Changes in Cross-Equatorial Ocean Heat Transport Impact Regional Climate

and Precipitation Sensitivity
by

Oghenekevwe Christopher Oghenechovwen
B.Tech., The Federal University of Technology Akure, 2019

A Thesis Submitted in Partial Fulfillment of the

Requirements for the Degree of
MASTER OF SCIENCE

in the School of Earth and Ocean Sciences

© Oghenekevwe Christopher Oghenechovwen, 2022

University of Victoria

All rights reserved. This thesis may not be reproduced in whole or in part, by

photocopying or other means, without the permission of the author.



Changes in Cross-Equatorial Ocean Heat Transport Impact Regional Climate

and Precipitation Sensitivity

by

Oghenekevwe Christopher Oghenechovwen
B.Tech., The Federal University of Technology Akure, 2019

Supervisory Committee

Dr. Hansi Singh, Supervisor
(School of Earth and Ocean Sciences)

Dr. Adam Monahan, Departmental Member
(School of Earth and Ocean Sciences)

Dr. Ruby Leung, Outside Member
(Pacific Northwest National Laboratory)

i



ABSTRACT

Do changes in how cross-equatorial energy transport is partitioned between the
ocean and atmosphere impact the hemispheric climate response to forcing? To find
out, we alter the cross-equatorial ocean heat transport in a state-of-the-art GCM
and ascertain how changes in energy transport and its partitioning impact hemi-
spheric climate and precipitation sensitivity following abrupt COs-doubling. We
further evaluate the applicability our results in CMIP6-class ESMs, where AMOC
facilitates the northward cross-equatorial ocean heat transport. In our experi-
ments, changes in ocean cross-equatorial energy transport trigger compensating
changes in atmospheric energy transport through changes in the Hadley cells and
a shift in the Intertropical Convergence Zone. However, the climate sensitivity in
each hemisphere is linearly related to the ocean heat transport convergence, not
atmospheric energy transport convergence, due to the impact of ocean heating
on evaporation and atmospheric specific humidity. Similarly, we also find that
ocean heat transport convergence controls the hemispheric precipitation sensitiv-
ity through the impact of ocean heating on surface evaporation. This relationship
is also evident in CMIP6 models, where we find differences in hemispheric precipi-
tation sensitivity to be related to the Atlantic Meridional Overturning Circulation
(AMOC). Changes in the AMOC control hemispheric differences in upper ocean
heat content, which then affect how the hydrologic cycle responds to CO forc-
ing in each hemisphere. These results suggest that ocean dynamics impact the
hemispheric climate response to COs forcing, particularly how much regional pre-

cipitation changes with warming.
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1: Introduction

The differential heating of the Earth’s surface by the Sun creates an equator-to-
pole temperature gradient in both hemispheres. Poleward transport of energy, a
basic characteristic of the Earth’s coupled climate system, counteracts this dif-
ferential heating. The ocean contributes substantially to the total meridional en-
ergy transport, especially in the deep tropics where it dominates [Trenberth and
Caron, 2001, Held, 2001, Wunsch, 2005]. Previous studies suggest that merid-
ional ocean heat transport (OHT) warms the global mean climate by decreasing
planetary albedo, due to reduced sea ice extent and low marine cloud cover, and
by global atmospheric moistening [Winton, 2003, Herweijer et al., 2005, Barreiro
et al., 2011, Rencurrel and Rose, 2018]. OHT also plays a role in modifying re-
gional climate. For example, OHT maintains ice-free oceans like the Norwegian,
Barents, and Labrador seas [Seager et al., 2002, Rhines et al., 2008] and poten-
tially sustains northwest Europe’s mild winter temperatures [Rhines et al., 2008,
Yamamoto et al., 2015], however, this has been contested [for example, see Seager

et al., 2002].

OHT generally tends to be poleward [Haar and Oort, 1973, Oort and Von-
der Haar, 1976, Trenberth, 1979, Masuda, 1988, Carissimo et al., 1985], but in
the Atlantic basin it is uniquely northward in both hemispheres due to the At-
lantic Meridional Overturning Circulation [AMOC; Trenberth and Caron, 2001,
Lumpkin and Speer, 2007, Trenberth and Fasullo, 2017, Forget and Ferreira, 2019].
The AMOC moves about 0.5 PW (10 W) of heat across the equator, and then
converges this in the North Atlantic [Marshall and Plumb, 2007, Buckley and Mar-
shall, 2016, Klinger and Haine, 2019]. The northward cross-equatorial OHT by the
AMOC (hereafter, X-OHT) is an important feature of the present-day climate. It
modulates oceanic surface temperatures in the North Atlantic [Knight et al., 2005]
and the maritime climate of northwest Europe [Vellinga and Wood, 2002, Jacob
et al., 2005, Jackson et al., 2015], affects Arctic sea ice [Mahajan et al., 2011], and
helps set the mean position of the Intertropical Convergence Zone [ITCZ; Kang
et al., 2008, 2009, Frierson et al., 2013, Marshall et al., 2014, Moreno-Chamarro



et al., 2020]. Other studies suggest that the observed interhemispheric temper-
ature asymmetry is also due to the X-OHT [Croll, 1870, Feulner et al., 2013,
Marshall et al., 2014, Kang et al., 2015].

Both models and paleo-proxy evidence suggest that the AMOC may respond
to greenhouse gas forcing [Broecker, 1997, Srokosz et al., 2012]. Increasing atmo-
spheric concentrations of greenhouse gases may invoke changes in surface buoy-
ancy fluxes that could lead to a decline of the AMOC, and therefore, its northward
OHT. Weakening of the AMOC in response to continued anthropogenic forcing is
evident in projections of the latest generation of Earth System Models (hereafter,
ESMs) that contributed to the Coupled Model Intercomparison Project Phase 6
[CMIP6; Weijer et al., 2020]. AMOC weakening, following increased greenhouse
gases, may drive global and regional climate impacts which could have far-reaching
societal consequences. Vellinga and Wood [2008], Zickfeld et al. [2008], Kuhlbrodt
et al. [2009], Lin et al. [2019], and Liu et al. [2020] find that the Northern Hemi-
sphere (NH) generally warms less than the Southern Hemisphere (SH) with AMOC
weakening in modelling studies, while Vellinga and Wood [2008] and Rugenstein
et al. [2013] showed that this weakening also reduces warming over Europe and
at high northern latitudes, respectively. Consistent with relative cooling of the
NH, AMOC weakening in response to COy—forcing is also associated with less
Arctic and sub-Arctic sea ice loss [Rugenstein et al., 2013, Liu et al., 2020]. Dri-
jfhout et al. [2012] and Bellomo et al. [2021] suggest that the minimum sea surface
warming in the subpolar North Atlantic, termed the warming hole, is related to the
magnitude of future AMOC weakening. Projected changes in the Atlantic storm
track [Woollings et al., 2012] and Atlantic sea level [Vellinga and Wood, 2008,
Kuhlbrodt et al., 2009] also depend on the magnitude of changes in the AMOC.
Furthermore, AMOC weakening drives drying over northwestern Europe [Vellinga
and Wood, 2008] and also impacts the tropical large-scale precipitation response
by influencing a southward displacement of the ITCZ from its climatological po-
sition [Liu et al., 2020, Bellomo et al., 2021]. Liu et al. [2020] and Bellomo et al.
[2021] also argue that a weakened AMOC causes the midlatitude jet to strengthen
and shift poleward.

A number of studies focusing on the climatic impact of AMOC decline in a
warming world go beyond statistical analyses (e.g. regression) to explore indepen-
dent causality, commonly through freshwater perturbations. Vellinga and Wood
[2008] induced a mid-21st century AMOC shutdown in the Hadley Centre Coupled
Model, version 3 through abrupt freshwater hosing of 5 x 10° km? in the North



Atlantic, with greenhouse gas concentrations rising according to an IS92a scenario
[Leggett et al., 1992, Pepper, 1992]. Instead of freshwater hosing with a sudden
onset and prescribed rate [as in Vellinga and Wood, 2008], the freshwater pertur-
bation applied in Zickfeld et al. [2008] and Kuhlbrodt et al. [2009] under SRES
emission scenarios [Nakicenovic and Swart, 2000] is proportional to the increase in
NH surface air temperature in their respective models, the University of Victoria
Earth System Climate Model and Climber-3a (both ESMs of intermediate com-
plexity). Liu et al. [2020] held AMOC strength fixed through freshwater removal
from the subpolar North Atlantic in historical and Representative Concentration
Pathway 8.5 simulations with the Community Climate System Model version 4,
and contrast this to another experiment with similar forcing but a freely evolving

AMOC in order to isolate impacts.

However, this method of applying anomalous freshwater fluxes over the North
Atlantic has some important limitations. By imposing AMOC changes in this
manner, compensating ocean circulation changes in other basins may be triggered
unintentionally. For example, the southward cross-equatorial ocean heat transport
by the shallow meridional overturning circulation in the Indian basin [Trenberth
and Caron, 2001, Trenberth and Fasullo, 2017, Forget and Ferreira, 2019] may be
affected since the North Atlantic and Indian basins are teleconnected. Both are
connected through the potential impacts of tropical hydrological cycle on Atlantic
salinity and of surface winds on turbulent heat fluxes [Hu and Fedorov, 2019,
2020, McMonigal et al., 2022, Yang et al., 2022]. Imposed AMOC weakening by
freshwater perturbations in this manner likely leads to cooler sea surface temper-
atures in the North Atlantic, that contributes to enhanced surface wind-driven
evaporative cooling and strenghtening of the gyre circulation and therefore, the
shallow overturning meridional circulation in the Indian basin. This implies that
climate impacts presented in these freshwater perturbation studies are due to im-
posed AMOC weakening, as well as to compensating basin-scale ocean circulation
changes in response to freshwater forcing. In this case, the climate response due
to AMOC decline cannot be separated from the climate response due to ocean

responses in adjacent basins.

Weakening of the AMOC is mainly associated with diminishing X-OHT. Given
the important thermodynamic influence of X-OHT, the main question we seek to
answer here is this: how do direct changes in X-OHT impact the regional climate
and hydrologic cycle response to COs—forcing, especially outside of the deep trop-

ics? We investigate this question in an idealized manner using an Earth System



Model (ESM) coupled to a slab ocean. With this framework, we vary X-OHT
and simultaneously double the atmospheric concentration of COy in order to de-
termine independent impacts. Additionally, we employ energetics and radiative
feedback analyses to mechanistically explain how X-OHT impact the regional cli-
mate response to CO, forcing in our sensitivity experiments. We go further and
evaluate the applicability of our idealized results in CMIP6-class models, where
AMOC decline of varying magnitudes is evident [Weijer et al., 2020]. This thesis is
structured as follows. In Chapter 2, we describe our data, model experiments, and
analyses. We present results in Chapter 3 on the AMOC, climate, and hydrologic
response to COs-quadrupling in CMIP6. The AMOC response is found to have
a strong statistical relationship with the hemispheric asymmetry in climate and
hydrologic responses. These statistical relationships motivates Chapter 4, which
is on the causal impact of varying X-OHT on the regional climate and the hydro-
logic cycle response in our idealized model framework. We find that atmospheric
response efficiently compensates changes in X-OHT. In Chapter 4, we also eval-
uate the role of radiative feedbacks and energetics in the climate response and
how X-OHT changes directly influence the hydrologic cycle. Chapter 5 is on the
spatial pattern of AMOC impact on climate and the hydrologic cycle in CMIPG6,
as well as mechanisms underlying these impacts. Chapter 6 covers discussion on

the implication of our results, concluding remarks, and future outlook.



2: Method

2.1. Analysis of CMIP6 Experiments

We use pre-industrial control (piControl) and abrupt atmospheric COy-quadrupling
(abrupt-4xC02) experiments from the Coupled Model Intercomparison Project
Phase 6 [hereafter, CMIP6; Eyring et al., 2016] archive to evaluate relationships
between the AMOC and surface climate. In CMIP6, piControl describes a sim-
ulation with conditions representative of the period before the onset of large-scale
industrialization, with 1850 being the reference year. Meanwhile, abrupt-4xC02
describes a simulation with the concentration of atmospheric CO, instantaneously
quadrupled from the annual mean 1850 value (from 284.3 ppm to 1137.2 ppm
COs). The 24 CMIP6-class models analyzed had submitted at least 6 of 7 vari-
ables of interest to Earth System Grid Federation data nodes at the time of writing
this thesis. For each CMIP6 model, the change or response in a variable is calcu-
lated as the difference between the annual mean of the final 30 years (years 120 to
150) of the abrupt-4xC02 simulation and the reference period, the annual mean

of that model’s equilibrated piControl simulation.

2.2. CESM1-SOM Experiments

The Community Earth System Model version 1 [CESM1; Hurrell et al., 2013] is
coupled to a slab ocean model [SOM; Bitz et al., 2012] and then used to investigate
the independent impact of varying cross-equatorial ocean heat transport (X-OHT)
on the climate and hydrologic cycle response to CO5 doubling. CESM1’s compo-
nents are the Community Atmosphere Model version 5 [CAMS5; Neale et al., 2012]
which has 30 vertical levels, Community Sea Ice CodE version 4 [CICE4; Hunke
and Lipscomb, 2008], and the Community Land Model version 4 [CLM4; Oleson
et al., 2010]. All model components are at a nominal horizontal resolution of
1°. As described in Bitz et al. [2012], the mixed layer temperature in our model
configuration, hereafter CESM1-SOM, is governed by:



/)onhmm% = Fretsurface + Q flua (2.1)

where p, is the density of ocean water (in Kg m™3), ¢, is the specific heat
capacity of ocean water (in J kg=! K1), A, is the spatially varying annual mean
depth of the mixed layer (in m), T}, is the ocean mixed-layer temperature (in K)
and equals the sea surface temperature, Fyetsur facels the net surface heat flux into
the ocean (in W m™1), and Q. is the prescribed ocean heat flux convergence
(OHFC, or 'q flux’) in the climatological ocean mixed layer (also in W m~!). The
OHFC represents the net effects of deepwater exchange and ocean heat transport
(particularly in the zonal mean) usually through interactive ocean circulation. It
can be determined from an existing monthly-mean climatological simulation (such
as from an equilibrated, fully-coupled pre-industrial control run) or externally
constructed in an idealized manner [see, e.g., Bitz et al., 2012, Rencurrel and

Rose, 2018, Singh et al., 2022].
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Figure 2.1.: (a) Idealized ocean heat transport (OHT) anomaly (in PW) relative
to pre-industrial control simulation in CESM1-SOM experiments. (b)
Prescribed OHT (in PW) in COy-doubling experiments. X-0HT+407%
(red line) and X-0HT+20% (orange line) have prescribed X-OHT that is
40% and 20% greater in magnitude than Control X-OHT (black line),
respectively; and X-0HT-40% (dark blue line) and X-0HT-20% (light
blue line) have prescribed X-OHT that is 40% and 20% smaller in
magnitude than Control X-0HT, respectively.

The CESM1-SOM experimental set-up is comprised of five abrupt COs-doubling
simulations (2xC02), each one with varying X-OHT, and a pre-industrial con-
trol simulation (PI). All experiments are 60 years long. The CESM1-SOM pre-
industrial simulation (PI) is forced with prescribed monthly climatological ocean
heat flux convergence (OHFC) that was derived from the fully-coupled CESM
Large Ensemble (CESM1-LE) pre-industrial simulation [Kay et al., 2015]. At the



start of the 2xC02 simulations, the concentration of atmospheric CO; is instan-
taneously doubled from the global annual mean pre-industrial value (from 284.3
ppm to 568.6 ppm CO,).

To alter X-OHT and achieve differences between our COy-doubling simula-
tions, we simultaneously adjust the climatological OHFC, over all latitudes and
seasons, to be equal to one of the constructed spatial fields summarised in Table
2.1. In summary, we calculate 20% and 40% of the climatological X-OHT and
scale these by ocean area of the Northern (NH) and Southern Hemispheres (SH)
respectively. Here, scaling means that a quantity (% of climatological X-OHT)
has been divided by some amount (hemispheric ocean area). The resulting NH
scaled value is then added to the climatological OHFC over the NH, and the re-
sulting SH scaled value is subtracted from the climatological OHFC over the SH
to give a percentage (e.g. 20% or 40%) increase in X-OHT. Similarly, to obtain
COg3-doubling simulations with a simultaneous decrease in X-OHT, the resulting
NH scaled value is then subtracted from the climatological OHFC over the NH,
and the resulting SH scaled value is added to the climatological OHFC over the
SH. We also ensure that the perturbation is greater in the NH due to its smaller
ocean extent relative to the SH so the globally integrated OHFC is zero and the

ocean-atmosphere mixed-layer system is in equilibrium.

Figure 2.1a shows the idealized OHT anomaly for our experiments relative to
the CESM1-SOM pre-industrial control simulation Control OHT. X-OHT+407% (red
line) and X-0HT+20% (orange line) have specified X-OHT that is larger than that
in Control X-OHT by 40% and 20%, respectively. In contrast, specified X-OHT
in X-0HT-20% (light blue line) and X-0HT-40% (dark blue line) are smaller in mag-
nitude than Control X-OHT by 20% and 40%, respectively. In Control X-OHT
(black line), X-OHT is not altered from the 1850s pre-industrial value, which is 0.5
PW. Figure 2.1b shows the prescribed ocean heat transport in our CO,-doubling
experiments, while the inset shows this only between 5°S and 5°N. As expected,
OHT in the NH is larger in X-0HT+40% and X-0HT+20% than in X-0HT-20%, and
X-0HT-40%. In the SH, OHT is greater in X-0OHT+40% and X-OHT+20% than in
X-0HT-20%, and X-0HT-40%. In the inset, we clearly see that X-OHT is greater in
X-0HT+40% (red line) and X-0HT+20% (orange line) than in Control X-OHT (black
line), X-0HT-20% (light blue line), and X-0HT-40% (dark blue line).

Climatologies are computed using the final 30 years of each CO5-doubling ex-
periment, when the experiments are in equilibrium (i.e. the net top-of-atmosphere

imbalance is < 0.1 W m~2). For each experiment, the response to CO,-doubling is



Table 2.1.: Experiments used in this study.

Monthly climatological OHFC construction ‘ Simulation time

‘ COq—forcing

Experiment
60 years

derived from CESM-LE pre-industrial run [Kay et al., 2015]
60 years

changed relative to the pre-industrial control
relatively amplified (reduced) by 40% in the NH (SH)

Pre-industrial control run | fixed 1850s CO, value
Pertubed runs abrupt COs—doubling

X-0HT+40%

X-0HT+20% “ relatively amplified (reduced) by 20% in the NH (SH)

Control X-OHT « relatively held equal “
X-0HT-20% « relatively reduced (amplified) by 20% in the NH (SH) “

X-0HT-40% relatively reduced (amplified) by 20% in the NH (SH)

computed as the difference between the 2xC02 climatology and the pre-industrial

control CESM1-SOM simulation.



3: The COy—quadrupling Response
in CMIPO6

3.1. The Atlantic Meridional Overturning

Circulation Response

The CMIP6 archive [Eyring et al., 2016] allows us to directly compare the climate
and hydrologic cycle response to COs-quadrupling across the latest generation of
fully coupled ESMs. First, we assess the intermodel range in how the AMOC re-
sponds to COs-quadrupling in 24 CMIP6-class ESMs (Fig. 3.1a). Unless otherwise
specified, AMOC strength in this thesis is defined as the maximum strength of the
annual mean overturning stream function between 400m and 2000m in the North
Atlantic basin. All ESMs evaluated exhibit a decline in maximum strength of the
AMOC with COs-quadrupling [Weijer et al., 2020], but the range of this decline
varies widely: from -3.2Sv in INM-CM5-0 to -21.8Sv in CESM2-WACCM-FV2.
If the magnitude of the decline in the AMOC approximates its pre-industrial
strength, we infer an AMOC collapse in that ESM. The CESM2, CNRM, and
the MIROC family of models, as well as MRI-ESM2-0, experience an AMOC
collapse with COs-quadrupling based on this definition (analysis not presented
here). While the Working Group I contribution to the Intergovernmental Panel
on Climate Change’s Sixth Assessment Report notes that CMIP6 models do not
display an AMOC collapse in the 21st century under socioeconomic-based emis-
sions scenarios [IPCC, 2021], these results suggest that an AMOC collapse is more
plausible with larger forcings, like an instantaneous quadrupling of atmospheric
CO; (abrupt-4xC02).
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3.2. Hemispheric Asymmetry in Climate and

Hydrologic Cycle Response

We next assess the intermodel range in the hemispheric surface temperature and
precipitation response to COs—quadrupling (Fig. 3.1b-d). To do this, we calcu-
late the hemispheric asymmetry (the North Hemisphere, NH, average minus the
South Hemisphere, SH, average) in warming and precipitation response in each
ESM. Nearly all ESMs (23 out of 24 investigated) show greater surface warming
in the NH than in the SH with COs-quadrupling, with warming in the NH ex-
ceeding that in the SH by up to 4K (Fig. 3.1b). On the other hand, more than
half of the ESMs show greater precipitation increase in the NH than the SH (Fig.
3.1c). The intermodel range of asymmetry in precipitation change between hemi-
spheres is 0.86 mm/day. Here, we define hemispheric precipitation sensitivity as
the percentage change in hemispheric precipitation per unit degree of hemispheric
warming. About half of the ESMs have higher precipitation sensitivity in the NH
than in the SH (Fig. 3.1d). The intermodel range of asymmetry in precipitation
sensitivity between hemispheres is 11.63%/K.

3.3. Relationship Between AMOC Changes and

Climate and Precipitation Response

Previous studies suggest that AMOC changes may impact the hemispheric climate
response [see Vellinga and Wood, 2008, Zickfeld et al., 2008, Kuhlbrodt et al.,
2009, Rugenstein et al., 2013, Lin et al., 2019, Liu et al., 2020, Bellomo et al.,
2021]. Among CMIP6-participating models, we see a statistically significant linear
relationship between AMOC decline and the hemispheric asymmetry in surface
warming (r = 0.64, p < 0.01; Fig. 3.2a). ESMs with stronger AMOC decline tend
to display comparable warming between the NH and SH, consistent with previous
findings in ESMs from CMIP5 [Lin et al., 2019]. On the other, in ESMs with
a weaker AMOC decline, the NH tends to warm more than the SH. In Figure
3.2b, we also see a statistically significant relationship between AMOC decline
and hemispheric difference in precipitation change (r = 0.82, p < 0.01). ESMs
with stronger AMOC decline generally exhibit greater precipitation increase in
the SH than in the NH, while ESMs with weaker AMOC decline show greater
precipitation increase in the NH than in the SH. Similarly, as shown in Figure

3.2¢, there is a statistically significant relationship between AMOC decline and
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Figure 3.2.: Relationship between the hemispheric difference (Northern hemi-
sphere minus Southern hemisphere) in a) surface temperature change
(in K); b) precipitation change (in mm/day); and ¢) precipitation sen-
sitivity (in %/K) with COs-quadrupling and change in the maximum
strength of the Atlantic Meridional Overturning Circulation (AMOC;
in Sv). Calculated over years 120-150 of abrupt-4xC02, relative to
piControl, for 24 global climate models that contributed simulations

to CMIP6. Correlations are statistically significant at p < 0.01.

hemispheric difference in precipitation sensitivity (r = 0.67, p < 0.01). In ESMs
with greater AMOC decline, precipitation sensitivity tends to be greater in the SH
than in the NH. Conversely, in ESMs with weaker AMOC decline, precipitation

sensitivity is greater in the NH than in the SH.
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4: CO-s—doubling Response with
Idealized Changes in X-OHT

Here, we present results from CESM1-SOM (see Chapter 2) on the impact of X-
OHT changes on the climate and the hydrologic cycle response to CO,-doubling
in and outside the deep tropics. AMOC weakening drives diminishing X-OHT in
the coupled climate system. Modelling studies with ESMs that rely on freshwater
perturbations to enforce AMOC weakening could unintentionally set up compen-
sating basin-scale ocean circulation responses, e.g. in the Indian Ocean basin [Hu
and Fedorov, 2019, 2020, McMonigal et al., 2022, Yang et al., 2022|, that could
affect the overall climate response to COs—forcing and make it difficult to inde-
pendently evaluate the response due to forcing. To understand how changes in
X-OHT independently impact the climate system response to COs-doubling, we
analyze results from 5 CESM1-SOM experiments where we systematically per-
turb X-OHT while doubling atmospheric CO,. Experimental design and setup
are described further in Chapter 2.

4.1. Climate and Hydrologic Cycle Response
Between Experiments with lIdealized Changes
in X-OHT

In Figure 4.1, we find that differences in X-OHT between CESM1-SOM experi-
ments lead to sizeable differences in how temperature and precipitation respond
to CO, doubling, even outside the deep tropics. Surface warming differs over most
latitudes, and is particularly sizeable in the SH (Fig 4.1a; the range between exper-
iments in the SH is 0.95K and it is 0.48K in the NH). In the SH, experiments with
decreased X-OHT (X-0HT-20% and X-0HT-40%) experience greater warming than
experiments with increased X-OHT (X-0HT+20% and X-0HT+40%). Conversely in
the NH, experiments with decreased X-OHT (X-0HT-20% and X-0HT-40%) expe-
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Figure 4.1.: (a) Zonal mean change in surface temperature (in K); (b) zonal mean
change in precipitation (in mm/day) and c) zonal mean of precipita-
tion sensitivity (in %/K).

rience lesser warming than experiments with increased X-OHT (X-0HT+20% and
X-0HT+40%). Meanwhile, the difference in the precipitation response is greatest in
the tropics of both hemispheres, but is also evident between 60N to 90N in the
NH, and 45S to 65S in the SH (Fig 4.1b). Generally, X-0HT+20% and X-0HT+40%
show greater precipitation increase in the NH than the SH when compared with
X-0HT-20% and X-0HT-40%. The difference in precipitation sensitivity between
experiments is greatest in the tropics (30S to 30N), and is also evident poleward
of 45°in both hemispheres (Fig 4.1c; note that precipitation sensitivity is defined
as the percentage change in local precipitation per degree of global warming in
that experiment). In the SH, X-0HT-20% and X-0HT-40% generally show higher
sensitivity than X-0HT+20% and X-0HT+40%. Conversely in the NH, X-0HT-20% and
X-0HT-40% generally show smaller sensitivity than X-0HT+20% and X-0HT+409%.

Figure 4.2 shows the spatial pattern of surface warming in the CESM1-SOM
CO3-doubling experiments. We find that surface warming is greater in the NH
when X-OHT increases (Figs 4.2a,b) and weaker when X-OHT decreases (Figs
4.2d,e). In contrast, SH warming is weaker when X-OHT increases (Figs 4.2a,b)
and stronger when X-OHT decreases (Figs 4.2d,e). Furthermore, we find that
NH warming in X-0HT+20% and X-0HT+40% exceeds Control X-0OHT in most NH
regions, but SH warming is weaker than that in Control X-0HT (Fig. 4.2f,g). On
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the other hand, NH warming in X-0HT-20% and X-0HT-409 is weaker than Control
X-0HT over most parts of the NH, but warming in most SH areas is greater than
that in Control X-OHT (Fig. 4.2ij).
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Figure 4.3 shows the spatial pattern of precipitation changes across our ex-
periments. The tropical precipitation maximum increases north of the equator
with increasing X-OHT (X-0HT+20% and X-0HT+40% in Fig 4.3a,b) and increases
south of the equator with decreasing X-OHT (X-0HT-207% and X-0HT-40% in Fig
4.3d,e). There is a greater increase in precipitation in most parts of the NH than
SH with increasing X-OHT, especially at high-latitudes (Fig 4.3a,b). Conversely
with decreasing X-OHT, precipitation in most SH latitudes increases more than
similar NH latitudes (Fig 4.3c,d). Indeed, the precipitation response in X-0HT+20%
and X-0HT+407% exceeds Control X-O0HT in most parts of the NH, and is generally
weaker than Control X-OHT in the SH (Fig. 4.3f,g). Conversely, the precipitation
response in X-0HT-20% and X-0HT-40% is weaker than Control X-0HT over most
parts of the NH, except over the storm track region, and is greater than Control
X-0HT in most SH areas (Fig. 4.3i,j).

4.2. Energy Transport Response and Compensation

These results show that climate and hydrologic cycle responses are sensitive to
changes in X-OHT, even outside the deep tropics. Figure 4.4 show energy trans-
port changes with COs-doubling in each of the CESM1-SOM experiments. The
pattern of OHT response is expected from experimental design (compare Fig 2.1
to Fig 4.4a), with X-0HT+20% and X-0HT+40% experiments having increased X-
OHT relative to the pre-industrial control, as well as weaker poleward OHT in the
SH and greater poleward OHT in the NH. Meanwhile, X-0HT-20% and X-0HT-409
experiments have reduced X-OHT, greater poleward OHT in the SH, and weaker
poleward OHT in the NH. The atmospheric energy transport (AET) response to
COs-doubling efficiently opposes the prescribed OHT changes (Fig 4.4b). Exper-
iments with increased X-OHT (X-0HT+20% and X-0HT+40% in Fig 4.4b) exhibit a
NH decrease in poleward AET, increase in the southward cross-equatorial AET,
and a SH increase in poleward AET. On the other hand, experiments with reduced
X-OHT (X-0HT-20% and X-0HT-40% in 4.4b) show a NH increase in poleward AET,
decrease in the southward cross-equatorial AET, and a SH decrease in poleward
AET. In the Control X-0HT experiment, the AET response to COs-doubling is
small because there is no prescribed OHT anomaly to oppose. Previous stud-
ies have shown that OHT changes often lead to a compensating AET response
[Bjerknes, 1964, Shaffrey and Sutton, 2006, Farneti and Vallis, 2013, Yang et al.,
2015].
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Because of the efficient compensation between prescribed OHT changes and
the AET response, the Total Energy Transport (TET) response is generally small
across experiments (Fig 4.4c). This result is reminiscent of that of Stone [1978],
who showed that the negative relationship between AET and OHT is a funda-
mental feature of the coupled climate system and that TET (defined here as AET
plus prescribed OHT) is set by the planetary albedo and astronomical parameters.
TET is not overly sensitive to variations in atmospheric and oceanic processes that
impact the transport mechanism [Stone, 1978]. Here, we also find that prescribed
anomalies in X-OHT trigger efficient compensating responses in AET. Neverthe-
less, compensation between OHT and AET is imperfect. In the deep tropics (13S
to 15N) for example, we observe that TET response is larger in X-0HT-20% and
X-0HT-40% experiments (blue-hued lines in Fig 4.4c) in comparison to X-0HT+207%
and X-0HT+407 experiments (red-hued lines). Outside the deep tropics, AET re-
sponses more effectively compensate for increasing X-OHT (i.e., red-hued lines lie
closer to 0 in Fig 4.4c) than for decreasing X-OHT.
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4.3. Role of Radiative Feedbacks and Energetics in

the Climate Response

We now evaluate local radiative feedbacks and energetics in order to better under-
stand how (prescribed) changes in X-OHT lead to differences in the hemispheric
climate and hydrologic cycle response to COs-doubling across the CESM1-SOM
experiments. Planck, lapse rate, water vapour, surface albedo, and cloud feed-
backs (see Figs 4.6a-¢) are estimated using the radiative kernel method [Soden
et al., 2008, Shell et al., 2008|, with kernels computed from CAMS5 [Pendergrass
et al., 2018]. These kernels quantitatively describe the net top-of-atmosphere
radiation changes resulting from incremental changes in feedback variables (e.g.
water vapour). We calculate local feedbacks by multiplying the radiative kernels
by the change in feedback variables, and then normalizing by the local tempera-
ture change; this method assumes that the local net top-of-atmosphere radiation

change is proportional to local surface warming [Feldl and Roe, 2013a,b].

In Figure 4.5, we show local surface warming contributions due to the sum of
all local feedbacks, greenhouse gas forcing, and changes in energy transport conver-
gence. We derive this by, first, decomposing the zonal mean energetic anomaly due
to COy-doubling into components due to sum of feedbacks, forcing, and changes
in energy transport convergence following expressions detailed in [Feldl and Roe,
2013b, Goosse et al., 2018, Singh et al., 2022]. This zonal mean energetic anomaly

is expressed as

Rp(0) =Y N(O)AT(0) = A(V - Fon(9)) = A(V - Fun(0)) ,  (4.1)

where each term is a function of latitude, . Rp(f) is the zonal mean radiative
forcing, A;(0) is the i-th local feedback variable (Planck, lapse rate, water vapour,
surface albedo, or cloud feedbacks), AT(6) is the zonal mean surface warming,
—V - Fum(60) is the atmospheric energy transport convergence, and —V - Fi.,(6)

is the ocean heat transport convergence.

Meanwhile, the product \;(#)AT(6) is the change in top-of-atmosphere net
radiation due to feedback variables. This can be expanded to show the top-of-

atmosphere anomaly due to each of the local feedback variables \;:

D XNO)AT(0) = (Apr+ ALk + Awv + Aar + Aa) AT (4.2)
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where Ap; is the Planck feedback, Apg is the lapse rate feedback, Ay is
the total water vapour feedback (longwave and shortwave components), A4, is
the surface albedo feedback, and A¢; is the total cloud feedback (longwave and

shortwave components).

We next split the Planck feedback, \p; into a global mean component, \p;,

and the spatial deviation from the global mean, \p;:

Apr = Ap+ Np; . (4.3)

The global mean Planck feedback component, Ap;, is the reference feedback
variable in the climate system about which other feedbacks operate, i.e. the top-
of-atmosphere energy loss per unit warming of the surface and troposphere in
the absence of other feedbacks. Finally, we use equations (4.3), (4.2), and (4.1) to
determine the local surface warming contributions, AT, due to the sum of all local

feedbacks, greenhouse gas forcing, and changes in energy transport convergence

[Feldl and Roe, 2013b, Goosse et al., 2018]:

_ (Np + ALr + Awv + Acr + A AT Ry AV - Fum) _ AV - Foen)

AT =

A Api Api Y
(4.4)

Figure 4.5a (same as Fig. 4.1a) shows the zonal mean temperature response to
COg3-doubling in the CESM1-SOM experiments. In the NH, warming is greater in
experiments with increases in X-OHT (red-hued lines) compared to experiments
with decreases in X-OHT (blue-hued lines). In the SH, experiments with decreases
in X-OHT (blue-hued lines) display greater warming than experiments with in-
creases in X-OHT (red-hued lines). There are also differences in how the sum of
all radiative feedbacks contributes to surface warming between experiments (Fig.
4.5b). In experiments with increases in X-OHT (red-hued lines), the total feed-
back contributes more to local surface warming at nearly all latitudes in the NH
and less in the SH, compared to experiments with decreases in X-OHT (blue-hued
lines). Atmospheric COa-forcing is the same between experiments, so it does not
contribute to differences in warming (Fig. 4.5c¢). The temperature contributions
due to atmospheric energy transport convergence (AETC) and ocean heat trans-
port convergence (OHTC) are small and are opposite between hemispheres (Fig.
4.5d,e). The temperature change due to AETC is more positive in the NH in
experiments with decreases in X-OHT (blue-hued lines) and less positive in the

SH (Fig. 4.5d). In contrast, the temperature change due to OHTC is less positive
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in the NH in experiments with decreases in X-OHT (blue-hued lines) and more
positive in the SH (Fig. 4.5e). As expected, the difference in temperature change
due to total energy transport convergence (TETC) between experiments is small
(~1K) and only distinguishable in the tropics (Fig. 4.5f). We therefore note that
differences in the radiative feedbacks contribute the most to the differences in
warming between experiments at nearly all latitudes. Figure 4.5g shows the sum
of the temperature change due to feedbacks, forcing, and TETC. It resembles the
actual zonal mean temperature change between experiments (Fig. 4.5a), and as
indicated by the residual (difference between both), only slightly deviates at polar
latitudes and the deep tropics (Fig. 4.5h).
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Figure 4.5.: Feedback, forcing, and energy transport contributions to the zonal
mean temperature change (in K) in the CESM1-SOM COs-doubling
experiments: (a) zonal mean temperature change; (b) temperature
change attributable to the sum of radiative feedbacks; (c) temper-
ature change attributable to the forcing (in the absence of radiative
feedbacks); (d) temperature change due to changes in the atmospheric
energy transport convergence; (e) temperature change due to (pre-
scribed) changes in ocean heat transport convergence; (f) temperature
change due to changes in the total energy transport convergence; (g)
sum of temperature change contributions from the feedbacks, forcing,
and total energy transport convergence; and (h) the residual of the
decomposition, i.e. the difference between (a) and (g).
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Figure 4.6.: Zonal mean local radiative feedbacks and temperature changes at-

tributable to these radiative feedbacks in the CESM1-SOM COs-
doubling experiments: (a-e) Plank, lapse rate, water vapour, cloud,
and surface albedo radiative feedbacks (in W m=2 K™!); (f) sum of ra-
diative feedbacks (in W m~2 K™'); and (g-k) temperature changes at-
tributable to the Planck curvature, lapse rate feedback, water vapour
feedback, cloud feedback, and surface albedo feedback (in K); and (1)
total temperature change attributable to the radiative feedbacks (in

K).
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Since differences in the total radiative feedbacks contribute more than forcing
and energy transport to the differences in warming between experiments at nearly
all latitudes, we next evaluate independent feedback variables to understand their
relative importance. Figures 4.6(a-e) show the Planck, lapse rate, total water
vapour, surface albedo, and total cloud feedbacks. We see differences in the mag-
nitude and pattern of zonal means of the radiative feedbacks between experiments
(Figs 4.6a-¢). These differences contribute to differences in the sum of all feedbacks
across experiments (Fig 4.6f), which are noticeable in the tropics and between 45S-
60S. The total feedback (sum of Planck, lapse rate, total water vapour, surface
albedo, and total cloud feedbacks) in the SH is more stabilizing (more negative)
when X-OHT increases, compared to when X-OHT decreases (as in X-0HT-20%
and X-0HT-407%). Therefore, X-0HT-20% and X-0HT-40% experience greater SH
warming than X-0HT+20% and X-0HT+40%. In the NH, in contrast, the total feed-
back is less stabilizing (less negative) when X-OHT increases (as in X-0HT-20%
and X-0HT-40%) than when X-OHT decreases (X-0HT-20% and X-0HT-40%). This
difference in radiative feedback between experiments is also consistent with differ-
ence in hemispheric warming, where X-0HT+207% and X-0HT+40% display more NH
warming than X-0HT-20% and X-0HT-407%.

Figures 4.6(g-i) show the zonal surface warming attributable to the Planck
curvature, lapse rate feedback, water vapour feedback, cloud feedback, and surface
albedo feedback. We note that differences in zonal mean surface warming between
experiments are due to water vapor at nearly all latitudes (Fig 4.61), which increase
the range of warming between experiments: the water vapour feedback amplifies
warming in the NH in experiments where X-OH'T increases, and amplifies warming
in the SH in experiments where X-OHT decreases. Tropical clouds and clouds
over the Southern Ocean region (455-60S) are also important, but they decrease
the range of warming between experiments: unlike the water vapour feedback, the
cloud feedback in these regions amplifies warming in the NH in experiments where
X-OHT decreases, and amplifies warming in the SH in experiments where X-OHT
increases (Fig 4.6j).

To understand why clouds counteract the radiative effects of water vapour
between our experiments, we split the temperature change due to the total cloud
feedback into the shortwave and longwave components (Fig 4.7). Figure 4.7a
shows the temperature changes between experiments due to the total cloud feed-
back, the same as Figure 4.6j, and explained above. The temperature change due

to the shortwave cloud feedback is shown in Figure 4.7b. There are clear differences
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between experiments in the tropics of both hemispheres and over 30S-60S. In the
NH tropics, warming due to shortwave cloud feedback is greater in experiments
where X-OHT decreases (blue-hued lines); conversely, in the SH tropics, warm-
ing is greater in experiments where X-OHT increases (red-hued lines). Between
30S-60S, warming due to shortwave cloud feedback is greater in experiments with
decreasing X-OHT (blue-hued lines). The temperature change attributable to the
longwave cloud feedback is shown in Figure 4.7c. In the NH tropics, warming is
greater in experiments where X-OHT increases (red-hued lines); whereas, in the
SH tropics warming is greater in experiments where X-OHT decreases (blue-hued
lines). Between 30S-60S, warming due to longwave cloud feedback is greater in
experiments with increasing X-OHT (blue-hued lines). The differences in temper-
ature change between experiments, over 305-40S, due to shortwave and longwave

cloud feedbacks cancel out (see Fig 4.7a).

The total cloud feedback is able to amplify warming in the NH in experiments
where X-OHT decrease (blue-hued lines) and amplify warming in the SH in ex-
periments where X-OHT increases (red-hued lines), because the radiative effects
of low clouds on the surface climate dominate over the radiative effects of high

clouds.

With increasing X-OHT (as in X-0HT+40% and X-0HT+20%), the ITCZ is lo-
cated in the NH (warmer hemisphere) and further shifts northward. ITCZ shifts,
alongside changes in the Hadley cells, allow the atmosphere transport the excess
energy available in the warmer NH to the relatively cooler SH. In this case, the
NH Hadley cell weakens and a decline in subsidence follows this weakened NH
circulation. Reduced subsidence favours low-level cloudiness in regions of down-
ward motion. Consequently, subtropical low clouds either slightly increase (as in
X-0HT+40%) or slightly reduce (as in X-0HT+20%) and have a negative shortwave
feedback effect in the NH (i.e., they act to cool the hemispheric surface climate).
On the other hand, the SH Hadley cell strengthens with an increase in subsidence.
Since strong subsidence disfavours low-level cloudiness, subtropical low clouds in
the SH experience a greater reduction. They therefore have a positive shortwave

feedback effect in the SH (i.e., they act to warm the hemispheric surface climate).

When X-OHT is decreased (as in X-0HT-40% and X-0HT-20%), the ITCZ shifts
southward into the SH (warmer hemisphere). Changes in Hadley circulation aid
the compensating transport of atmospheric energy to the relatively cooler NH.
The NH Hadley cell intensifies with stronger subsidence in the NH subtropics.
Therefore, subtropical low clouds in the NH are greatly reduced in X-0HT-409
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and X-0HT-20%, providing a dominant positive hemsipheric warming feedback. In
reverse, the SH Hadley cell weakens with a decline in subsidence. Subtropical
low-level cloudiness in the SH slightly decreases as a result, and dampens surface

warming in the SH.
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Figure 4.7.. Zonal mean temperature changes in the CESM1-SOM COs-doubling
experiments attributable to: (a) total cloud feedback (in K); (b) short-
wave cloud feedback (in K); and (c) longwave cloud feedback (in K).
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Table 4.1.: Attribution of surface temperature change in the CESM1-SOM CO»-
doubling experiments to radiative feedbacks (Planck curvature, lapse
rate, water vapour, surface albedo, and cloud), CO, forcing, ocean heat
transport convergence, and atmospheric energy transport convergence.
Shown averaged over the Northern and Southern Hemispheres. ‘Spread
in AT’ column denotes the difference between the AT contributions
in X-0HT+40% and X-0HT-40%; positive values indicate that the factor
increases the spread in warming between 0OHT+40% and OHT-40%, while
negative values indicate that the factor decreases the spread.

CESM1-SOM Experiments

X-0HT+40% | X-0HT+20% | Control X-OHT ‘ X-0HT-20% | X-0HT-40% | Spread in AT
Northern Hemisphere AT

Total Feedback 2.76 2.66 2.51 2.39 2.37 0.39
Planck Curvature -0.01 -0.01 0 0 0 -0.01
Lapse Rate FB 0.27 0.25 0.2 0.14 0.16 0.11
Water Vapor FB 2.37 2.23 2.06 1.96 1.83 0.54
Cloud FB -0.65 -0.55 -0.46 -0.4 -0.3 -0.35
Surface Albedo FB 0.78 0.74 0.71 0.69 0.68 0.1

Forcing 1.59 1.59 1.59 1.59 1.59 0

Total Energy Transport -0.03 -0.03 0.05 0.06 0.05 -0.08
Atmospheric Energy Transport -0.25 -0.13 0.05 0.17 0.29 -0.54
Ocean Heat Transport 0.22 0.1 0 -0.11 -0.24 0.46

Southern Hemisphere AT

Total Feedback 1.3 1.43 1.77 1.92 2.1 -0.8
Planck Curvature 0.01 0.01 0 0 0 0.01
Lapse Rate FB -0.31 -0.29 -0.22 -0.2 -0.16 -0.15
Water Vapor FB 1.49 1.65 1.92 2.09 2.23 -0.74
Cloud FB -0.23 -0.31 -0.36 -0.42 -0.42 0.19
Surface Albedo FB 0.35 0.37 0.43 0.45 0.46 -0.11

Forcing 1.88 1.88 1.88 1.87 1.88 0

Total Energy Transport -0.05 -0.01 -0.07 -0.05 -0.12 0.07
Atmospheric Energy Transport 0.26 0.12 -0.05 -0.17 -0.33 0.59
Ocean Heat Transport -0.31 -0.13 -0.02 0.12 0.21 -0.52
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From area-averaging feedbacks and their sum over each hemisphere (shown

in Table 4.1), we see that total water vapour (including shortwave and longwave)

and total cloud (including shortwave and longwave) feedbacks contribute the most

to the difference in hemispheric warming between experiments. In particular, the

water vapour feedback increases differences in warming between experiments (i.e.

amplifying warming in the NH and damping warming in the SH in experiments

where X-OHT increases), while total cloud feedbacks oppose these (i.e. damping

warming in the NH and amplifying warming in the SH in experiments where X-
OHT increases).
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Figure 4.8.: Atmospheric circulation, moisture transport, and specific humidity
responses in the CESM1-SOM CO2-doubling experiments. (a), (d),
(c) change in the Eulerian mass overturning streamfunction (10° kg/s;
colors), relative to Control X-0HT, shown with the preindustrial con-
trol mass overturning streamfunction (contours); (b), (e), (h) change
in moisture transport (m/s . g/kg; colors), relative to Control X-0HT,
shown with the preindustrial control moisture transport (contours);
(c), (f), (i) change in the atmospheric specific humidity (g/kg; col-
ors), relative to Control X-0HT, shown with the preindustrial control

specific humidity (contours)

We next evaluate atmospheric dynamics to understand how changes in X-OHT

impact water vapour feedbacks across our COs—doubling experiments, as well as

their temperature change contributions. In Figure 4.8(a,b), we show the change in
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the Eulerian mass overturning circulation in X-0HT+40% and X-0HT-407% relative
to Control X-OHT%. With increased X-OHT (X-0HT+40%), the rising branch of
the SH Hadley cell strengthens more than Control X-0HT% while the NH Hadley
cell relatively weakens (Fig 4.8a). The atmosphere responds to X-OHT changes
through changes in the Hadley cells and shifts in the ITCZ [Vellinga and Wu,
2008, Kang et al., 2008, 2009, Frierson et al., 2013, Rencurrel and Rose, 2018]. In
X-0HT+40%, the strengthening of the SH Hadley cell is associated with a northward
moisture transport (from the SH subtropics towards the ITCZ, which is located
in the NH, roughly between 12 to 15N) that exceeds the transport in Control
X-0HT (Fig 4.8c). Therefore, poleward moisture transport to the SH extratropics
in X-0HT+409 is reduced when compared to Control X-0HT. Since the NH Hadley
cell relatively weakens in X-0HT+40% (Fig. 4.8a), less moisture converges and gets
uplifted in the NH tropics (Fig 4.8c). Both of these processes increase moisture
availability in NH tropical areas, which can then be transported by eddies to the
extra tropics. Consequently, specific humidity is reduced over the SH and increased
over the NH in experiments with increasing X-OHT, relative to Control X-0HTY
(Fig 4.8e).

On the other hand, the rising branch of the NH Hadley cell in X-0HT-407
strengthens more than Control X-0HT while the SH Hadley cell relatively weakens
(Fig 4.8b). In X-0HT-40%, the strengthening of the NH Hadley cell is associated
with a southward moisture transport (from the NH subtropics) that is stronger
than the transport in Control X-0HTY, (Fig 4.8d). Therefore, poleward moisture
transport to the NH extratropics in X-0HT-40% is reduced when compared to
Control X-OHTY. Since the SH Hadley cell relatively weakens in X-0HT-40% (Fig.
4.8b), less moisture converges and gets uplifted in the SH tropics (Fig 4.8d). Both
of these processes drive increased moisture abundance in the SH tropics, which can
then be transported by eddies to SH extra tropical regions. Consequently, specific
humidity is reduced over the NH and increased over the SH in experiments with
decreasing X-OHT, relative to Control X-0HTY, (Fig 4.8f), and therefore controls

the water vapour feedback effect on local warming.

4.4. Impacts of X-OHT Changes on the Hydrologic
Cycle

To understand differences in precipitation sensitivity between CESM1-SOM ex-

periments, we show the zonal-mean response in surface evaporation with COs—
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doubling between the CESM1-SOM experiments in Figure 4.9(a). There are clear
differences in surface evaporation between experiments at nearly all latitudes.
Poleward of 10°S, evaporation changes in X-0HT+20% and X-0HT+40% are smaller
than changes in X-0HT-20% and X-0HT-40%. In contrast, evaporation changes
poleward of 10°N are larger in X-0HT+20% and X-0HT+40% than in X-0HT-20% and
X-0HT-40%. Between 5S to 10S, increase in evaporation is greater in X-0HT+207%
and X-0HT+407% than the increase in X-0HT-207% and X-0HT-40%. On the other
hand, between 5N to 10N, increase in evaporation is greater in X-0HT-20% and
X-0HT-40% than the increase in X-0HT+20% and X-0HT+40%.

More ocean heat converges in the NH when X-OHT is increased (X-0HT+20%
and X-0HT+40%), with greater poleward export from the NH tropics to NH extrat-
ropical areas (Fig. 4.4a). When X-OHT is decreased (X-0HT-20% and X-0HT-40%),
more ocean heat converges in the SH, with greater poleward export from the SH
tropics to SH extratropical areas (Fig. 4.4a). Therefore, differences in evaporation
between 5°to 10°and also poleward of 10°in both hemispheres are consistent with
Sutton and Mathieu [2002], who showed that changes in ocean heat transport con-
vergence are mainly balanced by latent heat flux changes, in the form of increased

evaporation.

Equatorward of 5°S, the increase in evaporation is greater in experiments with
decreasing X-OHT (red-hued lines) than in experiments with increasing X-OHT
(blue-hued lines). Whereas evaporation changes are less clear equatorward of 5°N,
with greater evaporation increase in X-0HT-207% and X-0HT+20% than in X-0HT-40%
and X-0HT+40%. Equatorward of 5°S, where the pattern of differences are clearer
compared to the NH deep tropics, experiments with decreasing X-OHT (blue-hued
lines) show greater evaporation changes because surface temperature increase over
a weak wind zone (in this case, the SH region of Hadley cell weakening relative to

the NH cell as in Fig. 4.8b), drives an increase in the release of evaporation.
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Figure 4.9.: a) Zonal mean change in surface evaporation (LHF; in W m~2) in the
CESM1-SOM COs-doubling experiments; budget contributions from
changes in ocean heat transport convergence (OHTC; in W m™2), net
surface radiation (Ryetsurface; It W m™2), sensible heat flux (SHF;
in W m™2), ocean storage (in W m~2), and residual (in W m~2) of
the decomposition between b) 90S to the equator and c¢) the equator
to 90N; and all-sky (net), clear-sky, and cloudy sky surface radiation
between d) 90S to the equator and e) the equator to 90N.
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In Figures 4.9(b,c), we decompose the hemispheric response in surface evapo-
ration (LH F'), following Equation (4.5), in order to understand contributions from
changes in ocean heat transport convergence (—V - OHT), net surface radiation
(Rietsur face), sensible heat flux (SHF'), and the rate of heat storage in the slab
ocean mixed layer (dFE,,/dt).

A(LHF) = ARpetsurgace) — ASHF) + A(~V - OHT) — A(dizm) (4.5)

For each of the terms in the evaporation budget equation, we calculate the
range between experiments as the difference between X-0HT+40% and X-0HT-40%.
The range is shown below each set of bars of individual terms in Figure 4.9(b,c).
We find that range in OHTC changes explain 63% of the range in LHF changes
between experiments in the SH (Fig. 4.9b). The next largest contributing term
is SHF changes with 32%. In the SH, R,ctsurface changes and storage vary little
between experiments, so do not contribute to differences in surface evaporation.
In the NH, ocean heat transport convergence changes are also the most important
contributor to differences in A(LHF) between experiments (Fig. C4.9¢), account-
ing for 98% of the range. The next most important terms are SHF changes (40%),
while Ry,etsur face changes oppose differences in LHF changes (-51%).

While differences in ocean heat transport convergence between experiments
clearly drive differences in evaporation in both hemispheres, some of the variance in
surface evaporation is due to variance in the radiative effects of clouds, particularly
in the NH. In Figures 4.9(b,c), we see that net surface radiation variance between
experiments contribute to the variance in evaporation more in the NH than the
SH: the magnitude of variance in the SH is 0.1 W m~2 and 0.77 W m~2 in the
NH. We explore this associated impact in Figures 4.9(d,e), where we show how
clouds impact the variance in evaporation between experiments by affecting net
surface radiation. The first set of bars in Figures 4.9(d,e) display the change in
net (all-sky) surface radiation, Ryctsur face, between experiments (reproduced as in
Figures 4.9b,¢). Ryetsur face s the weighted sum of the clear-sky (no clouds) surface
radiation, Rejeqrsky, and cloudy-sky (clouds present) surface radiation, Reoudysky-
The magnitude of the range between experiments (X-0HT+40% minus X-0HT-40%)
is given below each set of bars. We find that in the SH, the magnitude of the
variance in net surface radiation between experiments is larger under clear-sky
conditions than in the presence of clouds (Fig. 4.9d), i.e., clouds reduce this by
1.04 W m~2. In the NH, the effects of clouds on surface radiation also decrease the

magnitude of variance between experiments, from 1.41 W m™2 to 1.2 W m~? (Fig.
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4.9¢). This 0.2 W m~2 change in the NH is smaller than what the SH experiences

due to clouds.

Our results show that differences in X-OHT between experiments, which affect
hemispheric ocean heat transport convergence, determine the hemispheric hydro-

logic cycle response through the impact of ocean heating on surface evaporation.
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5: Mechanisms Underlying AMOC
Impact on Climate and the
Hydrologic Cycle in CMIP6

In our CESM1-SOM experiments, changes in ocean heat transport convergence
determine the climate and precipitation response through the impact of ocean
heating on water vapour and evaporation. We have already shown that there is a
similar relationship between AMOC changes (which further drive X-OHT changes
in a fully-coupled climate) and the hemispheric climate and precipitation response
in CMIP6 (recall Fig 3.2). CMIP6 ESMs with stronger AMOC decline tend to
display more comparable warming between the NH and SH. On the other, in ESMs
with a weaker AMOC decline, the NH tends to warm more than the SH. Further-
more, ESMs with stronger AMOC decline generally exhibit greater precipitation
increase in the SH than in the NH, while ESMs with weaker AMOC decline show
greater precipitation increase in the NH than in the SH. We next assess if the
impact of AMOC changes on the hemispheric climate and hydrologic response

depends on similar mechanisms as those found in our CESM-SOM1 experiments.

5.1. Spatial Pattern of AMOC Impact on Climate
and the Hydrologic Cycle Response

To understand how intermodel variance in AMOC decline may co-vary with inter-
model variance in the surface climate, we regress surface warming and precipitation
changes on AMOC decline and evaluate the climate and hydrologic cycle response
when AMOC decline is 2 standard deviations below the multi-model mean (-14
Sv, which is 2 standard deviations below the multimodel mean of -10.5 Sv). The
SH (excluding South America) warms more than average when there is a strong
decline in the AMOC (Fig. 5.1a) and the NH warms less than average. This result
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supports an earlier finding of Lin et al. [2019]: that the intermodel range in the
AMOC response co-varies inversely (directly) with the range of NH (SH) warming
in CMIP5 class ESMs.

We also find a similar impact on the precipitation response. For a 14 Sv decline
in the AMOC, tropical precipitation increases south of the equator, relative to the
mean precipitation response, and decreases north of the equator. This suggests
that the ITCZ moves southward when AMOC strongly declines, consistent with
Frierson et al. [2013]. Precipitation in the SH mid-latitude storm track region
also intensifies more than average (Fig 5.1c). Generally, there is an increase in
precipitation in most parts of the SH relative to the mean precipitation response.
On the other hand, we note a decrease in precipitation over large areas in the NH,
relative to the mean precipitation response. Spatial significance at 95% confidence
level is generally noted in higher latitudes of the North Atlantic basin, the tropics,
and Southern high latitudes.
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Figure 5.1.: Linear regression of a,b) change in surface temperature (in K); and
¢,d) precipitation change (in mm/day) on a 14Sv AMOC decline in
CMIP6 and a 0.48 PW decline in X-OHT in the CESM1-SOM CO»-
doubling experiments respectively. Stippling denotes the significance
at 95% confidence level

As in CMIPG6, we regress temperature and hydrologic cycle changes on assessed
AMOC changes in our CESM1-SOM experiments. In CMIP6, a two standard
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deviation AMOC decline (approximately 14 Sv) corresponds to a 0.48 PW X-
OHT decline. Therefore, we regress surface warming and precipitation changes on
X-OHT decline in our CESM1-SOM experiments and evaluate this when X-OHT
decline is 0.48 PW (Fig.5.1b,d).

Figure 5.1b shows that strong X-OHT decline causes much of the SH and
monsoon regions in the NH deep tropics to experience more surface warming,
relative to when X-OHT is unchanged, and causes much of the NH (especially
poleward of 15N) to experience relatively less surface warming. The increased
relative warming (up to 4.5K) is greatest over the Indian monsoon region, South-
ern ocean, Antarctic peninsula, and the regional seas around Antarctica (Weddell,
Amundsen, Bellingshausen, and Ross). Meanwhile, the Labrador and Nordic seas
where the AMOC typically sinks see the weakest level of warming with strong
decline of X-OHT'. In addition to surface warming, strong X-OHT decline also
plays a role in how precipitation responds regionally (Fig 5.1d), relative to when
X-OHT is unchanged. Overall, we note that precipitation increases more over the
SH than the NH when X-OHT increases, relative to when X-OHT is unchanged.
Surprisingly, subtropical drying appears to be enhanced over the ocean in the SH,
and suppressed over NH land areas. However, this is not statistically significant.
Over the deep tropics, particularly across ocean basins, we also see precipita-
tion increases exceeding 2 mm/day in magnitude, and indication of a southward
ITCZ shift. X-OHT—associated change in precipitation is statistically significant
in the tropics and parts of high latitudes in both hemispheres. Therefore, the
large-scale spatial pattern of the AMOC-related and X-OHT related hemispheric
COs—forcing response are comparable between CMIP6 models and our CESM1-
SOM experiments (compare Fig. 5.1a,c to 5.1b,d). However, we note that the
magnitude of response over the North Atlantic is smaller in the CESM1-SOM re-
gression and there is statistical significance over more areas in the CESM1-SOM
regression (Figure 5.1b) than in the CMIP6 intermodel regression (Figure 5.1d).
These differences likely arise from regional differences in how X-OHT changes: in
the CMIP6 regression, the AMOC index is defined in the North Atlantic basin
and the decline in X-OHT is limited to this basin. In contrast, in the CESM1-
SOM experiments, X-OHT decline is the decline in the net cross-equatorial OHT,
achieved by applying zonally-symmetric OHFC anomalies. Therefore, X-OHT
decline is not limited to the Atlantic basin in the CESM1-SOM experiments.
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5.2. Mechanisms Governing AMOC-related Impact
in CMIP6

We have shown that the climatic impacts of AMOC decline in CMIP6 and X-OHT
decline in CESM1-SOM are comparable. Analysis of the CMIP6 multi-model en-
semble suggests that the mechanisms driving these relationships in CMIP6 and
CESM1-SOM are similar. As in our CESM1-SOM experiments that show causal-
ity, we find that ocean heat convergence by the AMOC in CMIP6 also co-varies
with differences in the regional response to COy—forcing. In ESMs analyzed,
AMOC weakening is strongly related to X-OHT decline, which decreases upper
ocean heat content in the SH and increases it in the NH. Differences in upper
ocean heat content between hemispheres help drive differences in atmospheric wa-
ter vapour content and evaporation between hemispheres. This, in turn, helps
explain the hemispheric difference in surface temperature and hydrologic cycle

response, as in our CESM1-SOM experiments, which were causative.
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Figure 5.2.: Mechanism for the relationship between the hemispheric difference in

climate sensitivity (Northern hemisphere minus Southern hemisphere;
in K) and change in the maximum strength of the AMOC (Sv). Lin-
car regression between a) AMOC change (evaluated at the equator)
and change in northward, cross-equatorial ocean heat transport in
the Atlantic basin (Atlantic OHT; in PW); b) change in northward,
cross-equatorial OHT and hemispheric difference in upper-ocean heat
content change (OHC; in x10° J/m?); ¢) hemispheric differences in
upper-ocean heat content change and atmospheric moisture content
change (in mm); and d) hemispheric differences in atmospheric mois-
ture content change and climate sensitivity (TAS; in K). Calculated
over years 120-150 of abrupt-4xC02, relative to piControl. Correla-
tions are statistically significant at p < 0.05.
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The upper branch of the AMOC moves ocean heat northward and across
the equator. Therefore, AMOC weakening, evaluated at the equator, drives a
reduction in Atlantic X-OHT. This is evident in models of interest that provided
the CMIP6 variable, hfbasin (Fig. 5.2a). Changes in the AMOC also control
hemispheric differences in upper ocean heat content through changes in the amount
of energy it moves across the equator, into the NH. This is also evident in CMIP6
(Fig. 5.2b), where we find models with a stronger reduction in X-OHT have a
smaller upper ocean heat content in the NH, and vice-versa in models with weaker
X-OHT reduction. We evaluate ocean heat content over the first 50m of the ocean
and not over the mixed-layer depth to allow for model inter-comparison and to
account for differing lateral resolution and mixed-layer biases [Constantinou and
Hogg, 2021]. We find that changes in atmospheric water vapour content are largely
affected by the magnitude of surface heating available and supplied by the ocean.
CMIP6 models that have a larger increase in NH upper ocean heat content relative
to the SH also exhibit a greater increase in atmospheric water vapour content in the
NH (Fig. 5.2¢). On the other hand, ESMs with a larger increase in upper ocean
heat content in the SH exhibit a greater increase in atmospheric water vapour
content in the SH also (Fig. 5.2c). Finally, the hemisphere with a larger increase
in atmospheric water vapor content has additional moisture that increases the CO4
greenhouse effect. The atmospheric water vapour feedback in that hemisphere then
amplifies the hemispheric climate response to a quadrupling of atmospheric COq
more than the hemisphere with a smaller increase in atmospheric water vapour.
Therefore, there is a strong relationship between hemispheric differences in surface
warming and water vapour content in CMIP6 (Fig. 5.2d). This is consistent to our
findings from CESM1-SOM where prescribed X-OHT affects radiative feedback
variables, especially water vapour which contributes the most to differences in

surface warming between experiments at nearly all latitudes (see Figures 4.6a,b

and 4.6¢,j).

In terms of the hydrologic cycle response, we also find that the mechanism
operating in our CESM1-SOM results are applicable in CMIP6. Recall that dif-
ferences in ocean heat flux convergence explain over half of the differences in
evaporation changes between hemispheres, and controls the hydrologic cycle re-
sponse in our CESM1-SOM experiments (Fig 4.9b). AMOC decline in CMIP6
impacts changes in X-OHT and hemispheric differences in upper ocean heat con-
tent in the same manner as explained above (Fig. 5.3a,b). CMIP6 models with
a larger increase in NH upper ocean heat content relative to the SH exhibit a

greater evaporation increase in the NH (Fig. 5.3¢), and vice versa when increase
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in upper ocean heat content in the NH is smaller than in the SH. Therefore, there
is a strong relationship between hemispheric differences in evaporation changes
and the hydrologic cycle response, especially precipitation sensitivity (Fig. 5.3d)
which greatly varies between CMIP6 ESMs and is often challenging to physically

constrain.
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Figure 5.3.: Mechanism for the relationship between the hemispheric difference in
precipitation sensitivity (Northern hemisphere minus Southern hemi-
sphere; in %/K) and change in the maximum strength of the AMOC
(Sv). Linear regression between a) AMOC change (evaluated at the
equator) and change in northward, cross-equatorial ocean heat trans-
port (OHT; in PW) b) change in northward, cross-equatorial OHT
and hemispheric difference in upper-ocean heat content change (OHC;
in x10° J/m?) ¢) hemispheric differences in upper-ocean heat content
change and evaporation (LHF) change (in mm) d) hemispheric differ-
ences in LHF change and hydrologic cycle sensitivity (in %/K). Cal-
culated over years 120-150 of abrupt-4xC02, relative to piControl.

Correlations are statistically significant at p < 0.05.
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6: Conclusion

Earth system models exhibit weakening of the AMOC and diminishing northward
cross-equatorial ocean heat transport (X-OHT) in response to an increase in at-
mospheric greenhouse gas concentrations. A number of studies that isolate the
climate impacts of AMOC weakening in response to greenhouse gas forcing com-
monly do so through freshwater perturbations in the North Atlantic [see Chapter
1; Vellinga and Wood, 2008, Zickfeld et al., 2008, Kuhlbrodt et al., 2009, Liu et al.,
2020]. This freshwater perturbation method to impose AMOC changes may un-
intentionally set up circulation responses in other ocean basins. Therefore, the
climate response in these studies also includes competing ocean circulation per-

turbations and associated feedbacks, not only the impacts of AMOC weakening.

Given that a major imprint of AMOC weakening is declining X-OHT, we focus
on the independent impact of X-OHT on the regional COs—doubling response in a
set of idealized sensitivity experiments (see Chapter 2 for experimental setup). We
directly perturb X-OHT over a wide range in CESM1-SOM and assess impacts
on the regional climate and hydrologic cycle response to abrupt COs—doubling.
Prescribed ocean heat transport anomaly is well compensated by atmospheric
energy transport response across our experiments, consistent with previous studies
[Bjerknes, 1964, Shaffrey and Sutton, 2006, Farneti and Vallis, 2013, Yang et al.,
2015]. The atmosphere is able to compensate through changes in the Hadley
circulation and displacements of the Intertropical Convergence Zone (ITCZ). We
find that regional climate and precipitation responses are sensitive to changes in X-
OHT, in and outside the deep tropics. COs-doubling experiments with increases
in X-OHT (X-0HT+20% and X-0HT+40%) generally exhibit more surface warming
and a higher precipitation sensitivity in the NH than in the SH. In contrast, CO,—
doubling experiments with reductions in X-OHT (X-0HT-20% and X-0HT-40%)
generally display less warming and lower precipitation sensitivity in the NH than
in the SH. We show that differences in the strength of the zonal-mean total water
vapour feedbacks largely explain the difference in the zonal-mean warming pattern

over most latitudes across our experiments. The total cloud feedback opposes the
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total water vapour feedback and also contributes to the difference in zonal-mean
warming over the tropics and SH mid-latitudes (45°S to 65°S).

From a zonal-mean or regional perspective, surface warming has been shown
to be driven by radiative forcing, the strength of surface and atmospheric radiative
feedbacks, and the net effects of deepwater exchange and heat transport by ocean
circulation [Bonan et al., 2018]. Interestingly, our results reveal that changes in
ocean heat flux convergence (OHFC) directly affects water vapour in the tropics
and cloud feedbacks, both in the tropics and between 45-60S, which then determine
difference in surface warming across our experiments. Furthermore, a hemispheric
evaporation budget analyses reveal that differences in OHFC contribute the most
to the difference in evaporation, which is an important factor controlling how the
hydrologic cycle responds to warming [Sutton and Mathieu, 2002, Held, 2001, Siler
et al., 2019, Liu et al., 2020]. Our results suggests that ocean dynamics control the
regional climate and hydrologic response to an increase in COs, even outside the
deep tropics. In particular, changes in X-OHT and therefore OHFC, determine
the response by affecting radiative feedbacks (particularly water vapour and cloud)

and supplying the required heat for enhanced surface evaporation.

We take our energetic approach further and evaluate the applicability of our
idealized CESM1-SOM results in CMIP6 models. As we show (in Fig.3.1c), decline
of the AMOC in response to abrupt COs—quadrupling is evident among CMIP6
models, albeit with a large spread. The intermodel range in AMOC decline is
closely related to the intermodel range in hemispheric asymmetries in surface
warming and precipitation sensitivity. Models with stronger AMOC decline dis-
play less warming and a smaller precipitation sensitivity in the NH relative to the
SH, while models with weaker AMOC decline display more warming and a higher
precipitation sensitivity in the NH relative to the SH. We propose a mechanism
related to water vapour and evaporation, identical to what we find governing our
CESM1-SOM results, to explain these relationships in CMIP6: a strong AMOC
decline (of order 14 SV which exceeds two standard deviations of the mean de-
cline) causes a reduction in X-OHT, which then leads to a smaller upper ocean
heat content in the NH relative to the SH. Consequently, atmospheric water vapour
is reduced and surface evaporation is suppressed in the NH, accounting for less
warming and smaller precipitation sensitivity respectively in the NH compared to
the SH.

We must acknowledge that there are important caveats to consider. First,

recent studies show that southward cross-equatorial ocean heat transport is non-
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negligible in the Indian ocean [Trenberth and Fasullo, 2017, Forget and Ferreira,
2019]. This cross-equatorial ocean heat transport in associated with the presence
of land to the north of the Indian basin [Forget and Ferreira, 2019] and is possibly
facilitated by shallow meridional overturning circulations. However, the northward
cross-equatorial ocean heat transport in the Atlantic due to the AMOC is larger
and dominates net X-OHT. We have not considered the impact of the Indian
cross-equatorial ocean heat transport on the climate response to COs forcing,
which may also be an important part of the regional climate response. Secondly,
the use of CESM1-SOM alone to establish causality could produce results and
show mechanisms that are specific to the model framework. However, we note
that the CESM is state-of-the art and mostly produces a realistic representation

of Earth’s mean climate and the hydrologic cycle.

In summary, our results highlight the importance of ocean dynamics in de-
termining asymmetries in the hemispheric climate response to CO forcing, par-
ticularly how much regional precipitation changes with warming. It is necessary
to investigate and identify the possible role of ocean dynamics in setting other
hemispheric asymmetries and symmetries in the present-day climate (e.g. Earth’s

planetary albedo), as well as in a warmer world.
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