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The North Atlantic Tripole sea surface temperature anomaly (NAT SSTA) is critical for predicting
climate in Eurasia. Predictions for summer climate anomalies currently assume the NAT SSTA phase
persists from boreal winter through summer. When NAT phase switches, predictions become
unreliable. However, the NAT phase sustained/reversal mechanism from boreal winter to spring
remains unclear. This study demonstrates that the evolution of the NAT phase could be driven by the
North Atlantic Oscillation (NAO). When NAO phase persists (switches) during preceding boreal winter,
the NAO-driven wind anomalies favor maintenance (transition) of NAT phase by causing sea surface
heat flux anomalies. Meanwhile, NAT SSTA causes eddy-mean flow interaction by increasing
atmospheric baroclinity, thereby generating positive feedback on the former NAO phase. The NAO
phase change is leading 1-3 months for the NAT phase. These findings deepen our understanding of
the interaction between NAO and NAT and provide implications for seasonal prediction in Eurasia.

The North Atlantic is located upstream of Eurasia, whose sea surface
temperature anomaly (SSTA)"” is often closely linked to climatic anomalies
in Eurasia and thus provides valuable information for climate prediction in
this region. On the interdecadal scale, North Atlantic SST exhibited pro-
minent multidecadal fluctuations with alternating warm and cool phases'.
On the interannual and seasonal scales, it is a tripole pattern. The positive
phase of the North Atlantic Tripole sea surface temperature anomaly (NAT
SSTA) presents a spatial distribution of “cold-warm-cold” from south to
north, while the negative phase is opposite’. Several studies have demon-
strated the pronounced impacts of the NAT SSTA on the weather and
climate of Eurasia*”. In boreal winter, NAT SSTA drives the atmosphere
through surface heat flux, which not only impacts temperatures and pre-
cipitation in Eurasia but also has a profound effect on planet-scale atmo-
spheric teleconnection®. In spring and summer, NAT SSTA influences the
weather and climate of Eurasia mainly through three potential ways"*.
Currently, the most researched potential way is for NAT SSTA to stimulate a
Rossby wave train propagating along the westerly jet, which propagates
eastward and results in climate anomaly in Eurasia™*’. The second way is
that the SSTA stimulates Kelvin waves to transport the signal from the
tropical Atlantic to the Indian and impacts atmospheric circulation and SST
in the Indian Ocean, resulting in temperature and precipitation anomalies in
Eurasia™"’. The third way is that the North Atlantic SSTA influences the

Walker circulation and tropical East Pacific SST, leading to the Eurasia
summer atmospheric circulation anomalies®"".

The NAT SSTA is a key factor in influencing climatic anomalies in
Eurasia. It is the persistence and slow variation of SST that the North
Atlantic SSTA is of great indicative significance for predicting precipitation
and temperature in Eurasia. While the NAT SSTA phase is always assumed
to be maintained from boreal winter to summer currently when predicting
summer climate anomalies in the preceding winter™, our analysis finds
(Fig. S1) that the phase of NAT SSTA is prone to switch in boreal winter
(reach 53%), with the highest frequency of switch occurring in December.
The two opposite phases of the NAT SSTA are accompanied by distinct
storm tracks over the North Atlantic and different weather and climate
anomaly patterns in Eurasia®'*™"*. The prediction would be invalid in the
NAT SSTA phase switching years under the assumption of NAT SSTA
phase persisting. Thus, it is important to reveal the physical mechanism of
the persistence/switch of the NAT SSTA phases.

The North Atlantic Oscillation (NAO) is the dominant mode of
interannual variability in atmospheric circulation over the North Atlantic"”.
It reflects the sea level pressure (SLP) difference between the Subtropical
(Azores) and the Subpolar. On the interannual and seasonal scale, the
formation and maintenance of NAT SSTA are largely influenced by NAO'°.
Previous studies have shown that NAO anomalies primarily drive SSTA
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changes through two pathways”~*'. On the one hand, the NAO-related
wind anomalies may lead to the formation and maintenance of NAT SSTA
through surface heat fluxes over the North Atlantic'”'”. On the other hand,
in midlatitudes, NAO-related atmospheric circulation anomalies can induce
SSTA by meridional current, and Ekman pumping'®*****. In turn, the
North Atlantic SSTA may feedback on the atmospheric circulation®’***.
The NAT SSTA may drive anomalous storm tracks and modulate the eddy
activity through anomalous meridional SST gradient and surface tem-
perature gradients. The anomalous eddy activity then modifies the low-
frequency mean flow through the convergence of the eddy momentum
flux’®. The synoptic-scale eddy activities may impact the atmosphere
through two potential ways in midlatitudes: eddy vorticity (EV) flux forcing
and eddy heat (EH) flux forcing*'*”""*’. The varying contributions of the
above mechanisms may lead to different types of atmospheric circulation
responses™”, resulting in a more complex feedback of the SSTA on mid-
latitudes atmospheric circulation.

Previous researches have indicated inconsistent results regarding
feedback of NAT SSTA on the NAO***'***. Some investigations suggest
that mid-latitude SSTAs tend to exert positive feedback on the atmo-
sphere, lengthening the former atmospheric circulation anomalies™***.
On the other hand, certain observational studies indicate that the SSTA
feedback may not maintain the previous atmospheric circulation forcing,
but instead tends to leading a nearly reversed pattern®>>”. While the
North Atlantic air-sea coupling processes have been extensively studied in
previous research®*'****’, the mechanisms of NAT SSTA phases main-
tenance or transformation from boreal winter to spring remain unclear,
and how the NAT SSTA feedback on NAO remains an open question.
Therefore, we utilized various diagnostic analysis methods to reveal the
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Fig. 1 | Analysis of NATI variations and correlations with NAOI. a Normalized
NATIin DJF (left bar) and MAM (right bar). Red and green colors denote years with
NAT persisting and transition from DJF to MAM. The horizontal dashed lines

denote the 0.4 standard deviation. b The 9 months lead-lag correlation analysis on

physical mechanism of NAT SSTA phase persistence or transition from
boreal winter to spring and clarify the relationship between NAO and
NAT SSTA. Our findings offer insights into the factors influencing NAT
SSTA phase changes, providing a scientific foundation for enhancing
seasonal climate prediction and improving disaster prevention and
mitigation in Eurasia.

Results

The NAT pattern in boreal winter and spring

EOF analysis is performed to obtain the dominant modes of interannual
variability in the boreal winter (December, January, and February, DJF) and
spring (March, April, May, MAM) North Atlantic SST from 1979 to 2018
(Fig. S2). The spatial structures of the main mode of EOF in DJF and MAM
show the “negative-positive-negative” meridional pattern, and both passed
the test of North et al.” We defined the normalized time series as the NAT
index (NATT).

We determine a positive and negative NAT based on the normalized
3-month mean NATIL. The 0.4 standard deviation is used as the criterion to
obtain positive and negative NAT years. Two types of NAT evolutions from
DJF to MAM have been identified in the analysis of the NATI (Fig. la). In
the first type, the NATI displays a switch sign from DJF to MAM (denoted
by “PN” and “NP”). The NATI maintains its sign from DJF to MAM in the
second type (denoted by “PP” and “NN”). The two NAT SSTA phase
evolution types are denoted as transition and persisting, respectively. They
are highlighted in green and red colors, respectively, in Fig. 1a. From 1979 to
2018, there are eleven positive (negative) NAT persisting years and five
positive-negative (negative-positive) NAT transition years from DJF
to MAM.
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NAT persisting years are represented by (c1), while the NAT transition years are
represented by (c2).
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In addition, we conducted the lead-lag correlation analysis on NATI
and NAOJ finding that when NAO is leading 1-3 months, the correlation
between NATI and NAOI is high (reaching 0.48), followed by the same
period, and both passed the 90% significance test (Fig. 1b). The transition
and persisting evolution of NATI and NAOI are provided in Fig. 1cl, c2,
suggesting that when the NAT SSTA phase changes, the NAO phase shifts
leading 1-3 months earlier; When the NAT SSTA phase persists, the NAO
phase also persists. The findings are consistent with the correlation analysis
(Fig. 1b). The next section will discuss the specific process and mechanism of
the interaction between NAO and NAT.

Atmospheric forcing on SSTAs

We construct composite anomalies of positive minus negative NAT per-
sisting years (PP minus NN) and the positive-negative minus negative-
positive NAT transition years (PN minus NP), respectively. Considering
that the correlation between NAOI and NATI reaches the highest when
NAOI leading 1-3 months (Fig. 1), the analysis of atmospheric circulation
(including wind, geopotential height, and sea surface pressure) is leading
1 month in this section. The descriptions in the following refer to the
anomalies in the positive NAT SSTA persisting cases and the positive-
negative NAT SSTA transition cases.

The NAT phase persisting and transition years display different spa-
tiotemporal evolution of atmospheric circulation and sea surface heat flux
anomalies over the North Atlantic. In the NAT phase persisting cases, a
tripole pattern of SSTA is maintained from DJF to MAM. This is accom-
panied by negative SLP anomalies in the high-latitude region and positive
SLP anomalies in the mid-latitude region. These anomalies persist from DJF
to MAM, displaying a typical positive NAO phase pattern (Fig. 2al-a4).
Correspondingly, the low- and high-level tropospheric geopotential height
exhibit negative and positive anomalies in high-latitude and mid-latitude
regions, respectively (Fig. 2b1-b4). The westerly wind anomaly increases
around 50°N and decreases around 30°N, indicating that the westerly jet
core shifts northward and the downstream jet strengthens (Fig. 2c1). In
following January to March, the positive NAO pattern is maintained (Fig.
2a2-a4). The low- and high-level tropospheric geopotential height anom-
alous amplitudes decrease and move northwestward (Fig. 2b2-b4). This is
accompanied by westerly wind anomaly persisting increases around 50°N
and decreases around 30°N (Fig. 2c2-c4).

The spatiotemporal relationship between wind and SSTA indicates the
role of the wind in the SST changes. In particular, wind-related latent heat
flux (LHF) and sensible heat flux (SHF) have an important contribution to
the SST changes. In the NAT phase persisting cases, anomalous westerlies
are in the same direction as climatological mean winds over the high-
latitude region and the subtropics (Fig. 2c1-c4). This enhances surface wind
speed (WPD) (Fig. 3al-a4), upward LHF (Fig. 3b1-b4), and upward SHF
(Fig. 3c1-c4). The enhanced LHF and SHF contribute to the formation and
maintenance of negative SSTA in the mid-latitude and subtropical regions.
Along 25°N-40°N, anomalous winds are against climatological mean
winds. As such, surface WPD is reduced (Fig. 3al-a4), suppressing upward
LHF (Fig. 3b1-b4) and SHF (Fig. 3c1-c4). These contribute to the formation
and maintenance of positive SSTA. In following January to March, WPD,
LHF, and SHF anomalies pattern essentially persists. This causes the cor-
responding upward heat flux to continue decreasing at mid-latitudes, while
increasing at high-latitude and subtropical regions, resulting in a positive
NAT SSTA phase persisting. Along with surface heat flux, the atmospheric
anticyclonic (cyclonic) surface wind stress curl drives northward (south-
ward) oceanic horizontal current in its south flank. Ekman advection is
anomalously northward and southward in the south and north of 42°N
from DJF to MAM, respectively. They transport warm and cold seawater
from lower and higher latitudes to the south and north of 42°N, respectively,
resulting in warm and cold SSTAs (Figs. S3b1-S1b4 in Supporting Infor-
mation S1).

In the NAT phase transition cases, a positive NAT SSTA phase is
observed in DJF, but it shifts to a “positive-negative-positive” pattern in
MAM (Fig. 4al-a4). This is accompanied NAO phase shifting from positive

to negative as well (Fig. 4al-a4). Correspondingly, the low- and high-level
tropospheric geopotential height exhibit negative-positive anomalies in
high-latitude and mid-latitude regions in NDJ, respectively (Fig. 4bl).
However, it shifts to a positive-negative pattern in DJF (Fig. 4b2). The
westerly wind anomaly also has the transition (Fig. 4c1-c4). Besides, from
January to March, the negative NAO pattern is maintained (Fig. 4a2-a4).
The low- and high-level tropospheric geopotential height anomalous
amplitudes increase (Fig. 4b2-b4). This is accompanied by westerly wind
anomaly persisting decreases around 40°N and increases around 20°N
(Fig. 4c2—c4). Figure 5 shows the surface WPD and heat flux anomalies
corresponding to NAT phase transition cases. Surface WPD anomalies shift
from a positive-negative-positive pattern to a negative-positive-negative
pattern in November-March (Fig. 5al-a4), which leads upward LHF and
SHF anomalies shifting from a negative-positive-negative pattern to a
positive-negative-positive pattern. This leads to the transition of the NAT
SSTA pattern from DJF to MAM (Fig. 4al-a4). Corresponding to the nearly
reversed circulation anomaly, the Ekman flow anomalies turn southward
(northward) in the south (north) of 38°N from DJF to MAM, cooling
(warming) the SST in the south (north) of 38°N, respectively (Figs. S4b1-b4
in Supporting Information S1). The NAO pattern atmospheric circulation
modulates sea surface heat flux and sea surface flow, resulting in the NAT
SSTA phase maintaining/transitioning during DJF to MAM.

Oceanic Feedback on Atmospheric Circulation

The above analysis illustrates the role of wind anomalies induced by the
NAO in the North Atlantic SST changes through modulating surface heat
fluxes and ocean advection processes. The various wind anomalies are
associated with distinct SSTA patterns. In turn, the different SSTA patterns
may contribute to the distinct evolution of the atmospheric circulation
anomalies. Here, we examine the feedback of the SSTA on the atmosphere
by analyzing the Eady growth rate (EGR), extended EP flux (E-P flux), and
geopotential tendency anomalies (see details in “Methods”) in the NAT
phase persisting and transition years.

Positive EGR anomalies are observed over the mid-latitude North
Atlantic in the NAT SSTA phase persisting cases (Fig. 6al—a4), while the
EGR anomalies are almost opposite in NAT SSTA phase transition cases
(Fig. 6¢1-c4). The E-P flux anomalies also differ between the NAT SSTA
phase persisting and transition years. In the NAT phase persisting years,
divergent anomalous E-P fluxes are observed around 50°N in the North
Atlantic region (Fig. 6b1-b4), suggesting the increased westerly wind
anomaly (Wu etal."). In the NAT SSTA phase transition years, convergent
anomalous E-P fluxes are observed around 40°N and divergent anomalous
E-P fluxes are seen around 25°N in the North Atlantic region (Fig. 6d1-d4),
suggesting the increased westerly wind anomaly around 25°N and decreased
westerly wind anomaly around 30°N. The above results signify the feedback
of the synoptic-scale eddy activities on the low-frequency mean flow.
Anomalous synoptic-scale activities and EP flux indicate that the NAT
SSTAs generate positive feedback on the NAO-type wind anomaly pattern
in the NAT SSTA phase persisting/transition cases.

Figure 7 shows the EV flux-induced and eddy heat forcing (EH) flux-
induced geopotential height anomalies over the North Atlantic. EH forcing
results in an atmospheric baroclinic response in the vertical direction
(Fig. 7b1-b4), while EV forcing leads to an equivalent barotropic response
(Fig. 7al-a4). In the NAT SSTA phase persisting cases, the EV flux generates
positive feedback to the positive NAO phase throughout the troposphere,
which is notably stronger in the upper troposphere compared to the
middle-lower troposphere (Fig. 7al-a4). The EH flux generates positive
(negative) geopotential height forcing in the upper troposphere and negative
(positive) forcing in the lower troposphere over the 35°N-45°N
(45°N-60°N) North Atlantic region. Therefore, the EH flux-induced forcing
negatively feeds back to positive NAO phase flow in the upper troposphere
and positively feeds back to positive NAO phase flow in the lower tropo-
sphere (Fig. 7b1-b4). However, the forcing is smaller in magnitude than the
EV flux-induced forcing. In the NAT SSTA phase transition cases, the eddy-
induced geopotential height anomalies are almost opposite (Fig. 8). As a
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Fig. 2 | Month-by-month evolutions of SSTA and Atmospheric circulation
anomalies in persistent years. SSTA (colors in al-a4, units: K) from DJF to MAM,
and SLP (contours in al-a4, units: hPa), 850 hPa (colors in b1-b4, units: gpm) and
300 hPa geopotential height (contours in b1-b4, units: gpm), 300 hPa zonal wind
(colors in c1-c4, units: m s~ ') anomalies from NDJ to FMA in persisting years. The
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contours in (c1-c4) denote the corresponding climatological zonal wind. The cor-
responding abbreviated month name is labeled in the top-right corner of each panel.
The black slashes indicate the colored regions exceeding 90% confidence level with
the Student’s ¢-test.

result, in the NAT SST phase persisting/transition cases, NAT SSTAs
actively feedback upon the positive/negative NAO phase atmospheric cir-
culation through eddy forcing.

Discussion

The present study identifies two distinct evolutions of the NAT SSTA
phase from DJF to MAM: the NAT SSTA phase persisting and switching.
The physical mechanism of NAT SSTA phases persistence or transition
from boreal winter to spring is revealed and the relationship between
NAO and NAT SSTA is examined. The results indicate that the North

Atlantic air-sea coupling is critical for the maintenance/transition of the
NAT SSTA phase from DJF to MAM. The NAO-related wind anomalies
generate the evolutions of the NAT SSTA phase mainly through wind-
related surface heat flux. In turn, the NAT SSTA provides positive feed-
back for the maintenance of the former NAO pattern through the eddy-
mean flow interaction. To better understand the mechanisms, we establish
a schematic diagram summarizing the role of air-sea coupling in the
evolution of the NAT SSTA phase from DJF to MAM in Fig. 9. In the NAT
SSTA phase persisting cases, the positive-phase NAO is maintained,
resulting in increased westerly around 50°N and a spatial distribution of
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abbreviated month name is labeled in the top-right corner of each panel. The black
slashes indicate the colored regions exceeding 90% confidence level with the Stu-
dent’s t-test.

positive-negative-positive “ for surface WPD. This leads to a spatial dis-
tribution of “negative-positive-negative” for surface heat flux anomalies
and maintains the positive-phase NAT SSTA from DJF to MAM
(Fig. 9al). The sustained SSTA induces atmospheric baroclinic instability

near 50°N, which in turn generates positive feedback on the positive-phase
NAO circulation by forcing cyclonic vorticity to the north and antic-
yclonic vorticity to the south (Fig. 9a2). In contrast, in NAT SSTA phase
transition cases, there is a shift from positive to negative of the NAO phase
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Fig. 4 | Month-by-month evolutions of SSTA and Atmospheric circulation
anomalies in transition years. SST (colors in al-a4, units: K) anomalies from DJF
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gpm) and 300 hPa geopotential height (contours in b1-b4, units: gpm), 300 hPa
zonal wind (colors in c1-c4, units: m s~') anomalies from NDJ to FMA in transition

16 24 32 40 48 56 14-12-10 8 -6 -4 2 0 2 4 6 8 10 12 14

years. The contours in (c1-c4) denote the corresponding climatological zonal wind.
The corresponding abbreviated month name is labeled in the top-right corner of
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from NDJ to DJF. This transition is associated with reversed WPD and
heat flux anomalies that drive the change in the NAT SSTA phase
(Fig. 9b1). The transitional SSTA also generates positive feedback on the
negative-phase NAO through transient eddy activities (Fig. 9 b2). Our
analysis suggests that the change of the NAO phase is leading 1-3 months
for the NAT SSTA phase. When the phase of NAO persists (switches)
during NDJ-DJF, the NAO-driven atmospheric circulation favors the
maintenance (transition) of the NAT SSTA phase from winter through
spring (Table 1). Weather and climate anomaly patterns over Eurasia are

highly dependent upon the phase of the NAT SSTA***. The change in the
NAT SSTA phase signifies that the NAT-related weather and climate
anomalies may not be steady from boreal winter to spring. However, due
to the slow changes in SST, the previous predictions of summer pre-
cipitation have assumed that the NAT SSTA phase persists from DJF to
MAM. This assumption may lead to inaccurate predictions when the
NAT SSTA phase changes. Our research offers a new criterion for pre-
dicting summer climate in Eurasia, which is important for NAT-related
climate predictability.
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from NDJ to FMA in transition years. The corresponding abbreviated month name
is labeled in the top-right corner of each panel. The black slashes indicate the colored
regions exceeding 90% confidence level with the Student’s t-test.

This study primarily examines the mechanisms behind the persistence
and transition of the NAT SSTA phase, focusing on the interaction between
the NAO and NAT. However, the factors influencing the NAT SSTA phase
are complex and varied. On the interdecadal scale, the Atlantic Multi-
decadal Oscillation (AMO) plays a significant role in regulating interdecadal

global climate variations* . The interannual relationship between NAO
and NAT is significantly influenced by the AMO phase, with a stronger
association between them during the periods of the 1950s-1960s and after
the mid-1990s but weaker during the 1970s-1980s******. As the influence of
the NAO on NAT SSTA may depend on the intensity of NAO and the phase
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of AMO, an interesting question is how changes in the relationship between
the NAO and NAT SSTA on an interdecadal timescale. The role played by
AMO in this connection needs to be further explored through diagnostic

analysis and numerical model simulation in the future.

On the other hand, as the dominant climate mode on the interannual
time scale, ENSO is suggested to significantly impact the NAT SSTA, NAO
and extratropical jet streams through the poleward and eastward propa-
gation of Rossby wave and interaction with the extratropical winter
stratosphere’*™. Previous studies have shown discrepancies regarding the
role of ENSO in NAO variability. Some researches indicated that ENSO may
induce a reversal of the NAO phase from early winter to late winter
While others studies reveal that the NAO may maintain its phase across
winter during both ENSO and normal years'. Besides, the ENSO has a
delayed effect on NAO/AO, and this behavior is a result of migrating
atmospheric angular momentum anomalies™. In this study, the primary
effect of ENSO has been linearly removed. Whether ENSO plays a role in the

evolution of the NAT SSTA phase and what role it plays? This needs to be
further studied.

Moreover, the atmosphere (including wind and heat flux) tends to
drive the North Atlantic SST variations on the interannual timescales. On
the decadal timescales, oceanic processes (including the combined effect of
ocean circulation and vertical mixing) tend to drive the SSTAs that in turn
influence the air-sea heat exchange™. Our study primarily discussed the
influence of turbulent heat fluxes on driving the NAT SSTA, while active
ocean processes were not fully considered. The influence of ocean processes
on the NAT SSTA phase evolution is also a key area for our future research.
50-53
Methods
Data
Monthly SST data on a horizontal resolution of 2° x 2° are derived from the
National Oceanic and Atmospheric Administration (NOAA) Extended
Reconstructed SST version 5 (ERSSTv5) dataset™. Atmospheric circulation
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Fig. 9 | Schematic diagrams describing mechan-
isms of the NAT SSTA phase changes from DJF
to MAM. al, a2 are the processes of atmospheric
forcing on SSTAs and oceanic Feedback on atmo-
spheric circulation in the NAT SSTA phase per-
sisting case. bl, b2 are same as (al, a2), but for NAT
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fields including the winds, vertical velocity, sea level pressure (SLP), and so
on are obtained from the National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR) Reanalysis on a
2.5° x 2.5° horizontal resolution”. We also used the Objectively Analyzed
air-sea Fluxes (OAFlux) dataset™ to analyze the surface heat flux over the
North Atlantic.

Statistical tools and significance

EOF and composite methods are employed in this study. To focus on the
interannual variability, the interdecadal component (the 9-yr running
mean) is removed before all the calculations. Additionally, the ENSO sig-
nificantly impacts the interannual variations of the mid-high-latitude
atmospheric circulation. The correlation coefficient between monthly NATI
and NINO3.4 index reached —0.16 (over 99% significance test). Therefore,
we linearly removed ENSO signals from the SST and circulation fields by
subtracting the regressions on the standardized Nifio 3.4 index™. A two-
tailed Student’s t-test is used for determining statistical significance.

The simplified 3-D quasi-geostrophic potential vorticity equation
To examine the contributions of transient synoptic eddy forcing to the low-
frequency flow, we adopt the approach outlined by Lau and Holopainen®.
The simplified 3-D quasi-geostrophic potential vorticity equation could be
written as follows:

l 2 i ii @ _ VORT HEAT
LV +fap(a—lap)}<at>"3 FOTAR )

DVORT _ _y/ . V;C’ 2)

3 (v.Veg
DHEAT — ¢~ [ h” (3)
f3P< S >

where f denotes the Coriolis parameter, ¢ is the geopotential, o, is the
atmospheric static stability parameter (6, = —a - 9 In 6/9p), a is the spe-
cific volume, T is the temperature, A denotes the anomaly, and overbar
denotes the monthly mean. The term R, in Eq. (1) represents all remaining
components in the quasi-geostrophic potential vorticity balance. DVOXT and
DEAT represent the eddy-induced vorticity (EV) and heat forcing (EH). Sis

Table 1| The criteria for NAT SSTA phase persistence and
transition from DJF to MAM

Evolutions Criteria Results
NAO (NDJ) NAO (DJF) NAT (DJF) NAT (MAM)

Persistence Positive (+) Positive (+) Positive (+) Positive (+)
Negative (—) Negative (—) Negative (—) Negative (—)

Transition Positive (+) Negative (—) Positive (+) Negative (—)
Negative (-) Positive (+) Negative (—) Positive (+)

the hemispheric mean of the quantity -96/0dp. \7;, ¢ and 6’ represent the
2-8-day filtered horizontal wind vector, relative vorticity, and potential
temperature.

To individually examine the 3D geopotential tendency induced by EV
and EH, this equation can be solved by inserting the forcing terms DV and
D"*AT geparately. Given the forcing terms, the tendency of geopotential
height anomalies can be numerically solved with the successive over-
relaxation (SOR) method. The settings of boundary conditions are impor-
tant and may disturb the solution as the SOR method is applied”'.

Eady growth rate
The atmospheric baroclinicity is represented by Eady growth rate (ogy),
calculated using the formula®:

oU

where N is the Brunt-Viisild frequency, U is the horizontal wind speed, and
z is the vertical potential height. The low-level atmospheric baroclinicity is
closely related to high-frequency transient eddy activity™.

The extended E-P flux

The extended E-P flux”* is used for estimating the dynamical interaction
between low-frequency mean flow and synoptic-scale eddy activity. Fol-
lowing Trenberth®, the horizontal component of the extended E-P flux is
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calculated as follows:
1 v —
E= 3 (v = u?)i, —Vj| x cosp (5)

where ¢, #' and v/ indicate the latitude, and synoptic-scale zonal and
meridional winds, respectively. Synoptic-scale wind variations on the 2-8-
day timescale are obtained through a band-pass Lanczos filter applied to the
original daily winds.

Data availability

The National Oceanic and Atmospheric Administration (NOAA) Extended
Reconstructed sea surface temperature version 5 dataset (ERSST.v5) can be
obtained from https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html.
The Nino 3.4 index is available at psl.noaa.gov/gcos_wgsp/Timeseries/
Nino34/. The NAO index was obtained from https://climatedataguide.ucar.
edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station-
based. The NCEP monthly mean reanalysis data are available at https://psl.
noaa.gov/data/gridded/data.ncep.reanalysis.derived.html. The OAFLUX
data set was downloaded from https://rda.ucar.edu/datasets/ds260.1/
dataaccess/.

Code availability
The NCL codes used to run the analysis can be obtained upon request from
the corresponding authors.
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