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ABSTRACT

We present a theoretical study on local and remote responses of atmosphere and ocean meridional heat
transports (AHT and OHT, respectively) to climate forcing in a coupled energy balance model. We show that,
in general, a surface heat flux forces opposite AHT and OHT responses in the so-called compensation re-
sponse, while a net heat flux into the coupled system forces AHT and OHT responses of the same direction in
the so-called collaboration response. Furthermore, unless the oceanic thermohaline circulation is significantly
changed, a remote climate response far away from the forcing region tends to be dominated by the collab-
oration response, because of the effective propagation of a coupled ocean—atmosphere energy transport mode
of collaboration structure. The relevance of our theory to previous CGCM experiments is also discussed. Our
theoretical result provides a guideline for understanding of the response of heat transports and the associated

climate changes.

1. Introduction

The coupled ocean—-atmosphere system transports
~5PW (1 PW = 10" W) of energy poleward in the at-
mosphere and ocean combined (Stone 1978a; Trenberth
and Caron 2001; Wunsch 2005). Despite their critical
roles in maintaining our climate, the responses of at-
mospheric heat transport (AHT) and oceanic heat
transport (OHT) to climate forcing have remained
poorly understood. Many previous studies in coupled
general circulation models (CGCMs) have shown a ro-
bust compensation of heat transport responses between
AHT and OHT anomalies (e.g., Broccoli et al. 2006;
Held and Soden 2006; Kang et al. 2008; Zelinka and
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Hartmann 2012; Rose and Ferreira 2013; Marshall et al.
2014; Farneti and Vallis 2013) in the so-called Bjerknes
compensation response (Bjerknes 1964), or called sim-
ply the “compensation” response here. However, in
recent CGCM experiments to high-latitude climate
forcing, AHT and OHT are found to respond in col-
laboration with the response in the same direction
(Deser et al. 2015; Hawcroft et al. 2016; Haywood et al.
2016; Kay et al. 2016; Green and Marshall 2017) in what
we call here a ‘“‘collaboration” response. These seem-
ingly contradictory studies raise a fundamental question.
What is the mechanism determining the responses of
the meridional heat transports in the atmosphere and
ocean?

To understand the mechanism of the Bjerknes re-
sponse, conceptual models like energy balance models
(EBM) or box models have been used in previous works
[see reviews in Liu et al. (2016) and Yang et al. (2016)].
Most recently, we have studied the mechanism for
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Bjerknes compensation in an EBM (Liu et al. 2016)
and a box model (Yang et al. 2016) to a perturbation
OHT systematically. Our studies suggest that, in re-
sponse to a change of OHT, AHT always changes in the
opposite direction, or in the compensation response, as
long as the overall climate feedback is negative through
the top of the atmosphere (TOA) so that the climate
system is stable. Furthermore, our studies suggest that,
in the case of local positive feedback, the AHT response
magnitude can exceed that of the perturbation OHT
forcing in a so-called overcompensation response. These
previous works nevertheless have left important ques-
tions on heat transport responses unanswered. Here, we
are concerned with two questions.

e Question 1: What is the coupled response of AHT and
OHT to a general climate forcing, such as a radiative
forcing?

e Question 2: What is the remote response of the
coupled heat transport to a local perturbation forcing?

Liu et al. (2016) and Yang et al. (2016) cannot address
question 1 because they address only the response of the
AHT to a perturbation OHT, which is thought to be
induced by either a collapse of the Atlantic meridional
overturning circulation (AMOC) in the fully coupled
model (or the real world) or a prescribed OHT anomaly in
an idealized coupled model with the atmosphere and a slab
ocean. Liu et al. (2016) and Yang et al. (2016) cannot ad-
dress question 2, because their perturbation forcing (in
OHT) is either prescribed over the globe or caused by the
collapse of the AMOC, whose deep ocean current trans-
ports anomalous heat transport efficiently across the globe.
Here, we extend Liu et al. (2016) and Yang et al.
(2016) to address these two questions by using a coupled
EBM with active OHT. Our study predicts a compen-
sation response to a surface heat flux forcing but a col-
laboration response to a net heat flux into the coupled
system. Furthermore, the remote response tends to be
dominated by the collaboration response because of the
effective propagation of an energy transport mode, un-
less the oceanic thermohaline circulation is perturbed
significantly. The paper is arranged as follows. Section 2
presents our model. The local response and remote re-
sponses of AHT and OHT are discussed in sections 3
and 4, respectively. In section 5 we discuss the heat
transport response to global warming forcing. A sum-
mary and further discussion are given in section 6.

2. The coupled model

To illustrate the physical mechanism more clearly, we
use the zonal mean EBM (North 1975) adapted to the
coupled atmosphere—ocean system (Farneti and Vallis
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FIG. 1. Schematic figure of the coupled EBM in Egs. (1a) and
(1b). Green arrows represent heat fluxes across the air-sea in-
terface, while black arrows indicate net heat fluxes into the coupled
system. For simplicity, an upward IR through TOA is not
included here.

2013; Shell and Somerville 2005; Rose and Marshall
2009) as a coupled EBM (Fig. 1),

OZFT_FS_dxHA and

0=S+F,—dH,,

(1a)
(1b)

with d, representing the derivative in latitudinal dis-
tance x. Here, S is the solar radiation at the surface; the
infrared radiation (IR) at TOA is

(1c)

The net surface heat flux is the sum of the upward heat
flux from the ocean —By T and the downward heat flux
from the atmosphere B, T4 as follows:

Fe=-B,T,+B,T,, (1d)
with T4 and T representing the temperatures in the mid-
troposphere and ocean surface, respectively. Typical values
for the feedback parameters are B = 2.83Wm “K !,
B,=113Wm “K ! and B, = 104Wm *K ! (e.g.,
Farneti and Vallis 2013). Note that for realistic scenar-
ios, the values of the surface downward and upward
feedback parameters B, and By, respectively, are sig-
nificantly larger than the TOA radiative parameter B,
because B; and By include not only IR radiative feed-
backs but also the strong air-sea negative feedback
through the turbulent heat flux. This turns out to be
important for understanding the remote response of
heat transports, as will be discussed in section 4. For
convenience, however, sometimes we still refer to By
and By as IR flux feedback parameters. In the equations
here, global means have been removed from these
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energy fluxes so we can focus on the spatial gradient and
the associated heat transport. The heat transport is pa-
rameterized as the diffusion of atmospheric temperature
for AHT (North 1975; Stone 1978b),
H,=-K,dT

ATxTA°

(le)

and as the diffusion of sea surface temperature for OHT
(Farneti and Vallis 2013; North 1975; Longworth et al.
2005; Rose and Marshall 2009),

H,=-K,dT,. (1f)
Typical diffusivities are K, = 8 X 10 kg?s ' and K, =
2 X 10" kg*s~!. Some simplifications have been adop-
ted in the atmospheric model. All the feedback co-
efficients are assumed to be spatially uniform. A small
outgoing TOA IR flux emitted from the surface is also
neglected (but is included later in section 5). The at-
mospheric energy could be generalized to include the
moisture effect explicitly as the moisture static energy,
as in Liu et al. (2016). The ocean model is also highly
simplified. The OHT parameterization, albeit crude,
may represent some coupled features of the OHT as-
sociated with the upper-ocean wind-driven circulation
(Vallis and Farneti 2009). With all the parameterizations
in Egs. (1c)—(1f), the coupled system [Eqs. (1a) and (1b))]
can be written as

0=-B+B)T,+B,T,+K,d T, and (2a)
0=8S-B,T,+B,T,+K,d T,. (2b)

It should be pointed out that it is this active OHT here
that generalizes the coupled EBM beyond Liu et al.
(2016), where the atmospheric EBM is coupled with a
slab ocean and therefore can be used only to study the
response of AHT to a perturbation OHT. Here, instead,
the coupled model can be used to study the active re-
sponses of both AHT and OHT to a general climate
forcing.

3. Forced response

In this section we address question 1: What are the
responses of both AHT and OHT to a general climate
forcing on a coupled system? The responses to a per-
turbation climate forcing can be derived from Egs. (2a)
and (2b) conveniently in the Cartesian coordinate with
the no-flux boundary condition d,T4 =d,To =0 over
the domain [-7/2, 7/2] using the eigenfunction of the
Laplace operator d,,: sin(nx), n = 1, 3, 5, ... for anti-
symmetric responses. Symmetric responses can be derived
similarly using eigenfunctions cos(nx),n = 2,4,6, ....
All results can also be obtained similarly in the spherical
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coordinate, as in Liu et al. (2016). Given a climatology
solar forcing S =S, sin(nx), the climatology tempera-
ture can be derived as follows:

T,= TAn sin(nx), T, = Ton sin(nx),
where the temperature amplitudes are

A

n

T, =B,S /G, T, =(B+B,+K,n")S |G,
with
G= (B, + K, n*)(B+K,n*)+K,n’B,.

The corresponding heat transports can be calculated
using Egs. (1e) and (1f) as follows:

H,=—h,cos(nx), H,=—h,cos(nx),

with the amplitudes as
h, =nKATA", h, =nKOT0”.

Now, we impose a small perturbation forcing 6f, where f
can represent the forcing parameter for OHT Ko, AHT K4,
atmospheric downward flux B, or upward IR B, oceanic
upward flux By, or solar radiation S. In the limit of weak
forcing, the ratio of the heat transport responses in AHT 6/ 4
and OHT 6ho, or the so-called Bjerknes compensation
(BJC) ratio, can be calculated as the ratio of the derivatives,

C;=0h,/I6h,=0h,19h,,.
This leads to the BJC ratio for each individual forcing as
follows:

1
CKO N CBO N CBJ B _1 + B/(KAnz)’ (3a)
B(B, + K n?)
cC =-1—-—~90 "o’/ 3b
Ky B,K,n* (3b)
K,B

Cy = 40 d 3
STK,(B+B,+K,m2) (3¢)
_K, (B, + K1) (3d)

i KO Bd

To understand these responses, we start with the re-
sponse to OHT, which always exhibits a compensation
response (Ck, <0). Physically, a perturbation OHT
leads to a surface energy flux into the atmosphere in the
oceanic downstream region due to the OHT conver-
gence; this energy flux is partly damped into the space by
the negative TOA climate feedback (=B < 0), leaving
the rest of heat flux to be transported back in the
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opposite direction in AHT. The BJC response here can
be seen in the example in Fig. 2. The perturbation
forcing is now caused by a reduction of K, uniformly
over the globe (Fig. 2e). The forced responses in tem-
peratures, heat transports, the BJC ratio, and the energy
budget are then shown in Figs. 2a—d, respectively. It is
seen that the reduction of Ky leads to a reduction in the
northward OHT (blue, Fig. 2b), which causes an
anomalous OHT divergence (convergence) and in turn
surface heat flux cooling (warming) to the atmosphere
(red solid, Fig. 2d) and, eventually, a dipole temperature
response of northern (southern) cooling (warming)
(Fig. 2a). This surface cooling (warming) is eventually
balanced by a combined warming (cooling) from an
AHT convergence (divergence) (red dotted, Fig. 2d)
and a reduction (enhancement) of TOA IR cooling in
the north (south) (red dashed, Fig. 2d). The northward
AHT anomaly (Fig. 2b) is opposite of the OHT anom-
aly, corresponding to a compensation response every-
where across the globe (Fig. 2¢). The mechanism of
the compensation response is qualitatively the same
as discussed in Liu et al. (2016) and Yang et al. (2016)
because, in this case, OHT is changed first (by the re-
duction of Ky) and therefore is essentially a case of an
AHT response to a perturbation OHT forcing. Here, it
is interesting that the BJC ratio [Eq. (3a)] is exactly the
same form as in the EMB with a slab ocean under a
prescribed OHT forcing (Liu et al. 2016) or a box model
with active thermohaline dynamics (Yang et al. 2016).
This suggests the robustness of the BJC ratio estimation
here. The compensation response is also consistent
qualitatively with those where atmosphere general cir-
culation models are coupled with a slab ocean model
(Kang et al. 2008), confirming the compensation response
to an OHT forcing in general. As pointed out earlier, the
compensation response in Fig. 2 may be thought of as an
analogy of a reduction of oceanic thermohaline transport
through an ocean tunnel induced by, say, a high-latitude
freshwater flux in the Southern Hemisphere (SH). This is
illustrated schematically in Fig. 3a. Indeed, at equilibrium,
the OHT associated with the thermohaline may be rep-
resented using a diffusive heat flux, with the diffusivity K
proportional to the thermohaline transport (Stommel
1961). This BJC ratio in Eq. (3a) is also the same as that
derived in a box model with active thermohaline dy-
namics (Yang et al. 2016).

Now, we study the responses to general climate forc-
ing. The general responses in Egs. (3a)-(3d) show a clear
pattern of heat transport responses: a compensation
response is forced by a surface heat flux forcing, related
to either K¢, K4, By, or B, as shown in Egs. (3a) and
(3b); and a collaboration response is generated by a
TOA net heat flux forcing, related to either S or B, as
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FIG. 2. Heat transport responses forced by a decrease in ocean
diffusivity Ko over the globe. (a) Temperature responses for the
atmosphere (solid red) and ocean (solid blue); (b) responses for
AHT (solid red) and OHT (solid blue); (c) BJC ratio (solid black);
(d) atmospheric energy budget: upward surface heat flux Fs (solid),
downward TOA IR flux —F7 (dashed), and AHT convergence
(dotted); (e) forcing parameters for the control (black) and pertur-
bation (green) experiments.
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FIG. 3. Schematic figures showing the heat transport response to different forcings.
(a) Global compensation response forced by a perturbation thermohaline forcing. (b) Re-
gional collaboration response forced by the TOA heat flux F7 (shading region) and the
subsequent propagation in the collaboration mode. (c) Regional compensation re-
sponse to surface heat flux Fg and the damped response in the far field following the
compensation mode.
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shown in Egs. (3c) and (3d). This can be understood opposite AHT and OHT responses. This surface flux can
physically as follows. A surface air-sea exchange flux be accomplished directly by radiative and turbulent heat
always exerts the opposite heat flux forcing to the at- fluxes at the surface in Fs (related to either B, or By), or
mosphere and ocean, as seen in Egs. (1a) and (1b) or indirectly by the OHT divergence d,H, (related to Ko)
Egs. (2a) and (2b), and therefore tends to drive the or AHT divergence d,H, (related to K, ). In retrospect,
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to the authors, this qualitative understanding of the
different heat transport compensation responses to
TOA and surface forcing is obvious. This general idea
might have been realized by some researchers in the
past. However, we are not aware of any publication
clearly stating this point. Here, we prove these opposite
compensation responses unambiguously in EBM.

Our analytical solution further enables us to derive
the BJC ratio under each forcing quantitatively. It is
interesting that the BJC ratios are exactly the same for
all three surface forcings—Ck,,, Cp,, and Cg,—as shown
in Eq. (3a). This is further evidence of the robustness of
the compensation response to a general surface forcing.
In contrast, a net heat flux at TOA, such as the TOA IR
[Cs > 0; Eq. (3d)] and solar radiation [Cs > 0; Eq. (3¢)],
represents a net energy import into the coupled system
that can be transported away by AHT and OHT col-
laboratively in the same direction. A natural example of
collaboration response is the observed climatology in
which solar radiation forces both the AHT and OHT
poleward (Trenberth and Caron 2001; Wunsch 2005). It
should be noted that the OHT forcing can change the AHT
only because its convergence induces a surface flux forcing;
therefore, it is best thought of as an indirect surface flux
forcing (in the case of equilibrium response here). Indeed, in
the ocean [Eq. (1b)], if the perturbation forcing is due to
OHT only, we have 8(S) = 0 and therefore  Fs = 6(d, Hop).
The equivalence between the perturbation OHT forcing
and perturbation surface forcing offers an explanation for
the robustness of the compensation response to a pertur-
bation OHT associated with a changing thermohaline (e.g.,
Zhang and Delworth 2005; Vellinga and Wu 2008): the
convergence of OHT is equivalent to a surface flux forcing
and therefore will force a robust compensation response.

One may note a difference in the magnitude of
the BJC ratios between the responses to Ko, By, or Bo
in Eq. (3a) and the response to K, in Eq. (3b):
Although all the responses are compensation re-
sponses (C < 0), the response to Ko, By, or Bp has a
smaller AHT magnitude relative to OHT—that is,
|Ck,| =|Cg,| =|Cp,| <1—which has been called an
undercompensation response (Liu et al. 2016; Yang
et al. 2016). In contrast, the coupled response to K4 has
a greater AHT magnitude than OHT—that is,
|Ck,| > 1—which has been called an overcompensation
response (Liu et al. 2016; Yang et al. 2016). Physically,
the compensation response to AHT forcing (Ck, <0)
can be understood similarly to that for OHT. Since the
coupled system exhibits negative feedback at the TOA
everywhere (—B < 0), in response to an OHT forcing,
the atmospheric temperature response is damped by the
TOA negative feedback, leaving less AHT to return
back, that is, an undercompensation to OHT forcing
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(|Ck,| = |6haldho| <1) (Liu et al. 2016; Yang et al.
2016). Similarly, an initial AHT perturbation forc-
ing will force the atmospheric temperature anomaly to
be damped by the negative feedback, leaving less energy
to be transported back by the OHT, which is equivalent
to an undercompensation response to the AHT forcing
(1/|Ck,| = |6hol6h 4| <1). Here, the lack of positive feed-
back is important. Otherwise, with regional positive feedback
[~ B(x) > 0], the response could be locally overcompensated
|Ck,|>1 to OHT (Liu et al. 2016; Yang et al. 2016) and,
similarly, locally undercompensated |Cx,| <1 to AHT.

In summary, the compensation response in Egs. (3a)—
(3d) gives a clear heat transport response for each in-
dividual forcing, with surface flux forcing compensation
and TOA net flux forcing collaboration. It should be
noted, however, that the response is usually not so clean
in more realistic scenarios. A realistic forcing, such as
that for global warming, dust loading, or cloud change,
usually perturbs both the surface and TOA fluxes.
Therefore, the ultimate heat transport response would
depend on the competition between surface and TOA
forcing. One example of such mixed forcing is the global
warming case and will be discussed later in section 5.

4. Remote response

Now, we turn to question 2: What is the remote response
of heat transports to a localized forcing? Physically, the
remote response is determined by the “propagation” of
the coupled energy transport modes. For the equilibrium
response here, these energy modes are all stationary
modes, and therefore a temporally damped mode becomes
a spatially damped mode. Different modes exhibit differ-
ent spatial damping scales in their propagation away from
the forcing region. These free modes can be derived by
setting the forcing S = 0 in the linear Egs. (2a) and (2b). In
the case of a constant coefficient here, these modes can be
derived analytically. We assume that temperatures are in
the modal structures as

T,(0)=q,e™, Tox)=qye™,

where A is the spatial damping rate. For simplicity, we
can be assume A to be positive for a mode of increasing
x.! Substituting 74 and T, into Egs. (2a) and (2b), we
have the eigenequations

KA(IU' - :U“A)qA + MOKOqO =0 and
bdKAqA +(n— /J*())Koqo =0,

'For the full solution that strictly satisfies no-flux boundary
condition at both poles, as in Figs. 4 and 5, both modes of positive
and negative A are required.
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where u = A? is the damping rate square, and
m,=b+b,=(B+B)K,,
and
ko =b,=B, /K,

are the damping rate squares for the uncoupled atmo-
spheric and oceanic modes, respectively, as will be seen
soon. The eigenvalue value equation can therefore be
derived as follows:

(/-"'_/J'A)(I'L_/J“o)_bdbo =0, 4)
and the eigenvalue is then

,u,A-i-,u,Oi\/K
M+:fy

where A = (u, + wp)> — 4bup.

In the absence of ocean—atmosphere coupling,
bsbo =0, Eq. (4) shows that the two modes are un-
coupled such that one mode is the pure atmospheric
mode with u=pu,, and the other mode is the pure
oceanic mode with = u,, each decaying at its own
rate. In general, A >0, because by, bp, b >0, and it is
straightforward to show that A=b%+2b,(b+bo)+
(b —bo)*. Now, the coupled system has two coupled
modes. One mode (u,) has a stronger damping rate
than both the atmosphere and ocean,

(5a)

Fcomp = M, > max(u,, 1)

its eigenfunction exhibits a compensation structure as
calculated from its BJC ratio

C= K,d,T, _K,a,
Kod, T, Koq,
as
Ceomp =€ = bo _to k. <0.  (5b)
Mg~ My b,

Therefore, this mode will be called the coupled com-
pensation mode. In contrast, the other mode (w_) has a
weaker damping rate than either the atmosphere or
ocean and exhibits a collaboration structure and there-
fore will be called the coupled collaboration mode

(6a)
(6b)

Meory =m_ <min(u,,u,) and

b —
=C = o _Fo~R-

C
Mg =™ o b,

COLL
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The solution above shows that, in general, the com-
pensation mode is a strongly damped mode, while the
collaboration mode is a weakly damped mode. Physi-
cally, the collaboration mode is weakly damped because
it is subject only to the weak damping of negative IR
feedback on the atmosphere at TOA, as seen in the
schematic figure of Fig. 3b. In contrast, the compensa-
tion mode is heavily damped because it is subject to
strong negative air-sea feedback at the ocean—
atmosphere interface, as seen in the schematic figure
of Fig. 3c. This difference in damping rate is most clear
in the realistic parameter regime, which exhibits a weak
TOA feedback relative to the surface feedback B < By,
Bo, or approximately b < b,, bp, where, for simplicity,
we have assumed K, ~ Ko ~ K. Now, the two modes
are strongly coupled, approaching the limiting values of

(7a)
(7b)

Reomp — Ma T 1oy Ceoyp = —1 and

> bI(1+b,/b,) >0, Ceoy = bylb,.

McoLL COLL

The compensation mode is heavily damped and
exhibits a perfect compensation, while the collaboration
mode is virtually undamped. For the standard parame-
ters [after Egs. (1d) and (1f)], the damping rate square of
the two modes can be solved in Eq. (4) as o = 0.24
and weopmp =35.89. So, the damping rate is then
v/5.89/0.24 =~ 5 times larger in the compensation mode
than the collaboration mode, consistent with the scaling
estimation in the realistic parameter regime in Egs. (7a)
and (7b).

The very weak damping of the collaboration mode
implies that the remote climate response tends to be
dominated by the collaboration response, rather than
the compensation response, regardless of the initial
generation mechanism. Physically, this collaboration
response can be associated with, for example, the cou-
pled response of the atmospheric Hadley circulation and
the upper-ocean wind-driven subtropical cell (Held
2001; Vallis and Farneti 2009; Green and Marshall
2017). The dominance of the collaboration response in
the remote region can be demonstrated in two examples
in our EBM.

Figures 4a—d show an example of climate response
to a reduction in TOA IR parameter B in the SH high
latitudes [x/(7/2) < —0.5; Fig. 4e]. In the direct forcing
region (gray shading), the reduced heat loss through
TOA traps anomalous heat in the coupled system as
seen in the energy budget (red dashed, Fig. 4d), warming
both the atmosphere and ocean (red and blue solid lines,
respectively; Fig. 4a), generating northward heat trans-
ports in both the atmosphere and ocean (red and blue
solid, Fig. 4b) and, in turn, a forced collaboration
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Collaboration Response to B

dTa(r), dTo(b), Ae,(:), Bey(- -)
0.2 \ L

a)

0.1 M
TA

0 TS E e e e e e = -

---Comp. Mode
e Coll. Mode
O 075 05 025 0 025 05 075 1
03 dAHT(r), dOHT(b), Teal:) g.-.:1'..|

0 ==
e
-0.1
1 0.75 -05 -025 0 025 05 075 1
BIC(k), psy = 0.24, up = 5.89
3
c)
2
Cs
1
0
-1 )
-1 0.75 05 -025 0 025 05 Q75 1

-dFs(-), dFt(- -), dkaV*Ta(:)

oofET

-1 075 05 025 0 025 05 075 1

25 g s
BT '

1.5

-1 -0.75 -05 -025 0 0.75 1

x/(=/2)

025 05

FIG. 4. As in Fig. 2, but for the heat transport response forced by
a decrease of TOA IR feedback B south of x/(7/2) < —0.5 shown
in (e). Inside the gray shaded region, the response is forced by the
perturbation forcing; outside the shaded region, the response is
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response as seen in the BJC ratio (Fig. 4c), which is
consistent with the BJC ratio Cg derived in Eq. (3d).
Away from the forcing region, the temperature anomaly
decays slowly northward (red and blue solid, Fig. 4a) and
is always dominated by a northward AHT and OHT (red
and blue solid lines, respectively; Fig. 4b) as a collabo-
ration response, as seen in the BJC ratio (Fig. 4c). Two
reasons cause this remote collaboration response out-
side the forcing region. First, the forced response pro-
jects predominantly onto the collaboration mode at the
edge of the forcing region x/(7/2) = —0.5. Second, the
collaboration mode decays slowly northward during its
propagation. To see the contribution of each mode ex-
plicitly, we project the total responses at each latitude
onto the two eigenmodes. The eigenfunction structures
of the two modes can be derived from Egs. (6a) and (6b)
under the boundary conditions of no fluxes at both poles.
The total responses of temperatures (solid lines in
Fig. 4a) and heat transports (solid lines in Fig. 4b) are
then projected onto the two modes in the unforced re-
gion at each point such that the total response is the
linear sum of the projections onto the two modes. The
initial projection at x/(w/2) = —0.5 is predominantly on
the collaboration mode (dotted) therefore, because of
the dominant collaboration response in the forcing re-
gion there. Furthermore, the collaboration mode (dot-
ted) decays much more slowly than the compensation
mode (dashed) during its propagation northward. In-
deed, for the standard parameters here, the damping
rate is 5 times larger in the compensation mode than in
the collaboration mode. As such, eventually, the far-
field response is dominated almost completely by the
collaboration mode, as seen in both the temperature
(Fig. 4a) and heat transport (Fig. 4b). This leads to a BJC
ratio of the total response always as a collaboration re-
sponse away from the forcing region (Fig. 4c).

Figure 5 shows a more interesting example in which
the remote climate response is initially a compensation
response but is later reversed to a collaboration re-
sponse in the far field. Now, the forcing is induced by the
parameter B; with a reduction in the SH high latitudes
[x/(7/2) < —0.5; Fig. 5e]. In the forcing region, this re-
duces the downward heat loss from the atmosphere to
the ocean in the energy budget (red dashed, Fig. 5d),

«—

caused by the free propagation of the coupled modes originating
from the edge of the forcing region x/(7/2) = —0.5. The projection
onto the collaboration and compensation modes are plotted with
dotted and dashed lines, respectively, for temperature in (a) and
heat transport in (b). The full solution satisfies the no-flux bound-
ary condition at x = —/2 and +/2.
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shown in (e).
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warming the atmosphere (red solid) but cooling the
ocean (blue solid) (Fig. 5a); this generates a northward
AHT (red solid) but a southward OHT (blue solid)
(Fig. 5b) and eventually a forced compensation response
(Fig. 5c), consistent with the Cp, in Eq. (3a). The total
response, however, decays rapidly away from the forcing
region such that in the NH extratropics [x/(7/2) > 0.4],
the total response is reversed to a collaboration re-
sponse (Fig. 5¢), where the AHT and OHT, albeit
weak, are both southward (red and blue solid, re-
spectively; Fig. 5b). This change in the BJC ratio can
also be understood in terms of the projections onto
the two eigenmodes, as in Fig. 4. Now, the surface flux
forces a dominant compensation response initially at
x/(w/2)= —0.5, as seen in the much larger amplitude of
the projection onto the compensation mode (dashed)
than the collaboration mode (dotted) in both tempera-
ture (Fig. 5a) and heat transport (Fig. Sb) there.
Northward, however, the compensation response decays
rapidly, because the compensation mode decays 5 times
faster than the collaboration mode. As such, the total
response reverses to a collaboration response north of
x/(w/2) > 0.4, as seen in the change in sign of the BJC
ratio (Fig. 5c). Therefore, in spite of their different ini-

tial responses at x/(w/2) = —0.5, in both examples, the
remote responses eventually become the collaboration
response.

Our theoretical result here may offer an explanation
of the robust remote collaboration response in the
tropical-subtropical region across recent CGCM ex-
periments in response to perturbation climate forcing at
high latitudes (Deser et al. 2015; Hawcroft et al. 2016;
Haywood et al. 2016; Kay et al. 2016; Green and
Marshall 2017). In these experiments, the perturbation
forcing does not cause significant change in the ther-
mohaline circulation. As a result, the energy transport
signal likely propagates mainly in the coupled collabo-
ration mode and compensation mode. Since the com-
pensation mode is strongly damped, the remote response
is dominated by the collaboration mode as a collabora-
tion response.

Our theory implies that active upper-ocean dynamic
heat transport and, in turn, the coupled modes are es-
sential for the remote collaboration response. The
upper-ocean wind-driven dynamics is crucial for the
damped compensation response in the remote region
(Green and Marshall 2017). In a slab ocean without
ocean dynamics (e.g., Kang et al. 2008; Green and
Marshall 2017), the coupled model can generate a robust
compensation response globally. One obvious reason is
that in these experiments, the OHT forcing is prescribed
across the globe and therefore can force an AHT re-
sponse everywhere. The other reason, which is not very
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obvious, is the small damping rate for the coupled mode.
This can be seen in our coupled EBM, which becomes
effectively a coupled atmosphere—slab ocean after set-
ting Ko = 0 (similar to Liu et al. 2016). Now, one can
show that the coupled system has a single mode of
damping rate p = b, with the atmospheric temperature
responding to the oceanic temperature anomaly as
Ti=BoTo/By;. In the realistic regime, b < by,
this mode has a damping rate comparable with the
collaboration mode in Eq. (7b) (but here there is no
OHT because Ko =0)—both have a damping rate
much smaller than the atmospheric damping rate
because w=b<b+ b;=pu,. Therefore, in a coupled
atmosphere—slab ocean model, the climate signal can
propagate much farther away than in a fully coupled
model. This remote response, however, has no contri-
bution to the OHT (because Ko =0) and in turn the
BJC ratio. Therefore, the effective climate teleconnec-
tion of high-latitude climate forcing to the tropics
as demonstrated in coupled atmosphere-slab ocean
models can be caused either by the coupled propagation
(Broccoli et al. 2006; Lu and Cai 2010) or a prescribed
OHT forcing as a compensation response (Kang et al.
2008; Liu et al. 2016). In a fully coupled model with
active ocean dynamics, as discussed regarding Figs. 2
and 3a, a compensation response can also be caused by
the change of the thermohaline circulation (e.g., Zhang
and Delworth 2005; Marshall et al. 2014; Green and
Marshall 2017), but only if the thermohaline circulation
is changed substantially. This is not the case in those
CGCM simulations in the collaboration response
(Deser et al. 2015; Hawcroft et al. 2016; Haywood et al.
2016; Kay et al. 2016; Green and Marshall 2017).

In summary, the remote response is determined
mainly by the energy propagation in coupled modes and
tends to be dominated by the weakly damped collabo-
ration mode. If, however, the thermohaline circulation is
perturbed significantly, then an effective teleconnection
tunnel of OHT can still transport heat and, in turn,
generate a remote compensation response.

5. Response to global warming

We now return to the forced response with a more
“realistic’” and complex forcing that consists of both
surface and TOA fluxes. This is the case of global
warming induced by an increased atmospheric concen-
tration of CO,. Since global warming perturbs both the
surface and TOA longwave fluxes, the final heat trans-
port response depends on the competition between the
surface and TOA forcing and, furthermore, the subtler
balance with additional factors that are not considered
in our EBM discussion above.

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 10/04/21 04:16 PM UTC

JOURNAL OF CLIMATE

VOLUME 31

In response to global warming induced by the in-
creased atmospheric concentration of CO,, most re-
alistic climate models exhibit a compensation response,
with an enhanced AHT but a reduced OHT (e.g.,
Hwang and Frierson 2010; Zelinka and Hartmann 2012;
Feldl and Roe 2013; Roe et al. 2015). In our EBM, this
corresponds to a poleward decreasing warming in the
atmosphere and a polar amplification warming in the
ocean. As proposed by Cai (2006), atmospheric heat
transport can play an important role in this polar am-
plification response to global warming. It is proposed
that, even in the absence of the positive feedback asso-
ciated with high-latitude albedo, the atmosphere trans-
ports warm and moist air toward the high latitudes,
where it increases the downward longwave radiation,
heating the ocean and leading to a polar amplification.
This global warming response can be studied in our
coupled energy balance model using the radiative heat
flux parameterization as in Cai (2006). As it turns out, in
this case, the spatial variation of the feedback parame-
ters is also critical. Therefore, we will start with the total
energy budget equation before perturbation. Given an
incoming solar radiation S, the total atmospheric and
oceanic energy equations can be written as

0=—2e0T} +e0T)+ K,d T, and (8a)
0=—0TH+eoTy +Sx)+K,d T,. (8b)

The climatological atmospheric and oceanic tempera-
tures T4 and T, respectively, are determined by

0= —250'7?4 + EO'T‘(‘) + KAdXXTA

0=—0Ty +80Ty +S(x)+K,d T,,

and

(92)
(9b)

where the mean atmosphere emissivity is € ~0.8. The
solar radiation S(x) decreases poleward and therefore
forces mean temperatures T 4(x) and T (x) to decrease
poleward (Figs. 6a, 7a). An increase in CO, concentra-
tion can be represented by an increased emissivity
&' ~0.03. The global warming response is therefore de-
termined by linearized equations as follows:

0=-8B,+B)T,+eB,T,+K,d T,
+e(,—1,)—¢l,
0=-B,T,+&B,T, +K,d T,+¢l,.

10a
and (10a)

(10b)

Here, the feedback sensitivity coefficients are denoted
parallel to our Egs. (1a) and (1b) as By(x) = B(x) =
40T3(x) and Bo(x) =40T5(x). Note here that the
negative feedback of turbulent heat flux is not included,
to be consistent with Cai (2006). The perturbation
IR forcing of global warming is proportional to the
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FIG. 6. Response to global warming in the case of a very weak AHT coefficient K4 = 0.1 in the coupled system
[Egs. (8a) and (8b)] in spherical coordinates with Ko = 1. (a) The mean atmospheric (red) and oceanic (blue)
temperatures for the control experiment with ¢ = 0.8 as in Egs. (9a) and (9b), with a solar radiation forcing that
decreases poleward. The global warming responses to an increased emissivity of & = 0.03 (difference from the
control) are shown for (b) temperatures (atmosphere, red; ocean, blue), (c) heat transports (AHT, red; OHT, blue),
and (d) atmospheric and (e) oceanic energy budgets as in the linearized energy equations [Egs. (10a) and (10b)].
(f) The spatial variation of the two feedback coefficients. In this case, both atmospheric and oceanic warming
decrease poleward, accompanied by poleward AHT and OHT anomalies and, in turn, a collaboration response.

climatological IRs I,4(x) = o T%(x)and Io(x) = aT4(x).
Equations (10a) and (10b) show that the global warming
response is forced by the competing effects between a
surface forcing (downwelling IR &'l4), which contrib-
utes oppositely to the atmosphere and ocean, and a net
heating forcing [atmospheric absorption &'(Ip — 1,4)],
which only contributes to the atmosphere, and in turn
the coupled system, here. From the physical mechanism
related to the forced responses discussed in section 3,
these two forcings tend to oppose each other (see the
examples in Figs. 6d, 7d), with no obvious dominance of
either forcing. Now, the heat transport response be-
comes dependent on other factors, notably the strength
of AHT and the spatial variation of the feedback sen-
sitivity parameters By, B, and By, as discussed below.
First of all, a large atmospheric heat transport K, is
crucial for producing the polar amplification in the sur-
tace Ty,. This is consistent with Cai (2006). This polar
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amplification of T},, coupled with the poleward de-
creasing warming in the atmosphere 77, generates a
compensation response with a poleward AHT anomaly
and an equatorward OHT anomaly. The role of the
AHT in this compensation response can be seen in
two examples. For a small atmospheric diffusivity K4
(Fig. 6), the global warming response is close to the ra-
diative equilibrium response, and the AHT almost
vanishes (Fig. 6d). Since the global warming forc-
ing, which is associated with I4(x) and Io(x), decreases
poleward, temperature responses decrease poleward in
both the atmosphere and ocean if the AHT is weak
(Fig. 6b), corresponding to a collaboration response
with the same poleward AHT and OHT (Fig. 6¢). The
downward atmospheric IR heats the ocean more on the
equator (&'l4, purple in Fig. 6b), warming the ocean
more on the equator (blue, Fig. 6b), which induces an
upward IR feedback —BoT, (cyan in Fig. 6¢) that is
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FIG. 7. As in Fig. 6, but for the case of a strong AHT coefficient K4 = 1. Now, ocean warming exhibits a polar
amplification, corresponding to an equatorward OHT and, in turn, a compensation response.

absorbed by the atmosphere and heats the atmosphere
more on the equator €Bo Ty, (green in Fig. 6d), leading
to a stronger warming on the equator in the atmosphere,
too (red, Fig. 6b). The direct upward radiative heating
from the ocean to the atmosphere &'Ip, however, is al-
most balanced by its upward loss to space —&'l4 and
downward loss to the ocean —¢&'l4 (purple in Fig. 6d). In
this process, atmospheric heat transport is negligible
(black in Fig. 6d), and the response is almost like a ra-
diative equilibrium response. With a significant increase
in K4 (Fig. 7), however, AHT becomes comparable with
the radiative forcing Kad, T, (black in Fig. 7d), and
the temperature response deviates significantly from the
radiative equilibrium response. While the atmospheric
warms and, in turn, AHT response still decreases pole-
ward, ocean temperature exhibits a polar amplification,
leading to an equatorward OHT (Figs. 7b,c), and in
turn a compensation response. This surface polar am-
plification has been interpreted by Cai (2006) as being
caused by a dynamic amplifier effect: an increased AHT
poleward leads to a downward IR warming of surface
temperature at high latitude, imposing an additional IR
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heating on the surface that is independent of surface
albedo feedback.

Here, we further point out that this downward IR
forcing mechanism alone is insufficient to produce the
polar amplification of 7%, and, in turn, the compensation
response, at least in our EBM framework. Indeed, one
can prove analytically that the global warming response
always enhances both AHT and OHT poleward in the
model, as long as all three feedback coefficients—
By(x), B(x), and Bo(x)—are spatially uniform. This can
be understood physically as follows. First, regardless of
K4, the downward IR &', = &0 T4 (x) always decreases
poleward (Figs. 6e, 7e) because of the poleward de-
creasing atmospheric climatological temperature T4
(Figs. 6a, 7a) that is forced by the poleward decreasing
ocean temperature T through the upwelling IR forcing
g'lo = 'aT}(x) [see Eq. (9a)] and, ultimately, by the
solar radiation S(x) [see Eq. (9b)]. Instead, Eq. (10b)
shows that the spatial structure of the ocean tempera-
ture response 7y, also depends on two competing feed-
back terms—a polar amplification feedback —BoTY,
and a poleward decreasing feedback B,;T’,—for which
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sensitivity Bo =40T% and B, =40T" decrease pole-
ward (Figs. 6f, 7f). An increase in K, increases the at-
mospheric mixing effect, which also reduces the gradient
of the climatological T, (from Fig. 6a to Fig. 7a) and, in
turn, the sensitivity B, (from Fig. 6f to Fig. 7f), with
nevertheless no significant impact on the gradient of T
and Bo. Therefore, the polar amplification feedback
—BoTy, prevails. This can be seen in the ocean heat
budget. The atmospheric downward IR is indeed in-
creased in the case of large K4 compared with the case
of small K4 such that its poleward decreasing gradient is
reduced significantly (¢'l4, purple from Fig. 6e to
Fig. 7e), favoring polar amplification in the ocean. This
is consistent with Cai (2006) that the large poleward
AHT (Kad, T/, black in Fig. 7d) transports heat to-
ward the poles, which then generates additional down-
ward IR to the ocean in the polar region. However, this
downward IR heating is still slightly larger in the tropics
than the extratropics and therefore it alone is insufficient
to generate a polar amplification in the ocean. Instead,
strong IR damping in the tropics (—BoT},, cyan in
Fig. 7e) plays also a significant role in damping the
tropical warming and eventually generates the polar
amplification in the ocean (blue in Fig. 7b). Here, the
strong AHT also reduces the gradient of the mean at-
mospheric temperature (red, Fig. 7a), because the
downward IR feedback parameter B, exhibits little
change with latitude (red, Fig. 7f). As a result, the
poleward decreasing atmospheric warming does feed-
back strongly onto the ocean temperature (gB,7),
green in Fig. 7e). Otherwise, a larger B, in the tropics
than in the extratropics could increase the downward
heating to the tropical ocean, against the polar amplifi-
cation warming in the ocean.

The reversal of OHT, and in turn the compensation
response, with the increased K, can be seen more
clearly in the change of AHT and OHT responses to the
continuous increase of K, at an SH latitude (Fig. 8).
Two cases of Ko = 0.1 (dashed) and 1 (solid) are shown,
and the results are the same. When K, is smaller than
~0.8, both AHT (red) and OHT (blue) are poleward
(negative), corresponding to a collaboration response.
As K, increases, the poleward AHT increases mono-
tonically, but at a rate less than the linear rate of K,
itself, because of the reduction of the poleward de-
creasing atmospheric gradient. In contrast, the poleward
OHT anomaly decreases and eventually reverses the
sign to equatorward (positive) when K, exceeds ~0.8,
corresponding to a polar amplification and a compen-
sation response.

A further factor in producing a compensation re-
sponse could be the reduced AMOC. This may be rep-
resented crudely in our model [Egs. (1a) and (1b) or
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F1G. 8. AHT (red) and OHT (blue) responses to global warming
at 70°S as a function of AHT efficiency K 4 for two OHT efficiencies
of Ko =1 (solid) and 0.1 (dashed). It is seen that the AHT response
is always an enhanced poleward AHT (negative) because of the
greater warming in the tropics. The OHT response is also poleward
for K4 < 0.9 (collaborative response) but then reverses to equa-
torward, and poleward warming for larger K, (compensation re-
sponse). The circle and squares correspond to the cases in Figs. 6
and 7, respectively.

Egs. (3a) and (3b)] with a dependence of the oceanic
diffusivity, which can be thought as proportional to the
magnitude of the AMOC transport, to atmospheric
emissivity as Ko = Ko(1 + me). Since AMOC tends to
decrease in response to global warming (Meehl et al.
2007), this implies m < 0. One can see analytically that,
even with constant feedback parameters B, B, and
B, a modest rate of weakening of AMOC to global
warming (m < 0) can generate a compensation response
with an equatorward OHT anomaly and a poleward
AHT anomaly (not shown).

In short, the global warming scenario represents a
more complex case of mixed forcing perturbation in the
surface and TOA fluxes, the variable feedback param-
eters with space, and the potential change of the
AMOC. A strong atmospheric heat transport coefficient
K, affects both the perturbation and climatological
temperatures significantly: the former induces a down-
ward radiative forcing favorable for ocean temperature
polar amplification, while the latter changes the feed-
back spatially such that it also favors polar amplification.

6. Summary and discussion

Using a coupled EBM, we addressed two questions on
the heat transport responses: What is the coupled re-
sponse of AHT and OHT to a general climate forcing,
and what is the remote response of the coupled heat
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transport to a local perturbation forcing? First, we show
that the responses of AHT and OHT depend critically on
the nature of the forcing. If the thermohaline circulation is
not altered significantly, then a surface forcing, whether
directly by radiation or indirectly by OHT or AHT con-
vergence, tends to force a compensation response; in
contrast, a net TOA radiative forcing tends to force a
collaboration response. A change of the thermohaline
circulation tends to produce a compensation response
because it first induces an OHT change, which then forces
the coupled system as an effective surface heat flux forcing.
Second, the coupled system has two coupled energy
transport modes: a compensation mode that is strongly
damped by negative air—sea interaction and a collabora-
tion mode that is only weakly damped by the TOA climate
feedback. As such, the remote response tends to be
dominated by the weakly damped collaboration mode. If,
however, the thermohaline circulation is perturbed sig-
nificantly, it can generate a remote compensation response
through its deep ocean teleconnection tunnel of OHT.

Our model is highly idealized and many further
studies are needed. Its idealized nature also limits its
application to more complex models, or the real world.
In particular, regarding the forced response, our theory
shows a clearly different compensation response in re-
sponse to surface and TOA forcing [Egs. (3a)-(3d)]. But
in more realistic cases or the real world, a perturbation
forcing usually induces both the surface and TOA
forcing. Therefore, the final response depends on the
competition between the two types of forcing. When the
two forcing effects are nearly balanced, the response
becomes dependent on additional factors, such as the
spatial variation of the feedback strength and forcing.
This point has been seen in the example of global
warming response in section 5. Therefore, without a
detailed analysis of the induced perturbation forcing,
our theory cannot explain the coupled heat transport
responses in the global warming experiments in more
complex models, such as those in Hwang and Frierson
(2010) and Zelinka and Hartmann (2012).

In the meantime, some of our conclusions depend on
more robust physical mechanisms. In particular, we
believe that our conclusion on the remote response
should be more robust. This is because the physical
mechanisms behind the two coupled energy transport
modes are simple and robust. Regardless of the details
of the model, air-sea interaction is strongly negative,
because of the strong turbulent heat flux sensitivity
at the air-sea interface. In comparison, the negative
feedback on TOA is weak because it is dominated by
the longwave radiation at TOA. This difference of the
feedback strength determines the damping nature of the
two modes: the compensation mode involves strong
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surface heat flux activity and therefore should be
strongly damped, while the collaboration mode does not
involve strong surface flux activity and therefore should
be weakly damped by the TOA damping only. This
suggests that our conclusion on the remote response
should be applicable qualitatively to the coupled re-
sponse in more complex climate models. This is con-
firmed in a preliminary test isn a CGCM that exhibits a
dominant remote collaboration response, when the
thermohaline is not affected significantly (see the ap-
pendix). We speculate that our theoretical results may
offer an explanation for the seemingly controversial
results across CGCMs. With high-latitude perturbation,
if the AMOC is altered significantly, then the climate
response tends to exhibit a compensation response. This
is consistent with many coupled model studies that
show a compensation response induced by the change of
AMOC (e.g., Vellinga and Wu 2008; Zhang and Delworth
2005; Zhang et al. 2010; Farneti and Vallis 2013) or a pre-
scribed OHT forcing over the globe that can simulate the
thermohaline forcing (e.g., Kang et al. 2008). Otherwise, the
remote response is dominated by a collaboration response
that is associated with the coupled atmosphere—upper
ocean wind-driven circulation system when the AMOC is
not perturbed significantly. This seems to be consistent with
recent CGCM simulations of remote collaboration re-
sponses, when the AMOC is not perturbed significantly
(Deser et al. 2015; Hawcroft et al. 2016; Haywood et al.
2016; Kay et al. 2016; Green and Marshall 2017).
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APPENDIX

A CGCM Example of Remote Heat Transport
Responses

As a preliminary test of our theory on the remote
response, we analyzed perturbation simulations in a
CGCM: the Fast Ocean Atmosphere Model (FOAM)
(Jacob 1997). These experiments are originally designed
to study the extratropical impact on tropical climate (Lu
et al. 2017). The model design nature also allows us to
examine the remote climate response of heat transports
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FIG. Al. AHT (red) and OHT (blue) responses in two CGCM (FOAM) simulations. The experiments are
perturbed by forcing the model toward the observations using the ensemble coupled data assimilation method
regionally south of 20°S. The AHT and OHT are calculated from the TOA and surface heat fluxes integrating from
the North Pole. The response is derived as the ensemble mean difference between the perturbation experiment
and the control experiment, which has no observations assimilated. (a) SST observations are assimilated.
(b) Atmospheric temperature and wind observations are assimilated. It is seen that the initial collaboration
response extends all the way to the tropics, while the initial compensation response is reversed to the collabo-

ration response in the tropics.

here. We will discuss two sets of experiments. In the first
set (Fig. Ala), present observations of SST from 1948 to
2015 are assimilated into the ocean model south of 20°S
using a coupled ensemble filter. A climate response is
derived as the difference from the control experiment in
which no observation is assimilated. The forced re-
sponse south of 20°S is artificial because data assimila-
tion distorts energy conservation. Therefore, here, we
will examine only the remote response north of 20°S,
which is energetically consistent in the coupled system.
At the boundary of the forcing region of 20°S, both the
AHT and OHT anomalies are negative. This collabo-
ration response is then seen to propagate northward into
the tropics. This is in contrast to the second case, which is
forced by assimilating atmospheric temperature and
winds, instead of SST, south of 20°S (Fig. A1b). Now, at
~20°S, the response happens to exhibit a strong com-
pensation response, with a positive AHT and a negative
OHT. This compensation response, however, decays
rapidly northward. The AHT response reverses south-
ward into the deep tropics, leaving a collaboration re-
sponse. Thus, despite the opposite responses initially at
20°S, both of the remote responses into the tropics are
collaboration responses. Similar results have been pro-
duced in additional experiments, with the data assimi-
lation boundary pushed back to, say, 28°S (not shown).
This remote collaboration response in the tropics is
consistent with our theory of the propagation of the
collaboration mode and the damping of the compensa-
tion mode. We note that the OHT becomes slightly
positive north of 30°N in both cases, making the heat
transports a slightly compensation response. This OHT
signal may be related to a change of the model thermohaline
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circulation that is found confined in the North Atlantic
region. Furthermore, the collaboration response should
be most robust in the tropic—subtropics, where the
coupled Hadley circulation—subtropical cell provides a
robust collaboration mechanism (Held 2001; Green and
Marshall 2017).
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