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Abstract Given uncertainty in the processes involved in polar amplification, elucidating the role

of poleward heat and moisture transport is crucial. The Polar Amplification Model Intercomparison
Project (PAMIP) permits robust separation of the effects of sea ice loss from sea surface warming under
climate change. We utilize a moist isentropic circulation framework that accounts for moisture transport,
condensation, and eddy transport, in order to analyze the circulation connecting the mid-latitudes and
the Arctic. In PAMIP's atmospheric general circulation model experiments, prescribed sea ice loss reduces
poleward heat transport (PHT) by warming the returning moist isentropic circulation at high latitudes,
while prescribed warming of the ocean surface increases PHT by strengthening the moist isentropic
circulation. Inter-model spread of PHT into the Arctic reflects the tug-of-war between sea-ice and surface-
warming effects.

Plain Language Summary A major conundrum in current climate science is to understand
what Arctic changes imply for the climate and environment in mid-latitude regions. The Polar
Amplification Model Intercomparison Project (PAMIP) designed a set of climate model experiments to
specifically answer this question in a carefully designed, idealized framework. PAMIP's approach is to
separate historic and projected climate change into parts associated with Arctic sea ice loss and ocean
surface warming and investigate how these two contributions can influence the atmosphere. To isolate
these effects, only models can be used, because, in reality, sea ice loss and ocean surface warming are
strongly linked together. This letter focuses on what the PAMIP experiments imply for the transport

and redistribution of heat and moisture in the atmosphere. In PAMIP, we learn that Arctic sea ice loss
causes the atmosphere to reduce the transport of dry and cold air away from the Arctic while ocean
warming causes more transport of moist warm air toward the Arctic. These two effects are in a tug-of-war,
suggesting that climate change can cause a mix of competing impacts on the global energy transport from
the tropics to the Arctic.

1. Introduction

Radiative driving of the climate system tends to warm already warm regions such as the tropical lower trop-
osphere, and cool already cold regions such as the high latitude troposphere and the upper atmosphere (Val-
lis et al., 2015). Poleward heat transport (PHT) works toward energy balance by moving heat from warmer
to colder regions (e.g., Held, 2001; Trenberth & Stepaniak, 2003), primarily via atmospheric but also via
oceanic pathways (Czaja & Marshall, 2006; Held, 2001). Atmospheric warming from anthropogenic climate
change is also spatially varying, for example, in tropical upper- and Arctic lower-tropospheric warming (e.g.,
Deser et al., 2016; Vallis et al., 2015), which entails changes to PHT that also occur via the atmospheric path-
way (e.g., Alexeev & Jackson, 2013; Barpanda & Shaw, 2020; Hwang & Frierson, 2010; Hwang et al., 2011;
Shaw et al., 2018). Changes in PHT in observations have also been linked to reduced reflected shortwave
radiation due to sea ice loss to reduced high-latitude PHT (Hartmann & Ceppi, 2014).

PHT responses to anthropogenic climate change involve tradeoffs between dry static energy and latent heat
transport (Caballero & Langen, 2005; D66s & Nilsson, 2011; Frierson et al., 2007; Held & Soden, 2006).
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The increase in atmospheric moisture content due to global warming increases total PHT (Hwang &
Frierson, 2010), while polar amplification of global warming decreases PHT at high latitudes (Armour
et al., 2019). Net changes in PHT into the Arctic have been shown to be relatively small due to a com-
pensation between increased poleward latent heat flux and decreased poleward sensible heat flux (Hwang
et al., 2011; Kay et al., 2012). This compensation highlights the important role that moisture plays in the
structure of Arctic warming. Broadly, improving our understanding of the PHT response to global warming
is an important part of advancing understanding of the mechanisms of polar amplification, which remain
unsettled (Shaw & Tan, 2018; Smith et al., 2019; Stuecker et al., 2018).

The Polar Amplification Model Intercomparision Project (PAMIP, Smith et al., 2019), which is part of the
sixth phase of the Coupled Model Intercomparison Project (CMIP6, Eyring et al., 2016), uses coordinated
model experiments to separate the effects of global surface warming from Arctic sea ice loss on the process
of polar amplification. This permits a thorough investigation of the role of sea ice loss in various aspects
of the atmospheric response to anthropogenic climate change, including changes in climate extremes and
the nature of teleconnected responses. However, PAMIP also provides a unique tool for investigating how
global surface warming and sea ice loss separately impact atmospheric PHT.

To demonstrate insights to be gained into atmospheric PHT changes with this framework, we use PAMIP's
recently completed atmosphere-land general circulation model (AGCM) simulations that are driven by the
projected response of sea surface temperature (SST) and Arctic sea ice concentration (SIC) to future radi-
ative forcing. The AGCM framework isolates atmospheric PHT changes in the absence of ocean coupling,
and thus does not fully address the energy budget response in the coupled system. But this configuration
is simple enough to efficiently attribute changes to atmospheric PHT to specific changes at the surface.
This study only provides a starting point for understanding the effect of changes in PHT on the Arctic and
tropical temperatures. A significant limitation is, therefore, that the feedback of these changes onto surface
temperature responses cannot be assessed within the AGCM simulations in the Tier 1 PAMIP experiments
that have been executed thus far.

This study focuses on eddy PHT since most of the atmospheric energetic transport is accomplished by eddies
in the mid and high latitudes. We separate moist energetic from transport responses (Pauluis et al., 2010)
and poleward-branch from equatorward-branch responses of the atmospheric overturning circulation,
which exhibit distinctive PHT responses. Our analysis is centered on a moist thermodynamic framework
that uses second order statistics computed from the simulations’ output (Pauluis et al., 2011). This frame-
work explicitly separates the distinctive dynamical responses of the poleward and the equatorward branch-
es of the atmospheric overturning circulation, which aids in the interpretation of the PHT response.

Section 2 of this study describes the experiments from the PAMIP protocol and the different models used as
well as the methods. Results are presented in Section 3, and Section 4 concludes by highlighting the main
points of this paper.

2. Models and Methods
2.1. PAMIP Experiments and Models

Six AGCM groups (CanAMS5, ECHAM6, EAM, CAM6, WACCM4, and GA7.1) (see Table S1, Golazet al., 2019;
Hewitt et al., 2011; Lauritzen et al., 2018; Marsh et al., 2013; Stevens et al., 2013; Swart et al., 2019) carried
out experiments PAMIP 1.1, PAMIP 1.4 and PAMIP 1.6 (described below) and provided wind, temperature,
geopotential height, and specific humidity data sampled on a daily or 6-hourly basis for our analysis.

The control experiment PAMIP 1.1 uses year 2000 SIC and SST; the sea ice loss experiment PAMIP 1.6 also
uses year 2000 SST but with Arctic SIC projected to a 2°C global warming scenario relative to pre-industrial
conditions (1.4°C compared to year 2000); and the sea surface warming experiment PAMIP 1.4 uses year
2000 SIC but with SST projected to the same 2°C patterned warming scenario as the sea ice in PAMIP 1.6.
In PAMIP 1.6, where ocean is newly exposed due to sea ice loss, the SST is determined following Screen
et al. (2012), that is, future SST are imposed in grid points where the SIC is at least 10% less than the pres-
ent-day value. Both the imposition of future SSTs in the Arctic and sea ice loss in the PAMIP 1.6 experiment
contribute to Arctic warming. In all PAMIP experiments, the atmospheric composition, and hence external
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radiative forcing, is held fixed. The simulations were carried out in a time slice fashion: For every model,
an ensemble of 100 members with different initial conditions was created, each individual simulation was
integrated for 14 months, and the last 12 months were used for the analysis (Smith et al., 2019). These
simulations isolate the rapid atmosphere-land adjustment in the absence of long-timescale oceanic/sea ice
adjustments, and, as stated in Section 1, do not allow for additional oceanic/sea ice feedbacks.

2.2. Diagnostics of Poleward Heat Transport

The total climatological mean atmospheric PHT (H) can be written as the sum of a mean and an eddy term,
but in the mid and high latitudes, the eddy contribution dominates (Trenberth & Stepaniak, 2003). The eddy
PHT (Hp) can be expressed as

HE(¢) 27mcos¢J.,,\[ }dp, o

where h is used to represent either dry static energy (DSE = ¢,T + gz) or moist static energy (MSE =
DSE + L,q), where T is the air temperature, z is the height, q is the specific humidity, c, is the specific
heat capacity at constant pressure of dry air, g is the gravitational acceleration and L, is the latent heat of
vaporization of water. The annual climatological mean is denoted by an overbar, the zonal mean by square
brackets, and the departure from the zonal mean by . The latitude is ¢, a is the radius of Earth, p; is the
surface pressure and p is the pressure.

Additional insight into the eddy PHT response can be gained using the moist isentropic circulation frame-
work (Fajber et al., 2018; Pauluis et al., 2010; Wu & Pauluis, 2012). This framework effectively maps the me-
ridional mass flux onto isentropic coordinates (here, MSE coordinates), in which diabatic processes (here,
processes that violate the pseudoadiabatic assumption) result in cross-isentropic (cross-MSE levels) mass
fluxes. We describe, first, how mass transport in MSE coordinates can be approximated with a practical
diagnostic and second, how the framework can be used to explicitly separate poleward and equatorward
contributions as well as dynamical and thermodynamical contributions to the PHT.

In this moist isentropic perspective, the eddy PHT is given by

Hy(¢) = [ hM (¢, h)dh, @)

where 7 is the MSE coordinate and My is the eddy moist isentropic mass flux. This expression of the eddy
PHT is equivalent to Equation 1.

The isentropic eddy mass flux can be obtained through a binning process (Pauluis et al., 2010) or through
a statistical parametrization (Pauluis et al., 2011). We will use the latter in this study because of its practi-
cality. This parametrization is the statistical transformed eulerian mean (STEM, Pauluis et al., 2011; Wu &
Pauluis, 2012) and approximates the moist isentropic eddy mass flux (M) using second order eddy statistics

of handv(i.e., m [v*h*], [h 2 }),

i VIR =TR) (i iy
Mg (p,h) = 27zacos¢J-gs[ }—3/2 exp[ L *[h]) ]dp' 3)
2z [h ] 2K

The STEM is a generalization of the classical transformed eulerian mean (TEM) that is based on a statistical
interpretation of the meridional circulation and the eddy statistics (Pauluis et al., 2011).

Additionally, expressing the eddy mass flux in a MSE-latitude coordinate space allows for the calculation
of the eddy moist isentropic mass streamfunction i in this coordinate space (see Pauluis et al., 2011, for
more details),
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This stream function provides insight about the eddy induced air-mass advection and changes to heat
content.

In addition to providing a different view on the mass transport, the moist isentropic framework allows for a
clear separation between the poleward and equatorward mass transports (Laliberté et al., 2012). This sepa-
ration is achieved here by defining indicator functions I.(h, ¢) and I_(h, ¢) = 1 — I, (h, ¢); defined so that I,
is 0 where the mass flux is equatorward (i.e., where Mg < 0) and 1 where it is poleward. Conversely, I_ is 0
for poleward and 1 for equatorward mass flux. Then

Fpo(@) = [ ;M (h.g)1.dh, (5)

are the poleward and equatorward eddy mass transports and

Hyo($) = [ hiM s (h, $)1.dh, (6)
are the poleward and equatorward heat transports.

In contrast with Laliberté et al. (2012), we apply mass conservation, which requires that at each latitude
Fg(¢) = —Fg_(¢), so we define Fg(¢) = |[Fg,(p)l = I[Fg_(¢)I. We can then define effective moist static energies
for the poleward and equatorward branches, h.(¢) = Hg.(¢)/Fr(¢). By construction,

HEZHE+—HE,:FE(h+_]’L); (7)

in this expression (h, — h_) is an effective moist stratification, similar to the effective stratification defined
by Pauluis et al. (2010). This effective stratification is a measure of the ability of the circulation to transport
moist static energy (Pauluis et al., 2010). Then, any change in Hg can be decomposed into changes in mass
transport (Fg) and in effective moist static energy of the poleward branch (h,) and equatorward branch (h_),

SHy = (h, — h_)6F; + FgSh, — Fpoh_, (8)

where we neglect the second order term (6h,. — 8h_)SFg (shown in Figure S1). The term (h; — h_)dF is the
change in heat transport due to the change in mass transport and is associated with the dynamical response.
The term Fgdh, is the change in heat transport due the change in the effective moist energy of the poleward
branch, and the term — Fdh_ is the corresponding change for the equatorward branch. The sum of the last
two terms in Equation 10 is the effect of changes in the effective stratification and are interpreted as the
thermodynamic response.

The statistical significance of the results is assessed with a local Student ¢-test assuming that individual
realizations of the models are independent. To account for potential biases in the strength of the response
to different climatologies, the individual ensemble mean of each model was removed. A p-value of 0.05 or
less was chosen to determine significance.

3. Results and Discussion
3.1. Surface Response to PAMIP Boundary Forcings

In response to Arctic sea ice loss, all models show an increase of the zonal-mean near-surface (lowest model
level) DSE and MSE at high latitudes (Figure 1b and see Figure S2 for the individual models). The clima-
tology is shown in Figure 1a for reference. Although the forcing is the same for all models, the amplitude
of the maximal Arctic amplification signal (the maximum difference in MSE increase between the Arctic
and the tropics) varies substantially, with a multi-model mean of 3.5 kIkg™' and an inter-model spread
(maximum — minimum) of 2.0 kI kg™ for surface MSE. The cause of this spread in the degree of Arctic am-
plification, which is present even with a highly constrained and consistent forcing like the SIC perturbation
of PAMIP, is as yet undetermined. One potential source of model spread is from differences in the models’
cloud parametrization as cloud radiative feedbacks have a significant effect on Arctic Amplification (Kim
et al., 2018). We argue in Section 3.2 that this spread seems to have little bearing on the eddy PHT responses
to sea ice loss. Moreover, most of the signal in MSE is coming from an increase in surface DSE, the latent
heat response (MSE — DSE) being relatively weak.
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Figure 1. Annual, zonal and multi-model mean surface static energy. (a) Climatology of the annual and zonal mean surface MSE (orange) and DSE (green).
(b) Response of the surface MSE and DSE to Arctic sea ice loss. The minimum, mean and maximum sea ice extent are shown in (b) by the blue (present day)
and red (future) horizontal lines. (c) As in (b) but for the response to sea surface warming. In (c), the dashed line shows the Clausius-Clapeyron approximation
of the MSE increase. (d-f) As in (a—c) but for the negative of the MSE and DSE meridional gradients. The solid lines indicate statistically significant responses
and the shading shows the inter-model spread.

The models agree well on the surface DSE and MSE responses to sea surface warming (Figure 1c). It is im-
portant to note that the models are forced by a structured SST perturbation and do not have imposed surface
land temperature. All models show a meridionally uniform DSE increase of about 1.4 kJkg ™' even over the
Arctic where there is no SST forcing. The surface MSE response is quite different from the DSE signal. All
models show a strong tropical surface MSE response to sea surface warming. This increase in latent heat
follows nicely Clausius-Clapeyron scaling (Held & Soden, 2006, see dashed line in Figure 1c).

The response of the surface meridional MSE gradient (kJ/kg/°) due to Arctic sea ice loss (Figure 1e) indi-
cates considerable weakening between 65°N and 85°N due to sea ice loss and consequent surface Arctic
amplification (for reference, the climatology is shown in Figure 1d). A weakening in the surface MSE gradi-
ent is usually associated with less baroclinicity in the regions where the gradient weakens, which previous
studies link to a decrease in eddy heat flux (Armour et al., 2019; Shaw & Voigt, 2016; Wu et al., 2011). The
model spread in this response is evident poleward of 70°N, but the models align well equatorward of this
latitude. In response to sea surface warming (Figure 1f), the MSE gradient strengthens quite uniformly over
the whole Northern hemisphere (Shaw & Voigt, 2016).

3.2. Eddy PHT

We now focus on how sea ice loss and sea surface warming affect the climatological DSE and MSE trans-
ports (shown in Figure 2a) and the climatological vertical structure of the local eddy DSE and MSE flux
(Figures 2d and 2h). Arctic sea ice loss decreases the net eddy PHT into the Arctic (Figure 2b). The models
agree well on the location and amplitude of the dry and moist PHT response (see Figure S5 for the indi-
vidual models), the multi-model mean showing a maximal decrease in moist PHT of 0.08 PW (0.06 PW
per degree of global warming) with an inter-model spread of at most 0.04 PW. Reduction in eddy PHT is
stronger during the boreal autumn and winter (see Figure S4), principally due to the stronger SIC forcing
in boreal autumn that affects the eddies in boreal winter, the season when eddy PHT is strongest (Shaw &
Voigt, 2016). The response to sea ice loss is mainly located at high latitudes but extends to the mid-latitudes,
although not too far equatorward of the maximal sea ice extent (see Figure 2b). The eddy PHT response to
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Figure 2. Eddy PHT in the PAMIP experiments. (a) Climatological multi-model average eddy PHT (orange is MSE transport and green is DSE transport) for
the control experiment. (b) Eddy PHT response to Arctic sea ice loss. (c) Eddy PHT response to sea surface warming. The dashed black line is the Clausius-
Clapeyron scaling for the MSE transport response. In panels (a,b,c), the model ensemble spread is shown in the shading around the curves. (d) Annual, zonal
multi-model mean poleward eddy MSE flux. (e) Changes to the eddy flux of MSE in response to Arctic sea loss. (f) As in panel (e), for the response to sea
surface warming. (g-i) as in (d—f) but for the poleward eddy DSE flux. The solid lines and stippling indicate statistical significance at a 95% confidence level. The
70°N latitude is highlighted with the gray dashed line. The sea ice extent is shown in (b) as in Figure 1b.

Arctic sea ice loss is consistently dominated by the reduction of dry eddy PHT with a reduction in eddy DSE
(MSE) transport of 0.047 (0.058) PW at 70°N. In Section 3.1, we noted the disagreement in the intensity of
the Arctic amplification signal between the models. Our results here suggest that this disagreement does
not seem to be directly linked to the eddy PHT response but might be related to other, model-dependent
factors.

The eddy PHT response to sea surface warming is dominated by the response in latent eddy PHT (Figure 2c)
and exhibits a distinct camelback meridional structure with two maxima around 20°N and 50°N with a local
minimum south of 30°N. As for the MSE response, the response in the eddy MSE flux closely follows the
Clausius-Clapeyron relation with the temperature and specific humidity taken locally (Held & Soden, 2006,
black dashed line in Figure 2c). This simple scaling relates the increase in moisture content and moisture
transport to surface warming, assuming fixed relative humidity conditions. The models agree relatively well
in the tropics and the extra-tropics, but north of 45°N the inter-model spread increases considerably, up to
0.08 PW. This disagreement in the magnitude of the response comes from the dry eddy PHT response (green
line); the models agree well on the latent eddy PHT even where the inter-model spread is the largest. Into
the Arctic, at 70°N, the eddy DSE transport is relatively small (0.028 PW) compared to the eddy MSE trans-
port (0.063PW). The response to sea surface warming is more complex and model dependent. The signal
in the northern hemisphere maximizes during boreal winter due to the intensification of the eddies, the
climatological eddy PHT being at its maximum during this season (see Figure S5).
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Responses to Arctic sea ice loss and sea surface warming have a similar intensity but with opposite sign
at high latitudes. This opposition in the responses leads to a significantly weaker eddy MSE transport
(0.005PW at 70°N, not shown) when summing both responses. This small net eddy MSE transport comes
from a large latent heat transport mainly from the sea surface warming (0.024 PW) compared to the reduc-
tion of eddy DSE transport principally from sea ice loss (—0.020 PW).

The multi-model mean climatological eddy MSE flux (|:V*MSE : J, Figure 2d) reaches its maximum near the

surface at 40°N, spans over the whole troposphere and reaches the stratosphere. The eddy DSE flux clima-
tology (Figure 2g) resembles the eddy MSE flux but with an intensity of about half the strength of the MSE
flux and with a maximum shifted to about 55°N. In response to Arctic sea ice loss, the eddy MSE flux shows
aweakening at high latitudes (Figure 2e). The annual mean signal is confined to the lower troposphere with
a maximum located at 70°N near the surface, which is consistent with previous studies (Deser et al., 2010;
Kay et al., 2012). The response is dominated by the eddy DSE flux response (Figure 2h). There are multiple
mechanistic interpretations of this reduction of northward eddy heat flux. It could come about as a decrease
in equatorward transport of anomalously cold air in the form of weaker (warmer) or less frequent cold air
outbreaks (Ayarzagiiena & Screen, 2016) but we will argue below that it is best interpreted as an increase
in equatorward transport of anomalously warm air. In response to sea surface warming, the eddy MSE flux
response acts to intensify the climatological heat flux (Figure 2f). The eddy DSE flux response is weaker, the
eddy MSE flux response coming primarily from an increase in meridional eddy latent heat flux reaching up
to 4% per degree of global warming. The magnitude of the response to sea surface warming is, locally, about
three times less than the response to Arctic sea ice loss, but dominates at higher altitude as the signal is not
confined to the lower troposphere.

3.3. Response of the Moist Isentropic Circulation

Figure 3a shows the eddy mass streamfunction on MSE levels (1) calculated using the STEM, defined posi-
tive clockwise here. The circulation represented by ¥ describes a clockwise circulation in this latitude-MSE
space, with upward (downward) motions representing heating (cooling) and rightward (leftward) motions
representing northward (southward) displacements.

The responses of the multi-model mean 3y to Arctic sea ice loss and sea surface warming are shown in
Figures 3b and 3c, respectively. The eddy streamfunction is shown here because it dominates the total cli-
matological streamfunction and its response. Changes to the mean circulation associated with sea ice loss
and sea surface warming are much weaker than those of the eddy circulation (checked but not shown).

The returning branch of the streamfunction at high-latitudes weakens by up to 5% (about 3.6% per degree
of global warming) in response to Arctic sea ice loss. The eddy streamfunction responds very differently to
sea surface warming compared to Arctic sea ice loss. The magnitude of the response to sea surface warming
is about 10 times larger than the response to sea ice loss (note the different scales in Figures 3a and 3b). The
dipole structure of the response indicates a shift of the circulation to higher MSE levels and reaches up to
13% of the total signal (9.2% per degree of global warming).

The annually averaged multi-model mean eddy PHT is shown in Figure 3d along with the contributions of
the poleward and equatorward branches of the moist isentropic circulation. Both branches transport heat
poleward and equatorward with transport values on the order of 50 PW but largely cancel, leading to a net
eddy PHT on the order of a few PW.

In Figures 3e and 3f, the multi-model mean eddy PHT response is separated into three components: the
change from the eddy mass flux (6F), the change in the mean h™ in the upper branch (Sh*), and the change
in the mean A~ in the lower branch (6h™); see Section 2.2 for details. In response to Arctic sea ice loss (Fig-
ure 3e), the contribution of the mass transport (black dashed-dotted line) is weak and of mixed sign com-
pared to the contribution of the changes in effective stratification (black dotted line). The black dotted line is
the sum of the orange and green dotted lines. Additionally, the largest part of the effective stratification con-
tribution comes from the warming of the equatorward branch at high latitudes (dotted green line), resulting
in an increase in the equatorward heat transport and expressed as a reduction in eddy PHT in Figure 2b. In
response to sea surface warming, the mass transport changes play a dominant role north of 45°N while the
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Figure 3. The ensemble average annual mean eddy PHT. (a) Multi-model average of the annual mean eddy mass streamfunction on MSE levels and

annual mean zonal mean surface MSE (solid gray line) with + two standard deviations (dashed gray lines). (b) Response of the eddy mass streamfunction

to imposed Arctic sea ice loss. (c) As in (b) but in response to sea surface warming. In panels (b) and (c), the climatology of the control experiment is shown

in contours (contour interval 2.5 X 10" kgs™). (d) Ensemble average annual mean eddy PHT (black), PHT due to the poleward branch (red) and PHT due

to the equatorward branch (green); the contributions of the individual branches have been divided by 15 to show on the same axis. (e) Eddy PHT response
(black solid) to Arctic sea ice loss decomposed into mass transport effect (dashed-dot), effective stratification (black-dotted), warming of poleward branch

(PB warming, orange-dotted) and warming of equatorward branch (EB warming, green-dotted). (f) As in (e) but in response to sea surface warming. The
contribution of the individual branches is not shown for clarity. The stippling in the top row indicates statistical significance at a 95% confidence level. In panels
(e) and (f), statistical significance is indicated by the thicker lines.

effect of the effective stratification changes dominates south of 45°N. Because of the large compensation of
the changes of the effective temperature of both branches (the orange and green dotted lines) the change
in effective stratification does not greatly impact the eddy PHT. For clarity, these two lines are not shown in
Figure 3f as they are an order of magnitude larger and cancel out into the black dotted line. Our results are
also broadly consistent with Shaw et al. (2018) who used an energy budget approach to link changes to eddy
PHT to surface turbulent heat fluxes (see Figure S5 and discussion in supporting information)

Overall, there is a clear distinction at high latitudes between the eddy PHT response to Arctic sea ice loss
and to sea surface warming. The former is primarily a thermodynamic response and the latter is primarily a
dynamical response. This result shows that the heat and the mass transport do not respond in the same way.
Although the changes in the eddy PHT follow the changes in the meridional MSE gradient, the eddy mass
transport response does not. In fact, in response to sea ice loss, the eddy mass transport does not change
much and the changes in PHT come from a change in the amount of heat that these waves transport, rather
than a weakening of the eddies.

4. Conclusions

We have demonstrated the opposite responses of eddy PHT to sea surface warming and Arctic sea ice loss in
PAMIP. Arctic sea ice loss that is consistent with 1.4°C of global warming increases the equatorward eddy
heat transport out of the Arctic (at 70°N) by 0.058 PW (or 0.041 PW per degree Celsius). This increase in heat
transport primarily comes from a warming of the equatorward flow at high latitudes with a small contribu-
tion from a weakening of the eddy mass transport. Conversely, warming the SST increases eddy PHT into
the Arctic by 0.063 PW (0.045 PW per degree Celsius), an increase mostly due to a strengthening of the eddy
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mass transport at high latitudes. However, owing primarily to the inter-model spread in dry eddy PHT, the
response to sea surface warming is less robust than to Arctic sea ice loss. These opposite responses exhibit
a similar cancellation as presented by Hwang et al. (2011) but are here explicitly linked to sea ice loss and
low-latitude sea surface warming effects in a range of AGCM components of state-of-the-art earth system
models. We have also shown how these changes in eddy PHT can be explained by the changes in the moist
isentropic circulation, including a warming of the returning branch at high latitudes in response to sea ice
loss and an overall strengthening of the circulation in response to sea surface warming.

This study highlights the strong agreement between several models participating in PAMIP in the eddy PHT
and moist isentropic circulation responses to sea ice loss regardless of the discrepancy in the amplitude of
their respective polar amplification signal. Examination of the mechanisms driving the spread in polar
amplification should be the focus of future work related to PAMIP. The reason that the PHT response to sea
ice loss is more robust than the PHT response to tropical warming should also be examined. This robustness
is however less present for the PHT response to sea surface warming. It also remains to investigate how the
PAMIP models respond in the presence of coupled ocean-atmosphere interactions, knowing that oceanic
heat transport and local and nonlocal feedbacks could potentially play a large role (Deser et al., 2016; Kay
et al., 2012; Tomas et al., 2016). Higher-tier experiments in the PAMIP protocol will be conducted to assess
the effect of coupling.
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The data are available through the following link https://doi.org/10.5683/SP2/Z6GVH]1.
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