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Key Points:

e The low-frequency NAO flow can clearly regulate the eddy-heat flux in the whole

troposphere.

e The meridional shifting of eddy potential temperature structure is primarily

responsible for generating the eddy-heat feedback onto NAO.

e The positive NAO phase has a negatively stronger eddy-heat feedback than the

negative phase.
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Abstract

The thermodynamic structure of the North Atlantic Oscillation (NAO), in terms of the
pattern of the winter-mean potential temperature (PT) anomaly in the troposphere, is a crucial
indicator of regional climate variations, and can be influenced by synoptic-scale eddy heat
(EH) fluxes. The role and mechanism of EH feedback in modulating the winter-mean
thermodynamic structure of the NAO are investigated. We show that the low-frequency
NAO-related flow can barotropically regulate EH flux and give rise to an EH transport that is
down-gradient (up-gradient) of the NAO-related PT anomalies, thus creating negative
(positive) EH feedback on PT anomalies in the middle-lower (upper) troposphere. Using
eddy structure decomposition, we calculated the two primary terms of anomalous EH flux:
the BA term is the product of basic eddy velocity and anomalous eddy PT, and the AB term
is the product of anomalous eddy velocity and basic eddy PT. The meridional BA EH flux is
caused by the meridional shift of eddy PT structure under NAO. It is a major contributor of
the anomalous EH flux and forcing, which weaken NAO-related PT anomalies. The zonal
AB EH flux is smaller in magnitude, and is induced by the zonal slant of the eddy
streamfunction structure in the negative NAO phase. It creates EH feedback upstream of the
NAO flow. In addition, the positive NAO phase has a negatively stronger EH feedback than
the negative phase; this is related to the higher persistence of the anomalous PT pattern under

negative NAO.

©2020 American Geophysical Union. All rights reserved.



1 Introduction

The North Atlantic Oscillation (NAO), considered as the dominant mode of low-
frequency (LF) climate variability over the North Atlantic (Barnston & Livezey, 1987; Loon
& Rogers, 1978; Wallace & Gutzler, 1981), strongly influences regional and even Northern
Hemispheric weather and climate (Hurrell, 1995a; Hurrell & Deser, 2009; Hurrell et al.,
2003; Marshall et al., 2001; Ogi et al., 2003; Sung et al., 2006; Zuo et al., 2013, 2016). Many
characteristics of the NAO have been identified in in-depth studies. For example, studies
have shown that the negative phase of the NAO is larger in amplitude and higher in
persistence than the positive phase (Barnes & Hartmann, 2010; Luo et al., 2018; Woollings et
al., 2010); the two phases have different background states (e.g., North Atlantic jet and
meridional potential vorticity gradient) and synoptic-scale waves (Luo et al., 2007, 2008,

2018).

At middle to high latitudes, synoptic eddies (SEs) with short (2-8 day periods) time
scales can interact with atmospheric LF variability of intermediate (greater than 2 week
periods) time scales (Blackmon, Lee, & Wallace, 1984; Blackmon, Lee, Wallace, & Hsu,
1984). It has been recognized that both dynamical and thermal SE feedbacks play crucial
roles in modulating extratropical LF variability (e.g., Branstator, 1992, 1995; Cai & Mak,
1990; Jin, 2010; Jin et al., 2006a, 2006b; Lau, 1988; Lau & Holopainen, 1984; Lau & Nath,
1991; Limpasuvan & Hartmann, 1999; Lorenz & Hartmann, 2001; Luo et al., 2007;
Nakamura & Wallace, 1993; Nie et al., 2019; Pan et al., 2006; Ren et al., 2009, 2011, 2012,
Zhang et al., 2012; Zhou & Ren, 2017; Zhou et al., 2017). Anomalous SE activity could give
rise to the growth and maintenance of extratropical LF variability (Deweaver & Nigam, 2000;
Hoskins et al., 1983; Kok et al., 1987; Luo, 2005; Song, 2016; Tan et al., 2014, 2015;
Vautard et al., 1988; Watanabe, 2009). For example, under constraints of the hydrostatic and

quasi-geostrophic balances, both eddy vorticity flux and eddy heat (EH) flux could create a
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streamfunction (SF) tendency and potential temperature (PT) tendency through eddy
transports as well as secondary circulation. Specifically, the SF tendencies associated with
eddy vorticity fluxes are of the same sign throughout the troposphere, while SF tendencies
associated with EH fluxes in the upper troposphere are of the opposite sign to those in the
lower troposphere (Lau & Holopainen, 1984; Lau & Nath, 1991). EH fluxes can transport
positive contributions associated with eddy vorticity fluxes from the upper troposphere to the
lower troposphere, thus, maintaining the equivalent barotropic structure of the LF flow (Ren
et al., 2011). Temperature tendencies associated with EH fluxes are much stronger than those
associated with eddy vorticity fluxes (Lau & Holopainen, 1984), and negatively contribute to
local background temperature anomalies (Lau & Nath, 1991; Ren et al., 2011). Efficiency of
dynamical SE feedbacks can be quantified through the empirical eddy-induced growth rate
developed by Ren et al. (2011) on the basis of the theory of eddy-induced instability of LF
variability of Jin (2010). Low-frequency variability can also generate anomalous SE activity,
which promotes different kinds of SE feedback (Branstator, 1995; Kug & Jin, 2009;
Nakamura & Wallace, 1990; Shutts, 1983). Ren et al. (2009, 2012) proposed a method of
eddy structure decomposition to detect how LF flow organizes SE activity to generate SE
feedback. This dynamical diagnosis highlights changes in eddy structure, thus facilitating the

study of mechanisms behind SE feedback.

Eddy structure decomposition has been used to examine mechanisms behind
dynamical SE feedback in the NAO/PNA (Pacific North American pattern) (Ren et al., 2009,
2012; Zhou et al., 2017), while little attention has been given to thermal SE feedback. Lau
and Wallace (1979) concluded that EH flux is down gradient of the ambient anomalous time-
mean temperature, and that its magnitude does not quite depend on intensity of the local time-
mean temperature gradient. Kug et al. (2010) found a so-called left-hand rule whereby EH

flux tends to be directed to the left of the LF flow. However, mechanisms through which the
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EH flux is generated by LF variability and through which the EH flux modulates the LF

thermodynamic structure remain unclear.

It has been widely recognized that the atmosphere’s thermodynamic structure plays an
essential role in the influence of the NAO on weather and climate over the North Atlantic and
even the entire Northern Hemisphere (Hurrell, 1995a; Hurrell et al., 2003; Ogi et al., 2003;
Sung et al., 2006; Zuo et al., 2013), and that the NAO is modulated by eddy feedback
(Hurrell, 1995b; Luo et al., 2007; Nie et al., 2019; Song, 2016; Tan et al., 2014). Therefore,
in this study, we examine the relationship between EH flux and NAO. On the basis of studies
that have focused on interactions between eddy vorticity forcing and NAO (Ren et al., 2009,
2012), we explore the mechanisms through which the winter-mean NAO-related
thermodynamic structure of the atmosphere is modulated by EH feedback. This paper is
organized as follows: data and methodology are introduced in Section 2. Section 3 presents
NAO-related PT anomaly and associated EH forcing. The relationship between the LF NAO
flow and EH flux is examined in Section 4, and the mechanisms of EH feedback on NAO-
related PT anomaly field are examined in Section 5. Asymmetry of EH feedback under
positive and negative NAO is discussed in Section 6. Summary and discussions are given in

Section 7.
2 Data and methodology
2.1 Reanalysis data and NAO index

In this study, we used daily and monthly mean ERA-Interim reanalysis data (Dee et
al., 2011) from January 1979 to December 2017 with a horizontal resolution of 2.5°x2.5°,
These include air temperature, zonal and meridional winds at 12 isobaric levels from 1000 to
100 hPa, and sea level pressure. Zonal and meridional winds were used to derive SF; PT was

calculated from air temperature, and was used to avoid the influence of height on the
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temperature field. Lanczos band-pass filter (Duchon, 1979) with 41 weights was used to
obtain the SE component with 2—8 day periods. All analyses were performed with boreal
winter means—mean value from December to the following February (DJF)—from 1979/80
to 2016/17. Seasonal mean anomalies were calculated by subtracting climatology of all the

winter data from the original variables; the results are referred to as LF variability.

Values of the NAO index, calculated by applying the rotated principal component
analysis (Barnston & Livezey, 1987) to monthly standardized 500-hPa height anomalies,
were obtained from the Climate Prediction Center/National Ocean Atmosphere

Administration (https://www.cpc.ncep.noaa.gov/products/precip/ CWIlink/pna/nao.shtml).

Wintertime index was constructed by averaging the monthly mean index in DJF. We found
12 years with index values exceeding the mean plus 0.60 standard deviation; composites of
these years were used to represent the positive NAO phase. We found 9 years with index
values below the mean minus 0.60 standard deviation; composites of these years were used to

represent the negative NAO phase.

2.2 Statistics related to EH feedback

To quantify SE heat feedback on LF PT anomalies, EH flux (ﬁheat) and its forcing

(—V- ﬁheat) were calculated as follows (Ren et al., 2011):

Freat = g7 = (o, 7o), (1)

L
. rheat _ . 7o — a6
V. Fheat — _y.g _(—at )ed, 2)

where (36%/dt),4 represents PT tendency induced by anomalous EH fluxes; u”

v and 6 denote the 2-8-day filtered zonal wind, meridional wind and PT; ()¢ represents

seasonal mean anomalies; and V - () is the horizontal divergence operator.
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Only the irrotational part of the EH flux—F ¢t = v A=1(V - Fheat) s taken into
consideration because it is the only part that can directly contribute to EH feedback. Here,
A~1() is the horizontal Laplacian inversion operator and V() is the horizontal gradient

operator.

To quantify the efficiency of EH feedback, the eddy-heat-induced growth (EHG) rate

of the LF PT variability was calculated as follows:

A = Ils Ha(aea/at)eddxdy. 3)

[l 6*6%xdy

This refers to the formula proposed by Ren et al. (2011, 2014) to quantify the
efficiency of eddy vorticity feedback. It expresses the ratio between the projection of the
eddy-induced LF tendency onto LF variability and the variance of LF variability. The sign
indicates whether feedback is positive or negative, and the absolute value indicates the
efficiency of the EH feedback. The domain of horizontal integration (S) was specified as the

North Atlantic region (100 °W-30 °E, 30 °N-80 °N).
2.3 Partial correlation analysis

Partial correlation was used to examine the independent relationship between synoptic
EH flux (denoted as X) and LF variability (denoted as Y) after removal of the influence of a

third factor (denoted as Z). The partial correlation coefficient was calculated as follows:

Xy —Txz'vz (4)

Txy|z = - >
f(l—sz)(l—Tyz)

where ryy, 1xz, and 1y, denote the bivariate correlations between XY, XZ and YZ,

respectively.
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2.4 Eddy structure decomposition

We used the eddy structure decomposition method proposed by Ren et al. (2012) to
examine mechanisms of EH feedback on NAO-related PT anomaly. The weighted three-point
covariance method designed by Ren et al. (2009) was used to extract SE structure. Synoptic-
scale PT was projected onto SF to obtain the eddy PT structure coupling with SF structure.
The normalized one-point covariance fields for eddy SF structure and PT structure were

calculated as follows:

o~ v gy 0y (ytots
W, (v 2,3, 65, T) = ) (5.1)
acly (x;v)]

2] w/ (x5.y ,t)G/ (x,y,t+7)ts
0;(x, yj %,y ts, T) = L : (5.2)
aclv (x9))]

where x and y are the spatial coordinates, t represents time, subscript j =0, -1, 1
denotes the primary base point and its upstream and downstream points, z is time lag (unit:
day) with z = 0 representing peak of eddy life cycle, over bar denotes DJF mean for year t,,
and g, stands for climatological standard deviation. We put the primary base point within the
North-Atlantic storm track region near the southern center of action of the NAO where SE
activity and eddy feedback efficiency are much stronger and higher, thus, allowing SE
structure changes induced by NAO variability to be better examined (Ren et al., 2012).
Negative centers in the SF covariance field that are closest to the primary base point were
chosen as upstream and downstream points, and the weighted three-point covariance field

was calculated as follows:
p=20, -1, +7_,)] 8 =2[6 -1 (6, +6.,)] (6)

Where 7 is the eddy SF structure (unit is consistent with that used for SF) and 8 is the

eddy PT structure (unit is same as that used for PT). Both terms can be expressed as the sum
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of a basic or climatological part, indicated by suffix c, and a part representing anomalies of

the eddy structure relative to the basic eddy structure, indicated by suffix a: = y_ +
7,0="0.+0,.

The SE velocity structure can be directly obtained from the eddy SF structure by V =
k x V¢ it can also be expressed as the sum of a basic or climatological part (suffix c) and a
part representing anomalies (suffix a): V = V. + V7. Thus, EH flux structure can be

decomposed as follows:
Vo =106.+V.0,+V,0,+V,0,. 7)
Where V7.6, (BB term) is the product of basic eddy velocity (V.) and basic eddy PT
(8.), V.6, (BA term) is the product of basic eddy velocity and anomalous eddy PT (8,), V.8,

(AB term) is the product of anomalous eddy velocity (¥,) and basic eddy PT, and 7,8, (AA

term) is the product of anomalous eddy velocity and anomalous eddy PT.

The BB term is comparable to the climatological eddy flux (Ren et al., 2012), and the
anomalous EH flux structure can be expressed as: (V8), = V.0, + V0. + V,0,. The AA
term is a small nonlinear term that can be neglected (Ren et al., 2012; Zhou et al., 2017).
Therefore, only the BA term ( V.8,) and AB term (V,8,.) are considered, both of which

contribute to the anomalous EH flux.
3 NAO-related patterns of PT field and EH forcing

It is widely recognized that the NAO can strongly influence temperatures over the
North Atlantic and surrounding regions (Hurrell, 1995a; Hurrell et al., 2003; Loon & Rogers,
1978; Zuo et al., 2016). On the basis of existing studies (Kutzbach, 1970; Li & Wang, 2003;
Rogers & Van Loon, 1982), we defined two indices to reflect features of the dominant

temperature anomaly over the North Atlantic. These include the first principal component of

©2020 American Geophysical Union. All rights reserved.



the seasonal-mean 2-m temperature anomalies over the North Atlantic (25 °N-80 °N, 100
°W-40 °E) derived from Empirical Orthogonal Function (EOF) analysis (EOF1_T), and the
difference between the standardized 2-m temperature anomalies at 35 °N and 65 °N, zonally-
averaged over 80 °W-10 °W (Diff_T) (Figure 1a). Interannual variations of these two indices
are quite consistent with those of the NAO index, and correlations with the NAO index are
high (correlation coefficients of 0.81 for both indices). Thermal and dynamic patterns
associated with these two indices (Figures 1c and 1d) are very similar to those associated
with the NAO (Figure 1b). These results indicate that the NAO-related seesaw pattern in

temperature is an important thermodynamic signature over the North Atlantic.

Because eddy flux modulates LF variability (e.g., Jin et al., 2006a; Lau &
Holopainen, 1984; Lau & Nath, 1991), we used NAO-index regressed PT and EH forcing to
examine how the NAO-related thermodynamic structure of the atmosphere is modulated by
EH flux. Figure 2 shows that in the middle-lower troposphere, negative (positive) PT
anomalies are at high latitudes and positive (negative) anomalies are at mid-latitudes during
the positive (negative) NAO phase. Divergence (convergence) of EH fluxes could lead to a
cooling (warming) tendency over the center of positive (negative) PT anomalies, resulting in
a negative EH feedback that weakens NAO-related PT anomalies. In contrast, in the upper
troposphere, negative (positive) PT anomalies are at mid-latitudes during the positive
(negative) NAO phase; EH fluxes diverge (converge), inducing a cooling (warming)
tendency. At high latitudes, EH fluxes converge (diverge) over the center of positive
(negative) PT anomalies during the positive (negative) NAO phase. These results indicate
that synoptic EH fluxes result in a positive feedback that can maintain NAO-related PT

anomalies.
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Effects of synoptic EH fluxes on NAO-related PT anomalies vary with isobar levels.
Therefore, in the following sections, we examine the mechanisms through which NAO-

related PT anomalies are modulated by EH fluxes.
4 Relationship between LF NAO flow and EH fluxes

Studies indicate that the synoptic EH flux tends to be directed to the left of the
background LF flow (Kug et al., 2010; Ren et al., 2011), and to transport heat down the
ambient anomalous time-mean temperature gradient, weakening the ambient anomalous time-
mean temperature patterns (Lau & Wallace, 1979). Using partial correlation analysis, we
examined the independent relationship between LF NAO flow and synoptic EH flux after
linearly removing the influence of the ambient PT anomaly gradient. Figure 3 shows that
zonal LF flow and meridional EH flux are positively correlated, indicating that westerly
(easterly) anomalies are closely related to anomalous northward (southward) EH fluxes.
Similarly, meridional LF flow and zonal EH flux are negatively correlated, indicating a close
relationship between northerly (southerly) anomalies and anomalous eastward (westward) EH

fluxes.

These results suggest that, EH flux still follows the left-hand rule throughout the
troposphere in spite of disregarding the down-gradient heat transport effect of synoptic
eddies, indicating that synoptic EH fluxes are mostly modulated by ambient LF flow rather
than ambient PT anomaly gradient related to NAO. EH forcing is of the same sign throughout
the troposphere. However, effects of EH flux on NAO-related thermodynamic structure of the
upper troposphere are of the opposite sign to those of the middle-lower troposphere; this
might be a direct result of LF PT anomalies in the upper troposphere being of the opposite

sign to those in the middle-lower troposphere (Figure 2).
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5 Anatomy of EH feedback

We used eddy structure decomposition to examine how LF flow organizes SE activity
and generates the observed EH feedback. All analyses were conducted at the 850-hPa level
because, in the lower troposphere, the NAO-related thermodynamic structure is more regular,
and meridional EH transport in the Atlantic (Lau, 1978) and temperature tendency induced by

transient EH forcing (Lau & Holopainen, 1984) are stronger.

Figure 4 shows that EH fluxes diverge from the anticyclonic flow and converge into
the cyclonic flow. They are directed to the left of the LF flow, and create negative EH
feedback on the NAO-related PT anomaly pattern, which appears to be out of phase with the
corresponding SF pattern in the lower troposphere. Centers of EH forcing tend to be located

upstream of the NAO flow.
5.1 Changes in SE structure under NAO

Studies indicate that the LF flow could change SE structure (Hartmann & Zuercher,
1998; Qin & Robinson, 1992; Ren et al., 2009, 2012; Yu & Hartmann, 1993). Ren et al.
(2009) developed a weighted three-point covariance method to examine SE structure and its
changes under NAO. Following this approach, Figures 5 and 6 show the entire life cycles of
eddy SF and PT structures as well as their changes during positive and negative phases of the

~

NAO. The basic eddy SF structure, ¥ _, features a wave-packet-like pattern with alternate
anticyclonic and cyclonic eddies from upstream to downstream. A SE originates in the
upstream region of the NAO, then elongates meridionally and tilts zonally while propagating
eastward, and finally decays downstream. Compared with the SF structure, the basic eddy PT
structure, 8., also has alternating warm and cool patterns and a similar life process for its
origination, meridional elongation, zonal tilt and decay. However, it is smaller meridionally,

and zonally, it has a phase difference of about one-fourth cycle. Storm tracks in the lower
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troposphere are upstream of storm tracks in the upper troposphere (Chang et al., 2002).
Therefore, SE activity and structures in the downstream region of the NAO are weaker and

more irregular.

Changes in SE structures under NAO modulation are quite small (Ren et al., 2012).
Therefore, to make NAO-modulated SE structure changes more visible, we calculated
differences between NAO-related and basic SE structure patterns, multiplied the differences
by a factor of two, added them to the basic SE structure patterns, and display them in Figures
5, 6, and 7a, b, e and f. Because of the shearing effect of the NAO flow, SE structures
primarily change by (clockwise/counterclockwise) zonal slanting and meridional shifting
(Ren et al., 2012). Concurring with theoretical studies (e.g., Luo et al., 2007), our results
show that differences between the SE structure during the positive and negative phases of the
NAO are slight but distinct (not shown). Following Ren et al. (2012), Figure 7 shows features
of eddy structure changes during the entire life cycle of an eddy using a center composite
scheme. Figures 7a and b show that, under positive NAO, the SF structure (phase line) tilts
clockwise and PT structure shifts northward relative to basic or climatological condition. In
contrast, under negative NAO, both SF and PT structures tilt counterclockwise and shift
southward (Figures 7e and f). Angles between phase lines under negative NAO and
climatological conditions are larger than angles between phase lines under positive NAO and
climatological conditions, indicating a larger zonal tilt in the eddy structure under negative

NAO.
5.2 Decomposition of eddy structures

Studies indicate that the BA and AB terms of anomalous eddy vorticity fluxes are
both involved in generating dynamical eddy feedback (Ren et al., 2012; Zhou et al., 2017),
and can be directly estimated from the basic and anomalous eddy structures. Therefore, we

used the eddy structure decomposition method to examine the mechanisms through which EH
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fluxes are organized by the background NAO flow and give rise to EH forcing on NAO-

related LF PT anomaly pattern.

Figure 7c shows basic eddy SF structure, & _, and anomalous eddy PT structure, 6,
under positive NAO; 8, is positive (negative) at the upper left (right) and lower right (left)
corners of the anticyclonic & _ while 8, is negative (positive) at the upper left (right) and
lower right (left) corners of the cyclonic % . Under positive NAO, 6, has meridional dipoles
that are in quadrature with the anticyclones or cyclones in the i, favoring formation of
meridional EH fluxes. For example, at the upper left (right) corner of the central anticyclone,
positive (negative) 8, and northward (southward) V. can form a northward 7.8, and
similarly, a southward 1.8, is formed at the lower part of this anticyclone. Figure 8a shows
that the BA term (V.8,) of the EH flux has a relatively strong meridional component, and it
diverges from the southern lobe of the NAO flow, creating negative feedback on the NAO-
related LF PT anomalies. Because the zonal tilt of eddy SF structure is relatively small,

anomalous eddy SF structure, &, almost coincides with basic eddy PT structure, 6., under

positive NAO (Figure 7d), resulting in a weak AB term (¥,8,) (Figure 8b).

Under negative NAO, 8, also has meridional dipoles that are in quadrature with the
anticyclones or cyclones in the i _ (Figure 7g). As a result, 1.6, converges into the southern
lobe of the NAO flow, creating negative feedback on the NAO-related LF PT anomalies
(Figure 8¢c). Under negative NAO, i shows a meridional in-phase dipole relative to 0.
(Figure 7h); i, is positive over the upper (lower) parts of warm (cool) 0., and ¥, Is negative
over the lower (upper) parts of warm (cool) 8., favoring formation of zonal EH fluxes. At the

center of the eddy PT structure, positive (negative) 8, and westward (eastward) V, generate
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westward ¥, 8, that converge to the west of the southern lobe of NAO flow, inducing an EH

forcing upstream of the NAO flow (Figure 8d).

Under both NAO phases, EH forcing induced by AB fluxes is much weaker than that
induced by BA fluxes. Therefore, patterns reconstructed from BA fluxes and induced EH
forcing (Figure 8) are quite similar to observed patterns (Figure 4), indicating that BA flux is
the major contributor to EH forcing. Specifically, under negative NAO, the anomalous eddy
SF structure with in-phase dipoles favor formation of zonal AB flux, which further give rise

to EH forcing upstream of the NAO flow.
5.3 Mechanisms of EH feedback on NAO

On the basis of our results, we propose a kinematic mechanism of EH feedback on
NAO (Figure 9). Without loss of generality, we take the LF cyclonic circulation pattern to
represent the southern lobe of the NAO in its negative phase, corresponding to the NAO-
related negative PT anomaly pattern in the lower troposphere. There is a phase difference of
about one-fourth cycle between the eddy PT and SF structures because of the thermodynamic
relationship between meridional wind and temperature on the synoptic scale; this phase

difference applies to both basic and anomalous values.

Figure 9a shows that eddy PT structure shifts southward, and is accompanied with
eddy SF structure because of the barotropic stretching effect and meridional shifting of local
baroclinicity induced by the background NAO flow (Ren et al., 2012). As a result, 8, has

~

meridional dipoles that are in quadrature with the anticyclones or cyclones in the i_. Inthe

northern flank of the NAO flow, 8, > 0 (8, < 0) matching with meridional V. < 0 (. > 0)
can generate southward .8,. Similarly, in the southern flank, 8, < 0 (8, > 0) matching

with-meridional V. < 0 (V. > 0) can generate northward V.8,,. Thus, all the meridional EH
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fluxes converge systematically into the NAO cyclonic circulation, weakening the NAO-

related negative PT anomaly, thus creating a negative feedback.

The barotropic shearing effect of the background zonal NAO flow can induce zonal

slants in the eddy SF structure. Thus, i, has meridional dipoles that are in phase with the

warm or cool centers in the 8, (Figure 9b). In the middle latitudes of the NAO circulation,
zonal V, > 0 (V, < 0) matching with 8, < 0 (8, > 0) can generate westward 7,8,

converging upstream of the NAO flow.

Our results indicate that the BA flux is much larger than the AB flux. Therefore,
meridional shifting of the eddy PT structure is primarily responsible for generating EH

feedback on NAO.
6 Phase asymmetry of EH feedback on NAO

To further examine EH feedback efficiency, we calculated EHG rate at each isobar
level (Figure 10a). Rates of EHG are mainly negative in the middle-lower troposphere but are
slightly positive in the upper troposphere, corresponding to the negative and positive EH
feedbacks, and is consistent with the results in Section 3. There is a clear asymmetry in EH
feedback efficiency; EHG rate in the middle-lower troposphere is negative and has a larger
absolute value under positive NAO than under negative NAO; EHG rate in the upper
troposphere is positive and is larger under negative NAO than under positive NAO. To
understand this phenomenon, we vertically integrated the denominator and numerator of the
EHG rate formula (Egn. 3) over the middle-lower troposphere. Figure 10b shows that, with
the exception of one year with a strongly negative NAO, absolute values of numerators in the
years of positive NAO are much larger than those in years of negative NAO; values of
denominators are similar under the two phases. This indicates that, compared with the

negative NAO phase, the projection of EH forcing onto NAO-related PT anomalies under
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positive NAO has a much larger absolute value. Under negative NAO, EHG rate is negative
with-a smaller absolute value, indicating lower EH feedback efficiency and higher persistence
of PT anomalies. This may provide new thermodynamic evidence to explain the relative
higher persistence of negative NAO (Barnes & Hartmann, 2010; Luo et al., 2018; Woollings
et al., 2010) assuming that NAO-related LF flow is intrinsically coupled with the LF PT
anomaly. However, differences in the background states (e.g., nonlinearity and energy
dispersion) under the two phases of NAO are key factors in NAO asymmetry (Luo et al.,
2018), the negatively smaller EHG rate of negative NAO also might be a result of NAO

generation. Further in-depth examination are needed in future studies.
7 Summary and discussions

The seesaw pattern of temperature anomalies between the Arctic and subtropical
Atlantic is an important indicator of the thermodynamic structure of the NAO. Many studies
have shown that SEs could provide feedback on LF variability. This paper focuses on the key
role of EH flux and its induced forcing in modulating the NAO-related PT structure, and

examines the features and mechanisms of EH feedback.

EH fluxes and their induced forcing are of the same sign throughout the troposphere
and are mainly organized by the barotropic NAO flow. However, EH feedback on NAO-
related PT anomalies is clearly negative in the middle-lower troposphere and positive in the
upper troposphere. This might be a direct result of LF PT anomalies in the upper troposphere

being of the opposite sign to those in the middle-lower troposphere.

We used the eddy structure decomposition method to examine the mechanisms of EH
feedback on NAO-related PT anomaly. Eddy PT structure is out of phase with eddy SF
structure and is shifted meridionally under NAO. The anomalous eddy PT structure has

meridional dipoles that are in quadrature with the basic eddy SF structure, forming
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meridional BA EH fluxes, which become the major contributor to anomalous EH fluxes and
associated EH forcing that are directed to the left of the LF NAO flow. Under negative NAO,
the shearing effect of the background zonal NAO flow can induce zonal slants in the eddy SF
structure. This creates further changes, and the anomalous eddy SF structure has meridional
dipoles that are in phase with the basic eddy PT structure, generating westward zonal AB EH

fluxes, which converge and induce further EH forcing upstream of the NAO flow.

Our results show asymmetry in EH feedback under the two NAO phases. Rate of
EHG in the middle-lower troposphere is negative and has a larger absolute value under
positive NAO than under negative NAO, and is related to the higher persistence of negative
NAO. Causes of this asymmetry remain unclear. Future studies should apply the diagnostic
framework of the transformed eddy potential vorticity flux (Ren et al., 2011) to take into
account the EH-flux-induced dynamic feedback on the two phases of NAO. Besides,

considering persistence of NAO on intra-seasonal timescale might be more preferable.

Key climate modes, such as PNA, Arctic Oscillation and Antarctic Oscillation that
strongly influence regional and even global weather and climate usually have distinct spatial
characteristics and SE feedback processes. The role of EH feedback in modulating LF

thermodynamic structures in these climate modes needs to be further explored.
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Figure 1. (a) Variation of different indices: standardized NAO index (NAO _I) (black), first
principal component of seasonal-mean 2-m temperature anomalies over the North Atlantic
(EOF1_T) (blue), and difference between standardized 2-m temperature anomalies at 35 °N
and 65 °N, zonally-averaged over 80 °"W-10 °W (Diff_T) (red). (b) NAO_I-regressed DJF
sea level pressure anomalies (contours, unit: 100 Pa) and 2-m temperature anomalies
(shading, unit: 0.3 K). Gray slashes (backslashes) indicate that regressed sea level pressure
(2-m temperature) anomalies are significant at the 90% confidence level according to two-
tailed Student’s t tests. (c) same as (b), but for EOF1_T-regressed. (d) same as (b), but for
Diff_T-regressed.
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Figure 2. Zonally-averaged vertical-latitude cross sections for NAO-regressed DJF PT
anomalies (contours, unit: 0.5 K) and convergences of EH fluxes (shading, unit:
1x107% K s~1) averaged over the region of 90 °W-0 °.
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(b) 200hPa Partial COR(V,Fx)

Figure 3. Left panels: partial correlations between DJF zonal LF NAO flow and meridional
EH flux after linearly removing the influence of meridional PT anomaly gradient. Right
panels: partial correlations between DJF meridional LF NAO flow and zonal EH flux after
linearly removing the influence of zonal PT anomaly gradient. At (a—b) 200-hPa level, and
(c—d) 850-hPa level. The LF flow, EH flux and PT anomaly gradient have been multiplied by
the NAO index to extract the components associated with NAO. Dots indicate that partial
correlations are significant at the 90% confidence level according to two-tailed Student’s t
tests.
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Figure 4. Composite patterns at 850-hPa level. Left panels: positive NAO phase. Right
panels: negative NAO phase. Upper panels: anomalous SF (contours, unit: 1x10° m? s~1),
convergence of EH fluxes (shading, unit: 1x107¢ K s~1), and irrotational component of EH

fluxes (vectors, unit: km s~1). Gray slashes indicate that composited anomalous SF is

significant at the 90% confidence level according to Student’s t tests. Lower panels:
anomalous PT (contours, unit: 0.5 K) and convergence of EH fluxes (shading, unit:
1x107° K's™1). Gray slashes (backslashes) indicate that anomalous composite PT
(convergence of EH fluxes) are significant at the 90% confidence level according to two-
tailed Student’s t tests.
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Figure 5. Composite patterns at 850-hPa level. Left panels: Eddy SF structure. Right panels:
Eddy PT structure. Black contours indicate basic or climatological condition and shading
indicates positive NAO condition. Gray contours denote NAO patterns, as in Figure 4a.
Anticyclonic (cyclonic) eddy SF structure patterns are indicated by solid contours and red
shading (dashed contours and deep blue shading) at intervals of 0.5x10% m? s~1. Thick
curves are phase lines marking zonal extreme of eddy SF structure under basic (yellow) and
positive NAO (green) conditions. Positive (negative) eddy PT structure patterns are denoted
by solid contours and orange shading (dashed contours and light blue shading) at intervals of
0.5 K. Crosses denote locations of selected base points at 45 °N, 335 °E; 45 °N, 307.5 °E and
57.5 °N, 5 °E. Top panels show results calculated with lag of —2 days; each panel below
shows results calculated with lag of 1 more day; bottom panels show lag of +2 days.
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Figure 6. Same as Figure 5, but under negative NAO. Gray contours indicate NAO patterns,
as in Figure 4b.
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Figure 7. Center composite patterns at 850-hPa level. (a) Eddy SF structure and (b) eddy PT
structure generated from the maps with lags of —2 to +2 days (Figures 5 a—j) using centers of
the central anticyclone and warm eddy at lag of O day (Figures 5e and f) under positive NAO

and climatological conditions as basic reference points. Black and gray contours, shading and

thick curves have the same representations as in Figure 5. (c) Basic eddy SF structure, i,
(black contours, unit: 0.5x10° m? s~1) and anomalous eddy PT structure, 8, (shading, unit:
0.05 K) under positive NAO. (d) Basic eddy PT structure, 8, (black contours, unit: 0.05 K)
and anomalous eddy SF structure, 3 (shading, unit: 0.5x10° m*s~") under positive NAO.
(e—h) same as (a—d), but under negative NAO.
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Figure 8. BA and AB terms of the EH flux at 850-hPa level. Left panels: BA term, V.4,,
product of basic eddy velocity and anomalous eddy PT. Right panels: AB term, ¥/,8,, product
of anomalous eddy velocity and basic eddy PT. V7.8, and V/,8. are obtained by averaging
across the values computed from lags of —2 to +2 days (vectors, unit: K m s~1). Shading
represents associated EH forcing (unit: 1x107% K s~1). Gray contours have the same
representations as in Figure 5. Upper panels: positive NAO phase. Lower panels: negative
NAO phase.
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(b)

Figure 9. Schematic diagrams of mechanisms of synoptic EH feedback on NAO. Thick gray
solid ellipses with counterclockwise arrows represent cyclonic LF flow over the southern
lobe of the negative NAO phase. Thin light blue dashed ellipses stand for the corresponding
negative PT anomalies in the lower troposphere. Black solid arrows denote the EH fluxes that
are larger in the center than two flanks of NAO. (a) Solid thin lines indicate eddy SF structure
with cyclonic (deep blue) and anticyclonic (deep red) circulations and eddy PT structure with
warm-(orange) and cool (deep green) centers. Dashed lines stand for changed eddy PT
structure. Shaded ovals denote anomalous PT structures, 8,, with warm (yellow) and cool
(green) centers. (b) Solid thin lines indicate eddy SF structure with cyclonic (deep blue) and
anticyclonic (deep red) circulations and anomalous SF structures, i, , with cyclonic (blue)
and anticyclonic (red) circulations. Dashed lines stand for changed eddy SF structure. Shaded
ovals denote eddy PT structure with warm (yellow) and cool (green) centers.
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Figure 10. (a) Vertical profiles of EHG rate (unit: d~1) for EH feedback under positive (red)
and negative (blue) NAO over the NAO domain. (b) Denominators (x-axes) and numerators
(y-axes) of the EHG rate formula (Eqn. 3) vertically integrated over the isobar levels of 850
to 300 hPa for the years with positive (red) and negative (blue) NAO (hollow circles). Shaded
circles indicate mean values.
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