more realistic simulations of tropical tropopause
temperatures, boreal winter land surface temperatures, surface insolation, and
clear-sky surface radiation in polar regions. In addition, better agreement
with the satellite observations of cloud radiative forcing variation during
ENSO events is achieved. The main biases are related to an underestimation
of tropical variability, oceanic surface flux values in the tropics, an
underestimated implied ocean heat transport in the Southern Hemisphere as
well as the offsets in the 500-mb height field and the Aleutian low.

Three types of CAM3 simulations have been performed: a default slab
ocean mode simulation; a combined data and slab ocean mode simulation
(prescribed sea surface temperatures in the tropics and slab ocean in the
extratropics); and an aquaplanet slab ocean mode simulation.

The simulations described in Chapter 3 include the standard slab ocean
model but also a formulation in which the sea surface temperatures are fixed
over the tropical parts of the ocean and the slab ocean boundary condition is
applied north and south of this area. Later setup was applied in order to
investigate the role of tropical sea surface temperatures in tropical
precipitation shifts. Changes to the model code were introduced in order to
include both DOM (data ocean model) and SOM (slab ocean model) sea
surface temperatures in the same simulation. In order to avoid large gradients
in sea surface temperature fields when switching from one formulation to
another, a “border” area was introduced in which the SST values were
interpolated between the prescribed DOM values and calculated SOM values.
The idealized control simulation was found to compare reasonably well with
the standard slab ocean simulation.
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The results presented in Chapter 4 were obtained in the slab ocean mode
with changes introduced in the treatment of Q-flux adjustment terms. In this
setup, Q-flux correction factors were excluded from sea surface temperature
calculations over the warm (temperatures larger than zero) ocean points.

As described by Collins et al. (2004), in the CAM3 slab ocean model there
are two types of Q-flux adjustments which serve to: (1) reduce the loss of heat
from the mixed layer to zero - in situations when its temperature approaches
the freezing point; and (2) ensure that the sea ice distribution is bounded
against unrealistic growth or loss. These adjustments are applied to the
background Q-flux field and the mixed layer sea surface temperatures are
updated accordingly. In the next step, the global energy conservation is
checked in order to ensure that the global average of the adjusted and original
Q-flux field is the same. If this is not the case, the difference between the two
is redistributed over the warm ocean points around the globe (by once more
altering their Q-flux values), in order to ensure energy conservation. This Q-
flux difference term is then also used to update the temperatures over the
warm ocean points. It is this step that has been disabled in the model runs
described in Chapter 4.

The problem of high to low latitude atmospheric communication was the
major motivation for applying this decoupling. In order to study the
atmosphere-surface ocean teleconnections only, it was necessary to make sure
that Q-flux adjustments are not affecting the surface temperatures in areas
away from the sea ice. However, in order to avoid unrealistic sea ice growth
or loss, Q-flux adjustments were kept over the sea ice area. The (small)
amount of energy that was not used to update the temperatures over the
warm ocean points is thus considered to be exchanged with the deeper ocean
(transmitted below the mixed layer). This may well be a more realistic
scenario compared to the option of the energy being instantly redistributed
around the globe over non-ice covered ocean points.

During the investigation of the southward ITCZ shifts in Chapter 4,
aquaplanet slab ocean simulations were also employed in order to eliminate
the possible effects of asymmetries in land-ocean distribution between the two
hemispheres as well as the sea ice effects. In these simulations, the effect of sea
ice is excluded by uniformly fixing the surface albedo to 0.15, meaning that
the points in which the temperature drops below the freezing are still treated
as open ocean points. Mixed layer ocean heat flux (Q-flux), aerosols and
ozone forcing have been symmetrized and zonaly averaged around the
equator. Other simulation details were kept the same as those in the
corresponding slab ocean experiments with the exception of eccentricity
which was set to zero.
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1.6 Overview and the thesis outline

High to low latitude atmospheric teleconnections during abrupt
cooling and warming events are the major focus of this thesis. The work
encompasses a study of the sensitivity of atmospheric heat transport under
glacial and interglacial conditions, followed by an investigation of global
energy flux changes to North Atlantic cooling and the role of tropical sea
surface temperatures in ITCZ shifts. In the final study, possible triggers of
southward ITCZ shifts are considered and a unique comparison of the fast
atmospheric teleconnections during different phases of the slower oceanic
response is provided.

Presented work has several paleo implications. Firstly, it illustrates a
two step atmospheric forcing on tropical ITCZ, due to the initial high
northern latitude ocean cooling and due to the subsequent high southern
latitude ocean warming caused by the oceanic bipolar seesaw mechanism.
Secondly, it demonstrates the existence of an atmospheric teleconnection
between the high latitudes of the two hemispheres and therefore points
towards an atmospheric bipolar seesaw mechanism which acts on top of the
oceanic one. Despite the idealized forcing applied in model simulations,
mechanistic implications described in this study could be applied to the
Younger Dryas or Heinrich type of events.

Chapter 2 details work performed with Peter L. Langen and Eigil Kaas and
appears in Cvijanovic et al. (2011). The chapter contains a sensitivity
investigation into atmospheric transport feedbacks to imposed oceanic
cooling and warming. An introduction and experimental configuration are
given in Sections 2.1 and 2.2, respectively. The sensitivities of the total
atmospheric heat transport and its components, dry static energy transport
and latent heat transport are considered in Section 2.3.1, while the meridional
structures of the transport responses are addressed in Section 2.3.2. In order
to better understand the mid and low latitude transport changes in the two
climates, mid-latitude transient and stationary eddy heat flux anomalies are
first compared. This is followed by a consideration of the location of tropical
ITCZ. The overall conclusion of the study points to a larger negative
atmospheric heat transport feedback to imposed temperature gradients under
present day conditions compared to the Last Glacial Maximum. The
prescribed sea surface temperature setup used to study the atmospheric heat
transport feedbacks, have influenced the results by not allowing for the

atmosphere surface-ocean interactions. This was a major motivation for
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employing an AGCM coupled to a mixed layer ocean model in the
subsequent analyses.

Chapter 3 provides an investigation into the role of tropical sea surface
temperatures in the tropical response to high latitude cooling. This was
accompanied by an investigation of global top of the atmosphere (TOA)
energy budget changes in response to high latitude cooling. The general
characteristics of the equilibrium response are described in Section 3.3.1. In
order to decompose the TOA flux changes into individual feedback effects,
the radiative kernel technique of Soden et al. (2008) was applied. An overview
of this technique is given in Section 3.3.2 along with its application to the
energy balance decomposition in performed slab ocean simulations (Section
3.3.3). Proposed interpretation based on the comparison to the idealized
experiments with fixed tropical sea surface temperatures is given in Section
3.3.4. At the end of this chapter the results of transient simulations are
examined by considering the establishment of anomalous atmospheric
northward heat transport. This study shows that the main energy flux
compensation for high latitude cooling comes from the southern tropics due
to the southward ITCZ shift and the corresponding longwave cloud and
water vapor feedbacks. It also demonstrates that the ITCZ shifts are not
possible without the sea surface temperature changes. The results presented in
Chapter 3 are joint work with John C. H. Chiang, and this chapter is the basis
for a manuscript currently under revision (Cvijanovic and Chiang, 2012).

In Chapter 4 several triggers of southward ITCZ shifts are compared with
respect to the tropical precipitation response and global energy flux changes.
Following the introduction and model setup (Sections 4.1 and 4.2), three
southward ITCZ shifts are considered: due to the Northern Hemisphere
cooling, Southern Hemisphere warming and due to a bipolar seesaw forcing
(which encompasses both Northern Hemisphere cooling and Southern
Hemisphere Warming). The results of corresponding aquaplanet simulations
are also considered in this chapter, confirming the larger cross-equatorial heat
transport response due to high latitude southern warming compared to the
northern cooling (Section 4.3.2). The main tropical radiative feedback effects
following the three ITCZ shifts are discussed in Section 4.3.3. Furthermore,
the possibility of atmospheric bipolar seesaw (atmosphere-surface ocean
teleconnection from the Southern Ocean to North Atlantic) is discussed in
Section 4.4 along with an overview of the paleo-data implications in Section
4.5.

Conclusions (including a thesis summary) are given in Chapter 5 followed
by an Epilogue. Appendix 1 describes in more detail the upper tropospheric
implications of angular momentum conservation in the tropics.
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Chapter 2

Weakened atmospheric energy transport feedback
in cold glacial climates

In this chapter, the response of atmospheric energy transport during
northern hemisphere cooling and warming from present day (PD) and Last
Glacial Maximum (LGM) conditions is investigated using sea surface
temperature anomalies derived from a freshwater hosing experiment.

The present day climate shows enhanced sensitivity of the atmospheric
mid-latitude energy transport compared to that of the LGM suggesting its
ability to reorganize more easily and thereby dampen high Ilatitude
temperature anomalies that may arise from changes in the oceanic transport.

This effect is found to be a result of both the atmospheric and surface flux
response. The increased PD transport sensitivity relative to that of the LGM is
linked to a stronger dry static energy transport response which, in turn, is
mainly driven by larger changes in the transient eddy heat flux. In
comparison, changes in mid-latitude latent heat transport play a minor role
in the overall transport sensitivity.

2.1 Introduction

Proxy climate data from around the world show enhanced variability, such
as the presence of Dansgaard-Oeschger events, during glacial periods
compared to the interglacials (Greenland ice cores (NGRIP Members, 2004),
Antarctic ice cores (EPICA Members, 2006), Cariaco Basin sediment cores
(Peterson et al., 2000), Asian cave stalagmites (Wang et al., 2001) and Arabian
Sea sediment cores (Banakar et al., 2010)). Changes in the oceanic circulation
and halocline stability (due to, e.g., ice discharge or meltwater events) are
considered a potential driver of these events as inferred from the ocean
sediment data and modeling studies (Keigwin et al. 1994, Broecker et al. 1994,
Dahl et al. 2005). Although the role of the atmosphere is often considered
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secondary in this regard, various atmospheric and surface feedbacks, such as
clouds, albedo, atmospheric energy transport, can enhance or weaken the
initial anomaly in the oceanic state. The focus of this study is on a
presumably negative feedback, namely the atmospheric heat transport and its
response to high northern latitude temperature anomalies under warm
interglacial and cold glacial conditions.

Numerous modeling studies have addressed communication between high
and low latitudes, showing that changes in ice cover, Atlantic Meridional
Overturning  Circulation = (AMOC) or generally antisymmetric
interhemispheric heating in the high latitudes can induce a displacement of
the Intertropical Convergence Zone (ITCZ) (Zhang and Delworth 2005,
Chiang and Bitz 2005, Broccoli et al. 2006, Chiang et al. 2008). Trenberth and
Caron (2001) and Wunsch (2005) have demonstrated a dominance of
atmospheric over oceanic transport in the extratropics. Nevertheless, possible
changes in the sea ice extent due to oceanic transport variations, and their
further influence on the atmospheric circulation leave the ocean a relevant
trigger for abrupt climate shifts despite the small high latitude ocean heat
transport.

The sensitivity of the atmospheric energy transport to global mean
temperature and meridional temperature gradients was previously studied by
Caballero and Langen (2005) in a series of aquaplanet simulations. They
found atmospheric heat transport independent of global mean temperature in
cases when the global mean temperature was high and meridional
temperature gradient low. These climate states were also the ones in which
sensitivity to temperature gradient was largest. Cheng et al. (2007) focused on
the atmospheric and oceanic heat transport responses due to AMOC
slowdown under LGM and PD conditions. They found the oceanic heat
transport largely compensated by the atmospheric heat transport with
midlatitude transient eddy transport playing an important role for the overall
atmospheric response in both climates. Hwang and Frierson (2010)
investigated the atmospheric poleward energy transport under global
warming and found the change in atmospheric moisture content and latent
heat transport to be the main cause for the total atmospheric transport
increase with the dry static energy transport playing a smaller, compensating
role.

This study investigates the sensitivity of the atmospheric energy transport
to meridional temperature gradients under glacial and interglacial climates. In
contrast to the previous studies that compared the transport response in the
two climates, we address its actual sensitivity and its ability to feed back
negatively on the imposed changes. Variations in temperature gradients were
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imposed by changes in sea surface temperatures (SST) and sea ice lines,
reflecting the sea surface response to oceanic heat transport variations. A
weakened atmospheric transport sensitivity, i.e. a less negative atmospheric
feedback, would imply a climate state with the atmosphere less capable of
damping high latitude temperature anomalies arising from changes in the
oceanic transport. In this case, the climate is thus likely to be influenced more
strongly by excursions in the oceanic circulation. In an atmospheric general
circulation model (AGCM), high latitude SST anomalies are applied mainly
in the North Atlantic mimicking the effect of changing AMOC strength. The
sensitivity of the atmospheric response to different sea ice extents and SSTs is
then tested with the anomalies applied in two background climates, PD and
LGM.

2.2 Experimental configuration

The atmospheric transport sensitivity is tested using the National
Center for Atmospheric Research’s CCM3 (Kiehl et al., 1998), employing T42
horizontal resolution with 18 levels in the vertical. This AGCM was run in
prescribed SST mode with both PD SSTs (Shea et al., 1992) and LGM SSTs
(CLIMAP, 1994) in order to obtain the two control simulations. LGM
topography and land mask is taken from the ICE-5G reconstruction of Peltier
(2004). Experiments have been run for 30 years and averages over the last 20
years are used in the analysis. The main parameters describing the
experiments are given in Table 2.1.

. GHG (CO,, N,0, orbital forcing
experiment . SST
CHy) (oblig., Ive, eccen.)
280 ppm, 270 ppb, 23.446 °,102.04 °,
PD_ctrl PP PP Shea et al.
760 ppb 0.016724
PD_px . . PD_ctrl + x*ANO
as in PD_ctrl asin PD_ctrl
PD_mx PD_ctrl - x*ANO
200 ppm, 190 ppb, 22.949°,114.42°,
LGM_ctrl CLIMAP
350 ppb 0.018994
LGM_px . . LGM_ctrl +x*ANO
as in LGM_ctrl as in LGM_ctrl -
LGM_mx LGM_ctrl - x*ANO

Table 2.1: Experiment summary, x is the strength factor used to multiply the
anomaly (x=0.5, 1, 1.5, 2), ANO - anomaly from ECBilt-CLIO experiments.
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The performance of the model dynamics was analyzed by Hurrell et al.
(1998) and it was found that CCM3 reasonably well depicts the main storm
tracks and transient eddy flux fields. Differences occur in the winter over the
North Pacific, where the simulated transient eddy heat flux maximum is too
strong and displaced to the north. The simulated transient kinetic energy is
somewhat underestimated, especially over the summer hemispheres.
Magnusdottir and Saravanan (1999) analyzed the meridional heat transport in
CCM3. Both in terms of peak value and the latitude of maximum
atmospheric transport their results compare well with those obtained by
Trenberth and Caron (2001) based on reanalysis data.

SST anomalies are derived from a freshwater hosing experiment in the
intermediate complexity model ECBilt-CLIO (Goosse and Fichefet 1999,
Opsteegh et al. 1998). The ECBilt-CLIO was spun up for 1500 years using
present day orbital forcing and pre-industrial GHG levels and this state was
used as a starting point for the freshwater hosing experiments. In a manner
similar to that of Renssen et al. (2002), a freshwater forcing of 1.5 Sv was
applied to the ECBilt-CLIO for 20 years in the North Atlantic and SST
anomalies are calculated from the difference between the resulting on-state
after recovery and the off-state of the AMOC (details are given by Wang
(2009)). These annually varying SST anomaly fields are multiplied by a series
of different strength factors and added to the two background control fields,
representing the present day and Last Glacial Maximum, in the CCM3
(Figure 2.1a). A total of 18 experiments were performed: two control runs
(PD and LGM) and 8 sets of perturbations starting from each. Experiments
are named after the strength factor used to multiply the anomaly: prefix p
refers to positive anomalies (NH warming) and m to negative anomalies (NH
cooling), with strengths ranging from -2 to 2 in steps of 0.5. The same SST
anomalies are applied in both sets of experiments. We limit this study, by
construction, to the mechanism of the fast atmospheric response under the
two climates and do not consider potential differences in the slower oceanic
response between PD and LGM.

In the simulations, a sea surface temperature of -1.8°C (freezing point) is
used as the criterion to distinguish between the open ocean points and sea ice,
with a fixed thickness of 2 m. Therefore, when preparing the perturbation
input fields, surface temperature (T,) fields from the control experiments were
employed at the ocean points to allow for temperatures below -1.8°C in the
presence of sea ice. During summer, however, sea ice T, may attain values
between -1.8°C and 0°C, which would imply that a sea ice point is mistaken
for an ocean point. To avoid this, we subtracted 1.8°C from the sea ice points
with temperatures above the freezing point of sea water. The SST anomaly
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fields were then added to these control T, fields and Figure 2.1 (b and c)
demonstrates the resulting sea ice lines. Note that summer (JJA) is shown

here as it is the season with the highest sea ice decline due to the anomalies
imposed.
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Figure 2.1: (a) Annual sea surface te/r\nperaturé anomalies from ECBilt-CLIO
experiments. Negative anomalies: dashed (0.5K intervals), positive anomalies:
solid (1K intervals). Panels (b) and (c): NH summer (JJA) sea ice lines (-1.8°C
SST isotherms) for PD and LGM simulations, respectively.
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Although we do impose perturbations that tend to realistically represent
the effects of changes in the oceanic heat transport, the important point,
however, is not the exact SST and sea ice line geometries, which will depend
on model and background climate, but the general alteration of the large scale
Northern Hemisphere meridional temperature difference (NHTD) obtained
in this way. Here we define NHTD as the difference of the average surface
temperatures over the areas 0°-30°N and 30°-90°N including both land and
ocean points. Using the NHTD as a metric enables a comparison between the
two climates that significantly differ from each other in their surface
conditions.

We consider the NHTD and not the alteration of the implied ocean heat
transport in the following sensitivity analysis. This is due to the fact that the
SSTs are prescribed in the simulations and there is no possibility of ocean
transport feedback. Thus, given a surface temperature perturbation, which in
this case is measured by the meridional temperature difference, we investigate
the resulting atmospheric heat transport response. The normalization is
performed using the surface temperatures as the primary cause of change and
not the surface fluxes or, equivalently, the implied ocean heat transport. Of
course, the surface fluxes influence the atmospheric state and the atmospheric
heat transport, and are in turn influenced by the latter two. Hence, it is
important to evaluate how the SST change is communicated to the
atmosphere by the surface fluxes and so we complete our analysis by also
considering the surface budget imbalance per NHTD.

The SST anomalies applied in the PD and LGM simulations are identical,
but the resulting NHTD anomalies are not, because the large LGM sea ice
extent with low surface temperatures requires much larger anomalies for open
ocean points to emerge. Therefore, the resulting range of the imposed NHTD
changes is around 3K for LGM simulations and 5K for PD. In order to obtain
a LGM NHTD anomaly with a value similar to that in the maximum PD
warming case (PD_p2) we have included in our analysis an additional
experiment in which three times the initial anomaly was added to the LGM
background climate (LM_p3). NHTD values for each experiment are
summarized in Table 2.2. Due to the strength of the coupling between surface
and surface air temperature, all conclusions in the following remain
unchanged if the surface air temperature or lower tropospheric temperature
was used instead of surface temperature in the definition of NHTD.
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experiment NHTD [K]
PD_m?2 22.6
PD_m1.5 22.1
PD_m1l 21.4
PD_m0.5 20.6
PD_ctrl 20.1
PD_p0.5 19.6
PD_p1 18.9
PD_p1.5 18.4
PD_p2 17.8
LGM_m?2 28.85
LGM_m1.5 28.5
LGM_m1 28.13
LGM_m0.5 27.85
LGM_ctrl 27.5
LGM_p0.5 27.1
LGM _p1 26.7
LGM _pl.5 26.5
LGM _p2 26.1

Table 2.2: Resulting Northern Hemisphere meridional temperature difference
(NHTD) from the various experiments.
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2.3 Results

2.3.1 Atmospheric transport sensitivities

Total northward atmospheric and latent energy transports are
calculated from the atmospheric energy and fresh water budgets, respectively.
Such implied transport calculations assume a steady state with constant (long
term) energy and moisture content in the column, which is the case for the
multi-year averages used in these calculations. In these calculations, monthly
mean surface and top-of-atmosphere (TOA) fluxes and precipitation values
are used. Whilst the total atmospheric transport is obtained by integrating the
atmospheric net energy budget over the latitudes (from the south pole to the
given latitude), latent energy transport is calculated considering the fresh
water budget obtained as surface evaporation minus precipitation. Northward
dry static energy transport (DSE) is obtained as the residual between the total
atmospheric and latent heat transports. We do not account for the very small
kinetic energy transport and it remains a part of the DSE transport. These
calculations have been verified by direct calculation using the individual time
step values of vertical integrals of meridional advection of temperature, water
vapor and geopotential (v7',vg and v¢ ), but as these fields were not obtained
for all experiments we use the approach described above.

Total transport anomalies at the equator and 30°N are plotted as a
function of NHTD anomalies in Figure 2.2. Imposed NH warming (negative
NHTD anomalies) causes a decreased total atmospheric transport, while NH
cooling causes an increased transport. Panels a, b and ¢ show total, dry static
energy and latent cross-equatorial heat transport for PD (solid circles) and
LGM (open circles) warming and cooling simulations. Panels d, e and f show
the same for the transports across 30°N.

Linear regression coefficients rc (and the corresponding 7’ values) of
transport versus NHTD anomalies provide a measure of the sensitivity of the
atmospheric transport. Statistical significance of the results was confirmed by
Monte Carlo sampling, giving frequency distributions of regression
coefficients differences between the two climates based on yearly samples. The
LGM simulations indicate an enhanced total transport sensitivity at the
equator and decreased sensitivity at 30°N relative to PD (Figure 2.2a and d).
The PD simulations show weaker response at the equator with sensitivity
increasing northward and peaking in the mid-latitudes, as it can be seen from
Figure 2.3a and d showing the meridional transport anomalies.
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Figure 2.2: Atmospheric transport anomalies (PW) at the equator (a, b, c¢) and
30N (d, e, f) for PD (full circles) and LGM (open circles) simulations as a
function of NHTD anomaly (K). Positive/negative NHTD anomalies refer to NH
cooling/warming. Linear regression coefficients and 7 values of the fit are
indicated. Bold font indicates that the difference between PD and LGM slopes is
statistically significant at the 95% level. Red open circle represents the LGM_p3

experiment.

Separation of the total transport into DSE (2.2b) and latent heat (Figure
2.2¢) components reveals the canceling effect of the two at the equator with
DSE giving the sign of the total response in both climates. Slopes for DSE are
0.45 PW/K and 0.68 PW/K compared to -0.36 PW/K and -0.47 PW/K for
latent transport, for the PD and LGM cases, respectively. Both components
show stronger cross equatorial response in the LGM climate compared to the
PD.

At 30°N the PD total response is double that of the LGM with the DSE
component being the main cause of the difference (Figure 2.2d and 2.2e).
Compared to the LGM, the PD DSE response is almost three times larger
with slopes 0.16 PW/K and 0.05 PW/K for PD and LGM. Latent energy
transport (Figure 2.2f) shows lower sensitivity compared to DSE (Figure 2.2e)
in PD simulations. In contrast to this, in LGM simulations DSE and latent
heat transport sensitivities are approximately the same.

An additional experiment, in which three times the initial anomaly was
added to the LGM background climate (LM_p3), was performed in order to
obtain a NHTD anomaly with a value similar to that in the maximum NH
PD warming case (PD_p2). This additional experiment also allows for a
comparison between the two climates under similar sea ice extents. This is
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illustrated in Figure 2.2 (in red open circles). The overall slope of the
midlatitude LGM response is still much smaller than the PD even when
including such an extreme perturbation.

We also tested whether the above findings are valid for the monthly
transport anomalies due to the seasonal changes in NHTD (not shown). In
comparison with our original experiments with high- to mid-latitude
perturbations, the NHTD has much larger variations throughout the course
of the year with amplitude close to 30K. The weakened LGM mid-latitude
transport sensitivity to NHTD perturbations remains valid for the monthly
values: the response is higher in the PD than in the LGM simulation and this
becomes even more pronounced in the higher mid-latitudes. DSE transport
remains the main contributor to the total transport sensitivity with enhanced
influence over latent heat transport.

2.3.2 Meridional structure

To further investigate the atmospheric transport response to the
imposed perturbations, we consider the meridional structure of the anomalies
(Figure 2.3). PD total transport anomalies (Figure 2.3a) peak around 35°N
with larger amplitude than the LGM anomalies (Figure 2.3d) whose peak is
located close to the equator. Separating the total transport into its two
components, we find that the larger anomalies are seen in DSE, both in PD
and LGM climates. An interesting feature is the tail in the PD DSE transport
anomaly (Figure 2.3b) that reaches up to 60°N. Here DSE and latent heat
transport anomalies have the same sign and this is thus the main cause of the
extratropical peak in the PD net transport anomaly (Figure 2.3a). Northward
of 60°N we see a negative DSE anomaly as a consequence of decreased
temperature gradient between 60°N and the area poleward of it. Such features
are not present in the LGM and the peak in total atmospheric LGM transport
(Figure 2.3d) comes from a weaker cancellation between equatorial DSE and
latent heat transport changes.
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Figure 2.3: Atmospheric transport anomalies: total (a and d), DSE (b and e),
latent heat (¢ and f) for PD (upper plots) and LGM (lower plots) simulations.
Black curves: NH cooling simulations (m2, m1.5, m1 and m0.5), grey curves: NH
warming simulations (p2, p1.5, p1 and p0.5).

In order to evaluate how the alterations to the atmospheric heat transport
(AHT) compare to model-observation biases, we have plotted in Figure 2.4
total atmospheric heat transport from our PD control run, together with
NCEP and ECMWF (ERA15) data (based on years 1985-89). Re-analysis
based transport data are derived by Trenberth and Caron (2000).
Atmospheric heat transport from the PD_ctrl run is quite close to the
atmospheric heat transports from the re-analyses. The anomalies to the re-
analysis plots have the same order of magnitude as the anomalies in our
perturbed experiments but the locations where they appear to be the strongest
are far from the locations of the maximum anomalies in the perturbed
experiments. Our perturbations to AHT are small, and in this aspect, they do
not force the model to unphysical conditions. The fact that the transport
anomalies are much smaller than the model climatologic transports, confirms
that a simple linear perturbation study is suitable approach.
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Figure 2.4: Atmospheric heat transport for PD_ctrl, ECMWF ERA15 and NCEP
data (reanalysis data: Feb 1985 - Apr 1989 annual mean, from Trenberth and
Caron (2001) and Trenberth et al. (2000)).

2.3.2 a Mid-latitude response

Through direct transport calculations using vertical integrals of
meridional advection of temperature and geopotential, dry static energy
transport anomalies have been decomposed into their sensible and potential
components (not shown). This revealed the canceling effect that the two have,
with the sensible heat transport anomaly yielding the sign of the mid-latitude
PD DSE response. In contrast, in the LGM simulations both components
have much smaller anomalies with the sensible heat transport determining the
overall DSE anomaly in lower mid-latitudes and potential energy transport in
the higher mid-latitudes. Given that the atmospheric heat transport in mid-
latitudes is mainly done by eddies, the different responses of the sensible heat
transport in the two climates can be explained by considering the stationary
and transient eddy heat flux components. Figures 2.5 and 2.6 show stationary

[\777} (upper panels) and transient eddy [v'_T'] (lower panels) meridional

heat flux anomalies for PD and LGM simulations, respectively. Square
brackets denote zonal means and overbars time means, primes and stars
denote deviations from the time and zonal mean, respectively. Eddy
momentum diagnostics presented here are obtained from the monthly model
output, using the decomposition of the total flux into a mean meridional
circulation term and stationary and transient eddy flux terms (Peixoto and
Oort, 1992). In this manner, total flux and mean meridional circulation terms
are obtained directly from the model output, the stationary eddy flux is
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calculated by subtracting the zonal means while the transient eddy flux is
given as the difference between the total flux and the other two terms. We
have verified this approach by calculating the transient eddy flux from the
daily data (by subtracting the 8 day means from the daily values, but using a
smaller sample of years) and arrived at the same conclusions.

We find the glacial control climate to have enhanced stationary eddy heat
fluxes compared to the PD control and weaker transient eddy heat fluxes (not
shown). A similar result was found by Murakami et al. (2008) who saw
increased mid-latitude dry static energy transport during LGM due to
increased stationary wave activity. Increased stationary wave activity in LGM
has been shown to be caused by the LGM orography (Cook and Held, 1988).
Despite the increased stationary eddy heat flux in the glacial control, it is the
transient eddy heat flux anomalies that determine the overall eddy heat flux
response to the added surface perturbations in both climates (Figures 2.5 and
2.6). With NH cooling, the transient eddy heat flux increases with the equator
to pole temperature gradient and conversely, it decreases with NH warming,
but in the LGM simulations this response is weaker than in PD and displaced
towards lower mid-latitudes. Figure 2.7, showing the vertically integrated
transient and stationary eddy heat transport anomalies, confirms this picture
of significantly larger transient transport anomalies (left plot) compared to
the stationary transport anomalies (right plot) and the enhanced PD response

(black lines) compared to the LGM (grey lines).
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Figure 2.5: Stationary (upper plots) and transient eddy (lower plots) annual
meridional heat flux anomalies for PD_m2 and PD_p2 simulations.
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annual eddy heat transport anomalies for PD (black) and LGM (red) simulations.
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In conclusion, the cause of the decreased mid-latitude dry static energy
transport sensitivity in cold glacial climates is the decreased sensible heat
transport sensitivity, which, in turn, is a consequence of the weakened
transient eddy heat flux response. In our LGM simulations we see an
enhanced and narrower polar jet (Figure 2.8c) and decreased eddy kinetic
energy (Figure 2.8d) in the North Atlantic compared to the PD simulations
(Figure 2.8a and b).

Other studies (Li and Battisti, 2008, Donohoe and Battisti, 2009) have
noted reduced storminess under glacial conditions despite the stronger
Atlantic jet, which is in line with our findings. The dominance of mid-latitude
DSE response in AMOC slowdown experiments was also found by Cheng et
al. (2007) who also attributed it to increased transient eddy activity. It is
important to note the difference to the global warming experiments of Hwang
and Frierson (2010), where latent heat transport dominates the overall

response.

Caution should be taken given that CCM3 overestimates the winter
maximum in transient eddy heat flux over the North Pacific (Hurrell et al.
1998). Nevertheless, our analysis focuses on relative changes (compared to the
base state) and is in line with existing studies (Cheng et al. 2007, Li and
Battisti, 2008, Donohoe and Battisti, 2009) suggesting that the found response
is robust.
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Figure 2.8: Annual 200 hPa wind speed (a and ¢) and eddy kinetic energy (b and
d) for PD and LGM control climates.
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2.3.2 b Low-latitude effects

Changes in cross-equatorial energy transports are related to changes in
the Hadley cell dynamics and ITCZ shifts. A more northward I'TCZ location
results in more energy transported to the Southern Hemisphere and vice
versa. Dry static energy transport increases towards the cooled hemisphere
and latent heat transport towards the warmed one. The location of the
crossover between the annual latent heat and DSE transports was found by
Trenberth and Stepaniak (2003) to coincide with the time mean location of
the ITCZ, and we will exploit that here and use it as a proxy. This is shown in
Figure 2.9 for the PD and LGM simulations as the intersection of lines with
the same dash pattern and color. In PD simulations the crossover is located in
the Northern Hemisphere for all of the perturbations. The position is at 5°N
in the control, and with increasing perturbation strength it gets displaced
northward (6°N in PD_p2) or southward (3°N in PD_m?2), while staying in
the NH. In contrast, the LGM time mean ITCZ location is closer to the
equator and more sensitive to the imposed perturbations such that it shifts all
the way to 6°S in the cooling simulation (LM_m2) and to 6°N in the warming
simulation (LM_p2). In comparison to the Trenberth and Stepaniak (2003),
(Figure 1 in their study, top panel), we see that the DSE and latent heat
transport crossover is located at approximately 5°N which fits very well with
the location of the crossover in our PD control simulation.

The fact that the crossover between the two transports co-locates with the
present day ITCZ does not necessarily carry over to LGM conditions and this
may therefore not be a suitable mean ITCZ location proxy in the cold glacial
climates. Nevertheless, consideration of the crossovers reveals that the energy
transport partitioning under glacial and interglacial conditions is essentially
different.

The Hadley cell's efficiency in transporting energy poleward can be
inferred from the total gross moist static stability, by considering the ratio
between the total energy and mass transports as done in the study by Kang et
al. (2009). In our experiments, the Hadley cells are not necessarily located
over the same areas in the different simulations. Similarly to the described
ITCZ shifts, the meeting points of the northern and southern Hadley cell
move more in LGM than in PD simulations, and locations of the Hadley cell
maxima can be at different heights or latitudes in different simulations. Such
is the case for the annual PD and LGM northern Hadley cells maxima that
are located close to 15°N but at 700 hPa and 500 hPa, respectively. Therefore,
instead of specifying a certain latitude and height, we simply consider the
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point of the maximum of the mass stream function. We then calculate the
ratio of the northward energy transport at this latitude and the stream
function maximum itself. In this manner we obtain a measure of the northern
Hadley cell efficiency in transporting energy to the mid-latitudes, which is
directly comparable for PD and LGM conditions. Such analysis shows that
the drier low-level LGM atmosphere increases the total gross moist static
stability (2.6-10* J/kg compared to 2.0-10* J/kg in PD), weakens the canceling
effect that the latent heat transport has on the DSE transport and yields a
larger LGM total northward transport in the low latitudes compared to the
present day. We speculate that this larger efficiency permits the LGM energy
transport at low latitudes to respond more readily to the circulation changes
imposed by the meridional temperature gradients. Further details behind the
different Hadley cell responses in the two climates are beyond the scope of
the study.
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Figure 2.9: Locations of annual DSE and latent heat transport crossovers in PD
(left plot) and LGM (right plot) simulations.
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2.3.3 Integrated surface budget response

The atmospheric heat transport calculated above as the residual
between the TOA and surface fluxes is the actual heat transported by the
atmosphere since each atmospheric column must be in long-term energetic
equilibrium. An implied ocean heat transport calculated analogously from the
surface fluxes, on the other hand, represents the transport that would be
necessary to uphold the SST field given the set of surface fluxes resulting from
the experiment. One is thus implicitly assuming the SST field to be one of
equilibrium, but given that the climate was perturbed away from the reference
state and that the SSTs are fixed, there is little reason to expect this to actually
be the case. To avoid confusion, it will thus be designated the integrated
surface budget (ISB) in the following.

In our experiments, AHT responses occur because a high-latitude cooling,
for instance, leads to a drop in the surface-to-atmosphere energy flux. Unless
the TOA flux responds in concert with the surface, this leads to a cooling of
the atmospheric column, which continues until a new equilibrium has been
attained between the decreased surface flux, increased atmospheric heat
transport and decreased TOA flux. As it turns out in the following, this
atmospheric equilibrium tends to be one where the AHT responds much
more strongly than the TOA flux, an effect which is manifested as Bjerknes
compensation. The atmospheric heat transport response is thus a result of the
combined surface flux and atmospheric changes per NHTD. The sensitivity of
the surface fluxes to the imposed SST forcing may not be the same in the two
climates and it is instructive to consider the integrated surface budget
response per unit change in the NHTD.

At the equator (Figure 2.10a), the ratio of the LGM and PD integrated
surface budget slope equals 1.5, while for the atmospheric heat transport
(Figure 2.2a) this ratio is 2.33, showing that in part the difference between the
LGM and PD AHT response is due to the different atmosphere-surface flux
interactions. This is even more pronounced at 30°N (Figure 2.10b) where the
integrated surface budget and atmospheric heat transport ratios of the LGM
and PD slopes are the same (they equal 0.5) and it suggests that the doubled
PD AHT response at 30°N is linked to the doubled PD ISB response. This is
equivalent to saying that the atmosphere and surface flux changes yield the
same degree of Bjerknes compensation in the two climates, the conclusion
that can also be inferred by comparing the ISB to AHT sensitivities: the
atmospheric heat transport compensates integrated surface budget changes by
0.22/0.28 = 0.79 in LGM and 0.11/0.14 = 0.79 in PD. As discussed above, both
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the surface flux and AHT changes result from a two-way atmosphere-surface
interaction following the imposed SST changes. We find here that the
magnitudes of these changes are such that there is a stronger stabilizing

feedback by the combined response in PD than in LGM.
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Figure 2.10: Integrated surface budget anomalies (ISB), in PW, at the equator
(a) and 30'N (b) for PD (full circles) and LGM (open circles) simulations as a
function of NHTD anomaly (K). As in the Figure 2.2, positive NHTD anomalies
indicate NH cooling and vice versa. Linear regression coefficients and ° values
of the fit are indicated.

2 4 Discussion and conclusions

This study demonstrates enhanced mid-latitude atmospheric heat
transport sensitivity to the imposed high latitude surface temperature
perturbations under warm (interglacial) compared to cold (glacial) conditions.
This is shown to be a feature of both annual mean transports (in the
experiments with added SST perturbations) and of monthly transports (in the
control runs, due to seasonal variations of NHTD). The weakened glacial
transport sensitivity is linked to a reduced transient eddy heat flux response.
In comparison to the PD climate, the glacial climate is found to have stronger
overall stationary eddy heat fluxes, weaker transient eddy heat fluxes, a
stronger and narrower polar jet and decreased eddy kinetic energy in the
North Atlantic. The transient eddy heat flux responses dominate over those of
the stationary eddy heat fluxes, an effect which is larger in PD than in LGM

simulations.
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Consideration of the integrated surface flux budget reveals a significant
role of the surface response in the upward propagation of the imposed SST
forcing between the two climates, especially in the high latitudes where the
TOA changes are small. Therefore, the effect found is a consequence of the
combined surface-atmosphere interaction in which the final equilibrium
surface and AHT response per NHTD is smaller in LGM than in PD. The
atmosphere and surface fluxes react in a manner that provides a smaller
negative feedback in the LGM per NHTD change.

Consequently, the PD climate appears more capable of damping high
latitude anomalies due to the strong mid-latitude response while much less
change is seen in the tropics. In contrast, the LGM simulations display the
major response in the tropics where the cancellation between dry static energy
and latent heat transports is weaker and energy is transported more efficiently
away from the tropics. From Figure 2.2 it is possible to estimate the sensitivity
of transport convergence into the area 0°-30°N for the PD and LGM
experiments. When the NHTD increases by 1K (as a result of the added
surface perturbations), the PD equator sees an increased import of energy
from the southern hemisphere of 0.09 PW and at 30°N an increased poleward
transport of 0.22 PW is found. The area 0°-30°N thus encounters a net loss of
0.13 PW. In the LGM experiments, the resulting import of energy from the
southern hemisphere is considerably larger (0.21 PW) and the poleward
transport at 30°N is considerably smaller (0.11 PW) and the area 0°-30°N
encounters a net gain of 0.10 PW. The two effects of the prime LGM response
being in the tropics and the prime PD response being in the mid-latitudes
thus combine to yield opposite tendencies on the 0°-30°N energy budget with
a gain in LGM and a loss in PD. The net contribution to the 30°-90°N
budgets from the energy transport are just equal to the 30°N sensitivities, i.e.,
0.22 PW for PD and 0.11 PW for LGM. From these quantities we can
calculate the energy transport contribution to the tendency on NHTD as the
net for the low latitude area less that of the high latitude area. For the PD
experiments we find -0.13 PW - 0.22 PW = -0.35 PW, and for the LGM we
find 0.10 PW - 0.11 PW = -0.01 PW. The contribution of the meridional
energy transport to the negative tendency on the NHTD is thus much larger
for the PD than for the LGM. In the PD, there is thus a much larger negative
feedback on the imposed temperature gradients as a consequence of the
enhanced atmospheric transport response.

Although the atmospheric circulation changes are not considered to be
the primary cause of decreased interglacial variability, these results give an
important indication of a varying ability of the surface and atmosphere to
feed back negatively on imposed oceanic changes in different climates.
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Surface boundary conditions as seen by the atmosphere, i.e., topography, sea
ice and SST, are quite different in PD and LGM, and the decreased LGM
response we find is therefore a combination of all these factors. In order to
qualitatively constrain the importance of the sea ice geometry, an additional
experiment with three times the initial anomaly added to the LGM
background climate was performed. This simulation had much less summer
sea ice and a NHTD anomaly similar to that of the PD_p2 case. The overall
slope of the LGM response was not affected significantly by the inclusion of
this point, although if one considers only the warming LGM simulations
(including the LM_p3 experiment), then the slopes in the two climates are
more similar. Since these are all cases with less sea ice, the large sea ice extent
in LGM simulations is possibly an important component in the decreased
glacial energy transport feedback. This is, however, not necessarily the only
reason given that according to, for instance, Cook and Held (1988), it is the
LGM orography that causes a change in the stationary eddies and thus forces
a different partitioning of the transient and stationary components between
the two climates.

In conclusion, the sensitivity of the atmospheric transport to NHTD
changes, which depend on the background surface conditions described above,
shows less negative transport feedback during Last Glacial Maximum as
compared to present day. Choosing the prescribed SST configuration in our
experiments enabled the study of the atmosphere only response to the applied
perturbation, but did not allow for surface ocean feedbacks. Further work is
required to evaluate the complete long term response when interactions with
the ocean surface are allowed. Presumably such interactions could tend to
reduce the effect of the meridional transport feedback discussed here.
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Chapter 3

Global energy budget changes to high latitude
North Atlantic cooling and the tropical ITCZ

response

This study investigates the nature of global energy flux changes in response
to North Atlantic high latitude cooling applied in an atmospheric general
circulation model coupled to a slab ocean. We focus on key local and remote
feedbacks that collectively act to alter the energy budget and atmospheric energy
transport. We also investigate the relative roles of tropical SST and energy flux
changes in the ITCZ response to North Atlantic cooling.

Using a radiative kernel technique, we quantify the effects of key feedbacks
temperature, cloud and water vapor, to the top-of-the-atmosphere radiative flux
changes. The results show partial local energy flux compensation to the initial
perturbation in the high latitudes from the negative temperature feedback.
However, shortwave albedo and longwave water vapor act as strong positive
feedbacks, and as a consequence drive a significant increase in the atmospheric
energy transport to the Northern extratropics. The additional energy flux
providing this increase comes from the southern tropics, where the majority of
feedbacks are negative and act to warm the area, with the energy gain originating

from the cloud radiative feedbacks, temperature and longwave water vapor
feedbacks.

It has been previously argued that the role of tropical SST changes was
secondary to the role played by the atmospheric energy flux requirements in
controlling the ITCZ shifts, proposing that the SST response is a result of the
surface energy budget and not a driver of the precipitation response. Our study
attempts to further constrain the proposed role of tropical SST changes. In our
idealized simulations with the fixed tropical SSTs, we show that the ITCZ shifts are
not possible without the tropical SST changes and demonstrate the atmospheric
preference for getting the energy from the northern tropical surface flux changes
over the tropical atmospheric reorganization. The ITCZ shift is influenced mainly
by the local (tropical) SST forcing, apparently independent of the actual high
latitude energy demand.
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3.1 Introduction

High latitude temperature perturbations simulated in atmospheric or
coupled models have been shown to shift the meridional position of the
Intertropical Convergence Zone (ITCZ) to the anomalously warmer
hemisphere (Chiang and Bitz 2005, Broccoli et al. 2006, Chiang et al. 2008,
Mahajan et al. 2011). The shift in the ITCZ implies a meridional displacement
of the rising branch of the Hadley circulation. Viewed in terms of the angular
momentum conservation, the circulation shifts towards the warmer
hemisphere in order to avoid the high temperature gradients in the upper
part of the Hadley cell (due to asymmetric cooling/heating in the subtropics)
(Lindzen and Hou 1988).

Chiang and Bitz (2005) proposed a mechanism for the communication of
the high latitude Northern Hemisphere cooling to the tropics through the
progression of the surface cooling by the equatorward advection of cold air in
the midlatitudes, and a wind-evaporation-sea surface temperature (WES)
feedback in the subtropics. Their focus on sea surface temperature (SST)
followed a longstanding argument that the ITCZ shifts in response to cross-
equatorial SST gradients. As the cooling reaches the tropical latitudes,
anomalous cooling in the Northern subtropics creates the anomalous
meridional pressure gradient that drives an anomalous southerly cross-
equatorial flow and causes the ITCZ displacement (Chiang and Bitz 2005).
Hereafter, we will refer to this view as the ‘SST’ perspective of ITCZ shifts.
This interpretation is based on an argument by Lindzen and Nigam (1987)
that tropical surface pressure gradients are tied to SST gradients through the
effect that the latter have on temperatures in the boundary layer. They
showed that the cross-equatorial flow is very sensitive to near-equatorial
pressure gradients, similar to the conclusion derived in other studies (e.g
Chang et al. 2000, Chiang et al. 2002). Later studies also noted significant
positive feedbacks that act to augment the existing meridional SST gradient
and cross-equatorial wind anomalies, including a ‘near-equatorial’ WES effect
and low cloud feedbacks (Xie and Carton 2004).

From the energy budget perspective, cooling in the high northern latitudes
cannot be locally compensated and an increased northward atmospheric heat
transport is required to close the extratropical energy budget (Chiang and
Bitz, 2005). The additional energy is provided by the tropics, from increased
radiative flux absorption resulting from the ITCZ shift to the anomalously
warmer hemisphere. This energy surplus is then transported from the tropics
into the high and mid latitudes of the cooled hemisphere (Chiang and Bitz
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2005, Cheng et al. 2007). ITCZ shifts appear to be a robust response to high
latitude cooling, independent of the background climate (Cheng et al. 2007),
although the sensitivity of the atmospheric transport response varies between
the interglacial and glacial conditions (Cvijanovic et al. 2011).

The global energy budget response to extratropical thermal forcing has
also been investigated by Kang et al. (2008, 2009) in a set of idealized
aquaplanet experiments. Forcing applied in these two studies resembles the
"bipolar seesaw" pattern, with cooling in one and warming in the other
hemisphere, with the global average forcing equal to zero. They find a close
connection between the I'TCZ shifts and cross-hemispheric energy transports,
and interpret this link as follows. Their applied forcing implies an anomalous
cross-hemispheric oceanic heat transport, which is compensated to a degree
by the anomalous cross-hemispheric atmospheric heat transport resulting
from the atmospheric response to the imposed forcing. Given the level of
compensation and the ambient tropical gross moist stability, the change in
the cross-equatorial mass flux (and hence tropical precipitation response) can
be predicted. They argue for a dynamically-determined level of compensation
(presumably through altered eddy fluxes) of around 25%, based on
aquaplanet-model calculations with no cloud and water vapor feedbacks. The
addition of cloud and water vapor feedbacks, however, brings up the level of
compensation up dramatically, up to around 115% in the atmospheric general
circulation model used in their study. These studies thus also illustrate the

sensitivity of the tropical response to model convection scheme and cloud
feedbacks.

Kang and Held (2011) showed that ITCZ shifts to extratropical thermal
forcing are also possible without the WES feedback. In a series of idealized
experiments with WES feedback suppressed, they demonstrated that the
ITCZ precipitation still responds as before to extratropical thermal forcing,
even though the simulated tropical surface temperature gradient changes are
smaller. According to the study, atmospheric energy budget and the moist
static stability determine the precipitation response in the model. They
interpret this result as supporting the energy flux perspective of ITCZ shifts,
and further argue that the SST response is caused by the surface energy
budget changes and it is not a driver of the precipitation response. This
perspective is in accord with previous studies (e.g. Neelin and Held (1987),
Lindzen and Hou (1988)) that emphasize the atmospheric energy budget in
understanding tropical circulation changes.

Reconciling the SST and energy flux perspective is not a trivial task, but
could immensely help the current understanding of tropical precipitation
shifts. There is a significant overlap between the two views in sense that in
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both the ITCZ shifts to the warmer hemisphere in order to allow for the
increased energy transport to the cooled hemisphere. Thus, in both
perspectives the ITCZ shift is associated with the change in AHT. Also, both
perspectives agree that the meridional SST gradients play a role in the tropical
adjustment. However it is the mechanism of the shifts that still needs to be
reconciled. While Kang and Held (2011) showed that the energy flux
perspective was more predictive of the tropical precipitation response, the
causality of the events leading to precipitation shifts were still open to
question. They have suggested that the SST changes result from the surface
flux changes in response to the AHT requirements that determine the
precipitation response. Chiang and Bitz (2005) SST perspective however
assumes that the SST changes are the trigger to tropical precipitation shifts.

Our study examines the response to high-latitude North Atlantic cooling
in an atmospheric general circulation model (AGCM) coupled to a slab ocean
model. In comparison to the previous studies like Kang et al. (2009) and Kang
and Held (2011), our simulations are not performed in the aquaplanet mode,
but use realistic surface boundary conditions. Another point is that the
imposed cooling is applied only in the high-latitude North Atlantic and it is
not ‘compensated’ in the southern hemisphere. This scenario is based on
abrupt climate change events during the last glacial that are thought to be
driven by North Atlantic cooling. As the atmospheric response timescales are
much shorter than oceanic, our approach reflects the global atmospheric
adjustment after the high latitude cooling has been imposed.

We focus on two specific aspects: (i) motivated by the energy flux
viewpoint, we examine the response to high-latitude North Atlantic cooling
in a relatively realistic model configuration (an AGCM coupled to a slab
ocean model), specifically considering the origins of the zonal mean energy
budget changes; and (ii) we further investigate the relative roles of the
atmospheric energy budget and SSTs in causing the ITCZ shift, following
Kang and Held (2011).

The global top-of-the-atmosphere (TOA) energy budget changes to high
latitude cooling are examined by considering the extratropical, northern and
southern tropical energy budget anomalies and decomposing their
corresponding TOA flux changes into individual feedback effects. In
particular, the radiative kernel technique of Soden et al. (2008) is used to
quantify individual shortwave and longwave feedbacks arising from the
temperature, cloud, water vapor and albedo changes. The radiative kernel
approach was previously used by Shell et al. (2008) and Zelinka and
Hartmann (2011) to assess the role of different feedbacks in global warming
experiments. Another study by Yoshimori and Broccoli (2009) used a ‘partial

44



Global energy budget changes and tropical ITCZ response

radiative perturbation” method to assess the radiative feedbacks in AGCM-
slab ocean simulations with reduced solar irradiance in the northern
extratropics. They found the energy budget changes to be chiefly influenced
by the water vapor and lapse rate feedbacks, with cloud feedbacks playing the
role in cooling the northern tropics and midlatitudes. Our study, on the other
hand, provides the quantitative radiative feedback analysis for simulations
with the imposed high latitude North Atlantic surface cooling. We focus on
the atmospheric reorganization that provides the energy compensation for the
high latitude energy loss, and identify the main radiative feedbacks and the
locations responsible for the energy gain.

We also examine the relative roles of SST versus the atmospheric energy
flux changes in the ITCZ shift, in a series of idealized experiments that allow
us to separate the influence of the remote (high latitude) and local SST
forcing on tropical circulations. Our results emphasize the constraints that
tropical SST changes impose on the ITCZ, and in doing so, show that while
the energy flux perspective does represent a useful diagnostic tool for
predicting the tropical precipitation shifts, the actual mechanism of the shift
requires the SST perspective. The manuscript is organized as follows: in
Section 3.2 we introduce the model and the experiments. Results are
presented in Section 3.3 by first considering the global energy budget changes
in the slab ocean experiments. In Section 3.4, we describe the hypothesis on
the importance of tropical SSTs in the final energy compensation. This
hypothesis is then tested in series of idealized experiments with fixed tropical
SSTs in Sections 3.4.1 and 3.4.2, while in Section 3.4.3 the results of transient
experiments are briefly discussed. Section 3.5 summarizes the conclusions and
discusses the possible implications.
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3.2 Model setup and simulation design

We use the NCAR's Community Atmosphere Model version 3
(CAM3) in the slab ocean mode, with T42 resolution and 26 vertical levels.
The physics and dynamics of the CAM3 model are described by Collins et al.
(2004) and Collins et al. (2006). The model includes the Community Land
Model (CLM) version 3.0 (Bonan et al. 2002, Oleson et al. 2004). Spatially
varying annual mixed layer depths for the slab ocean are derived from the
Levitus data (1982), and a monthly-varying ocean heat flux convergence (aka
the Q-flux) is applied to keep the simulated SST close to present-day. Present
day land surface conditions, orbital and greenhouse forcing are applied.
High-latitude North Atlantic cooling is imposed by altering the Q-flux field

in the manner as shown in Figure 3.1.

We undertake two sets of simulations, one where the slab ocean is applied
globally, and the other set where there are mixed surface ocean boundary
conditions - fixed SSTs in the tropics, and slab ocean elsewhere. We start by
running the control (hereafter labeled ‘CTRL’) and the North Atlantic cooling
(‘SOMY’) cases in the CAM3 coupled to the slab ocean (a summary of all the
simulations done is listed in Table 3.1). For the SOMI1 simulation, the
magnitude of maximal cooling equals 15 W/m” and it is applied as shown in
Figure 3.1. In these slab ocean simulations, the model was run for 40 years
with the first 10 years of output discarded as spin up.

gflux anomaly
L L 1

60N —

40N —H

90w

1 2 3 4 5 6 7 8 9 10 " 12 13 14 15

Figure 3.1: Geometry of the Q-flux anomaly applied over the North Atlantic
sector
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To assess the role that tropical SST changes played in determining the
ITCZ response, we take the SSTs generated by these two simulations, and
impose them in the CAM3 model simulations as a tropical fixed SST
boundary condition (see next paragraph for specifics). The fixed SSTs are
applied over the global tropics from 26.5°S - 26.5° N. South and north of
32.1°S and 32.1°N respectively, a slab ocean is applied. In the transition
regions (26.5° to 32.1° in either hemisphere), the SST values are nudged
between the fixed and slab ocean (calculated) values. More precisely, the
surface temperature values over the ocean surface points in the transition
regions, are obtained as a weighted average of the fixed and calculated SST
values with the weights of the calculated SSTs increasing linearly from 0 at
26.5" till 1 at 32.1° and the opposite for the fixed SST weights.

In total, there are four idealized experiments with the SSTs fixed in the
tropics (and slab ocean elsewhere): 1. FCTRL - unperturbed tropical SSTs
corresponding to the ones from the control slab ocean experiment, and no
North Atlantic cooling applied to the slab ocean; 2. HL - fixed climatological
tropical SSTs as in FCTRL, plus the North Atlantic high latitude cooling; 3.
TROP - fixed tropical SSTs corresponding to those simulated by the slab
ocean experiment with North Atlantic cooling, but with no North Atlantic
high latitude cooling applied to the slab ocean and 4. HL+TROP - fixed
tropical SSTs as in TROP, plus the North Atlantic high latitude cooling
applied to the slab ocean. In these idealized experiments, the model was run
for 60 years, with output of the first ten discarded as spin up.

In addition to this, we have performed a set of transient simulations that
have enabled to follow the adjustment period in more detail and test the
conclusions derived from the idealized experiments. Presented climatologies
for the transient simulations represent the mean of 20 ensemble members,
obtained by branching from the initial control run each 5 years and applying
the North Atlantic cooling.

experiment | fixed tropical SSTs NA gflux
CTRL no no
SsoOM1 no yes, 15 W/m?
FCTRL yes, asin CTRL no
HL yes, as in CTRL yes, 15 W/m?
TROP yes, as in SOM1 no
HL+TROP yes, as in SOM1 yes, 15 W/m?

Table 3.1: Experiment summary
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3.3 High latitude and tropical response to North
Atlantic cooling

3.3.1 General characteristics of the equilibrium response

Annual surface temperature anomalies due to imposed high latitude
cooling are shown in the Figure 3.2 (upper panel) for SOM1 experiment.
Similar to Chiang and Bitz (2005) and Mahajan et al. (2011) we find that the
high latitude cooling has spread into the northern tropics, forming a dipole
with colder northern and warmer southern tropics. This is especially
pronounced over the Pacific sector. Maximal (annual) cooling is about 8°C in
the high latitudes and 0.5°C in the northern tropics while the southern tropics
became warmer by about 0.5°C.

Precipitation anomalies (Figure 3.2, lower panel) show a southward shift
of the maximal precipitation zone over all ocean basins, with ~2mm/day
increase over the southern tropics and a similar decrease over the northern
tropics, indicating a southward shift in the ITCZ. Precipitation also decreases
by ~1.5mm/day in the North Atlantic, where the cooling was imposed. The
mean meridional stream function anomaly (Figure 3.3, left panel) indicates a
southward displacement of the uplift region, leading to a strengthening of the
northern Hadley cell and weakening of the southern cell. Surface wind
anomalies (3.3, right panel) reveal an increase in the north-easterly trades and
a decrease in the south-easterly winds.
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Figure 3.2: Annual mean temperature and precipitation anomalies in the SOM1

experiment
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shading) and (right plot): annual surface wind speed anomalies [m/s] for the

SOM1 experiment.
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We now examine the energy budget and poleward energy transport
changes (Figure 3.4). The surface energy budget (black dashed line) is altered
essentially only over the latitudes of imposed cooling. The top-of-the-
atmosphere (TOA) energy budget (solid black line), on the other hand, shows
change across all the latitudes, with a maximal anomaly of 0.06 GW/m in the
southern tropics. The northward atmospheric heat transport anomalies
(Figure 3.9) show increased transport from the southern tropics to the
northern mid and high latitudes. The additional energy deposited in the
northern mid and high latitudes originates from increased TOA energy flux
in the southern tropics. If we increase the magnitude of the high latitude
forcing, we find the same qualitative response in rainfall and energy fluxes,
but with increased magnitude (not shown).
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Figure 3.4: Top-of-the-atmosphere (solid) and surface (dashed) annual zonal net
energy budget anomalies

Similar features of the tropical response due to the North Atlantic cooling
were found in study by Chiang and Bitz (2005), in simulations where
increased land ice or sea ice cover were applied in the Northern hemisphere.
It has also been noted previously, in this and other studies (Chiang et al. 2003,
Mabhajan et al. 2011) that the southern tropics tend to be the location where
increased TOA energy flux arises providing the additional energy flux to the
northern high latitudes. Our aim is to broaden these conclusions by
addressing the exact feedback mechanisms that act to provide the TOA
energy surplus locally and remotely and offer an explanation why the
southern tropics are favorable area instead of, for example, northern tropics.
We continue our analysis by investigating how the high latitude energy
demand propagates to the tropics and what would be the requirement for the
energy compensation to occur somewhere else.
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3.3.2 Global energy budget and radiative feedbacks response

3.3.2 a Radiative kernel technique

We apply the radiative kernel technique developed by Soden et al.
(2008) and implemented for the CAM3 by Shell et al. (2008) which allows us
to decompose the TOA changes into various climate feedbacks. The

technique separates the individual climate feedbacks into two parts: the

radiative kernel term g—§ and the climate response of the feedback variable

3_;(' Here OR refers to the total change at the TOA, X is the considered

cli;nate variable and 07, is the change in the global mean surface temperature
(in a steady state). Defined as such, the radiative kernel quantifies the change
in TOA flux due to small perturbations in the corresponding climate variable.
Given the climate response (from the model output) we can combine the two
and calculate the individual feedback parameters, while the total feedback
parameter ¥ is considered a sum of the individual feedbacks and a small

residual Re:

- OR dX,
=) ——"+Re 1
r=Yox a )
The total change in the top of the atmosphere energy budget can then be
approximated as:

AR=YAT, = (V7 +7,+Vup T VAT, 2)

where y, , Y,, Y., and y_are the temperature, water vapor, surface
albedo and cloud radiative feedbacks. Shortwave and longwave radiative
kernels are provided for most of the climate variables except for the clouds.
Due to the non-linearities associated with the cloud feedbacks, the later are
calculated by applying the corrections to calculated cloud radiative forcing
(CRF). For details on the feedback calculations, we refer the reader to Soden
et al. (2008) and Shell et al. (2008).

Given that the radiative kernels are calculated around a predetermined
present-day base state climate that may differ in details from our simulations
and that their application was mainly tested in the CO, doubling experiments,
we first evaluate the technique by considering only the clear sky feedbacks
(Figure 3.5a and b). Figure 3.5a shows that there is an excellent agreement
between the TOA longwave energy flux changes (solid red line) and the sum
of longwave feedback effects (dashed red line) comprising of those for
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temperature, surface temperature and water vapor. Shortwave feedbacks
(dashed red line, 3.5b) do not show as good agreement with the total TOA
shortwave energy budget changes (solid red line, 3.5b). This difference mainly
occurs in the high latitudes, suggesting that the cause of disagreement is the
shortwave surface albedo feedback by sea ice. Shell et al. (2008) discusses the
uncertainties related to the radiative kernel technique and its limitations in
surface albedo feedback calculations. They noted that this parameter tends to
behave more nonlinearly compared to the other feedbacks, with the effect
being especially pronounced at the edges of sea ice cover.

All-sky feedbacks, shown in Figures 3.5c¢ and d, behave in similar manner
with a very good agreement between TOA longwave changes and the sum of
the longwave feedback effects but with lesser, but still reasonable, agreement
between the shortwave feedback effects and TOA shortwave changes in the
high latitudes. For this reason, we are cautious in interpreting high and
midlatitude shortwave feedbacks. Despite of that, the comparison of the zonal
TOA energy budget anomalies and the overall feedback effects in Figure 3.5
suggest that the disagreement between the two is much smaller than the
actual anomalies and therefore is not likely to significantly alter our findings.
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Figure 3.5: Clear-sky (a and b) and all-sky (¢ and d) longwave (a and ¢) and
shortwave (b and d) feedback effects and TOA energy budget anomalies in
SOM1 experiment. Black lines: shortwave feedback effects (water vapor (solid),
albedo (dot dashed) and cloud (dotted)) and longwave feedback effects
(temperature - surface and air (dashed), water vapor (solid) and cloud (dotted)).
Red lines - sum of corresponding feedback effects (dashed) and the respective
TOA energy budget anomalies (solid).

3.3.2 b Energy balance decomposition

The principal high latitude effect originates from the temperature
longwave feedback (Figure 3.5¢ and d). It consists of both the surface and air
temperature feedbacks, and it is a negative feedback as it acts to damp the
initial cooling. In the tropics, the majority of TOA energy budget changes are
due to the longwave and shortwave cloud and longwave water vapor
feedbacks. Longwave cloud feedbacks act to warm the southern and cool the
northern tropics, while the shortwave cloud feedback has an opposite effect.

In order to summarize the essential features of the energy flux changes
and the role of radiative feedbacks, we simplify the considered regions into
three distinct latitude bands: 90°N till 30°N (northern extratropics), 30°N till
10°N (northern tropics) and 10°N till 40°S (southern tropics). These bands
were chosen based on an assessment of regions that exhibit similar behavior,
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specifically using the sign of the zonal TOA net energy budget anomaly. The
analysis is shown in Figure 3.6a where all the fluxes are being defined positive
into the box.

Applied North Atlantic cooling causes a surface energy imbalance of -
0.191 PW over the northern extratropical box (90°N - 30°N). We use the
anomalous surface energy budget from this box to normalize the energy flux
and transport changes in this and other regions, making the surface loss in
the northern extratropical box equal -1 (-100%). It is important to mention
that this surface energy loss encompasses both the applied cooling and the
surface feedbacks. The Figure 3.6a further shows that 36% of this initial loss is
compensated by the TOA energy budget changes over the same region (0.069
PW). The TOA response results from a complex mix of negative and positive
feedbacks. The longwave temperature feedback has the strongest effect, and
with 0.256 PW (134%) is more than the amount lost to the surface.
Countering this are the positive feedbacks that act to cool the area, with the
biggest contributions coming from water vapor longwave -33% (-0.064 PW),
cloud shortwave -26% (-0.049 PW) and albedo -29% (-0.036 PW) feedback
effects. The overall energy flux between TOA and the surface in the northern
extratropical box is negative, and to maintain energy balance the atmosphere
needs to import energy from the lower latitudes at a rate of 0.121 PW (64%)
across 30°N. In summary, because of the large cancellation between the
negative and positive radiative feedbacks, the majority of the surface cooling
has to be balanced by northward atmospheric transport.

We now consider the northern tropical box (10°N - 30°N). The surface
flux changes are essentially zero (less than a percent), as it has to be because
of the slab ocean constraint. The TOA net radiative flux shows a small loss of
3%, which is in agreement with the coupled atmosphere-ocean experiments
by Cheng et al. (2007) who also noted small negative TOA anomalies over the
northern tropics. Main changes in the TOA energy budget in this box
originate from the cloud feedbacks due to the southward ITCZ shift and
longwave water vapor feedbacks due to the cooling and drying of the
northern tropics. Negative TOA flux anomaly arising from the cloud and
water vapor longwave feedback effect is larger than the positive anomaly due
to the shortwave cloud and temperature feedbacks. Overall, the TOA flux
changes are small, but negative, and the northward energy transport of 0.121
PW out of the northern tropics is compensated for by somewhat larger
atmospheric transport from the southern tropics of 0.128 PW (67%).
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Figure 3.6: Schematic box energy budget - TOA and surface net energy budget
anomalies are given at the top and bottom of each box (respectively), anomalous
atmospheric heat transports are shown at the borders between the boxes and the
main feedback effects are listed within the each box. All values are normalized
by the surface energy budget anomaly from box 1, fluxes are defined positive
into the box. (a): SOM1 experiment, (b): HL experiment. Legend: temp -
temperature (including surface temperature), wv_Iw - water vapor longwave,
wv_sw - water vapor shortwave, crf sw - cloud shortwave, crf Iw - cloud
longwave feedback effects; toanet - TOA net energy flux, surfnet - surface net

energy flux
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In the southern tropical box (40°S - 10°N), the northward flux across its
southern boundary is essentially zero, meaning that the energy required to
supply the energy flux out of the northern edge has to come from TOA flux
changes within the box. This positive TOA energy budget anomalies result
from the longwave feedback effects arising from clouds 40% (0.076 PW),
water vapor 19% (0.037 PW) and temperature 14% (0.027 PW). The total
effect of the shortwave cloud radiative feedbacks over this area is small and
negative (-6%).

We summarize the global energy budget response as following: the initial
northern high latitude surface cooling is first compensated by the local TOA
changes (about one third) while the rest of the energy is transported from the
lower latitudes. The northern tropics do not provide required energy to close
the energy budget, this is because despite the fact that there are sizable
changes in TOA longwave and shortwave fluxes, they essentially cancel each
other out. Rather, it is the southern tropics that provide the energy required,
which is transmitted by atmospheric energy transports across the northern
tropics to mid and high latitudes.

Tropical top-of-the-atmosphere energy flux changes result from the three
main feedback effects, originating from clouds, water vapor and temperature.
Temperature and water vapor feedbacks have opposing effects: over the
colder and consequently drier areas, temperature feedback provides positive
and water vapor negative TOA energy flux changes. In the high northern
latitudes, the temperature feedback is stronger, so the overall sign of the TOA
anomaly is determined by the temperature feedback. In the tropics on the
other hand, the strongest feedback effect comes from the clouds due to the
ITCZ shift and it exerts two opposing effects. The longwave cloud feedback
induces positive TOA energy budget anomalies in the southern hemisphere
and negative in the northern hemisphere, while the shortwave cloud feedback
has the opposite effect, but smaller, making the overall TOA anomalies in the
tropics follow the sign of the longwave cloud feedback effect. Overall, the
colder and drier northern tropics are not capable of providing significant
positive TOA energy flux changes (as shown earlier they are actually negative)
due to the cancelation between longwave and shortwave feedback effects. In
contrast, warmer and wetter southern tropics with the southward-displaced
ITCZ, represent the perfect location to gain the energy required due to the
high latitude energy loss.

Our results are in contrast to those by Kang et al. (2009), as in their
aquaplanet simulations shortwave cloud feedback dominates over the
longwave cloud feedback in the tropics. Consequently, the overall cloud
feedback effect induces positive TOA flux anomalies in the northern tropics

56



Global energy budget changes and tropical ITCZ response

and negative in the southern tropics, an outcome which is attributed to the
increased low cloud cover in the northern tropics. In the next chapter we
provide a possible explanations for this discrepancy, and clarify the
relationship between the tropical SST anomalies and the precipitation shifts.

3.4 Proposed interpretation

Despite the fact that the southward ITCZ shift is causing a small
amount of energy loss in the northern tropics due to the cloud feedbacks, it
appears advantageous for the atmosphere to move the ITCZ south, because of
the large energy gain accomplished by the convection reorganization there.
The question we ask is: why the southern tropics and not somewhere else?
Inspection of the tropical TOA anomalies (Figure 3.7, top panel - contours)
shows, more accurately, that the areas of maximal (positive) TOA budget
changes are located in the east tropical Pacific, encompassing the Pacific cold
tongue area.

Tropical convection is known to be "tippy" as there is a threshold for deep
convection, such that small changes in temperature (and consequently,
moisture) at the margins of deep convective regions (so called ‘convective
margins’) can initiate (or halt) deep convection. Locations with large zonal
and meridional temperature gradients neighboring deep convection regions
are such convective margins. During El Nino, warmer SSTs over the cold
tongue leads to SST regions neighboring the Pacific warm pool to become
sufficiently warm to exceed the threshold for deep convection.

In our case, however, convection is initiated over the marginal regions as a
result of both the warmer SSTs in the tropical east Pacific region and colder
mid-troposphere above it that lowers the threshold for convection. As
previously noted by Chiang and Bitz (2005), weakened easterlies over the
south-east tropical Pacific give rise to the initial SST warming while the SST
dipole is maintained due to the higher moisture content in the warmed
hemisphere. Although the observed warming is smaller than during the El
Nino events, combined with lowered convection threshold it is sufficient in
triggering the convection over the marginal regions. This additional deep
convection provides the necessary increase in the TOA energy flux that makes
up for the high latitude energy loss. Observed changes in global TOA
absorption (Wong et al. 2009) shows that the convective reorganizations
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related to ENSO events are indeed capable of affecting the global energy
budget.

In comparison with the experiments by Kang et al. (2009), there are
several differences to our setup that may have attributed to different
conclusions, mainly the use aquaplanet model with the zonaly uniform SSTs
and the differences in cloud parameterizations. Our experiments point out
the importance of tropical meridional and zonal temperature gradients in
creating the convective margins, an effect that can't be studied in the
aquaplanet experiments. In addition, the model applied in our study responds
by increasing the high cloud cover, in contrast to the predominant low cloud
changes in Kang et al. (2009). Since our proposed interpretation favors the
SST perspective, we further focus on the significance of tropical SST changes
in ITCZ shifts in series of idealized experiments.
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Figure 3.7 (upper plot): TOA flux climatology (colors) and its anomalies
(contours) in SOM1 experiment, (lower plot): tropical TOA flux anomalies
(colors) overlayed with high cloud cover anomalies in the SOM1 experiment.
Contours: full lines - positive anomalies, dashed - negative anomalies, contour
interval equals 0.02 for the high cloud anomalies and 2 W/m” for the TOA
energy budget anomalies, zero contour ommited

59



Global energy budget changes and tropical ITCZ response

3.4.1 Tropical SST anomalies as fundamental to I'TCZ shifts

In order to investigate the role of tropical SSTs in ITCZ shifts, we
perform idealized simulations in which the tropical SST's are fixed to specified
values, while keeping the slab ocean lower boundary condition in the
extratropics (see Section 3.2 for details). In the control experiment (FCTRL),
the tropical SST's are fixed to climatology, and no high latitude North Atlantic
cooling is applied. In the forced experiment (HL), high latitude North
Atlantic cooling is applied in the same way as in the full slab ocean
experiment, but tropical SSTs are not allowed to respond to these changes.

Surface temperature anomalies from HL experiment are shown in the
upper panel of Figure 3.8. The cooling is limited to northern high and mid
latitudes except for the small progression of cold anomalies into the tropics
over land. Compared to the full slab ocean case, there is less cooling over the
north-east Asia while the cooling pattern over the north-west America is
reversed and the south-east remains warm. Annual precipitation anomalies
are shown in the lower panel of Figure 3.8. The high latitude precipitation
response features decreased values over the North Atlantic (where the cooling
was imposed), similar to SOM1 case. In contrast, tropical precipitation
changes are essentially not present, and show no southward ITCZ shift. This
confirms that SST changes are necessary for the ITCZ shifts.
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Figure 3.8: Annual mean surface temperature (upper plot) and precipitation
(lower plot) anomalies in idealized experiment HL (tropical SSTs fixed to
unperturbed values).

Northward heat transport anomalies, shown in Figure 3.9, reveal that the
energy is transported from the northern tropics into the high latitudes,
making the northern tropics the source of the additional energy. In the cases
with fixed tropical SST, tropical surface energy budget anomalies are at least
as important as the TOA changes for the energy absorbed in the column, and
the northward energy transport is clearly affected by this.

Figure 3.6b, showing the box model, summarizes the way in which the
energy flux changes come about in the HL experiment. In the northern
extratropical box, there is a loss of -0.15 PW to the surface, due to the
imposed cooling. As in the previous case, this will be used as a normalization
factor, so that the total loss of energy to the surface in this box equals -1.
Local TOA energy budget changes balance 25% of this initial energy loss to
the surface. As in the full slab ocean case, temperature acts as the strong
negative feedback, while the other feedbacks act to increase the initial cooling.
The energy budget in the northern extratropical box is balanced by a
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northward energy transport of 0.11 PW (75%) from the northern tropics.
Most of the energy required for this anomalous northward heat transport
comes from the northern tropical box itself, and mainly from the surface
(59%), while the most of the remainder is supplied from the southern tropics
(10%). Small amount is also acquired through positive TOA anomalies due to
longwave feedbacks (5%). The southern tropics, in turn, gain most of the
energy through northward transport across 40°S.

The fixed tropical SSTs (set at climatology) provide an infinite heat source.
As the cold air from the high and mid latitudes advects southwards into the
northern tropics, the air-sea temperature difference over the northern tropics
increase, resulting in increased surface fluxes into the atmosphere, in this case
providing the bulk of the energy required by the northern extratropics. The
increased surface fluxes arise largely from increased evaporation. In this
idealized experiment, the crucial difference (from the full-slab setup) is that
the surface is mainly providing the necessary energy to supply the northern
extratropics; whereas in the full slab ocean experiment this energy can only
come from the TOA flux changes (chiefly due to the cloud radiative feedbacks
over the east tropical Pacific).
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Figure 3.9: Northward atmospheric heat transport anomalies (PW): first
column - SOM1 and the idealized experiments HL, TROP and HL+TROP,
second column - transient experiments (years 1, 2, 3 and 7).

The main conclusion to be drawn from this idealized experiment is that
tropical SST anomalies are crucial in order for the ITCZ to shift. From the
energy viewpoint, the first place where the atmosphere tries to obtain the
increased energy supply from is the northern tropics, specifically from the
surface fluxes. In the fixed SST experiment, this supply can be maintained
because it is an infinite source. In the slab ocean (and presumably the real
world), this source is finite, and the subsequent northern tropical SST cooling
leads to the southward ITCZ shift and relocation of tropical convection that
leads to the southern tropical TOA energy gain. In both the fixed-SST and
slab ocean cases, TOA fluxes in the northern tropics do not provide the
needed energy. In the fixed SST scenario, the northern tropical climate does
not change much and so the temperature, water vapor and cloud feedbacks
are much smaller. As such, the northern tropical TOA energy budget changes
are again not the main contributor to the energy gain.
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Both SST and energy flux perspectives agree that without the ITCZ shift
there will be no equatorial AHT response. In agreement with this, the cross-
equatorial anomalous AHT in HL experiment is close to zero (Figure 3.9).
However, this does not necessarily carry over onto the mechanism of the shift
and into the conclusion that the ITCZ did not shift because there was no
AHT response. Although the energy flux perspective shows that precipitation
shifts can be predicted from the AHT response, there is no proof that they are
triggered by the later. In HL experiment the tropical SST are not allowed to
respond but there is no direct constraint on the development of the AHT
response or atmospheric fluxes. The only limitation to AHT and atmospheric
flux response comes from the fact that the SSTs are fixed. The results
illustrate that the atmosphere rather gets the energy from the northern
tropical surface fluxes than from the tropical atmospheric reorganization. In
this idealized experiments, SSTs have completely determined the response.

3.4.2 Locally driven ITCZ shifts

The previous experiment showed that the tropical SST's are required to
change in order for the ITCZ to shift. We now ask whether the tropical SST
changes are sufficient for the ITCZ to shift, regardless of whether high
latitude North Atlantic cooling is imposed. To examine this, we expand our
analysis with two new experiments. In both experiments, tropical SSTs are
fixed and set to values corresponding to those in the full-slab ocean
simulation with imposed cooling. However, in the extratropical slab ocean,
one has no high-latitude North Atlantic cooling (hereafter the TROP
experiment), while the other does (hereafter the HL+TROP experiment). We
compare these simulations to the same control run as before (FCTRL).

The annual mean temperature and precipitation anomalies for the two
experiments are shown in Figure 3.10. Temperature changes in HL+TROP
case resemble the full slab ocean case, while TROP case exhibits cooling over
the North Atlantic and warming over the northern Euro-Asia and northern
Pacific area. In both simulations, however, the tropical precipitation
anomalies closely resemble that for the full-slab ocean (SOM]1) case, both in
terms of structure and magnitude. We compared the annual and zonal mean
precipitation anomalies for cases TROP, HL+TROP and SOM1 in Figure
3.11a. Compared to the fixed SST cases, SOM1 has slightly smaller
precipitation anomalies around the equator, but more pronounced second
precipitation peak and a wider zone of positive precipitation anomalies.

64



Global energy budget changes and tropical ITCZ response

TROP and HL+TROP show very similar equatorial precipitation responses,
suggesting the same ITCZ shifts in the two simulations.

The northward atmospheric heat transport anomalies in the HL+TROP
case (Figure 3.9) resemble that for the full-slab ocean (SOM1) case: an
atmospheric energy gain from the southern tropics is transported to the
northern extratropics, with comparable magnitudes of the poleward flux
anomalies. Zonal TOA energy budget changes for HL+TROP are also in very
good agreement with the ones from the SOM1 experiment (Figure 3.11b).
This is not surprising as the climate conditions are essentially the same

between the two runs.
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Figure 3.10: Annual mean surface temperature (upper plots) and precipitation
(lower plots) anomalies in TROP and HL+TROP experiments.

The TROP simulation shows a significantly different character in the
northward energy transport change - while atmospheric energy is gained in
the southern tropics as in the HL+TROP case, this energy is essentially
transported to, and mainly ‘lost’ in, the northern tropics. Relatively small
anomalous northward heat transport exists from the tropics to the high and
mid latitudes and it is a consequence of the overall energy surplus in the area
10°N - 30°N. On the other hand, zonal profiles of the tropical TOA energy
budget anomalies displayed in Figure 3.11b, show almost identical changes in
TROP and HL+TROP idealized cases. The two not only have the same
tropical SST patterns, but also very similar precipitation and TOA energy
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budget response in the tropics (as seen from Figure 3.11a and b). Thus, TROP
simulation suggests that the tropical SST changes alone are sufficient to shift
the ITCZ southwards and provide the same energy surplus, independently of
the actual high latitude energy demand.
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Figure 3.11: Annual mean zonal precipitation (a) and TOA flux (b) anomalies in
SOM1, TROP and TROP+HL experiments.

At the equator, the same SST and AHT changes (Figure 3.9) are associated
with the same precipitation changes (Figure 3.11a) in TROP and HL+TROP
experiment. In this sense, neither SST or energy flux perspective can be
disregarded.

Away from the equator, but still in the tropics, the AHT anomalies differ
more in the two experiments. As the tropical TOA flux changes are the same,
this indicates that different AHT responses in the two experiments are due to
the difference in surface fluxes. The important point is that the tropical TOA
anomalies are the same (Figure 3.11b) despite the different AHTSs, meaning
that they are controlled locally, by the SSTs, and not by AHT or high latitude

energy requirements.

Our results thus agree with the energy flux perspective in sense that the
same atmospheric cross-equatorial heat transport responses in TROP and
HL+TROP experiments are consistent with the same precipitation responses.
However, we find that this diagnostic is not sufficient to explain the
mechanism of the shifts as it does not hold throughout the tropics. Our
interpretation is that in these experiments, the tropical SSTs determine the
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southward shift of the ITCZ and the TOA energy surplus, while the
northward transport and atmospheric and surface fluxes adjust to redistribute
this energy wherever needed (HL+TROP) or possible (TROP). Therefore, it is
the SST and not the atmospheric energy budget changes that trigger the
precipitation and TOA flux response.

The southern tropical energy gain is hence a consequence of the SST
anomalies that force the tropical convection reorganization and it is
independent of the global energy requirements. Of course, in an experiment
where SSTs are not fixed, the SSTs itself would not be independent from the
global energy requirements, what the idealized experiments are implying is
that the "coupling" comes via SSTs which are fundamental for ITCZ shifts.

343 Establishment of the anomalous northward heat
transport

We now analyze the transient adjustment to the high-latitude North
Atlantic cooling to support our interpretation of how the tropical energy gain
and northward atmospheric heat transport changes come about. The first 3
years (establishment) and the year 7 (developed response) in the transient
adjustment of the anomalous northward atmospheric heat transport to high
latitude cooling are shown in Figure 3.9. During the first two years, most of
the additional energy transported northward comes from the mid-latitudes
and northern tropics. This is especially pronounced during the first year and
arises mainly from shortwave cloud feedback that causes positive TOA budget
anomalies in the northern tropics (Figure 3.12b). As the simulation
approaches equilibrium however, a longwave cloud feedback response
develops that counters the shortwave cloud feedback, leading to the familiar
shape of the TOA energy budget anomaly with positive values in the southern
and negative in the northern tropics (year 5, Figure 3.12d). The strong high
latitude temperature feedback characteristic of the equilibrium response is not
as pronounced during the first year of adjustment (Figure 3.12b).
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Figure 3.12: TOA flux anomalies (upper panels) and selected TOA feedback
effects (lower panels) for the SOM1 experiment, in equilibrium (a) and in the
transient period (b, ¢ and d). Lower panels legend: t - temperature (including
surface temperature), wv -water vapor, crf_sw - cloud shortwave and crf Iw -
cloud longwave feedback effect.

A noticeable anomalous northward mid-latitude transport establishes
from year 2 (Figure 3.9b) due to the combined effect of the temperature and
cloud feedbacks (Figure 3.12c) (that cause positive midlatitude TOA budget
anomalies) and due to the fully developed high latitude surface forcing. A
small energy surplus arises in the southern tropics too, as a result of warming
due to the longwave cloud feedbacks. During the year 3, positive TOA energy
flux anomalies in the southern tropics increase as the cloud and temperature
feedbacks develop (not shown).

Figure 3.13, showing the tropical surface temperature and precipitation
changes during the adjustment period (years 1, 2, 3 and 7), reveals a
development of the northern hemispheric cooling and southern tropical
warming and a southward precipitation shift (especially pronounced over the
Indian Ocean during the year 3). In the eastern Pacific, this signal is lost
during the year 4 and recovered again in year 5, when the major energy gain
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comes from the southern tropics (not shown). In the following years, stronger
surface temperature dipole and more striking southward precipitation shifts
develop and the southern tropics remain the area of significant energy gain.
The structure of dominant feedbacks starts to resemble the equilibrium
response from year 5, with the positive TOA anomalies in the southern
tropics due to the cloud, water vapor and temperature feedbacks (3.12d).
Evolution of temperature, shortwave and longwave cloud radiative feedback
effects discussed above is shown in Figure 3.12 for years 1, 2 and 5.

With regards to the role that SST plays in the precipitation response, the
transient experiments shows essentially simultaneous changes in the surface
temperatures and precipitation. As such, it is not possible to infer which
comes first (precipitation or SST change). Nevertheless, these experiments are
not in disagreement with our interpretation of the idealized experiments in
Section 3.4.2, as there is no indication of the precipitation shift without the
tropical SST anomalies present.
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Figure 3.13 (left column): tropical surface temperature anomalies (K) and (right

column): tropical precipitation anomalies (mm/day) in the transient period
(years 1, 2, 3 and 7)

69



Global energy budget changes and tropical ITCZ response

3.5 Summary and discussion

In this study, we examined in detail the global energy budget changes
to high latitude North Atlantic cooling and the southward ITCZ shift in an
atmospheric general circulation model coupled to a slab ocean. Our energy
budget approach follows from previous studies that suggest the utility of this
approach, in particular Kang et al. (2009). First, we have evaluated the energy
budget changes in extratropics, northern and southern tropics, and quantified
the individual feedbacks responsible for them using a radiative kernel
technique. Second, we examined the interplay between energy fluxes and SST's
in determining the ITCZ response to high latitude North Atlantic cooling,
specifically contrasting the two existing perspectives — the role of SSTs, and
the role of energy fluxes in interpreting our simulations.

We found that 35% of the initial high latitude North Atlantic surface
cooling is compensated by TOA changes in the northern extratropics, and
mainly due to the longwave temperature feedback, while the rest of the energy
required to balance the energy flux is provided from the southern tropics,
mainly due to the longwave cloud feedback. The northern tropics essentially
did not contribute to the net energy fluxes, because of a cancellation between
longwave and shortwave feedbacks.

We also carried out idealized simulations, by fixing SSTs in the tropics
while keeping the slab ocean boundary condition in the extratropics, in order
to examine the role of SST anomalies in the tropical ITCZ response. Our
results suggest that the tropical SST changes directly control the ITCZ
response, whereas there is no direct link to the extratropical energy demand.
Only as the cooling anomalies reach the tropics (due to progression of the
surface temperature anomalies), does the convection reorganize; this
reorganization then leads to TOA energy flux changes from cloud, water
vapor and temperature feedbacks. Our result thus suggests that the SST
anomalies propagating into the tropics are both necessary and sufficient for
the ITCZ to shift, in accordance with the ‘SST perspective’ on ITCZ shifts.

Kang et al. (2008) study reports that the overall cloud effect is negative in
the southern tropics and positive in the northern tropics with the shortwave
component being dominant over the longwave. This result differs from our
experiments, which show that longwave cloud feedback is at least as
important as the shortwave cloud component (Figure 3.12 a). Furthermore, in
our experiments the longwave cloud feedbacks together with the temperature
and water vapor feedbacks determine the sign of TOA anomalies over most of
the tropics. In general, total (shortwave and longwave) cloud radiative effect is
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positive over the southern tropics. This discrepancy is likely to be caused by
the differences in the convective and cloud parameterizations between our
model and the ones used in Kang et al. (2009) study.

The applied extratropical forcing in the Kang et al. (2008) aquaplanet
study was cooling in one hemisphere, and an equal but opposite warming in
the other hemisphere. On the other hand, our simulation (that uses a realistic
Earth boundary condition) has an imposed high-latitude North Atlantic
cooling that is not ‘compensated’ in the southern hemisphere. Given that the
time scale of the atmospheric response is much shorter than for the ocean,
this analysis does make sense in the initial adjustment period. However, also
during the initial period this picture may be modified by the fast oceanic
teleconnections. Given that in our study we use a simple thermodynamic
ocean, it was not possible to assess how the oceanic response could have
modified the picture. Coupled modeling studies do agree with our results
finding the similar tropical temperature and precipitation responses to high
latitude cooling. In addition, study by Timmerman et al. (2007) shows that
the AMOC weakening affects the northeastern tropical Pacific through
changes in evaporation, mixing and Ekman forcing and further leads to
ENSO intensification. Wu et al. (2007) attempt to distinguish between ocean
and atmosphere driven changes, showing that the development of tropical
Atlantic dipole is a consequence of the ocean dynamics while the tropical
Pacific response comes from the atmosphere-surface ocean interactions.

We did not consider the role of extratropical eddy momentum fluxes that
may be an important factor in determining how extratropical cooling alters
the tropical Hadley circulation. Extratropical eddies have been shown to
determine a sizable fraction of the Hadley cell mass flux over the areas where
the Rossby number is small (Kim and Lee (2001), Walker and Schneider
(2006)). Observational data also suggest that the interannual variability in
Hadley cell strength is strongly correlated to the eddy stress fluctuations with
the stationary eddies playing the major role in the stronger winter Hadley cell
variability and transients in the weaker summer cell (Caballero, 2007,
Caballero and Andersen, 2009). The role that extratropical eddy momentum
fluxes play in our problem has not yet been addressed, to our knowledge, and
it remains a future task. Our brief analysis of the momentum budget during
the transient adjustment to imposed high latitude cooling suggests that
conditions before the tropical ITCZ shift are favorable for the more
significant role of the extratropical eddy momentum fluxes. Further work is
required to understand the dynamics of the adjustment period and the role of
eddy momentum and heat fluxes in high to low latitude communication.
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Chapter 4
Southward I'TCZ shifts due to interhemispherically

asymmetric forcing and implications for an

atmospheric bipolar seesaw

In this study, the atmospheric heat transport changes that accompany
southward ITCZ shifts are considered in three different scenarios: northern
hemispheric cooling, southern hemispheric warming and a bipolar seesaw-
like forcing that consists of both.

We first address the dynamics of the three shifts and find different
atmospheric heat transport and Hadley circulation responses regardless the
same strength of the forcing imposed. These are related to different
interhemispheric temperature gradients that are altered mainly by non-
linearities in water vapor responses in high latitude cooling and warming
experiments. In addition, we find that Southern Ocean warming does not
only affect the tropics, but further has an impact on the northern extratropics
as seen through mid- and high-latitude North Atlantic surface temperature
and wind changes.

In the overall top-of-the-atmosphere (TOA) energy budget, the southward
ITCZ shifts are associated with entirely different energy flux changes that, in
the first scenario, provide a global energy surplus; in the second one, provide
a global energy loss and in the third case have global TOA flux changes close
to zero. Decomposition of the TOA flux anomalies into dominant
atmospheric feedback effects allows for an understanding of these different
global energy budget responses. In agreement with previous studies, we find a
dominance of the temperature feedback in the high latitudes and water vapor
and cloud feedbacks in the tropics. There are two main areas with maximum
TOA flux changes due to the tropical convection reorganization, namely the
East Tropical Pacific with dominant downward TOA energy flux changes and
the Northern Tropical Atlantic with upward TOA energy flux changes. The
two areas tend to activate depending on the global energy demand with the
bipolar seesaw type of experiment showing the largest changes in both. The
northward atmospheric heat transport is enhanced over the tropics in
accordance with the positive TOA budget anomalies in the southern tropics
and negative in the northern tropics.
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4.1 Introduction

As inferred from tropical paleo-data, there is an increasing body of
evidence for strong coupling between high latitude temperature changes and
tropical precipitation shifts (Peterson et al. 2000, Wang et al. 2001 and 2008,
Lea et al. 2003, Koutavas and Sachs 2008, Dubois 2011). However, the
recorded precipitation shifts are unlikely to be exclusively influenced by
northern-only or southern-only high-latitude changes. It is more likely that
they reveal a complex interplay between Northern and Southern Hemisphere
high-latitude climate shifts as suggested by Kanner et al. (2012). In fact, the
present study argues for a two-step effect that fast atmospheric
teleconnections can induce on tropical precipitation in response to the slower
oceanic changes.

Due to imposed asymmetric temperature forcing around the equator, the
intertropical convergence zone (ITCZ) shifts to the warmer hemisphere
driven by cross equatorial flow caused by anomalous meridional tropical
surface pressure gradients (Lindzen and Nigam 1987, Chiang and Bitz 2005).
The same requirement for an ITCZ shift also arises from an angular
momentum conservation viewpoint, as the Hadley cell rising branch shifts to
the warmer hemisphere in order to avoid large horizontal temperature
gradients in the upper tropical troposphere (Lindzen and Hou 1988). From
an energy budget perspective, a shift to the warmer hemisphere allows for
increased atmospheric heat transport to the cooled hemisphere (Chiang and
Bitz 2005, Kang et al. 2009).

As the ITCZ prefers the warmer hemisphere, southward ITCZ shifts have
traditionally been investigated in AGCM studies by imposing a northern high
latitude cooling (Chiang and Bitz 2005, Mahajan et al. 2011, Cvijanovic and
Chiang 2012) or a bipolar seesaw-like anomaly (Broccoli et al. 2006, Kang et
al. 2009, Kang and Held 2011). The choice of such scenarios was based on the
fact that North Atlantic Meridional Overturning Circulation (AMOC)
variability is often considered the cause of abrupt climate cooling and
warming events (McManus et al. 1998, McManus et al. 2004, Broecker 2000).
Consequently, the atmospheric response investigated in the mentioned
studies corresponded either to the situation right after the AMOC
slowdown/shutdown (when the southern high latitude sea surface
temperatures are not yet influenced by the ocean circulation changes) or
during the advanced ocean bipolar seesaw in which one hemisphere is colder
and the other warmer compared to the control state (Stocker and Johnsen
2003, Stouffer et al. 2006).
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Southward ITCZ shifts can, however, also be induced by imposing
warming into the Southern Hemisphere. Southern Ocean warming has
predominantly been considered a consequence of AMOC changes due to
freshwater hosing in the North Atlantic (Timmerman et al. 2010, Holden et al.
2010, Otto-Bliesner and Brady 2010) and the global atmospheric response to
the Southern Ocean warming only scenario has therefore not been broadly
investigated in AGCM simulations. With the exception of the studies by
Weaver et al. (2003), Knorr and Lohmann (2003) and Stouffer et al. (2007),
the Southern Ocean has generally not been considered the most likely trigger
of past abrupt climate events.

Nevertheless, Southern Ocean temperature changes (in response to an
AMOC slowdown or shutdown, for example) could induce additional
atmospheric reorganizations that can act as a positive or negative feedback to
the initial North Atlantic forcing. In that respect, the atmospheric response to
Southern Ocean warming addressed in this study, enables investigation of the
atmospheric teleconnection through which the southern high latitudes affect
the tropics and the northern high latitudes. While the effect on the high
latitudes of the opposite hemisphere may not be as substantial, southern
warming or cooling will evidently influence the tropical precipitation by
altering the interhemispheric temperature gradient.

This may have numerous repercussions on paleo-data interpretations.
Specifically, within a decade after the North Atlantic cooling, the ITCZ shifts
southward due to the atmosphere-surface ocean interaction as shown in
studies by Chiang and Bitz (2005), Mahajan et al. (2011) and Cvijanovic and
Chiang (2012). Assuming a lag time of decades to centuries for a full ocean
response, Southern extratropical oceans will start warming after the ITCZ
response to the North Atlantic cooling. This warming will then affect the
interhemispheric temperature gradient once more and, depending on its
magnitude, may cause secondary southward ITCZ shifts that will be
registered in the tropical proxy data. If we take as an example the imprint of
Dansgaard/Oeschger events over the northern tropics, this would mean that
in addition to the monsoon weakening in phase with the Greenland cooling,
there could be an additional strengthening of this signal over the following
decades or centuries, in phase with the Southern Ocean. Although such
examinations are possible only with very high resolution data, it is still a
mechanism that needs to be considered.

Our study enables a comparison of the atmospheric response in the
bipolar seesaw experiment to the northern cooling and southern warming
simulations only. From an energetics viewpoint, these three southward ITCZ
shifts provide entirely different energy budget responses. In addition, the
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possibility of an atmospheric bipolar seesaw in which the southern high
latitudes drive the northern is investigated.

Model configuration and experimental descriptions are given in 4.2,
followed by discussions of the dynamics and energetics of the southward
ITCZ shifts in standard slab ocean experiments (4.3.1) and in aquaplanet slab
ocean experiments (4.3.2). Global energy fluxes and radiative feedback
responses are further analyzed in Section 4.3.3. Effects of the Southern Ocean
warming on the northern high latitudes are discussed in Section 4.4, followed
by conclusions and paleo-data implications in Section 4.5.

4.2 Model setup

We employ the NCAR Community Atmosphere Model version 3
(CAM3) in slab (mixed layer) ocean mode. Under this setup, atmosphere-
surface ocean interactions are enabled and the monthly-varying ocean heat
flux convergence (Q-flux) is applied to the ocean mixed layer, compensating
for the absence of the ocean dynamics. The experiments were performed
under the present day conditions (orbital forcing and greenhouse gases), in
T42 horizontal resolution with 26 levels in the vertical. A change to the
experimental configuration is the exclusion of the final Q-flux correction
from the sea surface temperature calculation over the warm (temperatures
larger than zero) ocean points. As described by Collins et al. (2004), in the
CAM3 slab ocean model, Q-flux adjustments are added in order to reduce the
loss of heat from the mixed layer to zero (when the temperature approaches
the freezing point) and to ensure that the sea ice distribution is bounded
against unrealistic growth or loss. We have kept these adjustments, as we
want to keep the changes in the sea ice geometry realistic, but we did not
allow for these changes to be compensated over the global warm ocean. As
our study investigates atmospheric teleconnections, we need to ensure that
away from the sea ice and the areas of the imposed forcing, changes in sea
surface temperatures originate solely from atmospheric processes (and not
from unphysical Q-flux adjustments). The small uncompensated Q-flux
difference that thus arises may be considered as energy transmitted below the
mixed layer, a solution which appears more realistic than the instant global
redistribution.

Cooling and warming is applied in the northern or southern high latitudes
(or in the both) by adding zonal Q-flux anomalies to the background Q-flux
field north and south of 46 latitude. Zonal profiles of the applied Q-flux
anomalies are given in the Figure 4.1a. Larger Q-flux anomalies in the north
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compared to the south are due to the smaller ocean extent in the NH,
ensuring similar total Q-flux forcing in SH warming and NH cooling
experiments. However, the resulting NH and SH forcing is not exactly equal
in strength (also due to the different sea ice cover in the two hemispheres)
resulting in slightly stronger NH cooling than SH warming. Consequently,
the bipolar seesaw experiment that consists of both the southern warming and
northern cooling has an overall negative (but small) imposed global forcing.

Simulations were run for 150 years with the last 80 used in the analysis.
The experiments are as follows: (1) present day control run - CTRL; (2)
CTRL with imposed high northern latitude Q-flux cooling - NH_cold; (3)
CTRL with imposed high southern latitude warming - SH_warm; and (4)
CTRL with both northern cooling and southern warming - NS_cw.

In addition to these standard slab ocean experiments, four aquaplanet slab
ocean experiments with disabled sea ice cover are performed. In this
configuration, the imposed NH cooling and SH warming have equal strengths
and the bipolar seesaw experiment has zero net global forcing. Since the
absence of continents allows the Q-flux forcing to be imposed over a much
larger area, the effect of imposed cooling or warming is much larger. For that
reason, the maximum value of the applied Q-flux forcing in the aquaplanet
experiments was set to about 6 W/m’, as shown in Figure 4.1b. The
experiments are named after the corresponding standard slab ocean
simulations: aqua_CTRL, aquaNH_cold, aquaSH_warm and aquaNS_cw.

In the aquaplanet simulations, surface albedo was uniformly set to 0.15,
and points with temperatures below zero were treated as an open water
similar to the study by Langen et al. (2012). Model resolution, solar forcing,
greenhouse gases and orbital forcing are the same as in our standard slab
ocean experiments, except for the eccentricity, which is set to zero to provide
symmetry between the hemispheres. Aerosol, ozone and Q-flux fields have
been zonally averaged and symmetrized about the equator.
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Figure 4.1: Zonal Q-flux anomalies applied in the (a) standard slab ocean
experiments and (b) aquaplanet experiments. Blue full line: northern
hemisphere cooling experiments NH_cold and aquaNH_cold, grey dashed line -
southern hemisphere warming experiments SH warm and aquaSH_warm.
Forcing for the NS_cw and aquaNS_cw experiments is the sum of the
corresponding two curves. Sign convention: positive Q-flux anomalies
correspond to ocean mixed layer heating.
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4.3 Results

43.1 Southward ITCZ shifts due to asymmetric
interhemispheric forcing

Southward precipitation shifts in the NH_cold, SH_warm and NS_cw
experiments are shown in the upper panels of Figure 4.2. The three shifts
resemble each other over the eastern tropical Pacific, but less over the tropical
Atlantic and Indian Ocean where the SH_warm and NS_cw experiments
show much larger anomalies compared to NH_cold. Surface temperature
anomalies, shown in the lower panels of Figure 4.2, reveal entirely different
responses in the three experiments in accordance with the different forcings
imposed. The largest coolings and warmings are about 3°C, located in the
high northern and southern Ilatitudes, respectively. In comparison,
subantarctic sea surface temperature reconstructions by Mashiotta et al.
(1999) and Shemesh et al. (2002) indicate temperature oscillations of about
2°C during the last glacial. D/O events found in Antarctic Dome C and EDC
record show maximum amplitude of about 3°C (Jouzel et al. 2007). Tropical
surface temperature anomalies in our simulations are around 0.5°C in
magnitude, with larger surface temperature gradients over the Atlantic and
Indian Ocean in the NS_cw and SH_warm cases compared to NH_cold. This
is coincident with the stronger Atlantic and Indian Ocean precipitation shifts

in the former two.

In terms of energetics, these experiments pose distinct energy budget
requirements. In the NH_cold experiment additional energy gain is required
to counteract the imposed surface cooling. In the SH_warm there is a surplus
of energy due to the applied warming and a sink for this energy is required.
Finally, in the NS_cw, the imposed cooling and warming almost cancel each
other (with a small requirement for energy gain). It is thus compelling to
investigate to what extent similar southward ITCZ shifts can provide these
entirely different energy flux responses. Figure 4.3, showing top-of-the-
atmosphere (TOA) energy flux changes, illustrates the main locations where
energy is gained or lost. Positive, i.e. downward, TOA anomalies are mainly
located over the eastern tropical Pacific, surrounding the area of the Pacific
Cold Tongue (in agreement with Cvijanovic and Chiang 2012), while the
highest negative values are present over the north tropical Atlantic.
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Figure 4.2: Precipitation (upper panels) and temperature (lower panels)
anomalies in NH_cold, SH _warm and NS_cw slab ocean experiments. The

anomalies shown are statistically significant at the 95% level using the Student’s
t-test.
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Figure 4.3: TOA net anomalies (positive downward) in NH_cold, SH_warm and
NS_cw experiments. Anomalies are statistically significant at the 95% level.
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In the NH_cold experiment (Figure 4.3, left panel) tropical TOA
anomalies are mainly positive, with the exception being the tropical north
Atlantic where small negative values are found. The global average TOA flux
anomaly is thus positive and the main compensation for the northern
extratropical surface energy loss is provided over the east tropical Pacific. In
the SH_warm, positive TOA anomalies over the east tropical Pacific are still
present, reinforcing the imposed positive surface forcing. The sink for this
additional energy is chiefly over the tropical north Atlantic, where large
negative TOA flux anomalies prevail. Thus, in the SH_warm, the overall TOA
flux changes are negative. TOA budget anomalies observed in the NH_cold
and SH_warm cases are even more pronounced in the NS_cw, where
increased energy gain (and loss) over the east tropical Pacific (and north
tropical Atlantic and Pacific) further enhance the difference in
interhemispheric energy budgets, increasing the requirement for northward
atmospheric heat transport.

Tropical energy sinks and sources are connected with the convection
reorganizations due to the southward ITCZ shifts. Cloud anomalies (not
shown) reveal an increase in low cloud cover in the northern tropics,
especially over the north tropical Atlantic and a decrease over the southern
tropics and equatorial Pacific. High and medium cloud cover increases over
the southern tropics and equatorial Pacific with maximum over the Pacific
cold tongue area and decreases over the northern tropics. Therefore,
maximum positive (negative) tropical TOA flux anomalies coincide with
areas of the increased (decreased) high and medium cloud cover that reduces
the outgoing longwave radiation by emitting from higher and colder levels in
the atmosphere.

This indicates that in our model simulations, the shortwave cloud
radiative forcing (CRF) anomalies (due to the low cloud cover changes) are
less important for the overall cloud forcing, as the total CRF mainly follows
the sign of the longwave component (Figure 4.7c). If the shortwave effect due
to cloud reorganization was stronger than the longwave effect, the overall
CRF would have been positive in the northern and negative in the southern
tropics. Our findings are in agreement with those of Cvijanovic and Chiang
(2012) and further show that dominance of longwave CRF is not related to
the geometry of the imposed forcing; cloud radiative forcing changes are
additionally addressed in Sections 4.3.2 and 4.3.3.

Given the sign of the TOA and surface flux anomalies, the largest
atmospheric cross equatorial heat transports are expected in NS_cw and
SH_warm cases, as both the energy surplus from the imposed surface forcing
and the east tropical Pacific TOA energy gain have to be transported north.
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In the NH_cold, on the other hand, the only available energy for the
transport comes from the TOA energy surplus in the southern tropics. Figure
4.4, showing northward atmospheric heat transport anomalies, illustrates this.
In NH_cold, energy is gained over the area 20°S-10°N (due to TOA flux
changes) and lost in the northern extratropics (around 60°N) due to the
imposed surface cooling. In SH_warm, however, the energy surplus comes
from the southern extratropics (where the surface forcing is imposed) and
from the area 20°S-10°N (due to TOA energy flux gain) and it is lost in the
northern tropics due to the TOA energy loss. Finally, in NS_cw, the
atmospheric transport change is almost the sum of the previous two and the
energy is gained in the southern extratropics and the area 20°S-10°N and lost
in the northern tropics and extratropics.
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Figure 4.4: Atmospheric northward heat transport anomalies in slab ocean (a)
and aquaplanet slab ocean (b) experiments. Blue, red and black lines represent

the NH_cold, SH_warm and NS_cw cases, respectively.

The larger tropical convection reorganization (stronger ITCZ shift) and
atmospheric heat transport (AHT) response in the NS_cw simulation
compared to the other two cases could be seen as a response to the more
substantial alteration of the interhemispheric thermal gradient (Chiang and
Friedman 2012). The difference between the annual average surface
temperatures over the northern (0°-30°N) and southern (0°-30°S) tropics, for
example, equals 0.9 K in the control run and 0.3 K in the NS_cw simulation,
while the NH_cold and SH_warm cases fall in between. The same conclusion
is found when considering hemispheric surface temperature averages.
Different interhemispheric thermal gradients in NH_cold and SH_warm are
consistent with a larger Hadley cell anomaly (Figure 4.5) and tropical AHT
response (Figure 4.4) in SH_warm than in NH_cold.
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Figure 4.5: Meridional stream function anomalies in standard slab ocean (left

plots) and aquaplanet (right plots) experiments
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From this analysis it is difficult to discern whether the different
interhemispheric thermal gradients and atmospheric responses are caused by
the differences in the initial imposed forcing (due to land-ocean geometry),
by the sea ice effects, or whether they are a consequence of nonlinear
atmospheric processes like for example the water vapor response to
temperature changes through the Clausius-Clapeyron relation. The
aquaplanet experiments with disabled sea ice can provide an answer to this.

An additional reason for considering the aquaplanet simulations are the
different features of the atmospheric transport anomaly in NS_cw, compared
to the ones found by Kang et al. (2008) and (2009) in their aquaplanet
experiments (K08 and K09 hereinafter). The differences are especially
pronounced around the equator. In K09 and K08, tropical cloud radiative
forcing acts as a negative feedback on the imposed forcing by inducing
negative CRF anomalies in the southern tropics and positive in the northern
tropics. In the next section, we thus also address the sign of tropical CRF
anomalies in relation to different AHT responses.
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4.3.2 Tropical atmospheric response in aquaplanet slab ocean
experiments

The strength and geometries of the imposed NH cooling and SH
warming in the aquaplanet experiments are equal (although opposite in sign)
as illustrated in Figure 4.1b. Atmospheric heat transport anomalies in these
simulations are plotted in Figure 4.4b. Similarly to what was found in the
experiments that included land and sea ice, the AHT anomaly is larger in the
southern warming aquaSH_warm simulation (red line) than in the northern
cooling aquaNH_cold experiment (blue line), while the aquaNS_cw
atmospheric heat transport anomaly resembles their sum (black line). This is
also in accordance with the corresponding Hadley cell responses that are
weakest in aqua_NHcold (Figure 4.5).

Cross-equatorial atmospheric heat transport anomalies are plotted against
the anomalous interhemispheric tropical surface temperature gradients
(IHTG) in Figure 4.6, revealing a linear relationship between the two. To
additionally test this we have performed three new experiments with the same
forcing geometries but increased forcing strengths, named aquaNH_cold_is,
aquaSH_warm_is and aquaNS_cw_is. The maximum imposed Q-flux
anomalies in these experiments are about 10 W/m’. A linear fit through all
aquaplanet experiment points yields an 7 value of 99% (Figure 4.6). This not
only illustrates a one-to-one relation between the interhemispheric surface
temperature gradients and the AHT response but also confirms that the
SH_warm and NH_cold experiments have different IHTGs and AHT
anomalies that are not caused by discrepancies in the imposed forcing or sea
ice effects.

We propose that this is related to the nonlinear water vapor response that
acts as a positive feedback on the imposed forcing. Extratropical temperature
changes due to the applied Q-flux anomalies will cause an increase in the
specific humidity, which will in turn cause TOA energy budget changes. This
effect will not be same in the warming and cooling experiments because of
the non-linear relation between the temperature and water vapor.
Consequently, the cooling experiment is less affected by the positive water
vapor feedback effect than the warming experiment. Extratropical cloud
responses to the initial cooling or warming may additionally complicate this
picture.
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Figure 4.6: Cross equatorial atmospheric heat transport (PW) plotted against the
tropical interhemispheric temperature gradient (K) for the aquaplanet
experiments. White circles: aquaNH_cold, aquaSH_warm and aquaNS_cw
simulations, black circles: corresponding experiments with increased forcing
strength.

The initial difference in interhemispheric temperature gradients between
the northern cooling and southern warming experiments will in turn cause
different Hadley cell responses. However, there is also a dynamical factor to
be considered. Development of the anomalous Hadley circulation and the
corresponding AHT response leads to stronger northward dry static energy
and southward latent heat transports. As a result, the water vapor content
increases in the southern tropics and decreases in the northern tropics
(Chiang and Bitz 2005). The different Hadley cell anomalies will therefore
yield different amounts of latent heat transported in the two experiments that,
in turn, additionally increase the difference in strengths of the tropical water
vapor anomalies in aquaSH_warm compared to aquaNH_cold. The larger the
difference in strengths of the water vapor anomalies, the larger difference in
water vapor feedback effects that will further increase the interhemispheric
thermal gradient.

Alternatively, larger Hadley cell response in aquaSH_warm compared to
the aquaNH_cold could also be related to the initially wetter northern tropics
in aquaSH_warm due to the weaker cooling. Under the less dry conditions
(larger lapse rate) in aquaSH_warm, Hadley cell will become more vigorous
due to the larger upper hemispheric pressure gradients between the equator
and subtropics (Webster 2004).

Our experimental design did not allow deciphering which of the proposed
mechanisms plays a major role. However, vertical integrals of specific
humidity anomalies in the aquaSH_warm and aquaNH_cold simulations
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given in Figure 4.7a, confirm stronger (by absolute value) aquaSH_warm
water vapor response (red line) in the southern tropics compared to
aquaNH_cold water vapor response in the northern tropics (blue line). Over
the southern tropics, the aquaSH_warm water vapor response is larger than
the aquaNH_cold response, both owing to the stronger southern tropical
warming and stronger Hadley cell anomaly (Figure 4.5) in aquaSH_warm. In
contrast, over the northern tropics, water vapor responses are almost the
same due to the fact that the stronger Hadley cell transport in aquaSH_warm
compensates for the less northern tropical cooling compared to the
aquaNH_cold.
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Figure 4.7: (a) Pressure weighted column mean specific humidity anomalies and
(b) cloud radiative forcing anomalies (normalized by the cosine of latitude) in
aquaNH_cold and aquaSH_warm experiments. (¢) TOA net energy budget
anomaly (black line), cloud radiative forcing (CRF) anomaly (red line) and its
longwave (CRF lw) and shortwave (CRF sw) components (grey dashed lines) in
the aquaNS_cw simulation (normalized by the cosine of latitude).
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Cloud radiative forcing also affects the difference between the two
responses (Figure 4.7b). In the northern tropics, the aquaSH_warm CRF
response (red line) is more negative than that in aquaNH_cold (blue line).
Mid-latitude CRF anomalies in the two experiments are of similar strengths
and therefore do not contribute to different responses.

Overall, TOA flux changes are positive in the southern and negative in the
northern tropics, enhancing the interhemispheric differences due to the
imposed surface forcing. This enhancement is larger when the ITCZ shift
southward due to southern warming compared to the northern coolingln
terms of geometry of the applied forcing and the aquaplanet slab ocean setup,
our bipolar seesaw forcing experiment (aquaNS_cw) is very similar to the K08
and K09 experiments. However, the AHT response in our simulations is
different, peaking at the equator and being symmetric around it. As already
discussed, this increase in cross-equatorial AHT is related to the tropical TOA
flux changes that are negative in the northern and positive in the southern
tropics. The tropical TOA energy budget anomalies following the ITCZ shifts
result from the temperature, water vapor and cloud feedback effects as shown
by Cvijanovic and Chiang (2012). We focus here on cloud radiative forcing
anomalies, as cloud responses are known to dominate inter-model differences
(Cess et al. 1996). This is illustrated in Figure 4.7c¢ showing TOA flux (black
solid line) and CRF (red solid line) anomalies as well as the longwave and
shortwave CRF components (grey dashed lines) for the aquaNS_cw
experiment. Figure 4.7c¢ confirms that the overall cloud radiative forcing
anomalies follow the sign of the longwave CRF anomalies. On the contrary,
CRF changes in K08 study are dominated by the shortwave component
(Figure 8 and 13a in K08) and thus have the opposite sign in the tropics
compared to our aquaNS_cw experiment. The CRF response in K08 is related
to the response in low clouds, while in our experiments medium and high
cloud anomalies dominate the tropical response (not shown).

A sensitivity of the magnitude of tropical precipitation responses to the
convection scheme parameters has been documented by K09 study. Our
results, however, point to large inter-model differences in low and high cloud
cover responses. This further causes different signs in CRF and TOA flux
anomalies and affects the cross-equatorial atmospheric heat transport.
Compared to the imposed cross-equatorial ocean heat flux anomalies
(implicit in the Q-flux forcing), the cross-equatorial AHT response in the
aquaNS_cw experiment is about three times larger. In comparison, K09 find
the tropical compensation of the imposed ocean heat transport by the AHT to
vary between 47% and 115% depending on convection scheme.
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4.3.3 Temperature, water vapor and cloud radiative feedback
response to southward I'TCZ shifts

In this section, we further investigate the anatomy of the global energy
budget response following the three southward ITCZ shifts, by addressing the
role of radiative feedbacks. As described in Cvijanovic and Chiang 2012, we
apply the radiative kernel technique by Soden et al. (2006), adapted for CAM3
by Shell et al. (2008). The agreement between the overall TOA flux anomalies
from the model output and from the kernel method is lower in the high
latitudes due to the non-linearity of the surface albedo feedback (SAF). Since
we are mainly interested in the tropical response, we limit our focus to
temperature, water vapor and cloud feedback effects to the imposed forcing.
However, one should be aware that the extratropical shortwave cloud
feedback effect may be affected by discrepancies in the SAF calculation (more
details can be found in Shell et al. 2008).

TOA flux anomalies and the main feedback effects are calculated over four
areas, roughly representing the tropics and extratropics of the two
hemispheres (Figure 4.8). The first panel in Figure 4.8 shows the TOA flux
changes in the NH_cold experiment. The main energy gain comes from the
southern tropics due to cloud and water vapor feedbacks while the remainder
of the energy is obtained in the northern extratropics due to the temperature
longwave feedback. Some energy is lost in the northern tropics as a
consequence of negative water vapor and cloud feedback effects following the
ITCZ shifts. This is because northern tropics become drier as the ITCZ shifts
southward. As discussed before, the negative cloud feedback effect in the
northern tropics arises from reduced medium and high cloud cover.
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Figure 4.8: TOA energy budget anomalies and temperature, water vapor and
cloud feedback effects summed over the extratropical and tropical regions in
NH_cold, SH warm and NS _cw experiments (sign convention is positive
downward, i.e., a heating of the system).

The TOA energy budget changes in SH_warm and their separation into
individual radiative feedback effects are shown in the middle panel of Figure
4.8. The main energy loss comes from the northern tropics, due to
temperature, cloud and water vapor feedback effects. Although positive
surface temperature anomalies did not progress deep into the northern
tropics, the atmospheric temperature anomalies did (Figure 4.94) and hence
they induce a negative effect on the overall TOA flux anomalies. The negative
cloud feedback effect is due to the southward precipitation shift as in the
NH_cold experiment, although it is somewhat larger. The negative water
vapor feedback effect is a consequence of the decreased humidity in the
northern tropics (Figure 4.9b). Although the air temperatures increases in the
northern tropics, this did not cause a specific humidity increase, as the
dynamic processes related to Hadley cell changes are more important. The
decrease in northern tropical water vapor content is thus related to the
southward ITCZ shift and strengthened northern Hadley cell that causes an
increased latent heat transport into the warmer (southern) hemisphere.

The remainder of energy in SH_warm is lost in the northern extratropics
through temperature feedback effects associated with warm anomalies in the
northern extratropics (Figure 4.9a). Despite a tropospheric cooling aloft in
high northern latitudes, positive temperature anomalies at lower levels and
latitudes have stronger feedback effects leading to a net cooling. The
midlatitude warming is followed by an increase in specific humidity (Figure
4.9b) leading to a positive water vapor feedback effect in the extratropics that
acts to counteract the temperature feedback effects (Figure 4.8, middle panel).
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Figure 4.9: Vertical profiles of (a) zonal average temperature and (b) specific
humidity anomalies in the SH_warm experiment.

Across the southern hemisphere, a negative temperature feedback effect
acts to counter the warming imposed in the SH_warm experiment, but due to
the opposing effects by water vapor and clouds, TOA flux changes over the
southern hemisphere (predominantly due to the southern tropics) are positive.

The TOA energy flux changes in the NS_cw case are shown in the right
panel of Figure 4.8. As in NH_cold and SH_warm, northern tropical feedback
effects lead to overall negative TOA flux changes and the opposite is seen in
the southern tropics. Tropical energy flux changes in the NS_cw experiment
are larger (in absolute value) than the corresponding changes in NH_cold and
SH_warm experiments. In general, the changes in NS_cw correspond roughly
to the sum of those in NH_cold and SH_warm.

In summary, whether the total TOA flux changes will be positive or
negative is a question of delicate balance between the temperature, water
vapor and cloud responses and while their relation in the extratropics is more
thermodynamically determined, in the tropics it is chiefly governed by the
changes in Hadley cell dynamics.
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44 Atmospheric teleconnection from the Southern
Ocean to North Atlantic

Our considerations of surface temperature anomalies (Figure 4.2,
bottom plots) revealed that the Southern Ocean warming causes temperature
changes over the North Atlantic with cooling in the northern tropical Atlantic,
warming off the east coast of America and cooling south of Greenland and
over northern North America. These surface temperature anomalies are
statistically significant at the 95% level (using the Student's t-test).

The question is how such a teleconnection comes about. As the tropics must
mediate the communication between the two hemispheres, we turn once
more to the comparison of the tropical responses. As noted previously,
Hadley cell anomalies are positive, meaning that the northern cell is enhanced
and southern weakened, in accord with the southward ITCZ shifts (not
shown). The strengths of Hadley cell anomalies increase from NH_cold to
SH_warm and NS_cw in agreement with the increasing AHT anomalies. Thus,
the stronger Hadley circulation response in SH_warm compared to NH_cold
should more strongly affect the subtropical jet (Hou and Lindzen 1992). In
turn, the change in subtropical jet will affect the eddy-driven polar jet (Lee
and Kim 2003). Following these arguments, jet changes can be predicted from
the Hadley cell anomalies: a strengthened Hadley cell leads to an increase in
the subtropical jet and this in turn causes a decrease in the polar jet and vice
versa (Lee et al. 2011). This is indeed the case in our aquaplanet experiments
(not shown) but in the presence of land, orography and sea ice, we find that
the response becomes more complex.

Figure 4.10 reveals very similar geometries of the anomalies in 200 hPa
wind strengths and surface wind stress in NH_cold and SH_warm. In both
experiments, there is an increase in annual mean 200 hPa winds (left panels)
in the North Atlantic area south of Greenland, the tropical North Atlantic
and northern tropical east Pacific. Weakened high-level winds are found over
the midlatitude North Atlantic and southern tropical east Pacific. As
hypothesized, wind strength changes are more pronounced in SH_warm
experiment (compared to NH_cold) in agreement with a stronger Hadley cell
response. In the southern hemisphere, there is decrease in the annual mean
wind strengths poleward of 45°S and an increase between 30°S and 45°S.
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Figure 4.10: left panels - 200 hPa annual mean wind strength anomalies (colors)
and wind vectors (arrows), right panels - surface wind stress anomalies. Upper
and lower panels correspond to NH_cold and SH_warm experiments,
respectively.

The surface wind changes, however, appear to also be affected by the
presence (or absence) of the northern high latitude surface cooling. As a
consequence, the northern circulation changes are larger in NH_cold than in
SH_warm as seen from the right panels in Figure 4.10. Analogously to the 200
hPa wind strength anomalies, surface wind changes appear to be very similar
over the North Atlantic and tropical Pacific with areas of decreased
(increased) wind stress coinciding with areas of surface warming (cooling) in
the SH_warm experiment. We have tested the robustness of the high latitude
North Atlantic response by applying weaker and stronger warming over the
Southern Ocean in our slab ocean simulations and arrived to the same
conclusion (not shown).

Development of mid- and high latitude North Atlantic warming and
cooling patterns in response to tropical Atlantic forcing has been previously
investigated by Okumura et al. (2001). Their study included simulations with
prescribed tropical SSTs and extratropical slab ocean, in which the response
to an interhemispheric tropical Atlantic surface temperature dipole was
examined. In response to the cold north/warm south tropics temperature
gradient, they found positive SST anomalies developing off the eastern North
America due to weakened winds and negative SST anomalies south of
Greenland coincident with increased winds. The extratropical response is
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found to project onto NAO through barotropic teleconnection. Their study
also points out a striking resemblance to observational data during periods
with strong cold-north warm-south tropical Atlantic SST gradient.

Terray and Cassou (2002), similarly in AGCM simulations, investigate the
influence of tropical North Atlantic SSTs on the extratropical North Atlantic
and demonstrate that the tropical SST anomalies can lead to changes that
tend to reinforce the geopotential structure of the simulated NAO. According
to their study, the mechanism includes changes in tropical convection, Hadley
circulation and interaction between planetary waves and the subtropical wind
variability induced by the tropical circulation anomalies. The relation they
describe between wind and temperature anomalies is very similar to our

findings.

Further work is required to test the sensitivity of the atmospheric
teleconnection found in our experiments - the atmospheric bipolar seesaw,
which can act on top of the slower oceanic bipolar seesaw. The novelty of this
study is that the proposed interhemispheric communication merges two
physically plausible mechanisms: the southward ITCZ shift due to Southern
Hemisphere warming and the consequent tropical dipole forcing onto the
high and mid-latitude North Atlantic circulation. The mechanism could have
compelling implications for paleo-data interpretations as will be discussed in
the next section.
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4.5 Conclusions and paleo-data implications

This study provides a quantitative analysis of the global energy flux
changes due to three different triggers of a southward ITCZ shift, namely
Northern Hemisphere cooling, Southern Hemisphere warming and a
combination of both referred to as a bipolar seesaw experiment. In addition
to the energy flux changes we also tackle the dynamics of the shifts by
comparing the atmospheric response to an oceanic bipolar seesaw-type of
forcing with north-forcing-south and south-forcing-north simulations only.
In particular, we are interested in teleconnections through which a Southern
Ocean warming can affect the mid- and high-latitude North Atlantic and the
strengths of the high-to-low-latitude teleconnections.

In NH cooling experiments (north-forcing-south), additional energy is
required in high northern latitudes and we show that this is accomplished by
increased northward energy transport from the tropics, with the dominant
energy source being the east tropical Pacific. In SH warming experiments
(south-forcing-north), the energy surplus due to the imposed forcing needs to
be transported away from the southern latitudes and the sink for this energy
is found to be in the northern tropics, mainly over the northern tropical
Atlantic. Finally, in the bipolar seesaw experiment, an energy deficit and
surplus are imposed in the northern and southern high latitudes, respectively.
The locations of increased energy gain (equatorial east Pacific) and increased
energy loss (tropical North Atlantic) due to the TOA flux changes, provide a
positive feedback onto the imposed interhemispheric forcing by cooling the
northern and warming the southern tropics.

The tropical TOA flux changes result from cloud, water vapor and
temperature feedback interactions. The sign of cloud feedback response is of
particular importance for the tropical TOA flux anomalies and cross-
equatorial AHT response. A related study by Kang et al. (2008) showed
somewhat different AHT anomalies at the equator. This is a consequence of
dominant shortwave (over the longwave) tropical cloud radiative forcing and
low cloud cover response that induces positive TOA anomalies in the
northern and negative in the southern tropics. In contrast, our simulations
show that longwave tropical CRF is dominant over the shortwave. Medium
and high cloud changes are more pronounced, with the high cloud cover
increasing in the southern and decreasing in the northern tropics. This
provides further positive TOA flux changes in the southern and negative in
the northern tropics, increasing the cross-equatorial AHT.
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Atmospheric heat transport changes and Hadley cell anomalies are largest
in the NS_cw experiment, followed by the SH_warm and NH_cold
simulations in accord with the corresponding interhemispheric tropical
temperature gradients (IHTG). The larger IHTG and AHT response in
SH_warm compared to NH_cold simulation was proposed to be a
consequence of the nonlinear water vapor response. Possible mechanisms
through which the nonlinearities in the water vapor response could have
affected the tropical response are suggested, but deciphering between their
individual importance was not possible with our experimental setup and is
beyond the scope of the current study.

Two important points arise from these experiments: firstly, a proposed
teleconnection between the high southern and northern latitudes and
secondly, high-to-low-latitude teleconnections. According to the first, that has
been named the atmospheric bipolar seesaw, the high latitude North Atlantic
cools in response to Southern Ocean warming. This is a two step interaction
in which the SH warming causes a southward ITCZ shift while the associated
tropical Atlantic SST gradient and circulation changes cause an extratropical
North Atlantic response.

If also robust under LGM conditions, an atmospheric teleconnection from
the Southern Ocean to the North Atlantic could have interesting paleo-
climate implications. For example, NGRIP ice core data by Steffensen et al.
(2008) suggest that changes in the dust record started before changes in the
80 and deuterium excess records during the Bolling-Allerod warming. As
the dust in Greenland originates mainly from low-latitude Asian deserts
(Svensson et al. 2000), this lead the authors to propose that tropical
circulation changes occurred before the high northern latitude warming, and
that the trigger was the tropical reorganization. This interpretation, however,
requires that the ITCZ shifts to the colder hemisphere, which does not seem
physically plausible (Chiang and Cuftey 2008).

However, if a Southern Ocean cooling was the trigger of the Bolling-
Allerod warming instead of the tropical reorganization, as suggested by
Weaver et al. (2003) for example, this could have caused the tropical
circulation reorganization through an atmospheric teleconnection. Following
this line of thought, the high latitude North Atlantic temperatures would be
affected first due to the atmospheric and then the oceanic circulation changes.
Such a scenario would support the conclusion of Steffensen et al. (2008) that
tropical circulation changes came first. In that respect, the Steffensen et al.
(2008) Belling-Allerod dust and temperature change timing could be
alternatively explained by the atmospheric teleconnection due to the Southern
Ocean cooling that is mediated by the tropics.
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Another compelling implication is related to the study by Montoya and
Levermann (2008) which demonstrated the existence of a surface wind
threshold affecting the AMOC strength under glacial conditions. Thus, if the
atmospheric teleconnection described in our study persists under glacial
conditions, it could have a much larger effect than anticipated from the slab
ocean simulations. In particular, if AMOC strength would be also affected by
the wind stress changes described in our study, this would mean a much
larger high northern latitude impact. The North Atlantic response to
Southern Ocean temperature changes under glacial conditions will be
addressed in future work.

The final paleo-implication arising from this study concerns high-to-low-
latitude teleconnections, as our results indicate that the southern high-latitude
forcing is as important for tropical precipitation shifts as the northern forcing.
According to the oceanic bipolar seesaw mechanism (Stocker and Johnsen,
2003), North Atlantic cooling (due to AMOC slowdown) yields a gradual
Southern Ocean warming which, in turn, causes an additional ITCZ shift.
The impact of this secondary shift will depend on both the magnitude and
timing of the Southern Ocean temperature change.

A simple scheme of such consecutive ITCZ shifts is given in Figure 4.11.
We only consider two possible states for the North Atlantic and Southern
Ocean: 1. strong AMOC (warm North Atlantic) or 2. weak AMOC (cold
North Atlantic) and 1. warm Southern Ocean or 2. cold Southern Ocean.
More elaborate considerations would include neutral states of the North
Atlantic and Southern Ocean as well as differences in the magnitudes, but this
simple scheme is sufficient to illustrate our points.

Combination strong AMOC (warm North Atlantic) and cold Southern
Ocean in this simple framework corresponds to our control simulation
(Scenario 1 in Figure 4.11). In this case, the Northern Hemisphere is warmer
than the Southern and the ITCZ has a more northerly position. Scenario 2
assumes an AMOC slowdown with the North Atlantic being cold but without
the Southern Ocean having had time to warm significantly. In response to
this North Atlantic cooling, the ITCZ shifts south. According to the transient
simulations by Chiang and Bitz (2005), Mahajan et al. (2011) and Cvijanovic
and Chiang (2012), it takes less than a decade for the precipitation to shift to
its southward location due to atmosphere-surface ocean teleconnections. This
scenario is illustrated in our NH_cold simulation and the corresponding
precipitation change is shown in panel (a) of Figure 4.11 with the solid blue
line.
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Figure 4.11: Scheme illustrating the possible atmospheric teleconnections
leading to ITCZ shifts: 1 - base case (control run), 2 - NH_cold simulation, 3 -
NS_cw simulation and 4 - SH_warm simulation. Panels: Annual and zonal mean
precipitation anomalies - (a) NH_cold (blue solid) and NS_cw (black solid)
simulations and their difference (blue dashed line); (b) SH_warm (red solid) and
NS_cw (black solid) simulations and their difference (red dashed line). NA -
North Atlantic, SO - Southern Ocean.

In scenario 3, enough time has passed for the Southern Ocean to become
warmer due to ocean circulation changes. Maximum Southern Ocean
response develops in about a century after the AMOC slowdown (Stouffer et
al. 2007, Otto-Bliesner and Brady 2010). The warming of the Southern Ocean
additionally alters the interhemispheric temperature gradient and causes
stronger ITCZ shifts south towards the warmer hemisphere. This is again
caused by atmosphere-surface ocean teleconnection only. Scenario 3
corresponds to our bipolar seesaw experiment NS_cw and is shown in panels
(a) and (b) of Figure 4.11 (solid black line). The blue dashed line in panel (a)
shows the difference in precipitation anomalies between Scenario 2 (NH_cold
case) and Scenario 3 (NS_cw) indicating that the precipitation increase
(decrease) at 10°S (10°N) has doubled after the second shift.
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Scenario 4 corresponds to the situation just after an AMOC recovery
when the North Atlantic is warm but the Southern Ocean did not cool yet.
Due to the NH warming, the precipitation shifts northward compared to the
scenario 3. As the strong AMOC - cold Southern Ocean is our control state,
then the strong AMOC - warm Southern Ocean corresponds to our
SH_warm simulation. Panel (b) in Figure 4.11 compares the tropical
precipitation shifts in the SH_warm and NS_cw experiments showing
significant absolute decrease in precipitation anomalies in SH_warm. The
northward shift occurs here because of the direction chosen in the scheme: we
follow the change going from NS_cw to SH_warm experiment. Finally, as the
Southern Ocean cools, the ITCZ will return to the state we started from.

This simple scheme illustrates that past tropical precipitation changes
result from the complex interactions lead by high latitude changes in both
hemispheres. Consequently, there may rarely be just one southward or
northward ITCZ shift, but at least a two-step shift: the first one being abrupt,
due to the atmospheric teleconnection from the location where the change
was triggered (e.g, the North Atlantic) and the second more gradual, in
response to the atmospheric teleconnection from the location to where the
change was transmitted through ocean circulation changes. In our slab ocean
configuration, however, we were unable to consider the fast oceanic changes,
or any tropical SST changes originating directly from the ocean dynamics.
These processes are likely to further complicate the understanding of the
observed precipitation signal.

Despite the fact that our analysis does not consider the full complexity of
high-to-low-latitude communication, it does point out the necessity of
considering the ITCZ shifts in a wider framework than traditionally done. As
inferred from our results, the atmospheric teleconnection due to Southern
Ocean warming is as important for tropical precipitation shifts as the one due
to North Atlantic cooling. The coupled model study by Stouffer et al. (2007)
supports our conclusion - in response to freshwater forcing in the North
Atlantic and Southern Ocean, they find noticeable symmetry in the
atmospheric responses and suggest that the shutdown of deep water
formation in any hemisphere can produce a seesaw effect in the opposite one.
However, their study addresses the oceanic seesaw, while ours implies the
existence of an atmospheric seesaw. Additional work is required to test the
considered atmospheric scenario under less idealized configurations.
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Chapter 5

Conclusions and future outlook

In this thesis, global atmospheric teleconnections to high latitude
forcing have been investigated with special emphasis on possible
paleoclimate implications. One of the major goals of the presented work is
understanding the atmospheric reorganization following the Atlantic
Meridional Overturning Circulation shutdown that leads to tropical
precipitation and atmospheric heat transport changes.

This was first investigated in an atmospheric general circulation model
with prescribed sea surface temperatures as described in Chapter 2. The
focus of the study was on the sensitivity of the atmospheric heat transport
response under present day and Last Glacial Maximum (LGM) conditions.
The results revealed larger present day mid-latitude atmospheric heat
transport sensitivity compared to glacial conditions. This was linked to the
greater transient eddy heat flux response in the present day climate. In
comparison, stationary eddy heat flux response was found to be stronger
in glacial climate. However, as the transient eddy heat flux anomalies
dominate the mid-latitude eddy driven transport over the stationary eddy
heat flux anomalies, this effect had more impact in present day than in
LGM simulations.

In terms of paleoclimate implications, these results imply that the
present day climate is more efficient in damping the high latitude oceanic
forcing due to the strong mid-latitude response (there is a much larger
negative feedback on the imposed temperature gradients as a consequence
of the enhanced atmospheric transport response). Decreased glacial energy
transport feedback is likely related to larger sea ice extent in LGM
simulations and to the LGM orography that forces a different partitioning
of the transient and stationary components between the two climates.

The analysis of the atmosphere only response presented in this study
did not allow for the surface ocean feedbacks and the prescribed sea
surface temperature setup may have had large influence on the results
obtained. With this motivation, in the further work an attempt is made to
better understand the role of sea surface temperatures in atmospheric
response to high latitude forcing. This problem was addressed in Chapter
3. In a set of idealized simulations, with fixed tropical SSTs and slab ocean
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boundary condition in the extratropics, the role of SST anomalies in the
tropical ITCZ response was examined. These results have suggested direct
tropical SST control of the ITCZ response, with the SST anomalies
propagating into the tropics being both necessary and sufficient for the
ITCZ shift. Only as the surface temperature anomalies reach the tropics,
the convection reorganizes and this leads to TOA energy flux changes
resulting from cloud, water vapor and temperature feedbacks.

In addition to the idealized experiments, detailed study of the global
energy budget changes to high latitude North Atlantic cooling and the
southward ITCZ shift has been performed in an atmospheric general
circulation model coupled to a slab ocean. Energy budget changes in
extratropics, northern and southern tropics were quantified and then
decomposed into the individual feedbacks using a radiative kernel
technique. About 35% of the initial high latitude surface forcing was found
to be compensated locally in the northern extratropics, by TOA changes
due to the longwave temperature feedback. The remainder of the energy
was provided from the southern tropics, mainly due to the longwave cloud
and water vapor feedbacks. The northern tropics did not significantly
contribute to the net energy fluxes.

In the final part of this work, described in Chapter 4, we have
expanded our consideration with different scenarios of southward ITCZ
shifts, including the Northern Hemisphere cooling, Southern Hemisphere
warming and a bipolar seesaw forcing (that combines both). Besides the
energetics of the shifts, the strength of high-to-low-latitude
teleconnections and the influence of the Southern Ocean warming on the
northern high latitudes were also investigated. Southward precipitation
shifts found in these three experiments were shown to vary in strength and
geometry while the Southern Ocean warming experiment was shown to
affect the mid- and high- latitude North Atlantic surface temperatures and
wind fields. The proposed atmosphere-surface ocean teleconnection,
involving the southward ITCZ shift to the warmer hemisphere and the
consequent tropical Atlantic surface temperature dipole forcing the
extratropical North Atlantic circulation changes, was named an
atmospheric bipolar seesaw mechanism.

It was found that the locations of maximal energy gain and loss in all
experiments are consistently located in the east tropical Pacific and
tropical North Atlantic, respectively. The tropical TOA flux changes were
decomposed into cloud, water vapor and temperature feedback effects and
it was found that the sign of cloud radiative forcing is of particular
importance for the cross-equatorial atmospheric heat transport response.
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This was related to the pronounced medium and high cloud changes, that
are positive over the southern and negative over the northern tropics
leading to a positive (negative) TOA flux changes in the southern
(northern) tropics. As a consequence, tropical TOA changes act as a
positive feedback to the imposed high latitude forcing increasing the cross-
equatorial atmospheric heat transport. Atmospheric heat transport
changes and Hadley cell anomalies were found to be largest in the bipolar
seesaw forcing experiment, followed by the southern warming and
northern cooling simulations and such response was attributed to changes
in interhemispheric tropical temperature gradient and nonlinear water

vapor response.

Experiments described in Chapter 4 could have compelling
paleoclimate implications, especially if the proposed atmospheric seesaw
mechanism proves to be robust also under the LGM conditions. Of
particular interest would be the analogous Southern Ocean cooling
experiment that would investigate whether there is a similar atmospheric
reorganization that could lead to the North Atlantic warming. If such
atmospheric teleconnection does exist, it could act as a positive feedback
on the underlying ocean circulation changes (Southern Ocean cooling and
North Atlantic warming) and this could help resolve the question of B/A
warming overshoot.

This is particularly important given that the freshwater hosing
experiments with coupled climate models are not able to simulate the
warming of D/O type under realistic fresh water forcing (Valdes et al.
2011). More specifically, an attempt by Liu et al. (2009) to simulate the
B/A event required thousands of years longer fresh water forcing than
implied from the geological evidence. Besides this, coupled models also
have difficulties in simulating the correct magnitude of oceanic response
during the abrupt cooling events. Fresh water forcing during the Heinrich
events is estimated to be 0.1-0.2 Sv (Hemming 2004) while the simulations
using such realistic fresh water flux result in a much weaker response than
suggested by the ice cores (Kageyama et al. 2010). Consequently,
validation of the proposed atmospheric teleconnection would imply that
the B/A temperature overshoot that the coupled models have not been
able to produce so far under the realistic forcing, may also be an
expression of the atmospheric teleconnection from the Southern Ocean
that acts to further enhance the North Atlantic warming.

Another paleo-implication arising from this work suggests that the past
tropical precipitation changes are a result of the complex interactions due
to the high latitude changes in both hemispheres. In that sense, once that
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high resolution tropical data becomes available it is very likely that the
precipitation changes will reveal at least a two phase change, starting
abruptly (due to the atmospheric teleconnection from the location where
the oceanic change had occurred) and continuing gradually (due to the
atmospheric teleconnection from the location to where the change was
transmitted through ocean circulation changes).

Regarding the future outlook, there are still plenty of “known
unknowns” in comprehending the global atmospheric teleconnections,
promising an exciting path to the ones who decide to pursue it. Some of
the outstanding questions remain to be the exact magnitude and location
of the tropical response to high latitude northern cooling, the role of
atmosphere in D/O type of events (in particular the Bolling-Allerod
northern hemisphere warming) and the robustness of atmospheric
teleconnection between the Southern Ocean and the high northern
latitudes.

Given the difficulties that the current coupled models are having in
reproducing the observed abrupt climate events with the realistic forcing,
using the atmospheric models coupled to the mixed layer ocean simplifies
the problem by enabling to constrain first the strength and magnitude of
the atmospheric response. An important next step is to provide a proper
estimate of cooling and warming ocean anomalies to be used as forcing for
the atmospheric models. This would involve thorough integration of the
ocean proxy and model data into the forcing data sets.

Using the advanced atmospheric general circulation models of the
latest generations could significantly decrease the widespread uncertainties.
The specific relevance of the later point is highlighted by the fact that the
current atmospheric simulations of abrupt past climate change are
hampered by the large discrepancies that exist amongst them (as shown in
this study). This points to an inherent lack of understanding of the
underlying mechanisms involved and suggests the need for comprehensive
data-model integration in the field of atmospheric teleconnections.

At present, the scientific efforts of the paleoclimate community have
branched into two main directions. The first has focused on the retrieval
of paleo-proxy records from the around the world while the second have
worked towards the development of increasingly complex Earth system
models. Although the overall understanding of global atmosphere-ocean
interactions has improved tremendously over the recent years, it still lags
behind the advances made in the individual fields. The cause for this is an
insufficient integration of findings from the modeling and data oriented
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research areas. While pioneering research in these two fields is still
mandate, it is also an imperative to integrate and verify the understanding
of the atmospheric teleconnections from both the modeling and data
perspectives. Major step in this direction arises from the efforts of the
Paleoclimate Modeling Intercomparison Projects (Braconnot et al. 2004
and Braconnot et al. 2007). Similarly, defining the protocol for testing the
tropical atmospheric response to high latitude cooling would provide a
valuable contribution to understanding of abrupt climate change. In
comparison to other possible scientific objectives this one is remarkably
inexpensive and yet it provides an essential envelope for all the further
actions. As such, this objective would provide the foundation and
directions for the future research.
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Epilogue

It has been more than two decades since the United Nations
Framework Convention on Climate Change reached an agreement in
Kyoto acknowledging the need for the global response in treating the
problem of climate change. Since that time, remarkable scientific efforts
have been invested towards reducing the uncertainties related to the topic
of climate change. The awareness of the general public about our changing
world has also increased. Despite this, the continuation and
implementation of such global climate treaty remains unresolved till
present, in spite of the thorough scientific input provided to the decision
makers.

Finding the ways to communicate the state-of-the-art knowledge thus
remains a long lasting challenge and a duty of climate scientists. In that
sense, being able to provide simple, but objective, overview is essential in
raising the awareness about the problems the society needs to address
today. Hence, one of the crucial tools for future sustainable societal
development is the education. Impressive endeavors have been undertaken
in the last years in attempt to inform a broad range of audiences about the
future challenges, from the IPCC reports to educational films by Sir David
Attenborough, Richard Alley and many others. Despite the fact that we do
not see the immediate results in terms of the decision making or political
agreements, these efforts may still not be in vain, as the changes may need
to wait for the future generations. And within them, lies an amazing
eagerness for learning (as illustrated in Figure 5.1) that should keep one

hopeful.*

*
unless ones home is located on a small flat tropical island in which case moving is

recommended.
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Figure 5.1: Planet Earth, continents (green) and oceans (blue) with imposed
high northern latitude cooling (dark blue circles) and southward ITCZ shift
(red and blue lines). By Sophia, 5 years old, Berkeley, 2011.
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Appendix 1

The angular momentum M of unit parcel in the rotating atmosphere
can be expressed as follows (Peixoto and Oort, 1992):

M = (Qacos@+u)acos@ (A1)

Where a is the mean radius of the Earth, £ represents the mean
angular velocity of the planetary rotation, ¢ is latitude and u zonal wind
component. Assuming the angular momentum conservation, then for a
particle initially at the equator the following expression must hold:

M <Qad’ (A2)

Combining (A1) and upper limit of (A2), provides an upper limit for

angular momentum conserving zonal winds:
u,, = Qasin’ ¢/ cos¢ (A3)

The expression (A3) is known as Hide’s theorem (Hide 1969,
Schneider 2006) and states that in steady axisymmetric circulations, zonal

wind cannot exceed angular momentum-conserving zonal wind.

In the upper branch of Hadley cell close to the equator, in the absence
of the friction, one can assume that angular momentum conservation is a
valid approximation, conditional on the fact that the horizontal eddy
divergence is small. As shown by Held and Hou (1980), this angular
momentum conservation provides an upper limit to the possible
temperature gradients in the tropics. Using the small angle approximation
¢ <<1, one can transform A3 into:

u, = Qae’ (A4)
Assuming the thermal wind approximation, zonal mean flow u,

becomes:
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T e

with® representing the geopotential and f Coriolis parameter.

Combining the equations A4 and A5 and integrating the new
expression from the equator, we arrive to the following dependence:

9° _ 2022’ (A6)
¢

Q*a?
DP(p)=D(0)— 0! (AT)

where ®(0) is the geopotential value at the equator.

The derived expressions illustrate that there cannot be large
geopotential distribution changes in the deep tropics. This, in turn, keeps
the upper tropospheric winds from increasing faster than allowed by
angular momentum conservation. In reality, zonal winds in the tropics are
much weaker than this angular momentum conserving limit (Schneider
2006). As the geopotential is proportional to the vertical temperature
average within the pressure layer, this means that large gradients in
vertically averaged temperatures cannot be sustained in the deep tropics.

Due to the fact that the large horizontal geopotential/temperature
gradients cannot be preserved in the tropical upper troposphere,
asymmetric tropical heating about the equator results in a shift of the
rising branch of the Hadley circulation to the warmer hemisphere
(Lindzen and Hou, 1988).

However, it is important to note that the Held-Hou model of the
Hadley circulation is an approximation and amongst other things, it does
not account for horizontal eddy flux divergence. It has been shown that
the midlatitude eddy propagation can have a strong effect on Hadley
circulation (Becker et al. 1997, Kim and Lee, 2001) and that the Held and
Hou inviscid axisymmetric regime does not apply well to the summer
Hadley cell (Walker and Schneider 2006, Caballero 2007).
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