npl cimate and nature.com/npjclimatsci
atmospheric science www.nature. pjcli i
ARTICLE W) Check for updates

Pacific oceanic front amplifies the impact of Atlantic oceanic
front on North Atlantic blocking

123¥ Nour-Eddine Omrani®*®, Fumiaki Ogawa>, Noel Keenlyside @>%%7, Hisashi Nakamura® and Wen Zhou @&’

Ho-Nam Cheung

Atmospheric blocking is a crucial driver of extreme weather events, but its climatological frequency is largely underestimated in
state-of-the-art climate models, especially around the North Atlantic. While air-sea interaction along the North Atlantic oceanic
frontal region is known to influence Atlantic blocking activity, remote effects from the Pacific have been less studied. Here we use
semi-idealised experiments with an atmospheric general circulation model to demonstrate that the mid-latitude Pacific oceanic
front is crucial for climatological Atlantic blocking activity. The front intensifies the Pacific eddy-driven jet that extends eastward
towards the North Atlantic. The eastward-extended Pacific jet reinforces the North Atlantic circulation response to the Atlantic
oceanic front, including the storm track activity and the eddy-driven jet. The strengthening of the eddy-driven jet reduces the
Greenland blocking frequency. Moreover, the Pacific oceanic front greatly strengthens the stationary planetary-scale ridge in
Europe. Together with a stronger northeastward extension of the Atlantic storm track, enhanced interaction between extratropical
cyclones and the European ridge favours the occurrence of Euro-Atlantic blocking. Therefore, the North Atlantic circulation
response amplified remotely by the Pacific oceanic front substantially increases Euro-Atlantic blocking frequency while decreasing

Greenland blocking frequency.
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INTRODUCTION

Blocking refers to a warm-core anticyclone remaining quasi-
stationary throughout the extratropical troposphere for at least
4-5 days' 3. Blocking persistently deflects the large-scale wester-
lies and embedded weather systems, and hence a blocking
anticyclone often triggers extreme weather events, such as long-
lasting cold spells, heat waves, droughts and floods*®. Accurate
prediction of blocking is useful in preparing for extreme weather
events. However, general circulation models (GCMs) are deficient
in simulating the climatology of large-scale atmospheric circula-
tion and blocking activity, especially over the North Atlantic®'".
The multi-model ensemble mean of the winter Euro-Atlantic
blocking frequency in CMIP5 and CMIP6 models is only around
one-third to half of the observed climatology'?~'*. Improved
physical understanding of North Atlantic blocking is thus
needed'.

North Atlantic blocking occurs most frequently downstream of
the mid-latitude storm track'® (see also shading in Fig. 1a), where
the poleward transport of heat and vorticity by transient eddies is
strongest. Transient eddies, including developing extratropical
cyclones, are crucial for the formation of blocking'®'’. The
development of extratropical cyclones is closely related to
lower-tropospheric baroclinicity associated mainly with changes
in the meridional sea surface temperature (SST) gradient and the
land-sea thermal contrast'®. Climatologically, the SST gradient is
sharpest along the western boundary currents in the North
Atlantic and Pacific Oceans; the associated sharp SST gradients are
called mid-latitude oceanic fronts, referring to the Gulf Stream
front in the North Atlantic and the Kuroshio Extension front in the

North Pacific. The bias in the winter Euro-Atlantic blocking
frequency is partly related to substantial SST bias along the Gulf
Stream'%%0,

Large-scale SST anomalies are associated mainly with
changes in surface heat fluxes involving two-way air-sea
interaction?’=23, On one hand, atmospheric temperature and
humidity can directly influence SST by influencing turbulent
heat fluxes according to bulk aerodynamic formulae®*. Because
the ocean has a larger thermal inertia than the atmosphere,
atmospheric forcing could have a cumulative effect on the
ocean?’, such as the time-lagged impact of the North Atlantic
Oscillation on the North Atlantic oceanic circulation?63°, On the
other hand, recent studies have revealed the potential impacts
of mid-latitude oceanic fronts and their associated air-sea
interaction on the large-scale tropospheric circulation via their
influence on turbulent heat fluxes and extratropical
cyclones®' 3% O'Reilly et al3> further demonstrated that a
weaker SST gradient in the North Atlantic oceanic front could
weaken poleward eddy heat transport by extratropical cyclones.
This implies weaker synoptic forcing on the eddy-driven jet
over the North Atlantic, and this affects the variability of the jet,
leading to lower blocking frequency over the Euro-Atlantic
sector. The correction of the bias along the Gulf Stream could
greatly reduce the bias of Euro-Atlantic blocking’®2°. In
addition to the Euro-Atlantic sector, blocking frequency has a
secondary peak over the Greenland sector'®3° (see also shading
in Fig. 1a). Whereas Euro-Atlantic blocking occurs downstream
of the climatological Atlantic storm track, Greenland blocking
occurs at its poleward flank®®. The meridional shift of the
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Blocking frequency: (a) climatology, (b)-(f) response (shading) and climatology in ZUNF (contour)
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Fig. 1 Impacts of the oceanic fronts and the tropical SST on the winter (DJF) climatological blocking frequency across the Euro-Atlantic
region. Spatial distribution of the blocking frequency in (a) the FULL run (with realistic SST in the Northern Hemisphere and tropics; shading)
and the ZUNF run (with zonally uniform tropical SST and without oceanic fronts; contour interval: 4%), b—f response in semi-idealised
experiments (i.e. difference between the experiments and the ZUNF run; shading) and the climatology in the ZUNF run (contours): b tropical
SST and two oceanic fronts (FULL run), ¢ two oceanic fronts (EXT_ALL run), d tropical SST (TROP_ALL run), e Atlantic oceanic front (EXT_ATL
run), and f Pacific oceanic front (EXT_PAC run). Stippling in (b)-(f) indicates differences exceeding the 95% confidence interval based on the

two-tailed Students’ t-test.

Atlantic oceanic front is coupled with the meridional displace-
ment of the Atlantic storm track®” and the change in Greenland
blocking activity>®.

The large-scale atmospheric circulation over the North Atlantic is
also influenced by remote forcing from the Pacific3*=**. For example,
El Nifo events enhance the positive phase of the Pacific—-North
America teleconnection pattern and shift Pacific blocking eastward®.
Wintertime El Nifio and La Nifa tend to be followed by the negative
and positive phase, respectively, of the North Atlantic Oscillation in
late winter*s, Backward-trajectory analysis has also revealed that
moisture from the Pacific contributes to the formation of Atlantic
blocking*’. Therefore, a comprehensive understanding of North
Atlantic blocking should include the less studied cross-basin
teleconnection between the Pacific and Atlantic, where the under-
lying physical mechanism remains unclear.

Here we use semi-idealised atmospheric-only experiments of
MAECHAMS5 (the Middle Atmosphere configuration of the fifth
generation of the Hamburg version of the ECMWF model) in
ref. 4, to examine the individual and joint impacts of the tropical
SST and the mid-latitude oceanic fronts over the North Atlantic
and North Pacific on winter Atlantic blocking activity under
realistic orography: (1) the zonally uniform tropical SST/no front
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(ZUNF) run prescribes zonally uniform SST at each latitude; (2)
the semi-idealised experiments prescribe realistic SST in specific
ocean basins, such that the difference between (2) and (1) gives
an atmospheric response to a specific SST pattern (see methods).

Large-scale atmospheric circulation characteristics can be simu-
lated well in atmospheric models by prescribing the climatological
SST. Indeed, the climatological SST is associated with ocean
circulation characteristics. For example, strong SST gradients in the
northwestern Atlantic and northwestern Pacific reflect heat conver-
gence along the boundary between the subpolar and subtropical
gyres. The aim of our experiments is to understand how the ocean
circulation characteristics associated with the climatological SST over
the mid-latitudes and tropics can maintain the climatological
atmospheric circulation. These characteristics are reflected in: (1)
the mid-latitude oceanic front associated with the ocean western
boundary currents, which affects the lower-level baroclinicity and
synoptic-scale eddies; (2) the zonally asymmetric SST associated with
Bjerknes feedback in the tropics, which affects the Walker circulation,
the Hadley circulation, the subtropical jet, and even the extratropical
atmospheric circulation. These SSTs are associated with atmosphere-
ocean coupling.
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RESULTS AND DISCUSSION
Oceanic impacts on Atlantic blocking frequency

The run with realistic SST forcing in the Northern Hemisphere and
tropics (FULL; Fig. 1a) basically captures the observed blocking
frequency distribution, although the simulated blocking frequency
is generally higher and the maximum centre in the mid-latitudes is
shifted southward to ~50°N compared to the NCEP/NCAR
reanalysis*® climatology (Supplementary Fig. 1). The temporal
evolution of Euro-Atlantic and Greenland blocking events in the
FULL run is found comparable to that of blocking events in the
reanalysis (Supplementary Figs. 2-3). The above results demon-
strate the ability of MAECHAM5 to simulate Atlantic blocking.

The semi-idealised experiments provide insights into the impact
of different SST forcing on the climatological Atlantic blocking
frequency. When zonally uniform SST is prescribed in the tropics
and the mid-latitude oceanic fronts are greatly weakened (the
ZUNF run), the blocking frequency distribution is markedly
different from that in the FULL run (Fig. 1a). The ZUNF run
simulates much lower blocking frequency over the mid-latitude
Euro-Atlantic (10.5% in ZUNF vs. 18.6% in FULL at 50°N, 0.5°W,
which is the peak in the FULL run) and much higher blocking
frequency around Greenland (24.9% in ZUNF vs. 11.3% in FULL at
65°N, 37.5°W, which is the secondary peak in the FULL run); the
primary blocking centre is shifted to Greenland. In other words,
the tropical SST and mid-latitude oceanic fronts jointly increase
the mid-latitude Euro-Atlantic blocking frequency by 77.1% and
reduce the Greenland blocking frequency by 54.4% (Fig. 1a).
Without the tropical SST and oceanic fronts, North Atlantic
blocking tends to recur near Greenland rather than in the mid-
latitude Euro-Atlantic domain as observed.

The impact of SST on the spatial distribution of the North
Atlantic blocking frequency is primarily through the contribution
from the mid-latitude oceanic fronts. The blocking frequency
response to the joint influence of the Atlantic and Pacific oceanic
fronts (Fig. 1c) largely resembles the response in the FULL run
(Fig. 1b). In contrast, the blocking frequency response to the
tropical SST is characterized by a reduction in Greenland and Euro-
Atlantic blocking (Fig. 1d), where this response is mainly by the
tropical Indo-Pacific SST (figure not shown). We further decom-
pose the influence of the mid-latitude oceanic fronts on blocking
into the contributions from the Atlantic and the Pacific. On one
hand, the Atlantic oceanic front acts to increase the blocking
frequency over Eurasia and reduce it over Greenland (Fig. 1e). On
the other hand, the Pacific oceanic front acts to reduce the
blocking frequency over western Russia and Greenland and
slightly increase it over the mid-latitude Euro-Atlantic (shading in
Fig. 1f). It appears that the Atlantic and Pacific oceanic fronts
coherently influence Atlantic blocking.

The two mid-latitude oceanic fronts jointly increase the peak of
Euro-Atlantic blocking frequency in the FULL run by 70.7% (the
maximum response is 7.42%), which accounts for 91.7% of the
response in the FULL run (70.7 out of 77.1%). The remaining 8.3%
of the response in the FULL run is attributed to the influence of
tropical SST in the presence of mid-latitude oceanic fronts. For the
impact of the oceanic fronts on Euro-Atlantic blocking frequency,
58.8% is due to the sole impact of the Atlantic oceanic front, and
the remaining 41.2% is related to the Pacific oceanic front.
Meanwhile, the oceanic fronts and the tropical SST reduce the
peak of Greenland blocking frequency by 42.1% and 26.4%,
respectively, which accounts for 77.4% and 48.5%, respectively, of
the response in the FULL run. For the Greenland blocking
frequency response to the two oceanic fronts, 75.9% can be
explained by the sole impact of the Atlantic oceanic front, and the
remaining 24.1% is related to the Pacific oceanic front. Overall, in
terms of the SST forcing considered in this study, the oceanic
fronts primarily affect the Atlantic blocking frequency, while the
tropical SST further enhances the response of blocking frequency
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to the oceanic fronts. In the following we will explain how the

oceanic fronts jointly enhance the occurrence of Euro-Atlantic
blocking and reduce the occurrence of Greenland blocking.

Oceanic impacts on dynamic processes of blocking events

To understand how the Atlantic and Pacific oceanic fronts jointly
affect North Atlantic blocking, we first investigate the role of the
oceanic fronts in setting up the dynamic processes of the
observed blocking events. Here, the blocking events are
diagnosed by the geopotential height tendency equation at
500-hPa due to vorticity flux convergence'”#%° (see “diagnostic
equations” in Methods). The vorticity flux convergence is
decomposed into its high-frequency (representing synoptic-scale
activities), low-frequency, and cross-frequency components to
assess their contribution to the development of Atlantic blocking
events (Eq. 2 in Methods).

The composited development of Euro-Atlantic blocking events
(centred at 45°-55°N and 10°W-10°E) in the FULL run (with
realistic tropical SST and oceanic fronts in the Northern Hemi-
sphere) is characterized by an eastward-propagating wave train-
like signal across the North Atlantic (contours in Fig. 2). This wave
train-like signal consists of an incipient positive height tendency
over eastern Canada, a negative tendency peaking on day-2 over
the central Atlantic, and another positive tendency peaking on
day-1 over the eastern Atlantic and Europe (contours in Fig. 2).
This time evolution indicates successive intensification of a trough
over the central Atlantic and a ridge over Europe during the
development of Euro-Atlantic blocking. This trough-ridge couplet
slowly moves eastward during the development of blocking. The
successive intensification of this trough-ridge couplet in the FULL
run is attributed partly to the high-frequency forcing associated
with a synoptic-scale wave train across the North Atlantic (shading
in Fig. 2a—e).

Moreover, low-frequency forcing is crucial for the enhancement
of the European ridge (shading in Fig. 2f-j), which agrees with
previous studies that the formation of blocking downstream of a
storm track is partly due to the low-frequency eddies®'~>3. Indeed,
the European ridge intensifies before the synoptic-scale wave train
approaches it. This indicates the role of a pre-existing ridge in the
development of Euro-Atlantic blocking. The dynamic evolution of
a Euro-Atlantic blocking event in the FULL run is similar to that in
the reanalysis (contours in Fig. 2 vs. contours in Supplementary
Fig. 4), except that in the reanalysis the high-frequency forcing
makes a larger contribution to the development of blocking
(Supplementary Fig. 4a-e). Overall, the development of an Euro-
Atlantic blocking event involves interaction between a synoptic-
scale wave train propagating across the North Atlantic and a pre-
existing European ridge, which is consistent with previous
studies>3°5,

The synoptic-scale wave train across the North Atlantic in the
FULL run is most pronounced from day—3 to day—2. The wave
train is similar in the run with the two realistic mid-latitude oceanic
fronts and the run with realistic Atlantic mid-latitude oceanic front,
where the wave train signal is slightly stronger in the former run
(Supplementary Fig. 5b-c). The wave train is, however, not
apparent in either the run with only realistic tropical SST or the
run without tropical SST and SST-fronts (Supplementary Fig. 5d-e),
suggesting the crucial role of the mid-latitude oceanic fronts in
the precursory North Atlantic signal of Euro-Atlantic blocking.

To further depict the impact of oceanic fronts on the
development of Euro-Atlantic blocking, the budget of the
geopotential height tendency is evaluated at 10°x 10° across
the blocking high centre (green box in Fig. 2), as shown in Fig. 3. In
the FULL run, the maximum high-frequency and low-frequency
forcing at the blocking high centre is +35m day~' on day—1 and
between day—2 and day—1, respectively (red and blue lines in
Fig. 3a). The cross-scale term makes a much smaller contribution
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Euro-Atlantic blocking (45°-55°N, 10°W-10°E)
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Fig.2 Development of Euro-Atlantic blocking in the FULL run. Contribution of high-frequency and low-frequency components of vorticity
flux convergence (shading) to the daily geopotential height tendency at 500 hPa (contours) from day—4 to day+0 of composited Euro-Atlantic
blocking events in the FULL run: a—e high-frequency component and f-j low-frequency component. Unit: m day "

(green line in Fig. 3a). When both the mid-latitude oceanic fronts
and tropical SST asymmetry are removed (the ZUNF run), the peak
values of the high-frequency and low-frequency forcing are
greatly reduced by 49% and 29%, to +18mday~' and
+25mday ', respectively (red and blue lines in Fig. 3b). The
peak of high-frequency forcing in the run with two realistic
oceanic fronts and the run with a realistic Atlantic oceanic front
(+30 m day™") is close to that in the FULL run (red line in Fig. 3c-d),
while the corresponding peak value is slightly weaker in the run
with a realistic Pacific oceanic front (+25mday~'; red line in
Fig. 3e) and even weaker in the run with realistic tropical SST
(+20 m day'; red line in Fig. 3f). The two oceanic fronts are thus
found to greatly enhance the high-frequency forcing responsible
for the formation of Euro-Atlantic blocking, where the major
contribution is from the Atlantic oceanic front.

The peak values of the low-frequency forcing in the run with the
two realistic oceanic fronts and in the run with realistic tropical
SST (+35 mday~'; blue line in Fig. 3¢, f) are comparable to that of
the FULL run (blue line in Fig. 3a). However, this forcing is
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somewhat weaker in the run with a realistic Atlantic oceanic front
and the run with a realistic Pacific oceanic front (+25mday™";
blue line in Fig. 3d, €). Moreover, the development of Euro-Atlantic
blocking in the run with realistic tropical SST is associated with an
intensification of a low-frequency wave-like signal from North
America to Europe (Supplementary Fig. 5i). Such a wave-like signal
over the North Atlantic is different from the FULL run (Fig. 2h) and
the run with the two realistic oceanic fronts (Supplementary Fig.
5g). Hence, we deduce that the low-frequency forcing in the FULL
run is mainly due to the joint effect of the Atlantic and Pacific
oceanic fronts.

The composite development of Greenland blocking events in
the FULL run is characterized by a wave train-like signal extending
northeastward over the mid-latitude North Atlantic (contours in
Fig. 4), which originates from the southwestward flank of the
developing Greenland blocking high. This wave train-like signal
consists of a positive height tendency over the east coast of North
America, a negative height tendency around Newfoundland and
another positive height tendency south of Greenland most
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Impacts of the oceanic fronts and the tropical SST on dynamic processes associated with the evolution of Euro-Atlantic blocking

centre. Daily geopotential height tendency at 500 hPa and the contribution from different dynamic processes averaged over 10° x 10° across
the blocking high centre from day—7 to day+7 of the composited Euro-Atlantic blocking events in the a FULL run, b ZUNF run, ¢ EXT_ALL run,
d EXT_ATL run, e EXT_PAC run and f run with realistic SST over the entire tropics (TROP_ALL run), where the black line indicates the raw
geopotential height tendency, and the red, blue and green lines indicate the contributions from the high-frequency, low-frequency and cross-
scale component of the vorticity flux divergence, respectively. Unit: m day~'. Dots indicate that the term on a specific date is significantly
different from zero, according to the 95% confidence interval of a one-tailed t-test.

apparent on day-1 (Fig. 4d). This wave train-like signal is primarily
due to high-frequency dynamics (shading in Fig. 4a—e), suggesting
that the wave train-like signal is attributable to the synoptic-scale
wave train propagating from North America to the southern
portion of the developing blocking high (shading in Fig. 4a-e).
Meanwhile, the intensification of the northern portion of the
Greenland blocking high is due to low-frequency forcing (shading
in Fig. 4fj). The dynamics of the Greenland blocking event in the
FULL run is similar to that in the reanalysis, where the synoptic
forcing is stronger (Supplementary Figs. 6 and 7a).

The synoptic-scale wave train involved in the development of
Greenland blocking is reproduced only in the run with the realistic
oceanic fronts and the run with a realistic Atlantic oceanic front
(Supplementary Fig. 7b-c). Compared to the runs with the oceanic
fronts, the extratropical cyclone over the east coast of North
America is much weaker in the runs without the realistic oceanic
fronts (Supplementary Fig. 7d—e). Meanwhile, the northern portion
of the developing Greenland blocking high is associated with
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somewhat weaker low-frequency forcing in the run without the
realistic oceanic fronts (Supplementary Fig. 7g-j). It appears that
the oceanic fronts are crucial for both the high-frequency and low-
frequency dynamics of realistic Greenland blocking events.

The development of a Greenland blocking high in the FULL run
is initiated by low-frequency forcing, with its maximum on day—3
(+42m day™; blue line in Fig. 5a). The contribution from high-
frequency forcing peaks on day—2 (4+35mday~'; red line in
Fig. 5a), associated with the northeastward migration of the
synoptic-scale wave train from North America to Greenland
(shading in Fig. 4a—e). The cross-scale term plays only a minor
role in the evolution of the Greenland blocking high (green line in
Fig. 5a). In the ZUNF run, the contributions from high-frequency
forcing (+25m day™ ") and the low-frequency forcing
(+20mday™") are reduced by 30% and more than 50%,
respectively (red and blue lines in Fig. 5b). Comparatively, the
high-frequency forcing in the run with the two oceanic fronts
(30 m day'; red line in Fig. 5¢) is slightly weaker than that in the
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Greenland blocking (60°-70°N, 60°-30°W)

(a) high-pass(day-4)

75°N
60°N
45°N
30°N

120°W 90°W 60°W 30°W  0°

(b) high-pass(day-3)
75°N =
60°N
45°N
30°N

75°N
60°N 1
45°N
30°N

75°N
60°N
45°N
30°N

75°N
60°N
45°N
30°N

120°W 90°W 60°W 30°W  0°

(f) low-pass(day-4)

75°N
60°N
45°N
30°N

120°W 90°W 60°W 30°W  0°

(9) low-pass(day-3)
75°N 52
60°N
45°N
30°N

120°W 90°W 60°W 30°W  0°

(h) low-pass(day-2)
75°N =
60°N 1
45°N
30°N

75°N
60°N
45°N
30°N

75°N
60°N
45°N
30°N

120°W 90°W 60°W 30°W  0°

I I

-90 -75 -60 -45 -30 -15

I
15 30 45 60 75 90

Fig.4 Development of Greenland blocking in the FULL run. Contribution of high-frequency and low-frequency components of vorticity flux
convergence (shading) to the daily geopotential height tendency at 500 hPa (contours) from day—4 to day-+0 of composited Greenland
blocking events in the FULL run: a—e high-frequency component and f-j low-frequency component. Unit: m day .

FULL run (red line in Fig. 5a). The high-frequency forcing in the run
with a realistic Atlantic oceanic front (+40 m day~'; red line in Fig.
5d) is stronger than that in the FULL run, whereas the high-
frequency forcing in the run with a realistic Pacific oceanic front
and the run with the realistic tropical SST (4 20 mday~'; red line
in Fig. 5d, e) is even smaller than that in the ZUNF run (red line in
Fig. 5b). The above results suggest that the Atlantic oceanic front
is crucial for enhancing the synoptic-scale wave train over the
North Atlantic involed in the development of Greenland blocking.

The low-frequency forcing in the run with two realistic oceanic
fronts (+-48 m day'; blue line in Fig. 5¢) is comparable to that in
the FULL run during the development of Greenland blocking (blue
line in Fig. 5a). The low-frequency forcing in the runs with a
realistic Atlantic oceanic front (+30mday~") and the Pacific
oceanic front (425 mday~") is smaller than that in the FULL run
(blue line in Fig. 5d, e). The low-frequency forcing in the run with
the realistic tropical SST (+20 m day~'; Fig. 5f) is comparable to
that in the ZUNF run (Fig. 5b). It appears that the low-frequency
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forcing on the development of Greenland blocking is enhanced by
the joint effect of the two oceanic fronts.

In short, the two oceanic fronts are crucial for the observed
dynamic processes of Euro-Atlantic and Greenland blocking
events. First, the Atlantic mid-latitude oceanic front contributes
to stronger high-frequency forcing from North America to the
North Atlantic prior to the development of Euro-Atlantic and
Greenland blocking events. Second, the two oceanic fronts jointly
enhance the low-frequency forcing contributing to the develop-
ment of Euro-Atlantic and Greenland blocking events. We will
show that the Pacific oceanic front amplifies the response of
Atlantic blocking frequency to the Atlantic oceanic front by
influencing the Atlantic storm track and the stationary planetary-
scale circulation across the North Atlantic.

Oceanic impacts via the storm track activity

On seasonal timescales, oceanic fronts enhance the meridional
contrasts in the release of turbulent heat flux from the ocean to
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Impacts of the oceanic fronts and the tropical SST on dynamic processes associated with the evolution of Greenland blocking

centre. Daily geopotential height tendency at 500 hPa and its contribution from different dynamic processes averaged over 10° x 10° across
the blocking high centre from day—7 to day+7 of the Greenland blocking events: a FULL run, b ZUNF run, ¢ EXT_ALL run, d EXT_ATL run,
e EXT_PAC run and f TROP_ALL run, where the black line indicates the raw geopotential height tendency, and the red, blue, and green lines
indicate the contribution from the high-frequency, low-frequency and cross-scale component of the vorticity flux divergence. Unit: m day '
Dots indicate that the term on a specific date is significantly different from zero, according to the 95% confidence interval of a one-tailed t-

test.

the atmosphere. The enhanced contrast in sensible heat release
maintains a stronger meridional temperature gradient in the lower
troposphere**>®, which is necessary for the recurrent develop-
ment of migratory cyclones and anticyclones to anchor a storm
track'®7°8, |In addition to the lower-tropospheric baroclinicity,
latent heat release from a warm ocean current, such as the Gulf
Stream or the Kuroshio Extension, favours the development of
extratropical cyclones via increasing diabatic heating®'**, Intensi-
fication of extratropical cyclones or storm-track activity is crucial
for the development of blocking*>*%%3, thus influencing the
blocking frequency over the Euro-Atlantic sector>®

Extratropical cyclone activity can be measured as storm-track
activity 18443960 here defined locally as a root mean square value
of the 2.5-8-day band-pass filtered geopotential height at 250
hPa. Climatologically, in the ZUNF run, the North Atlantic storm
track extends eastward from the northwestern Atlantic around the
oceanic front to Eurasia (contours in Fig. 6). In response solely to
the Atlantic oceanic front, the storm-track activity becomes ~35%
stronger in the northwestern Atlantic, and this response extends
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northeastward towards Europe (Fig. 6a). An enhanced eastward
extension of the Atlantic storm track represents more passage of
synoptic-scale wave trains towards Eurasia. As will be shown later,
the Atlantic oceanic front also slightly enhances the stationary
planetary-scale ridge over Europe. Because the occurrence of
Euro-Atlantic blocking involves interaction between an extratro-
pical cyclone and a pre-existing European ridge (Fig. 2), the
enhanced interaction between extratropical cyclones migrating
towards Europe and the European ridge favours more frequent
occurrence of Euro-Atlantic blocking (Fig. 1c).

As a downstream response solely to the Pacific oceanic front,
Atlantic storm-track activity is enhanced only in the northwestern
Atlantic (Fig. 6b), and this response extends slightly farther
northeastward but exerts no strong influence on the occurrence of
Euro-Atlantic blocking. The two oceanic fronts thus jointly
enhance the northeastward extension of Atlantic storm-track
activity by ~60% (Fig. 6¢), which is almost double the response to
the Atlantic oceanic front alone. In contrast, tropical SST plays only
a minor role in the storm-track response. Tropical SST enhances
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Storm-track activity: response (shading) and climatology in ZUNF (contour)
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Fig. 6 Impacts of the oceanic fronts on the climatological storm-
track activity. Response of the DJF 250-hPa storm-track activity in
the sensitivity experiments (shading: m) and the climatology in the
ZUNF run (contour interval: 5m): a Atlantic oceanic front (EXT_ATL
run), b Pacific oceanic front (EXT_PAC run), and ¢ those two oceanic
fronts (EXT_ALL run).

Atlantic storm-track activity by only ~5%, and the storm-track
response to the joint influence of the tropical SST and the oceanic
fronts is comparable to the response to the two oceanic fronts
(figures not shown). Therefore, the Atlantic storm-track response is
enhanced by the Atlantic oceanic front, and this response is
further amplified by the Pacific oceanic front. Note that the
northeastward extension of the Atlantic storm track is also
determined by the orographic forcing of the Rockies®'. Though
beyond the scope of this study, the possible role of the Rockies in
the downstream impact of the Pacific oceanic front on the Atlantic
circulation will be discussed later.

Oceanic impacts via mean states

The mid-latitude oceanic fronts enhance transient eddy activity
and thereby act to strengthen the eddy-driven jet**%, The effect
of transient eddies on background westerlies can be depicted by
the E-vector®?, where the divergence and convergence of
E-vectors represents an acceleration and deceleration, respec-
tively, of the westerlies as the feedback forcing of transient eddies.
Specifically, E-vectors based on the 8-day high-pass-filtered wind
fields and their divergence are used for assessing the feedback
forcing of synoptic-scale cyclonic and anticyclonic eddies on the
westerlies as the influence of the oceanic fronts.

The two oceanic fronts enhance the synoptic-wave forcing that
strengthens the eddy-driven westerly jets locally, as evidenced by
the divergence of the E-vectors (Fig. 7a, b). As the sole response to
the Pacific oceanic front, the enhanced E-vectors extend eastward
across North America into the North Atlantic (Fig. 7b). The
eastward-extending E-vectors indicate the downstream impact of
the Pacific eddy-driven jet on the slight enhancement of the
Atlantic eddy-driven jet. Specifically, the eastward extension of a
stronger Pacific eddy-driven jet corresponds to the stronger
westerlies over North America. The intensified lower-tropospheric
westerlies impinge on the Rockies, acting to strengthen the mid-
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latitude baroclinic eddies and the eddy-driven jet down-
stream®>%4, The above result implies a remote impact of the
Pacific oceanic front on the Atlantic eddy-driven jet via enhancing
synoptic-wave activity from the North Pacific into the North
Atlantic. The enhancements of synoptic-wave activity over the
North Atlantic locally by the Atlantic oceanic front and remotely
by the Pacific oceanic front are thus coherent. Under the joint
influence of the two oceanic fronts, the synoptic-wave activity
over the North Atlantic becomes much stronger than it does
under the sole influence of either of the two oceanic fronts. The
corresponding synoptic forcing leads to a much stronger Atlantic
eddy-driven jet (Fig. 7c vs. Fig. 7a, b). Therefore, the climatological
North Atlantic circulation is strongly modulated as the joint
influence of the Atlantic and Pacific oceanic fronts.

The intensification of the Atlantic eddy-driven jet corresponds
to anticyclonic and cyclonic response to the south and north,
respectively, of the northeastward-extending jet (Supplementary
Fig. 8). This dipolar response resembles the positive phase of the
North Atlantic Oscillation®. These geopotential height responses
also correspond to the enhancement of a stationary planetary-
scale trough over the east coast of Canada and a stationary
planetary-scale ridge over the eastern Atlantic and Europe, as
indicated by the upper-tropospheric eddy geopotential height (as
the zonally asymmetric component; Fig. 8). Specifically, the
Atlantic geopotential height responses to the Atlantic oceanic
front represent a stronger meridional geopotential gradient south
of Greenland (Fig. 8a), which corresponds to a stronger westerly
jet (Fig. 7a), leading to less reversal of the geopotential gradient
and thus lower blocking frequency near Greenland (Fig. 1c). In
jointly enhancing the westerly jet south of Greenland by ~60%,
the Atlantic and Pacific oceanic fronts individually strengthen the
westerlies by ~30% and ~15%, respectively (Fig. 7a, b). Thus, the
Atlantic oceanic front reduces the Greenland blocking frequency
by enhancing the Atlantic eddy-driven jet, and the jet response is
doubled by the Pacific oceanic front.

The stronger planetary-scale ridge over the eastern Atlantic is
favourable for higher blocking frequency over the Euro-Atlantic
region. The Atlantic and Pacific oceanic fronts act to strengthen
the ridge by ~5% and ~60%, respectively (Fig. 8a, b), and they
jointly enhance the ridge by ~60% (Fig. 8c). The stronger
planetary-scale ridge could be caused partly by more frequent
occurrence of Euro-Atlantic blocking. Hence, we also compare the
eddy geopotential height response to the oceanic fronts during all
DJF days, blocking days, and non-blocking days (Supplementary
Fig. 9). As can be seen in Supplementary Figure 9c, such a stronger
planetary-scale ridge response is still apparent, when day-7 to day
+7 of Euro-Atlantic blocking events (45°-65°N and 30°W-30°E) are
excluded. The eastern Atlantic ridge is not further enhanced by
the joint impact of tropical SST and the two oceanic fronts (figure
not shown). Therefore, the Pacific oceanic front is crucial for
enhancing the eastern Atlantic ridge. Recall that the formation of
Euro-Atlantic blocking involves interaction between extratropical
cyclones and anticyclones under intensification and a pre-existing
ridge near Europe. The Atlantic and Pacific oceanic fronts act to
strengthen the Atlantic storm-track activity and the eastern
Atlantic planetary ridge, respectively, and it is their joint influence
that shapes the Euro-Atlantic blocking activity centre
climatologically.

In addition to the oceanic fronts, orographic forcing by the
Rockies is also important for the northeastward extension of the
Atlantic storm-track and the stationary planetary-wave pattern
over the Atlantic®'%, Indeed, the orographic effect of the Rockies
on the stationary planetary-wave circulation was found to be
sensitive to the orographic forcing of the Tibetan Plateau®”:%8,
Assessing the role of orographic forcing and the two oceanic
fronts in climatological blocking activity will require a separate
study. Specifically, this future study will investigate the impact of
the Rockies and the Tibetan Plateau on the North Atlantic
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Fig. 7 Impacts of the oceanic fronts on synoptic wave activity.
Response of the DJF 250-hPa zonal wind (shading: ms~") and E-
vector (vectors; m?s™2) in the sensitivity experiments: a Atlantic
oceanic front (EXT_ATL run), b Pacific oceanic front (EXT_PAC run),
and ¢ two oceanic fronts (EXT_ALL run).

atmospheric response to the Pacific oceanic front, which will
provide deeper physical understanding of the remote influence of
the Pacific oceanic front on Atlantic blocking.

DISCUSSION

The occurrence of North Atlantic (Euro-Atlantic and Greenland)
blocking events involves interaction between the intensification of
extratropical cyclones and the planetary-scale ridge near the
developing blocking high, where the former factor is due to the
high-frequency and low-frequency forcings and the latter factor is
related mainly to low-frequency forcing. In this study we have
analysed the individual and joint effects of the Atlantic and Pacific
oceanic fronts on North Atlantic blocking using semi-idealised
atmospheric-only experiments. These experiments isolate the
response of the atmosphere to the ocean but not vice versa,
where the mid-latitude oceanic fronts are self-sustained by two-
way air-sea interaction'82122:32,

Without the oceanic fronts (the ZUNF run), blocking tends to
occur at the high latitudes with a peak frequency near Greenland.
The high-frequency and low-frequency forcings involved in the
evolution of North Atlantic blocking events are substantially
weaker than in the experiment with realistic SST. In the presence
of the Atlantic oceanic front, the upper-tropospheric planetary
trough over eastern Canada deepens, the Atlantic eddy-driven jet
strengthens, and the Atlantic storm-track activity intensifies and
extends northeastward. The storm-track response corresponds to
more frequent passage of extratropical cyclones and anticyclones
across the North Atlantic. This response leads to stronger synoptic-
scale wave trains across the North Atlantic and thereby favours the
occurrence of blocking. More frequent interaction between the
synoptic wave-train and the stationary planetary-scale ridge over
Europe results in more frequent occurrence of Euro-Atlantic
blocking. Conversely, because of quasi-geostrophic balance, the
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250-hPa eddy geopotential height and Plumb flux
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Fig. 8 Impacts of the oceanic fronts on the stationary planetary-
scale ridge. Response of the DJF 250-hPa eddy geopotential height
(shading; m) and the Plumb flux (vectors; m?s™2) in the sensitivity
experiments: a Atlantic oceanic front (EXT_ATL run), b Pacific
oceanic front (EXT_PAC run), and ¢ two oceanic fronts (EXT_ALL
run). Green contours indicate the climatology of the eddy
geopotential height in the ZUNF run (interval: 30 m).

jet response corresponds to less frequent reversal of the
geopotential height gradient, resulting in less frequent occurrence
of Greenland blocking. Therefore, the Atlantic oceanic front affects
North Atlantic blocking frequency by modulating the storm-track
and the eddy-driven jet over the North Atlantic. The impact of the
Atlantic oceanic front on North Atlantic blocking is consistent with
that found in previous work'9203538,

In addition, we have uncovered the crucial role of the Pacific
mid-latitude oceanic front in modulating blocking activity over the
North Atlantic. The stationary planetary-scale ridge over the
eastern Atlantic becomes stronger in the presence of the Pacific
oceanic front, which favours the occurrence of Euro-Atlantic
blocking. Under the coexistence of the two oceanic fronts, the
responses of the Atlantic storm track and eddy-driven jet are
stronger than their responses solely to the Atlantic oceanic front.
The stationary planetary-scale ridge response over the eastern
Atlantic is comparable to the response solely to the Pacific oceanic
front. These responses lead to more substantial increase and
decrease in blocking frequency over the mid-latitude Euro-Atlantic
and Greenland, respectively, compared to the blocking frequency
response solely to the Atlantic oceanic front. Hence, the
climatological-mean Atlantic blocking frequency is strongly
affected by the joint impacts of the Atlantic and Pacific mid-
latitude oceanic fronts, where the Pacific oceanic front acts to
amplify the atmospheric response to the Atlantic oceanic front.
Our results offer new insights into the fundamental understanding
of Atlantic blocking activity. We should consider the remote
impacts of the Pacific when evaluating long-term variations and
future changes in Atlantic blocking activity under realistic
orography.
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Table. 1. List of semi-idealised atmospheric-only experiments.

Experiment Tropical SST Extratropical Atlantic SST Extratropical Pacific SST
Zonally uniform tropical SST/No front (ZUNF). Zonally Uniform No front No front

Realistic SST forcing in Northern Hemisphere and tropics (FULL) Realistic Realistic Realistic

Realistic extratropical SST forcing (EXT_ALL) Zonally Uniform Realistic Realistic

Realistic tropical SST forcing (TROP_ALL) Realistic No front No front

Realistic extratropical Atlantic SST forcing (EXT_ATL) Zonally Uniform Realistic No front

Realistic extratropical Pacific SST forcing (EXT_PAC) Zonally Uniform No front Realistic

METHODS

Numerical experiments

Semi-idealised experiments with different SST configurations
prescribed in the MAECHAM5 (the Middle Atmosphere configura-
tion of the fifth generation of the Hamburg version of the ECMWF
model) atmospheric-only general circulation model (AGCM) were
performed, in order to investigate the atmospheric responses to
tropical SST and mid-latitude oceanic fronts; the experiments are
listed in Table 1. The experimental design is briefly described
below, and the details of these experiments should be referred to
ref. 44,

The SST in all experiments was derived from the monthly
climatology of HadISST for the period 1960-2009. The zonally
uniform tropical SST/no-front (ZUNF) run prescribed the monthly-
varying zonally uniform SST in all ocean basins, such that the
climatological zonal SST gradient over the tropical ocean was
removed and the meridional SST gradient in the mid-latitudes
(representing the mid-latitude oceanic fronts) over the Pacific and
Atlantic was greatly reduced (Supplementary Fig. 10a; see also
SFig. 1 in ref. *). Five sensitivity experiments were performed. The
difference between the sensitivity experiments and the ZUNF run
represent the atmospheric response to prescribing realistic
tropical and/or extratropical SST over different ocean basins.

The EXT_ALL run prescribed realistic mid-latitude oceanic fronts
over the Atlantic and Pacific Ocean and zonally uniform SST at
each latitude over the entire tropical ocean, whereas the
TROP_ALL run prescribed realistic tropical SST and zonally uniform
SST over the extratropical North Atlantic and North Pacific
(Supplementary Fig. 10b). The EXT_ATL run prescribed a realistic
Atlantic mid-latitude oceanic front and zonally uniform SST over
the extratropical Pacific and the entire tropical ocean (Supple-
mentary Fig. 10c), whereas the EXT_PAC run prescribed a realistic
Pacific mid-latitude oceanic front and zonally uniform SST over the
extratropical Atlantic and the entire tropical ocean (Supplemen-
tary Fig. 10d). The FULL run prescribed realistic tropical SST and
the mid-latitude SST fronts in the North Pacific and the North
Atlantic.

Reanalysis datasets
Daily archives of the NCEP/NCAR reanalysis datasets*® for the
period of 1960 through 2009 were obtained to assess the ability of
the FULL run to simulate the large-scale circulation features and
the blocking activity.

Blocking index

Blocking was detected by the reversal of the meridional
geopotential height gradient’®>, where over the extratropical
region the geopotential height gradient in the north (GHGN)
(Eqg. 1) is strongly negative and the geopotential height gradient in
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the south (GHGS) (Eq. 2) is positive:
GHGN(A, @, ) — Zsoo(A, @n: 1) — Zsoo(A, @, 1) B
PN — Po

~ Zsoo(A, @5 1) — Zsoo (A, @s, t)

Po — Ps
where the gradients were computed over 15 degrees of latitude,
with @ye[50,90]°N, @ye[35,75]°N, ¢s€[20,60]°N. On a calendar
date t, a grid is called a blocking grid when GHGN < —10 gpm and
GHGS > 0 gpm. In addition to fulfilling the reversal criterion, the
blocking high should be large and persistent. For the size criterion,
a blocking region (i.e. all grids inside the region are blocking grids)
should be larger than 1x 10°km?2. When the blocking regions in
two consecutive calendar dates overlap, it is considered a blocking
event. The first and last dates of a blocking event satisfying the
above blocking criteria are called the onset date (day+0) and the
lysis date, respectively. We analyse only the blocking events
persisting for at least four consecutive days.

GHGS(A, 0o, t) ()

Geopotential height tendency equation

The geopotential height tendency equation at 500 hPa is used
to diagnose certain physical processes related to the evolution of
blocking events; the derivation of the full equation can be seen in
ref. ©. and is also briefly described here. The full form of the
geopotential height tendency is attributed mainly to vorticity flux
divergence, which is the sum of horizontal vorticity advection and
vorticity divergence.

oz f f
astoo ~ —§V72(VH . (Vfa)) = _EV—Z(V : VHé-a - EaVH ) V)

49,50

(3)
where f denotes the Coriolis parameter, g denotes the acceleration
due to gravitation, V represents the vector wind, and &, represents
the absolute vorticity.

Each physical quantity in Eq. (3) is then decomposed into
climatological mean, high-frequency transient eddies, and low-
frequency transient eddies, where the vorticity flux divergence is
expressed as:

Vi - (V&) = =V - (V&) =V - (V,HPfLu:) - Vy- (Vf;.,p + V'upq)
(i) (if)
—Vy - (V/LPE,LP) —Vy- (Vf,Lp + V'1p€g) = Vi - (V/HPE,LP + V/LPf;.,p)
(ii) (iv)

4
where the overbar represents the daily climatological mean, the
prime represents an anomaly (i.e., a local departure from the daily
climatological mean); and the subscripts HP and LP denote 8-day
high-pass and low-pass filtered anomalies, respectively, based on
a 101-point Lanczos filter. Therefore, terms (i)-(iv) in Eq. (4)
represent the contributions from the climatological mean, the
high-frequency transient eddies, the low-frequency transient
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eddies, and the cross-frequency component, respectively. This
decomposition is similar to that in ref. 17,

Derivation of the geopotential height tendency equation

The geopotential height tendency equation at 500 hPa**%%68 s
used to diagnose the major physical processes during the
evolution of blocking events. The equation is derived from the
hydrostatic equation:

op/0Z = —(p/RaT)g (%)

where g is the acceleration due to gravity (=9.8ms™2), T is air
temperature, Ry is the gas constant of dry air (=287 JK 'kg™"),
and p refers to an arbitrary isobaric level.

Integrating Eq. (5) from the lowest isobaric level (p, say 1000
hPa) to p, applying a Laplacian operator [V2=0?%/(cos¢ o)+
02%/0¢ 2] to Eq. (5), and dividing it by the Coriolis parameter
(fF=2Q sin ¢; Q = 2m/86,4005~") gives:

R b
QVZZ:gVZZ,—i-—d/ v2r P ©)
f f f o p
Taking a time derivative of Eq. (6) gives:
9292 g _,9Z; Ry [P_,0T0p
v =2y T [ g2 R
o f o ), ey )

Substituting V2Z in Eq. (7) by geostrophic vorticity (&,) obtains:
0y 0y Ry [P _,0TOp

-7 — + \Y 8)
ot ot f ), otp

At each isobaric level, the tendencies of &; and T in a spherical
coordinate system (A, ¢, p) can be expressed as:

oy 1 ( a‘fa a‘fa 1 afa afa

% g ucos¢aA+V$)_5(ucos¢a)\+v@)
(i) (i)

_l( ow @_a_wﬂﬂ_l( oF a_F)_aE"g

a cos@oAop O¢Oop’ a cosgor O ét

(iv) (v) (vi)
9)
ot a' cosgdr I 69p ¢, (10)

S——

(vii) (viii) (ix)

where a denotes the earth’s radius (=6.38 x 10°km), u and v refer
to the zonal and meridional components of horizontal wind,
respectively, w refers to vertical velocity, 6 refers to potential
temperature, and A, ¢, and p represent the longitude, latitude, and
pressure level, respectively; terms (i)-(viii) are: (i) horizontal
advection of absolute vorticity, (ii) vertical advection of absolute
vorticity, (iii) stretching effect, (iv) tilting, (v) frictional effect, (vi)
ageostrophic vorticity tendency, (vii) horizontal advection of air
temperature; (viii) adiabatic heating, and (ix) diabatic heating,
which is taken as the residual of Eq. (10). Note that the friction
effect (term v) was found to be too small and is not considered.

After obtaining each of the terms in Egs. (9) and (10) and
putting them into Eq. (8), their contribution to the height
tendency at 500 hPa can be obtained by performing an inverse
Laplacian (V~2) for Eq. (8):

o — V2L x ﬁf;’ [sum of terms(i) to(v)in Eq.9]0p}
-v2 (% ;I’ {f;OOVZ [sum of terms (vi) to (viii) in Eq.10] %"}ap>

amn
where p; is set at 1000 hPa and p, is set at 100 hPa.
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The 500-hPa height tendency was found to be primarily due to
the vorticity flux divergence (terms (i) and (iii) in Eq. (9)). Then, the
dynamics of blocking was analysed based on the decomposition
of Eg. (3). Note that in the decomposition we only showed the
results based on 500 hPa alone and not showing the results based
on the data from 1000 hPa to 100 hPa because the results based
on these two methods are quantitatively the same.

Plumb flux

The propagation of stationary planetary-wave activity is depicted
by the horizontal component of Plumb flux’®, which in a spherical
coordinate system (A, ¢, p) can be expressed as:

1 oy 2 o Y
2a? cos?¢ oA v o2

1 Wy v oy
2a2 cos2¢p | 0N o¢ Ao

Fs = pcosd (12)

where the streamfunction ¢ = Z/2Q sin ¢, where Q is the Earth’s
rotation rate. Note that the prime in Eq. (12) indicates the zonally
asymmentirc component.
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