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Abstract Poleward energy transport in the atmosphere
and oceans constitutes an important branch of the global
energy budget, and its role in the climate system has been
the subject of many studies. In the atmosphere, the trans-
port is affected by “eddies” and large scale meridional cells,
both with zero net mass transport across latitude circles,
but also partly by processes associated with a net trans-
port of mass across latitude circles. The latter must cease
to operate in steady state, but they may be significant when
time variability of the heat budget is considered. Indeed,
examination of reanalysis data on short (daily to monthly)
timescales shows that mass variations on these timescales
result in surprisingly large fluctuations (in excess of 101> W
= 1 PW) in the poleward heat transport. These fluctuations
are referred to as “extensive”, for they primarily alter the
mass integrated energy of the region considered, but not its
averaged value. It is suggested that extensive fluctuations
mask more meaningful climate signals present in the heat
transport variability on monthly and interannual timescales,
and a new formulation is proposed to isolate the latter. This
new formulation is applied successfully to reanalysis data
and climate model simulations.
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1 Introduction

In the time mean, the atmosphere carries heat meridi-
onally by moving poleward air parcels with high moist
static energy and moving equatorward air parcels with
low moist static energy (e.g., Held 2001). In midlatitudes,
these motions are predominantly associated with traveling
cyclones and stationary waves (Oort and Peixéto 1983).
At low latitudes, a more complicated set of circulations is
involved (Heaviside and Czaja 2013). The resulting time
mean poleward heat transport has a simple latitudinal
dependence, being weak at the equator and the poles, and
peaking near 40° of latitude in both Hemispheres with a
value ~4.5 PW where 1 PW = 10> W (e.g., Trenberth and
Caron 2001).

The need to satisfy mass balance in reanalysis data when
computing poleward heat transport is a well known issue
which has been addressed in many studies (e.g., Tren-
berth 1991; Trenberth et al. 2001; Graversen et al. 2007).
As an illustration of this point, we display in Fig. la, the
non mass corrected poleward heat transport from the ERA
interim data set to be described more fully in Sect. 2 below.
Four curves are shown, each indicating the long winter-
time mean values (1979-2014, December through Febru-
ary) at four different times of the day. The spread between
these curves is astonishing. For example, at 45°N, the dif-
ference between 0000 and 0600 UTC can be as large as 4
PW, i.e., on the order of the maximum mentioned in the
previous paragraph. Surprisingly, we found that even after
using the mass correction described in Graversen et al.
(2007) and others (e.g., Trenberth 1991), very large differ-
ences remain between different times of the day, the typical
spread between the curves being now on the order of 1 PW
(Fig. 1b).
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Fig. 1 Boreal winter (DJF) mean poleward heat transport at specific
times of the day (0000, 0600, 1200, 1800 UTC—-see color coding in
the subpanel in a) for the period 1979-2014, in units of PW. a As it
appears in ERA-Interim reanalysis; b after a mass correction has been

This finding is puzzling and rationalizing it is our goal in
this study. We emphasize that such exercise is not purely of
academic interest since the analysis of the time variability
of the poleward heat transport on timescales ranging from
monthly to decadal can shed light on issues as varied as
ocean-atmosphere coupling (Bjerknes 1964; Marshall et al.
2001), the structure of the atmospheric storm track (Mes-
sori and Czaja 2013; Novak et al. 2015) and annular modes
of variability (Thompson and Barnes 2014). By consider-
ing the heat budget of a polar cap, we show below that the
large fluctuations evident in Fig. la, b are caused by non
zero fluctuations in the net (i.e., zonally and vertically aver-
aged) mass transport across latitude circles. We argue that
the latter drive changes in the mass integrated energy of a
region, but not in the average energy of that region. This
consideration allows us to define “extensive” fluctuations
in poleward heat transport and also to remove them from a
given heat transport record. We argue that the resulting new
formulation of the heat budget is more likely to capture
meaningful climate signals (e.g., stronger link between heat
transport and heat content changes, stronger signals from
modes of climate variability such as El Nifio, etc.).

The paper is structured as follows. After describing suc-
cinctly the ERA interim dataset and a state-of-the-art cli-
mate model in Sect. 2, we discuss in Sect. 3 the traditional
formulation of the heat transport and its physical interpreta-
tion. This leads us to highlight some issues with the standard
definition and to propose a new one. A comparison of heat
transport variability in both definitions is then carried out in
Sect. 4, while further analysis of some features of heat trans-
port in the new definition is given in Sect. 5. A discussion
and a conclusion are offered in Sects. 6 and 7, respectively.

2 Datasets

The reanalysis ERA-Interim from the European Center for
Medium-Range Weather Forecasts (ECMWF) has been
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applied and using the standard definition of heat transport. ¢ Using
the new definition of heat transport. In the notations of Sect. 3, b, ¢
correspond to H and H*, respectively

used in this study (Dee et al. 2011). Six-hourly (0000, 0600
1200 1800 UTC) fields from 1979 to 2014 are considered.
Note that only winter and summer seasons are taken into
account in the analysis, in other words, 36 DJF (December,
January and February) and 36 JJA (June, July and August)
are provided. The results to be discussed below are only
displayed for the DJF period but we found that they also
apply to the JJA season.

For quantities using the mass correction, we use the
procedure described in detail in Graversen (2006) and
Graversen et al. (2007). Briefly, the purpose of the mass
correction is to minimize the mass residual, which can be
obtained by subtracting a barotropic term at each pressure
level. Variables used for the calculation of mass and energy
transport are extracted directly from the reanalysis and are
calculated in model-space hybrid coordinates. They are
then extrapolated to a 0.5° X 0.5° uniform latitude and lon-
gitude grid.

The indices of El Nifio and the Arctic Oscillation (AO)
are obtained from the NOAA Climate Prediction Center.
The El Nifio index is taken as the area-averaged sea surface
temperature in the region bounded by 5°N-5°S and 170°
W-120°W. The AO index is constructed by projecting the
1000 mb height anomalies poleward of 20°N onto the lead-
ing mode from the Empirical Orthogonal Function (EOF)
analysis of monthly mean 1000 mb height. Time period
1979 to 2014 is considered for both indices.

The Community Earth System Model version 1
(CESM; Hurrell et al. 2013) from the National Center for
Atmospheric Research (NCAR) is also used in this paper.
The model system includes sub-models for the atmos-
phere, land-surface processes, sea ice, and ocean. For
the atmosphere, the Community Atmosphere Model ver-
sion 5 (CAMS) is applied with a finite-volume dynamical
core, 26 vertical layers and a ~2° horizontal resolution.
It is run in a slab-ocean (SOM) configuration, where the
ocean part includes a mixed layer with fixed horizontal
transports of energy. These transports, often referred to as
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the g-fluxes, are determined from the climatology of an
equilibrium run including a full dynamical ocean model
(Bitz et al. 2012). The g-fluxes are given as the climato-
logical mean of the imbalance between the ocean mixed-
layer energy change, and the energy flux into the ocean
across the atmosphere—ocean and ice—ocean interface and
from river discharge. The g-fluxes as well as the depth of
the mixed layer were based on the climatology from the
last 70 years of a 100-year extension of a pre-industrial
control run. The SOM model was additionally run with
pre-industrial conditions for 85 years and the last 20 years
are used for the atmospheric energy transport calculations
in this study.

For all analyses in this study, a linear trend over the whole
record was removed, although this procedure was found to
have little impact on the results. Anomalies were defined
empirically by subtracting the mean seasonal cycle (for either
daily or monthly data) from each gridpoint’s timeseries.

3 Poleward heat transport and its interpretation

3.1 Formal decomposition of the poleward heat
transport

The energy budget of a polar cap, poleward of a latitude ¢,
(north of ¢, in the Northern Hemisphere—the case illustrated
below—and south of ¢, in the Southern hemisphere) can be
written as (Gill 1982):

S=H+Q;+ 0, (1)
in which § represents the storage of energy in the cap:

s=2 / / / EdxdydP/g, )
ot #>0,

Qg and Qy refer to the energy gained by the cap at its
lower (Earth’s surface) and upper (top-of-the-atmosphere)
boundaries, respectively, and H is the poleward transport of
energy across ¢,:

H = // V(E + P/p)dxdP/g. 3)
®,

In these expressions, pressure coordinates have been used,
p is density, and the energy per unit mass E is the sum of
internal, potential (®) and kinetic (K) energies,

E=cT+1lg+®+K, 4)

where c, is the specific heat at constant volume, T tempera-
ture, [, is the latent heat of vaporization and ¢ is specific
humidity. In practice, the sum E + P/p is well approxi-
mated by the moist static energy #,

E+P/pmcpT+lvq+<DEh, 3)

in which ¢, is the heat capacity at constant pressure and the
contribution of kinetic energy to the sum has been
neglected.'

The different mechanisms contributing to heat transport
can be made explicit by developing further the expression
(3) after making use of (5). To do so, we introduce the
notation (...)=(...), + (...)’, where (...), represents the
longitudinal and pressure averaging at latitude ¢

/fdi,,("')dXdP/g
f/d)o dxdP/g

0>

(...), = 6)

and in which (...)" indicates the departure from this zonal
and pressure average. After noticing that /f VdxdP/g =0
and [[ h'dxdP/g = 0, this decomposition allows to write

H=//v'h'dde/g+hoM, (7

in which,

M=// vdxdydP/g, 8)
b,

is the mass transport across latitude ¢,,.

The main insight in this study is to reflect on the physi-
cal significance of the second term on the r.h.s of (7). From
the point of view of the polar cap poleward of latitude ¢,
the term 2, M reflects the moist static energy brought to the
cap by the existence of a net mass transport across it. If we
denote by E* the polar cap averaged total energy, i.e.,

1
E* = p /// EdxdydP/g, )
cap $>9,

where m,,, is the polar cap mass,

mmp=/// dxdydP/g, (10)
>,

then the poleward heat transport can be expressed as,

H://v’h’dde/g+(h0—E*)M+E*M. (11)

3.2 Physical interpretation of the heat transport

The decomposition (11) highlights three different mecha-
nisms affecting the heat budget of the polar cap (schema-
tized in Fig. 2).

! Although this approximation is made in the text to simplify the der-
ivation, all calculations with reanalysis and climate model data in this
paper use the full expression (4) for E.
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Fig. 2 Schematic of three pro-
cesses affecting the heat budget
of a polar cap, using the decom-
position in Eq. (11). Arrows
indicate different components of
heat transport while the colors
on the block arrows indicate Pole
energy content. Dots represent

air masses

Storage

J *
p (m.,E*)

(1) One is to increase the energy of the polar cap without
adding any net mass. This is represented by the term
[ [, v'WdxdP/g on the rh.s of Eq. (11). It reflects the

classic description of poleward heat transport associ-
ated with the Hadley circulation in the Tropics (low
moist static energy branch moving equatorward at low
levels and high moist static energy branch moving
poleward at upper levels) and weather systems in mid-
latitudes (high moist static energy air moving pole-
ward and upward, low moist static energy air moving
equatorward and downward).

(2) One is to add mass to the cap by bringing air masses
of different energy from that of the cap and/or by
doing work on the cap, which is given by the P/p term
in Eq. (5). The whole process is represented by the
term (h, — E*)M.

(3) Another effect is to add mass to the cap by bringing
air masses of same energy. The associated energy gain
by this process is E*M. The term E*M is an extensive
quantity, i.e., it increases the energy of the polar cap
by simply adding mass at the same energy as E*, but
it does not contribute to the increase of the average
energy of the cap itself. For this reason we denote the
associated fluctuations in heat transport as “extensive”.

3.3 Problems associated with extensive fluctuations
in heat transport

From mass conservation, M = dm,,,/ot and so when
averaging over a long time period, M — 0. As a result,
the contribution of E*M to the heat transport in Eq. (11)
becomes negligible in this limit.> However, on short time
scales, and as suggested by Fig. 1, one expects the pole-
ward heat transport to be affected by this term. This is

2 Denoting a time-mean as (...), E*M can be decomposed into
E*M + E*'M'. We found that the latter term is two orders of mag-
nitude smaller than the former term in this expression (not shown);
when M — 0, EXM — 0, and E*M is therefore negligible.
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ﬂ- v'h'dxdp/g
do

Air masses with energy different from E*
(ho -E¥)M

Air masses with same energy as E*
E*M

readily demonstrated by the existence of a strong linear
relationship between fluctuations of H and E*M at differ-
ent timescales in Fig. 3 (here considered at ¢, = 0° in
DJF). The squared correlation coefficient generally
decreases with averaging time but even for monthly and
seasonal averages, values larger than R?> = 0.29 are found.
Thus a significant fraction of the variability in seasonal
mean poleward heat transport across the equator is purely
extensive. Note furthermore that, as will be shown in
Sect. 6.1, this effect is not restricted to low latitudes.

There are at least two reasons why one would like to
remove the impact of the extensive fluctuations on the
heat budget:

1. These fluctuations are exactly balanced by an increase
in the energy storage of the cap and do not lead to any
climate variability (exactly like adding water to a glass
of water at same temperature changes the mass of
water in the glass but does not change its temperature).
As such, they leave no signature in diabatic effects and
do not truly represent a transport of heat: mass at
energy E* is added to the cap at a given time and is
removed from it subsequently without interacting with
diabatic processes since the mass has the same energy
as the cap. As a result there is no net transfer of energy.
This is very clearly seen in the large magnitudes of the
fluctuations seen in Figs. 1 and 3 which, if they
involved changes in radiative or surface fluxes, would
require unrealistically large values for these terms.>

2. The magnitude of the extensive heat transport fluctua-
tions depends arbitrarily on the choice of a reference
state when computing the total energy (e.g., whether
counting @ from sea level or not and taking Kelvin
or Celsius degree as the unit of temperature). For the
standard choice used in this study (@ = 0 at sea level
and temperature expressed in K), the extensive fluctua-

3 For example, the variations of 5 PW seen in Fig. 3a at the equa-
tor are equivalent to a spatially uniform imbalance of ~50 Wm™2 in
(Qr + Qy) over the whole Northern Hemisphere!
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Fig. 3 Poleward heat transport r =1day r =5 day =10 day
H vs E*M at the equator based (a) (b) (c)
on 36 boreal winters (DJF) from
1979 to 2014. The data is aver- 5 5 5
aged every 7 days and the value
of 7 is given in each panel. R? g g g
is the squared correlation coef- o o0 a o a o
ficient. Blue lines indicate the T T T
least square fit for each panel.
Note that the limits of x-axis -5 -5 -5
and y-axis are different for the R2:0.88 R2:0.82 R2:0.74
top and bottom panels. All
terms are expressed in PW -5 0 5 -5 0 5 -5 0 5
E*M (PW) E*M (PW) E*M (PW)
5 + =14 day 5 r =28 day 5 + =90 day
(d) (e) (U]
4 K 4 4
3 7 3 3
E 2 2 E 2 #
I 1 I 1
0 0
R%:0.28 R%:0.36
-1 -1
-2 0 2 -2 0 2
E*M (PW) E*M (PW) E*M (PW)
tions are particularly large (see Fig. 1 and the scales in  and the new heat transport H*:
Fig. 3) and are thus likely to mask meaningful climate
signals in the heat budget. H* = / / Vh'dxdP/g + (h, — E*)M, (16)
@,
For these reasons we propose below to introduce a new defi-  Note that this is also more simply:
nition of the heat transport.
H*=H-E*M = / / v(h — E*)dxdP/g. 17)
3.4 A new definition of heat transport ®,

The discussion in Sect. 3.2 suggests that a simple way to
remove the extensive fluctuations in heat transport is to
subtract the component E*M from the poleward heat trans-
port H. Indeed, writing the heat content of the polar cap as
m,,,E*, the heat budget (1) can be rewritten as:

OE* *
mcap?"'E M =H+ Q7+ 0y, (12)
Using Eq. (11), we thus obtain,
9E" _ 'WdxdP/g + (h, — E*)M + Qr + Q
mcap dt - A v X 8 0 T S
13)
or, more compactly,
§* =H*+Qr + Qs (14)
where we have introduced a new storage term S*:
OE*
S* = Megp = 15

Although formally similar to (1), the interpretation of the
polar cap heat budget in Eq. (14) is different in that it is a
budget for the average energy of the polar cap (i.e., E*),
rather than the mass integrated energy of the polar cap
(i.e., m,E*). The extensive fluctuations in heat trans-
port have been removed, although M still contributes to
poleward heat transport through the second term on the
r.h.s of (16). Note that the difference h — E* in Eq. (17) is
h—E* = E — E* + (P/p) which is independent of a refer-
ence state for energy since P and p are independent of the
latter (pressure is uniquely defined as force per unit area
and density as mass per unit volume).

The new heat transport was computed from the ERA
interim dataset using (17) and (9) at different times of
the day over a long (1979-2014) wintertime period. As
expected, the resulting diurnal fluctuations are greatly
dampened (Fig. 1c) compared to those obtained using the
standard heat transport definition in Eq. (3)—see Fig. 1b.

@ Springer



M. Liang et al.

Standard definition

-90
79 83 87 91 95 99 03 07 11

New definition

79 83 87 91 95 99 03 07 11

Difference

79 83 87 91 95 99 03 07 11

90 06 90 ) 06 06 9
% 60 ‘|| l |$ “” ‘ 04 60 v' l‘“ ',} . 0.4 ‘" J ' ‘| 04 60
P 30 02 30} 'f | M‘ A 0.2 l l 02 3
s 3 [ | ' \lw ‘ ‘ “
E 2 o | \ ‘ l‘ 0 O‘MHl‘ i l““ ’ L H o
>« I
£ 7w “'l ’I |‘ -02 -30 'l‘“ ‘ ‘ | -02 a0 1 -02 4
= —SOM‘ )l ' ‘\} l'\l" | W 04 -60 ' . .'l . 'M, .‘ I ‘ M’ 04 “l p I |” l "' | ‘ l -04 4 g
"9 83 87 91 95 99 03 07 11 %9 83 67 91 85 99 03 07 11 09 83 87 91 95 99 03 07 11 -9 "
Year Year Year Stgndaorj de(\)/.;tio?is
90 04 90 0.4
d = 90 04 %
80 ( )? 3 ' 3 > &0 (e)r ; l, 1! 15 4 o8 60 (f) 03 g
g K ‘.\ h‘_ ‘f e oy ? £ U878 5 o i‘ : 02
s ' . g¥i i 30
ERE Uil LN DRI £ 0 EEAR LR
£ 5 ' o 250 5 . 0 i ' 0 0
% - 0 ',‘ : i "7 -0.1 30} § . F 8 , i ﬁ : -0.1 20 -0.1 "
: 02 § bod-02 02
- of ! | i ] . ' o8 ‘ ' -03 % l -03 80 /)=
04 -90 -90 04

-90
0 01020304

Year Year

Fig. 4 Latitude—time (in years) diagram of poleward heat transport
(H, left column; H*, middle column; the difference H* — H, right
column) in PW. For all subplots, the annual cycle calculated over the
period 1979-2014 has been removed. The fop and bottom panels are
calculated using monthly mean data and seasonal (DJF) mean data,

4 Comparison of the standard and the new
definitions of the poleward heat transport

4.1 Temporal and spatial variability

Time series of heat transport anomaly represented by
both monthly mean and DJF mean data are computed
with the standard and new heat transport definitions and
are displayed in Fig. 4 (note that the annual cycle has
been removed to obtain the anomaly for the time period
1979-2014). The panels on the far right side of this figure
shows the standard deviation of the monthly (upper panel)
and seasonal (lower panel) heat transport anomalies. One
sees a larger variability at all latitudes in the monthly data
by about 0.1 PW and this increased variability persists for
seasonal anomalies in some latitude bands but not all. The
timeseries plotted in panels (a, b, d, e) confirm this conclu-
sion, and show evident differences when monthly averaged
(Fig. 4c) but less so for the seasonal means (Fig. 4f). This
result is consistent with the fact that the contribution of M
to H becomes smaller as timescales increase, as was seen in
Fig. 3—see also Fig. 10 in Sect. 6 below.

Inspection of Fig. 4 suggests a narrower latitudinal
structure of anomalies in H* compared to those in H. For
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Year Standard deviation

respectively. Note that colorbars are different for the fop and bottom
panels. The far right panels indicate (in PW) the standard deviation
of H (blue) and H* (red) as a function of latitude for monthly (upper
panel) and seasonal mean data (lower panel)

example, a comparison of Fig. 4d, e shows that in 1988,
poleward heat transport H (represented by the red area in
the figure) extends all the way from 30°S to 30°N, while this
feature is not seen in H*. To confirm this visual impres-
sion, we next examine the autocovariance of H and H* in
monthly mean data. The result is shown at 10°N in Fig. 5
(note that, as for Fig. 4, the annual cycle has been removed
to obtain the anomaly for the time period 1979-2014).
Besides highlighting the larger autocovariance for H* com-
pared to that for H (consistent with the larger variability
in H than in H* discussed in the previous paragraph), the
resulting figure reveals a change in spatial structure, the
autocovariance of H* (pink curve) displaying a divergence/
convergence mode of heat export/import by the atmosphere
at low latitudes (pink curve) which is not seen with that of
H (green curve). Note that a similar behavior was observed
at other low latitudes, but not poleward of 25° (there the
autocovariance functions decay to zero without chang-
ing sign, but it is still narrower with H* than with H—not
shown).

Another point of comparison between H and H* is to
estimate years or seasons with large or weak poleward
heat transports. This was considered for the 40°N-50°N
band, which corresponds to the location of the Northern
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Fig. 5 Autocovariance of monthly anomalies in heat transport at 10°
N: H (green) and H* (pink). Units are PW?

Table 1 Boreal winters (DJF)

. f New definition Standard

in which heat transport averaged defini-

over 40° N-50°N reached tion

extremes in the period 1979-

2014, based on the standard and More heat poleward

new heat transport definitions 1980 B
1984 1984
- 1986
1995 -
2003 2003
2009 2009

Less heat poleward

1981 -
1987 -
1988 -
1989 1989
1993 1993
1996 1996
1999 1999
2007 2007

The year reflects that of the
December month. The top panel
indicates the atmosphere car-
ries more heat poleward than on
average; the bottom panel the
opposite

Hemisphere storm-track in winter. Boreal winters where
the heat transport in this band (i.e., the timeseries of
heat transport averaged each winter over the 40°N-50°N
band) exceeds +1/—1 standard deviation were identified
for H and H*. As can be seen in Table 1, although most
years are similar when considering the new and stand-
ard definition, there are a few differences: for example,
year 1981, 1987 and 1988 do not show up in the time-
series associated with the standard definition. Inspection
of (16) and (11) suggests that, surprisingly, this must
arise because the V'’ term is not the dominant contribu-
tor to the winter-to-winter variability of H (if it were, it
would also dominate H*, since |(h, — E*)M| < |h,M| and
extreme years would be the same for both heat transport

timeseries). Thus the identification of years where the
atmosphere carries large or small amount of heat is
affected by the presence of extensive fluctuations in the
standard definition. This important role of the term E*M
for the standard definition can be clearly seen in Fig. 6,
which displays, at different timescales, the standard devi-
ation of the different components in Eq. (11). It is seen
that at all timescales E*M (blue) has a comparable mag-
nitude to that of /' v'h'dxdP/g (yellow). Further quantifi-
cation of the impact of the variability of M on that of H
and H* is postponed to Sect. 6.1.

4.2 Link to climate patterns of El Nifio and the AO

To analyze the relationship between heat transport and cli-
mate oscillations such as El Nifio and the AO, correlation
coefficients between those variables for different latitudes
are calculated and shown in Fig. 7. The largest correlation
coefficients are found at around 50°N for AO (Fig. 7a) and
around 5°S for El Nifio (Fig. 7b). In a positive phase of the
AO the atmosphere carries less heat poleward 50°N. Con-
versely, in a El Nifio phase the atmosphere carries more
heat poleward at 5°S.

These correlations support the view that poleward heat
transport is linked to modes of climate variability and are
consistent with previous findings. For example, El Nifio
years intensify the Hadley circulation (Oort and Yienger
1996), which subsequently transport more heat from the
tropics to higher latitudes (Sun 2000; Sun and Trenberth
1998), and the reverse is true for La Nina years. Likewise,
the relationship between the AO (or North Atlantic Oscilla-
tion) was studied by Carleton (1988). His Fig. 9 suggests a
weaker poleward sensible heat transport in a positive phase
NAO (driven by changes in stationary waves) which is
consistent with our finding. This overall suggests that the
strong zonal circulation found in a positive phase of the
NAO limits the capacity of the atmosphere to carry heat
poleward. Conversely, in the negative phase, a more wavy
Jet Stream appears to enhance the capacity of the atmos-
phere to carry heat poleward.

The correlations in Fig. 7 have been computed for both
the standard (green) and new (magenta) definitions, and
they are seen to have larger magnitude with the new defini-
tion. Admittedly the differences are small, but interestingly,
they are systematic in the region of interest (e.g., northern
extra-tropics in Fig. 7a or tropics in Fig. 7b). This suggests
that the new definition of heat transport captures better cli-
mate signals than the standard definition, as was hypoth-
esized in Sect. 3.3. We return to this point more fully in
Sect. 6.2 below.
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Fig. 6 Variability of the dif-
ferent components of the heat
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5 Further investigations
5.1 Latitudinal structure of the variability of H*

The standard deviation of heat transport H* (Fig. 8, blue
curves) shows an interesting dependence on time scales:
on 6-hourly and daily time scales, the signature of the
extra-tropical storm track is evident (Fig. 8a, b, blue
curves), but the tropics dominate the variability on longer
time scales (Fig. 8d, blue curves). By using the decom-
position (16) we found that these features arise mostly in
response to the VA’ term, the variance of (b, — E*)M is
very small on 6 hourly and daily timescales and almost
negligible on longer time scales (Fig. 6, compare orange
and yellow curves). Thus, the large/weak events shown in
Table 1 for H* mostly reflect the larger of weaker mag-
nitude of the VA’ term. This contrasts with H for which
we found in Sect. 4.1 that years with high or low heat
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transport were also affected by large or weak fluctuations
in M.

5.2 Climate model data

Mass conservation is not satisfied in reanalysis data due to
the inherent properties of the data assimilation process. Thus
when using reanalysis data, mass correction (Trenberth 1991;
Graversen 2006; Graversen et al. 2007) should be carried out
before conducting the new heat transport calculation. Nev-
ertheless, heat transport variability in climate models might
also be dominated by the extensive fluctuations isolated in
Sect. 3, despite the fact that these models conserve mass. To
check this, we have repeated the calculation in Fig. 1 with the
CESM model (see Sect. 2). The spread among the estimates
of the new heat transport at four different times of the day
is, again, much smaller with the new definition (Fig. 9b) than
with the standard definition (Fig. 9a). This indicates that our
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methodology has relevance to heat transport variability in cli-
mate model simulations, as well as in reanalysis data.

5.3 Practical implementation

The computation (17) is to some extent complicated by the
requirement to compute the time evolution of the 3D average
quantity E* defined in Eq. (9). However, we found that E*
varies little over both short and long time scales, suggesting
that we can instead replace it by its time averaged value (indi-
cated by an overbar):

! /// E dxdydP/g.
P>,

With this approximation the new heat transport becomes,

Hop= [ /¢ v(h = EX)dxdP/g.

B -

(18)

m, cap

19)

We found that the standard deviation of the difference
between the time series of the new heat transport H* and
its approximation H = is almost negligible, being at most
0.03 PW on 6-hourly and daily time scales and less than
0.005 PW on monthly and inter-annual time scales (see

Fig. 8, orange curves).

6 Discussion

6.1 Quantification of the impact of M on H

Standard and new definitions of heat transport are approxi-
mately equal when the poleward mass transport can be
neglected (see also footnote 2). Indeed, from Egs. (16) and

(1),

HrH" ~ //d) VW dxdP/g when M — 0. (20)
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In this section, we examine at which timescale this approxi-
mation becomes valid.

To do so we have repeated the analysis in Fig. 3 at all
latitudes (Fig. 10). This figure displays the square corre-
lation coefficient R? between timeseries of H and M at all
latitudes (y-axis), for varying amount of temporal smooth-
ing (x-axis). The R? values decrease with averaging time at
all latitudes but the decay is slow, with R? exceeding 0.3
for the 90-day average timeseries not only at the equa-
tor but also in subtropical and high latitudes. Very similar
results were found for the JJA period (not shown). We re-
emphasize that, as all calculations discussed in this paper
(except for Figs. la, 9), a mass conservation correction
has been applied to the data. Despite the latter, Fig. 10
suggests that up to 30 % of the variance of the heat trans-
port at these timescales is reflecting what we referred to
as extensive heat transport fluctuations in Sect. 3. Indeed,
from Eq. (11), the component of H linearly dependent on
M is (h, — E*)M + E*M = h,M, and thus depends on the
magnitude of the moist static energy at the latitude con-
sidered. As a result, the higher the moist static energy of
a latitude band on average, the larger the contribution of M
to the fluctuations of H. This is consistent with the tongue
of largest R? in Fig. 10a being centered on low latitudes.
In addition, the timescale at which the contribution E*M
becomes negligible also depends on how fast time averag-
ing can reduce the variability in M. For a random process,
the variance of the time averaged time series is sensitive
to the decorrelation time of the process (e.g., Czaja et al.
2003). We found that indeed, the slower decay in Fig. 10a
found at low latitudes is also consistent with a larger decor-
relation time of M at these latitudes (shown in Fig. 10b).

For reference, we have repeated the analysis in Fig. 10
with H* rather than H. As expected, we found much
weaker correlations (not shown), consistent with a weaker
linear dependence (h, — E*)M in Eq. (16), and with the
small contribution of this term to the variability of H*
displayed in Fig. 6 (compare the magnitude of orange and
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yellow curves). Note however that M still contributes to
the variability of H*, as one might intuitively expect: it is
only the extensive component of the heat transport which is
removed by our procedure.

6.2 Which definition is preferable?

We have shown in Sect. 4 that new and standard defini-
tions of the heat transport differ significantly from one
another. Although we have presented conceptual arguments
in favour of the new definition in Sect. 3, it is important
to assess which definition is better suited to studies of the
time variability of the heat budget. As an attempt to do so,
we focus on the link between heat transport and heat con-
tent. We expect intuitively little correlation between these
two on short timescales, as the heat content needs time to
build up. On longer timescales though, more poleward heat
transport towards the cap is expected to lead to a larger
heat content and thus a significant correlation is expected.
We ask the question: which definition captures better this
relationship?

To address this question, we have computed the tempo-
ral correlation between the heat content (HC, simply equal
to mwa* using the notations in Sect. 3.4) of a given polar
cap and either H or H* across the bounding latitude of
the cap. The result is shown in Fig. 11, and recovers the
expected results that weak correlations are found on short
timescales (upper panels). On longer timescales (lower
panels), we find systematically larger correlations with the
new definition of heat transport (red curve) than with the
standard one (blue curve), except at high southern latitudes
(over Antarctica).

We have also computed the correlations between the two
definitions of heat transport and the two storage S and S*
in Eqgs. (1) and (14), respectively (not shown). We found
stronger correlations between H and S than between H*
and S*, indicating that the term E*M dominates both the
storage of energy and the heat transport in the standard
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Fig. 11 Squared correlation
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formulation of the heat budget. The weaker correlations
obtained between H* and S* show that both the diabatic
terms O and Qg and heat transport H* are equally impor-
tant in the new formulation of the energy budget. As longer
timescales are considered, both H and H* become compa-
rable and both must oppose the diabatic terms in the heat
budget. On shorter timescales however, the new formula-
tion captures a finer balance in which both storage, trans-
port and diabatic effects are all important.

We would also like to emphasize that the issue high-
lighted in this study is only relevant to the variability of
the fotal heat transport. It is not relevant to that of the heat
transport driven by transient or stationary eddies, or over-
turning circulations (e.g., Peixoto and Oort 1992) since
all these are associated, by construction, with no net mass
transport across latitude circles (i.e., M = 0 for all these
motions and they are all included in the v'4' term in Fig. 2).

6.3 Domain dependence

The new heat transport definition was phrased in the con-
text of the heat budget of a cap poleward of a given lati-
tude ¢,. The calculation of H* at ¢, was based on a cap
with latitude ¢p > ¢, for ¢, > 0 (Northern Hemisphere) and
a cap with ¢ < ¢, for ¢, < 0 (Southern hemisphere). The
resulting Eq. (14) is well posed and offers a straightforward
analysis of the heat budget of that cap. Nevertheless, it is
important to emphasize that there is an arbitrariness in the

-30 -60 -90 60 30 O

Latitude

-30 -60 -90

choice of the cap. For ¢, > 0 for example, we could also
choose a very large cap defined by latitudes south of ¢, and
this would lead to a different heat transport H*(¢,) since, in
general, the average energy E* of the northern and southern
caps differs. Although in practice we found the differences
to be very small (timeseries of heat transport at different
latitudes with both choice of caps were found to be virtu-
ally indistinguishable—not shown), more work needs to be
carried out to assess whether a different methodology could
alleviate this caveat.

7 Conclusion

The standard definition of poleward heat transport was
found to lead to surprisingly large fluctuations on time-
scales shorter than a few years. For example, it can change
dramatically by 4PW in just 6 h in ERA interim reanalysis,
which is of the order of the maximum time mean poleward
heat transport (=4.5 PW). This unrealistic behavior might
at first be thought to result from issues with mass conser-
vation in reanalysis data. However, even after adjusting the
mass balance, the problem was shown to remain.

We have argued in this paper that this problem arises
because of the dominance of mass transport related fluc-
tuations in heat transport which do not affect the average
energy of a region, but affects the mass integrated energy
of the region. These extensive fluctuations, we have
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suggested, are not related to climate signals (e.g., tempera-
ture), nor do they represent a true heat transport. In addi-
tion, they are dependent on an arbitrary choice of reference
for energy. Nevertheless, by using linear regression analysis
we have estimated that typically a third of the variance in
heat transport on monthly and inter-annual (i.e., DJF aver-
aged) timescales reflect directly these extensive fluctua-
tions in the ERA interim dataset (based on the R? values in
Fig. 10). Thus, we clearly answer by the negative to the
question raised in the title of our study.

A new definition of heat transport was introduced to
address this problem in the context of the total energy (E)
budget of an hemispheric cap, poleward of a given latitude
¢,. The idea is to subtract an instantaneous cap-averaged
energy E* from E in the standard heat transport formu-
lation. In doing so one shifts from a consideration of the
budget for the mass integrated energy of the cap into a
consideration of the budget for the average energy of the
cap. In order to simplify the calculation, an approximation
to the new definition was also proposed, and no significant
difference was found between the exact and approximate
formulations. The formulation was also shown to produce
similar results in a state-of-the-art climate model simula-
tion, indicating that the approach is not limited to reanaly-
sis datasets.

The new heat transport definition was shown to lead to
stronger correlations with heat content than the standard
one, and was also shown to display a more robust statis-
tical link with modes of climate variability. For example,
a clearer relationship between the AO and heat transport
emerges in our analysis, the atmosphere carrying less heat
poleward in a positive phase than in a negative phase of the
AO. El Nifio variability was also found to be linked more
robustly to changes in poleward heat transport with more
poleward heat transport at low southern latitudes in El Nifio
years. New and standard definitions of heat transport also
display pronounced differences in autocovariance functions
and produce different time sequence of events with large/
weak poleward heat transport. Finally, the variability of the
heat budget in the new formulation is also different, with
a larger role for diabatic effects, even on short (less than
seasonal) timescales. It is hoped that the new definition of
heat transport may shed further light on the intuitive link
between energy transport and climate variability.
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