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ABSTRACT

The Amundsen Sea low (ASL) is a quasi-stationary low pressure system that affects climate in West
Antarctica. Previous studies have shown that El Nifio-Southern Oscillation (ENSO) modulates the position
and strength of the ASL with the strongest teleconnection found in austral winter despite the amplitude of
ENSO events generally being largest in austral autumn/summer. This study investigates the mechanisms
behind the seasonality of the El Nifio teleconnection to the Amundsen Sea region (ASR) using experiments
with the HadGEM3 climate model forced with an idealized fixed El Nifio sea surface temperature anomaly
present throughout the year. The seasonality of the El Nifio—~ASR teleconnection is found to originate from
seasonal differences in the large-scale zonal winds in the South Pacific sector. In austral winter, the region of
strong absolute vorticity near ~30°S associated with the subtropical jet, in combination with the changes to
upper-tropospheric divergence due to the El Nifio perturbation, acts as an anomalous Rossby wave source
that is largely absent in austral summer. Furthermore, in austral summer the poleward propagation of
tropically sourced Rossby waves into the ASR is inhibited by the strong polar front jet in the South Pacific
sector, which leads to Rossby wave reflection away from the ASR. In austral winter, Rossby waves are able to
propagate into the ASR, forming part of the Pacific South America pattern. The lack of the Rossby wave
source in the tropical Pacific and the absence of favorable conditions for wave propagation explains the
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weaker El Nifio—ASR teleconnection in austral summer compared to austral winter.

1. Introduction

The Amundsen Sea low (ASL) is a quasi-stationary
climatological low pressure center found in the South
Pacific sector of the Southern Ocean (Turner et al. 2013;
Hosking et al. 2013; Raphael et al. 2016). It lies ap-
proximately between the Antarctic Peninsula and the
Ross Sea and is sometimes called the Amundsen—
Bellingshausen Sea low (Hosking et al. 2013). The
ASL is one of three climatological low pressure centers
located along the circumpolar trough (Turner et al.
2013) and exhibits the highest variability of circulation
in the Southern Hemisphere (Lachlan-Cope et al. 2001).
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The existence of the ASL is associated with the
zonal asymmetry of tropical sea surface temperatures
(SSTs), which generates planetary-scale Rossby waves that
contribute to zonal asymmetry in the Southern Hemisphere
storm track (Inatsu and Hoskins 2004). The Southern
Hemisphere storm tracks are important for the ASL since
this feature can be interpreted as the time average over the
large number of synoptic- and subsynoptic-scale cyclonic
systems that propagate through the Amundsen Sea re-
gion (ASR) (Fogt et al. 2012). The unique topography
and geography of Antarctica also play an important role
in the enhanced baroclinicity needed for the formation
of synoptic systems in the circumpolar trough (Walsh
et al. 2000; Lachlan-Cope et al. 2001; Hosking et al. 2013).

The ASL exhibits a pronounced annual cycle in both its
location and depth (Fogt et al. 2012; Hosking et al. 2013;
Turner et al. 2013). On average, the ASL depth is greatest
during austral winter (JJA) and weakest during austral
summer (DJF) (Hosking et al. 2013). Additionally, the
center of the ASL tends to be located farther eastward
and northward in austral summer and more westward and
southward in austral winter (Fogt et al. 2012; Hosking
et al. 2013; Turner et al. 2013). The climate in West
Antarctica is greatly affected by the ASL (Raphael et al.
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2016; Turner et al. 2013; Hosking et al. 2013). Hosking
et al. (2013) found that both the longitude and strength of
the ASL play a role in determining surface winds, tem-
perature, precipitation, and sea ice concentrations near
West Antarctica. These relationships are complex and are
often seasonally dependent. Other studies, such as those of
Turner et al. (2009, 2016), have linked changes in the lo-
cation and depth of the ASL to recent Antarctic sea ice
changes. It is therefore important to understand the factors
that affect the ASL on interannual and longer time scales.

One known driver of the ASL is El Nifio-Southern Os-
cillation (ENSO) (Hoskins and Karoly 1981; Karoly 1989;
Chen et al. 1996; Liu et al. 2002; Turner 2004; Lachlan-Cope
and Connolley 2006). Turner et al. (2013) and Clem et al.
(2017) found that during El Nifio, the mean ASL pressure
was anomalously high, and vice versa during La Nifia. The
ASL was also found to be located farther southeast during
El Nifio and farther northwest during La Nifia (Clem et al.
2017). These findings are mostly consistent with previous
studies by Bertler et al. (2004) but are in disagreement with
Kreutz et al. (2000), who found a deepening of the ASL
during EI Nifio using a glaciochemical record from West
Antarctica. Another factor influencing climate in
West Antarctica is the southern annular mode (SAM)
(Marshall 2003; Thompson et al. 2011; Abram et al. 2014),
which is also affected by ENSO (L’Heureux and
Thompson 2006; Fogt and Bromwich 2006) and by other
drivers such as the ozone hole (Thompson and Solomon
2002; Gillett and Thompson 2003; Keeble et al. 2014).
Fogt et al. (2011) investigated the combined effects of
ENSO and SAM on climate over West Antarctica. They
found that strong teleconnections only occur for the case
of EI Nifio and a negative phase of the SAM when the two
effects constructively interfere. For El Nifio and a posi-
tive phase of the SAM, the teleconnections were reduced
as the effects destructively interfere (Fogt et al. 2011).
However, in some cases when ENSO and SAM are out of
phase the teleconnection to the ASR may still be strong in
some seasons albeit altered (Clem and Fogt 2013).

Several mechanisms have been proposed to explain
the ENSO teleconnection to the ASR. One mechanism
is via its influence on the Pacific-South American (PSA)
pattern. It was shown by Hoskins and Karoly (1981) and
Karoly (1989) that the PSA can be interpreted as
a tropically forced Rossby wave train emanating from
the tropical Pacific and propagating through the
ASR. Schneider et al. (2012) showed that regression of
Southern Hemisphere atmospheric circulation onto an
ENSO index reveals a strong PSA pattern. Further-
more, Li et al. (2015) showed that changes in tropical
east Pacific SSTs cause circulation changes, which create
a Rossby wave source (RWS) anomaly that initiates a
wave train propagating to high latitudes.

JOURNAL OF CLIMATE

VOLUME 32

Another proposed mechanism for the ENSO tele-
connection to high southern latitudes via its effect on
the SAM (L’Heureux and Thompson 2006; Fogt and
Bromwich 2006; Gong et al. 2010; Fogt et al. 2011;
Schneider et al. 2012; Gong et al. 2013). According to
Schneider et al. (2012), there is a distinct seasonality for
this mechanism which is strongest in austral summer.
The reasons for this have not been fully explored, but
could be due to the increased amplitude of ENSO
tropical heating during austral summer (L’Heureux and
Thompson 2006). However, it could also be due to
seasonal characteristics of the large-scale zonal circula-
tion in the Southern Hemisphere (Jin and Kirtman 2009;
Schneider et al. 2012). Gong et al. (2013) found in a
reduced complexity model that an imposed zonally
symmetric heating in the tropics caused the subtropical
jet to strengthen and the eddy-driven jet to weaken. The
changes in background mean flow caused stronger an-
ticyclonic wave breaking on the equatorward side of the
eddy-driven jet (Gong et al. 2010), leading to a negative
SAM response to El Nifio. The proposed teleconnection
via the SAM is related to the studies of Chen et al.
(1996), Liu et al. (2002), and Yuan (2004) who suggested
a mechanism in terms of the Hadley and Ferrel cells.
They proposed that El Nifio would intensify the Hadley
cell and strengthen and contract the subtropical jet
(STJ). This was associated with a contraction of the
storm track and a reduction in the number of synoptic
and subsynoptic low pressure systems that pass through
the ASR, which leads to a weakening of the ASL under
El Nifio conditions.

A notable feature of the ENSO teleconnection to the
ASL is its seasonal variation. Turner et al. (2013) found
that the sea level pressure (SLP) anomaly in the ASL
between the two phases of ENSO was minimum during
austral autumn (MAM) and maximum during austral
winter (JJA) despite the fact that ENSO events tend to
peak in austral late spring/early summer (November—
December). The correlation of near-surface tempera-
ture in the ASR with ENSO was found to be largest in
austral winter and autumn and lowest (or even reversed)
in austral spring and summer (Bertler et al. 2004). Jin
and Kirtman (2009) found in a reanalysis dataset that
the maximum Southern Hemisphere response to ENSO
occurs in austral spring. Their explanation was that the
anomalous Rossby wave source induced by ENSO
peaks around one season before ENSO itself peaks (Jin
and Kirtman 2009) owing to local seasonality in the
Southern Hemisphere circulation.

While the studies discussed above have developed
some understanding of the dynamical factors that cause
seasonality in tropical teleconnection to the ASR, a
detailed assessment of the factors that determine the
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response of the ASL to ENSO and their seasonality has
so far been lacking. This topic forms the focus of our
study. In particular, we aim to investigate the mecha-
nisms that determine the seasonality of the teleconnec-
tion to the ASL using model perturbation experiments
with an idealized fixed El Nifio SST anomaly imposed
throughout the year. This extends previous work (e.g.,
Jin and Kirtman 2009, 2010) by removing the intrinsic
seasonality of ENSO to isolate the effects of the atmo-
spheric seasonal cycle on the teleconnection. Our study
is structured as follows: Section 2 describes the climate
model used to perform our experiments and the di-
agnostic tools used in the study, section 3 presents the
results of our experiments, and section 4 gives conclu-
sions and presents a mechanistic flowchart that sum-
marizes the findings.

2. Data and methods
a. Model description

Experiments are performed using the Hadley Centre
Global Environment Model version 3 (HadGEM3). The
configuration used is the UM version 8.4 Global At-
mosphere (GA) 4.0 with N96 (1.875° longitude X 1.25°
latitude) horizontal resolution and 85 vertical levels up
to an altitude of ~84km (Walters et al. 2014). The
model is run in an atmosphere-only configuration
with reference SSTs and sea ice prescribed from the
HadISST dataset (Rayner et al. 2003).

ST(A, ) = {0

>

where « is a scaling factor and the other nomenclature is
standard. In the El Nifio experiment « is set to 1.15
corresponding to a Nifio-3.4 index anomaly of 1.5 K. The
pattern of SST anomalies produced by this function is
shown in Fig. 1.

The imposed SST anomalies are held fixed in time,
which is unrealistic as real El Nifio events exhibit a clear
seasonal evolution. Nevertheless, this experimental de-
sign allows us to systematically explore the mechanisms
for the seasonality of the El Nifio teleconnection for a
fixed tropical SST forcing. This approach allows us to
overcome some of the limitations of the observational
record in which each El Niflo event has a different struc-
ture, magnitude, and temporal evolution, thereby render-
ing it difficult to distinguish the factors that contribute to
the seasonality in the teleconnection to the ASR.

Both the control and perturbed time-slice experi-
ments are 54 years long. The experiments analyzed here
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FIG. 1. The SST anomaly imposed in the El Nifio experiment, which
is held constant year round.

b. Experimental setup

Idealized time-slice experiments were performed
to investigate the seasonality of the ENSO-ASR tele-
connection. The control simulation uses monthly-
varying SSTs and sea ice averaged from 1995 to 2005
to represent year 2000 climatological (ENSO neutral)
conditions. All other boundary conditions (green-
house gases, aerosols) represent year 2000 conditions
and are kept fixed in all experiments.

A perturbation experiment is performed with im-
posed SST anomalies in the tropical Pacific. The SST
perturbation is designed to capture the broad pattern of
a classical east Pacific El Nifio. The pattern of SST
anomalies (87) is defined according to the following
function:

if 180° =\ =285°
otherwise,

and —-10°=¢=10°,

1)

are a subset of those described by Trascasa-Castro et al.
(2019). All anomalies in this study refer to the difference
between the El Nifio and the control experiment unless
otherwise specified.

¢. Calculation of the Rossby wave source

Following Sardeshmukh and Hoskins (1988), the
RWS § is given by

S=-¢D— vavgx — UXVV§y’ 2)

where ¢ is the absolute vorticity, D is the divergence
of the horizontal wind, v, _is the x component of the
divergent wind, and v, is the y component of the di-
vergent wind. The first term ({D) represents the rate
of change of vorticity due to vortex stretching and
the second (v, V{,) and third (v, V{,) terms represent the
rate of change of vorticity due to vorticity advection by the
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horizontal and meridional components of the divergent
wind, respectively.

The rationale behind the RWS is that even though
the divergent flow is only a small part of total hori-
zontal flow, the vorticity associated with it is extremely
important for understanding tropical-extratropical
interactions on longer than synoptic time scales.
Sardeshmukh and Hoskins (1988) found that a heating
in the equator can cause a nonlocal “effective Rossby
wave source” to appear in the subtropical westerly jets,
which plays a key role in explaining the existence of
strong tropical-extratropical teleconnections.

d. Rossby wave ray tracing and wave activity flux

Rossby wave ray tracing was developed by Hoskins
and Karoly (1981) and Karoly and Hoskins (1982) and
provides insight to how the background climatological
state impacts the propagation of a linear Rossby wave.
While ray tracing typically relies on several simplify-
ing assumptions (see below), linear wave theory has
been shown to apply well in many situations (Hoskins
and Karoly 1981; Karoly and Hoskins 1982; Li et al.
2015; Scaife et al. 2017). The theory for ray tracing
shown below follows Hoskins and Karoly (1981),
Karoly and Hoskins (1982), and Hoskins and Ambrizzi
(1993). For simplicity, the equations will be presented in
Cartesian coordinates. We start with the simplest case
of a linear, barotropic Rossby wave dispersion re-
lation with no background meridional flow:
o= Uk — BK—f, 3)
where w is the frequency, U is the zonal wind, 8" is the
meridional gradient in absolute vorticity, K is the total
wavenumber (K = v/[2 + k?), k is the zonal wavenumber,
and / is the meridional wavenumber.

The typical time scale for Rossby waves to propagate
from the tropics to the extratropics is around 1-2 weeks
(Jin and Hoskins 1995). Hence for our purposes, where
we are examining signals on seasonal time scales, the
propagation time scale is relatively short and we there-
fore consider the case of stationary waves where w = 0.
In this case Eq. (3) can be rewritten as

K=" (4)

Note that the wave train evolves according to the
propagation of wave energy (given by the group veloc-
ity). The group velocities of the waves are

o 28" k2

Tk R

Co =k and (5)
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where c,, is the group velocity in the x direction and c,,
is the group velocity in the y direction. Thus the di-
rection of propagation of the wave front can be found by
dividing Eq. (5) by Eq. (6) to give

bl 7)

Using K = V[?> + k* and Eq. (4), we can rewrite Eq. (7)
to give

dx k
P ®
7K

Thus the angle [tan™'(dy/dx)] of the Rossby wave ray
can be computed for any given k. Equation (8) can be
used to trace the theoretical path of a Rossby wave. Note
that / controls the meridional direction of the rays. Here
this is set to —1 (southward propagating) as our work is
concerned with wave propagation into the Southern
Hemisphere.

There are three possibilities for a ray at any point
during its propagation: it can propagate, reflect, or ev-
anesce. For B"/U < k* [i.e., when the denominator in
Eq. (8) is imaginary] the waves are reflected. For U <0
(i.e., easterly winds) the waves are evanescent. If the
wave is neither reflected nor terminated at a given point,
it will propagate in the direction given by Eq. (8).

The derivation of Eq. (8) relies on several simplifying
assumptions. First, the WKBJ approximation is used,
which assumes that variations in the background flow are
slow relative to the variations associated with the wave.
As discussed in Hoskins and Karoly (1981) and Li et al.
(2015), this assumption holds well for small-scale waves,
but may not be as applicable for planetary-scale waves.
Second, Eq. (3) is only valid for the case of purely zonal
flow. However, for realistic meridional flows the equa-
tion can only be used as an approximation if the zonal
gradients of the absolute vorticity are small relative to
the meridional gradient of absolute vorticity. Since the
background large-scale flow is organized into zonal jets,
the zonal vorticity gradients are usually small compared
to the meridional gradient. While Li et al. (2015) sug-
gested that one such exception may be located in the east
Pacific (our area of interest), our analysis of HadGEM3
shows that the meridional vorticity gradient in this area is
larger than the zonal gradient.

Following Li et al. (2015), ray tracing is performed here
using a zonal wavenumber of k = 3. However, sensitivity
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FIG. 2. Composite SLP anomalies (hPa) under El Nifio conditions in (a),(b) ERA-Interim and (c),(d) ERA-
Interim scaled to a seasonal mean ONI index of 1.5 K. Single hatching in (a) and (b) shows regions of 95% sig-
nificance while double hatching shows 99% significance. Statistical significance is calculated using a two-tailed
Student’s ¢ test. Hatching is not shown in the lower panels as these are scaled from the upper panels.

tests were carried out using k = 1,2, 4, and 5. These tests
showed only small differences in the paths of the rays and
the overall picture was unchanged. Additionally, follow-
ing Li et al. (2015), a 2D Gaussian filter is applied to the 8"
and U fields before the ray tracing is performed. This is
because the Rossby waves (at k = 3) are large compared
to the model grid scale and hence their propagation will
not be affected by small scale features in the background
vorticity and wind fields. The Gaussian filter is set to a
radius of 15° but the results are not found to be sensitive
to the exact scale of filter chosen.

Note that while climatological seasonal mean fields
are used here for the ray tracing calculations, a further
test was conducted in which ray tracing was performed
for every individual season before summation. The re-
sults were found to be similar between these approaches
and for simplicity we present here ray tracing re-
sults using the 54-yr climatology from the El Nifio
experiment.

In addition to the RWS and ray tracing calcula-
tions, we also compute the wave activity flux follow-
ing Plumb (1985). This combines information about
the wave sources and wave propagation to give an
overall quantitative picture of wave energy fluxes. Both
the ray tracing and wave flux analysis provide useful

information to understand and interpret teleconnec-
tion responses and thus both techniques are employed
in our work. Note that here we will only deal with the
2D horizontal wave flux. This is because the flux in the
vertical direction is usually much smaller compared
with that in the horizontal direction (see Plumb 1985)
and because we are primarily concerned with hori-
zontal wave propagation. The 2D wave flux analysis is
applied in the upper troposphere, since this is the re-
gion of strong divergence from convective motions,
which coincide with the peak RWS (e.g., Scaife et al.
2017).

Following Plumb (1985), the 2D wave activity flux is
given by

0 1 (VD)
2Qasin2¢ A
F,=p cos(6) N
oy 1 (/D)
YV o 0asingg oA

where the primes denote deviations from the zonal
mean, p is pressure divided by 1000 hPa, u is zonal wind,
v is the meridional wind, () is Earth’s rotation rate, a is
the radius of the Earth, ¢ is latitude, ® is geopotential,
and A is longitude.
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FI1G. 3. Seasonal mean SLP anomalies (hPa) in the El Nifio experiment for (a) DJF and (b) JJA. Also shown are
seasonal mean 200-hPa geopotential height anomalies (m) for (c) DJF and (d) JJA in the El Nifio experiment.
Single hatching shows regions of 95% significance while double hatching shows 99% significance.

3. Results
a. Amundsen Sea region response to El Niiio

Before investigating the El Nifio perturbation in
the model simulations, we first examine the impact of
El Nino on the ASR in the ERA-Interim reanalysis
dataset (Dee et al. 2011). We define observed El Nifio
years to have an Oceanic Nifio Index (ONI) in DJF
of >1.0K. Years witha —1.0K < ONI = 1.0K in DJF are
considered to be ENSO neutral years. While this is higher
than the conventional threshold for El Nifio events (usu-
ally around ONI = 0.5K), the ONI in JJA will be signif-
icantly lower than DJF as El Nifio events tend to peak in
November-December. Therefore, a higher threshold of
the ONI is used to capture the strongest El Nifio events
that also give a reasonable ONI anomaly in JJA. This
definition captures 8 El Nifio events and 25 ENSO neutral
years over the period 1979-2016 with a composite Nifio-
3.4 temperature anomaly for El Nifio of ~1.8 Kin DJF and
~1.0K in JJA.

Figures 2a and 2b show the ERA-Interim composite
seasonal average sea level pressure (SLP) anomalies

between El Nifio and ENSO neutral years for DJF and
JJA, respectively. Consistent with earlier studies (e.g.,
Turner et al. 2013; Jin and Kirtman 2010), this shows that
DIJF exhibits a weaker SLP anomaly over the ASR
during El Nifio compared with JJA. To facilitate a
clearer comparison between the two seasons, Figs. 2¢
and 2d show the ERA-Interim SLP composite anoma-
lies linearly scaled to represent a 1.5-K Nifio-3.4 tem-
perature anomaly in both seasons. The scaled SLP
anomalies show an even greater difference in the high-
latitude response between the two seasons than the raw
anomalies, owing to the larger amplitude of observed
El Nifio events in austral summer. In addition to dif-
ferences in magnitude, there are marked differences in
the structure of the SLP anomalies between the seasons.
In JJA, an alternating pattern of negative—positive—
negative SLP anomalies can be seen extending from
approximately 30°S, 110°W toward the ASR and into
the Weddell Sea. Conversely, the SLP anomalies in DJF
are more zonally symmetric and envelop the whole of
Antarctica with a weak maximum located around the
ASR. DJF resembles a SAM-like pattern, which may hint



1 Aucust 2019 YIU AND

MAYCOCK 4835

OLR anomaly: JJA 1.5K
Z £ A‘Es?w‘ 2

40°S |

120F 180° 126°w Feoow 120 180° 120°W 60°W
() (b)
-
-100 =75 -50 -25 O 25 50 75 100

Outgoing longwave radiation

FIG. 4. Pacific sector seasonal mean outgoing longwave radiation anomalies (W m~?) in the El Nifio experiment
for (a) DJF and (b) JJA. Single hatching shows regions of 95% significance while double hatching shows 99%

significance.

at different teleconnection mechanisms between the two
seasons. These differences in structure are consistent with
the results of Ciasto et al. (2015) who also found that east
Pacific SST anomalies cause a SAM-like response in DJF
and a wave train-like response in JJA. The pattern cor-
relation between the SLP anomalies over the region 30°-
90°S in DJF and JJA is 0.43. In the transition seasons, the
response in MAM also resembles the PSA, but in SON it
resembles a negative SAM (see Fig. S1 in the online sup-
plemental material).

The SLP and 200-hPa geopotential height anomalies in
the HadGEM3 1.5-K El Nifio experiments for DJF and
JJA are shown in Figs. 3a and 3b and Figs. 3c and 3d, re-
spectively. The model reproduces the pattern and magni-
tude of anomalies seen in ERA-Interim, with the magnitude
and structure showing similar differences between the two
seasons. As expected from previous literature, there is a
baroclinic response to the tropical heating in the tropics
(Gill 1980; Jin and Hoskins 1995) and an equivalent baro-
tropic response in the mid-to-high latitudes (Webster 1981;
Simmons et al. 1983; Held and Kang 1987). This is evident
from Fig. 3 where the SLP and 200-hPa geopotential height
anomalies are negatively correlated in the tropics and pos-
itively correlated in the mid-to-high latitudes. Now that we
have confirmed that the HadGEM3 model experiment
captures the seasonal differences found in the reanalysis
dataset, we go on to examine the mechanisms that de-
termine the seasonality of the response to the imposed El
Nifio in the ASR.

b. Tropical and subtropical response to El Nifio

Figure 4 shows the anomalous outgoing longwave
radiation (OLR) at the top of the atmosphere in the

El Nifio experiment for DJF and JJA. Under El Nifio,
OLR decreases at the equator and increases off-equator
to the north and south; this indicates an intensification
of the intertropical convergence zone and an eastward
shift in the region of strongest convection. However, the
changes in OLR due to the imposed El Nifilo anomaly
are broadly similar in both seasons. Similar responses in
both seasons are also found for changes in tropical
precipitation rates and bulk cloud fraction (not shown),
which are other indicators of the structure and intensity
of the tropical circulation. Therefore, the differences in
the teleconnection to high latitudes between the two
seasons are unlikely to be due to the response of tropical
convection to the same SST forcing.

Turning to the subtropics, Fig. 5 shows the mass
streamfunction in DJF and JJA with the control clima-
tology in contours and the simulated response to the
imposed El Nifio in shading. The climatological mean
meridional circulation is dominated by a strong Hadley
cell in the winter hemisphere (e.g., Dima and Wallace
2003). In JJA, when the climatological overturning cir-
culation is strongest in the Southern Hemisphere, the
response to El Nifio shows an enhancement near the
maximum of the cell and a reduction on the equatorial
and poleward edges, indicating a strengthening and
contraction of the mean meridional circulation. In DJF,
when the climatological overturning circulation is
strongest in the Northern Hemisphere, the response to
El Nifio shows similar changes with a strengthening near
the maximum and a weakening on the edges of the
Hadley cell. These findings are consistent with other
studies that have examined the response of the mean
meridional circulation to El Nifio (e.g., Lu et al. 2008).
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FIG. 5. Seasonal mean mass streamfunction in (a) DJF and (b) JJA. The solid contours show the control climatology
(10" kgs™"), and the shading shows the anomalies in the El Nifio experiment (10'°kgs™").

The strengthening and contraction of the Hadley cells
is expected to be associated with a strengthening and
equatorward shift of the subtropical jet (STJ) (Gallego
et al. 2005). Figures 6a and 6b show zonal-mean zonal
winds in DJF and JJA with the contours showing the

Zonal ind (Pciﬁc): DJF 1.5K

control climatology and the shading the anomalies in the
El Nifio experiment. In DJF, the climatology is domi-
nated by a strong polar front jet (PFJ) with a maximum
wind speed of ~30ms ™! near 50°S and 200 hPa, while
the STJ is relatively weak. Conversely in JJA, there is a
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FIG. 6. (top) Seasonal mean zonal wind (ms~') averaged over the Pacific sector (120°E-60°W) in (a) DJF and
(b) JJA. The solid contours show the control experiment, and the shading shows the anomalies in the El Nifio
experiment. (bottom) As in the top panels, but for 200-hPa zonal wind (m s~ ') in the Pacific sector for (c) DJF and
(d) JJA. Single hatching shows regions of 95% significance while double hatching shows 99% significance.
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FIG. 7. Seasonal mean anomalies in 200-hPa (top) divergence (s ') and (bottom) RWS (s 2) in (a),(c) DJF and
(b),(d) JJA. The RWS is calculated from the 54-yr climatology of each experiment and then differenced. Arrows in
(a) show the 200-hPa wind anomaly vectors in the El Nifio experiment.

strong STJ with a maximum wind speed of ~50ms™~"

near 25°-30°S and 200 hPa, and a second weaker maxi-
mum associated with the PFJ at around 45°S and 200 hPa
(Galvin 2007; Barnes and Polvani 2013).

In DJF, the zonal-mean zonal wind response in the El
Nifio experiment shows a positive anomaly in the upper
troposphere near the weak STJ maximum around ~25°S
and ~150hPa. At higher latitudes there is a dipole
pattern of zonal wind anomalies extending throughout
the troposphere, with a weakening of westerlies on
the poleward flank and an increase in westerlies in the
equatorward flank of the PFJ. This corresponds to the
well-known equatorward shift in the PFJ under El Nifio
(e.g., Lu et al. 2008; Gallego et al. 2005).

The anomalous zonal-mean zonal winds under El Nifio
have a different magnitude and structure in JJA compared
to DJF. The strongest zonal wind anomalies are in the upper
troposphere with a dipole pattern of increased zonal winds
on the equatorward flank of the STJ around ~15°-20°S and
decreased zonal winds on the poleward side around ~30°-
40°S (Gallego et al. 2005). The positive anomaly is much
stronger in JJA compared with DJF. Furthermore, the
negative anomaly that extends throughout the troposphere
coincides with the zonal wind maximum in the midlatitude
lower troposphere, indicating a weakening of the PFJ in
contrast to the jet shift found in DJF.

Figures 6¢c and 6d show the Southern Hemisphere
zonal winds at 200 hPa in the Pacific sector. In JJA, the
strongest climatological zonal wind speeds are located
around 30°S, 90°E~150°W. Under El Nifio conditions,
there is a strong positive anomaly approximately located
at 30°S, 130°W and a negative anomaly at approximately
40°S, 120°W. This dipole in anomalies is associated with
a shift in the maximum zonal wind equatorward and
eastward toward the central Pacific. In DJF, the clima-
tological maximum wind speed at 200hPa is located
around 50°S, 50°W-150°E. In the El Nifio experiment,
the zonal wind anomalies at 200 hPa in the South Pacific
in DJF are weaker and more zonally symmetric com-
pared with JJA.

¢. Rossby wave source response to El Nifio

Figures 7a and 7b show seasonal mean anomalies in
200-hPa divergence and Figs. 7c and 7d show differences
in RWS at 200hPa between the El Nifio and control
experiments calculated using Eq. (2). The arrows in
Figs. 7a and 7b show absolute wind vectors in the El
Nifio experiment. In JJA, there is an increase in upper
tropospheric divergence in the east Pacific near 30°S
under El Nifio. This is associated with an eastward shift
in the region of ascent near the South Pacific conver-
gence zone (not shown) (Lachlan-Cope and Connolley
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2006), which is much weaker in austral summer. The
changes to the RWS in the South Pacific sector in the El
Nifio experiment are also small in DJF and in the tran-
sition seasons (see also Fig. S2). Note that in DJF, larger
RWS anomalies are found in the Northern Hemisphere
(not shown). In contrast, there are stronger RWS
anomalies in JJA under EI Nifio conditions. There is a
strong positive RWS anomaly located at approximately
30°S, 100°-120°W with a peak magnitude of ~5.5 X
10~ '°s72 There is also a weaker negative RWS anomaly
located at around 30°S, 150°-180°W. This result is con-
sistent with Jin and Kirtman (2009), who identified a
similar seasonality in RWS anomalies in the South Pa-
cific sector in reanalysis data and model experiments
with a periodic El Nifio forcing shifted in phase by 6
months. Note that the changes in RWS in the El Nifio
experiment are comparable in magnitude to the RWS in
the control experiment (not shown). This is consistent
with the changes in upper-tropospheric divergence
(Figs. 7a,b), which show a strong positive anomaly at the
location of the RWS anomaly in the South Pacific.

Figure 8 shows the contributions to the change in
RWS in JJA from the three terms in Eq. (2): {D (Fig. 8a),
vy, V¢, (Fig. 8b), and v, V¢, (Fig. 8c). This shows that most
of the change in RWS in JJA is explained by {D, which
represents the change in vorticity due to vortex stretching
[see Eq. (2)]. To further decompose the change in {D
[(¢D)] into the parts associated with changes in vortic-
ity and changes in divergence, we linearize the term as
follows:

((D)I:(§0+§/)(D0+D,)_§0D03 (10)
where the subscript 0 denotes control experiment values
and the primes denote the deviations from the control in
the El Nifio experiment. Multiplying out Eq. (10) gives

(¢(D) =¢,D'+{'D,+{'D'. (11)
While this provides a framework to decompose sepa-
rately the contributions of changes in divergence and
changes in absolute vorticity to ({D)’, one must bear in
mind that it is nontrivial in equilibrium experiments
such as these to distinguish the effects that may initiate
the wave train from the changes in climatology due to
the wave train itself. For example, changes in the STJ are
likely to be associated with anomalous divergence while
the anomalous vorticity is likely to be associated with
the presence of the wave train itself. With this caveat in
mind, Figs. 9a, 9b, and 9c show {,D’, {'Dy, and ¢'D’ for
the El Nifio experiment, respectively. The largest con-
tribution to ({D)’ comes from the (oD’ term. This is
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FIG. 8. Contributions of the three terms (a) {D, (b) v, V{,, and

() v, V¢, (57 to the RWS anomaly in JJA in the El Nifio
experiment.

because in JJA the relative changes in D in the South
Pacific under El Nifio are large compared to the relative
change in ¢. This is interesting as the local deep con-
vective response along the equator (Figs. 4a,b) lies near
and just east of the dateline, around 0°, 165°W, while the
strong RWS anomaly in JJA near 30°S, 120°W is due to
the anomalous divergence in the exit region of the
anomalously strong STJ (Figs. 8a and 9a). These results
are consistent with Lachlan-Cope and Connolley (2006)
insofar as heating in the eastern equatorial Pacific does
not generate a local deep convective response owing to
the presence of climatological subsidence. Therefore
owing to the special conditions in the eastern tropical
Pacific, which differ from other parts of the tropics,
there is minimal vorticity advection by the divergent
wind. In DJF, the changes in D are substantially
smaller (Fig. 7a); this is consistent with the result of Jin
and Kirtman (2009), who showed a strong seasonality
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in upper-tropospheric divergence in the South Pacific
sector in experiments forced with a periodic El Nifio.
There is a smaller but still significant contribution from
the nonlinear term {'D’, while {’D, makes little con-
tribution to ({D)'.

While we have so far focused on seasonal mean
analyses, we now show the evolution of the upper-
tropospheric maximum zonal winds and the RWS over
the full annual cycle. Recall that the El Nifio perturba-
tion imposed here is held constant throughout the year.
Figure 10a shows the latitude of the peak zonal-mean
zonal wind at 200hPa in the Southern Hemisphere by
month in the control experiment. From September to
April, the latitude of the maximum zonal-mean zonal
wind is at approximately 50°S with a rapid transition to a
latitude of approximately 30°S between May to August.
This shows the strongest upper-tropospheric zonal
winds being located within the high-latitude PFJ and the
lower-latitude STJ, respectively. Figure 10b shows the
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FIG. 10. (a) Latitude of peak 200-hPa zonal-mean zonal wind
(Southern Hemisphere only) and (b) maximum RWS anomaly in
the South Pacific sector by month in the El Nifio experiment.

peak RWS anomaly in the South Pacific sector in the El
Nifio experiment. The maximum RWS anomaly seems
to be correlated with the latitude of the maximum zonal
wind. Consistent with what was seen above for the sea-
sonal mean analysis, the RWS anomaly is strongest during
May to August compared to September to April. This
demonstrates the importance of the STJ in generating the
RWS anomaly and is consistent with the finding that the
largest contributor to the RWS anomaly comes from ¢’ D,.

d. Rossby wave propagation by season

The previous section established that the anomalous
RWS induced by the imposed El Nifio perturbation only
occurs in austral winter and is small in austral summer.
In this section, we will investigate using Rossby wave ray
tracing the propagation characteristics for linear baro-
tropic stationary Rossby waves in both seasons. We will
also examine the anomalous wave activity flux in the El
Nifio experiment following Plumb (1985).

The red lines in Fig. 11 show example Rossby wave
ray traces derived using Eq. (8) for DJF and JJA. The
Rossby waves are initialized in both seasons approxi-
mately at the location of the strong positive RWS
anomaly seen in JJA in Fig. 7b. Although the RWS
anomaly is not seen in DJF, rays are initialized here to
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FIG. 11. Rossby wave ray tracing at 200 hPa for the El Nifio experiment for (a) DJF and (b) JJA. The rays
are initialized approximately at the location of the positive RWS anomaly found in JJA in Fig. 7. The red re-
gions indicate regions of wave evanescence (i.e., U < 0), blue regions denote regions of wave reflection (i.e., 8*/U
< k?), and white regions indicate propagation regions. The red lines are example paths taken by hypothetical

Rossby waves.

enable a comparison of the relative propagation char-
acteristics between the two seasons under a hypothetical
identical wave source region. For reference, the gray
shaded boxes in Fig. 11 denote the Nifio-3.4 region and
the ASR. The blue areas show wave reflection zones
(i.e., B*/U < k?), red areas are regions of wave evanes-
cence (i.e., U < 0), and white areas are regions where
wave propagation is permitted.

In JJA, the rays propagate from the RWS region to
the ASR. The path taken by the rays approximately
follows the PSA wave train. In DJF, the initiated Rossby
wave rays are all reflected at around 60°S, 60°-120°W
before reaching deep into the ASR. Recall that wave
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reflection occurs when B/U < k*. As k is fixed in the
examples shown in Fig. 11 (k = 3), wave reflection will
occur when B is small and/or when U is large. The
meridional gradient of absolute vorticity can be ex-
pressed as 8° = 8 — U,,, where @ is the planetary vor-
ticity and Uy, is the acceleration of the zonal wind with
respect to latitude. Figures 12a and 12b show U, in the
El Nifo experiment for DJF and JJA, respectively. The
data was filtered using triangular truncation at wave-
number 20 to minimize small-scale artifacts from
differentiation.

In JJA, there is a region of strong positive U,, on the
equatorward and poleward flanks of the STJ (~20°S and
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FIG. 12. Acceleration of zonal wind with respect to latitude (U,,) (m~'s™1) in the El Nifio experiment in (a) DJF
and (b) JJA. The wave evanescence regions are whited out for reference.



1 Aucust 2019

YIU AND MAYCOCK

4841

200hPa wave flux anomaly: DJF 1.5K — sms:

F S

~ s

30°S

60°S

120°E 180°

120°W

60°W 0°

200hPa wave flux anomaly: JJA 1.5K  suws:

3005 | L1

60°S

120°E 180°

120°W

60°W 0°

FIG. 13. Wave activity flux anomalies calculated following Plumb (1985) in the El Nifio ex-
periment in (a) DJF and (b) JJA.

40°S) and strong negative U,, near the jet maximum
(~30°S). The region of strong U,, near 40°S in the
central Pacific is enough to cause reflection of rays ini-
tialized west of 120°W, but those east of this region can
propagate to high latitudes. Conversely, in DJF there is
a weak positive Uy, at ~60°S and 60°-~120°W that is not
present in JJA. This region of weak U,,, along with the
weakening 8 with increasing latitude, is enough to create
a wave reflection zone north of the ASR. This local
maximum in U, at high latitudes is associated with the
maximum in 200 hPa zonal winds in DJF at 50°S and
100°W (Fig. 6¢).

To complement the ray tracing analysis, Fig. 13
shows the wave activity flux anomaly in the El Nifio
experiment calculated from Eq. (9) (Plumb 1985). In
JJA, the anomalous wave activity flux shows propa-
gation from the subtropical South Pacific toward the
ASR and then into the Weddell Sea. This approxi-
mately follows the PSA pattern and broadly agrees
with the Rossby wave ray tracing shown previously. In
DJF, there is a lack of anomalous wave activity flux
at latitudes south of approximately 50°-60°S. These

results broadly match the conclusions from the ray
tracing analysis.

4. Conclusions

This study has further developed the understanding
of the mechanisms responsible for the observed sea-
sonality of the ENSO teleconnection to the Amundsen
Sea region (ASR) including the Amundsen Sea low
(ASL). Idealized time slice experiments were per-
formed using the HadGEM3 model with an imposed
sea surface temperature anomaly in the tropical east
Pacific corresponding to a Nifio-3.4 anomaly of 1.5K
held fixed year round. This approach is idealized, since
the imposed El Nifio perturbation in austral winter is
larger than typically observed; however, it allows us to
isolate the role of the seasonal cycle in the telecon-
nection to the ASR from the intrinsic seasonality in the
development of ENSO seen in the real world.

The tropical response to the imposed El Nifio per-
turbation is similar in both austral summer (DJF) and
winter (JJA) seasons and comprises of an intensification
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FIG. 14. Schematic flowchart summarizing the mechanisms for the El Nifio teleconnection to
the ASR by season discussed in this study.

and eastward shift in the region of strongest tropical
convection in the Pacific as evidenced through increased
tropical precipitation and decreased outgoing longwave
radiation.

The structure of the Southern Hemisphere tropo-
spheric circulation is markedly different between the
two seasons. In JJA there are two distinct jets in the
Southern Hemisphere, the dominant subtropical jet
(STJ) and the polar front jet (PFJ) at higher latitudes.
The STJ is associated with upper-tropospheric di-
vergence and a strong vorticity gradient. Under El
Nifio conditions, the STJ in the Pacific sector is
strengthened and shifted eastward. This leads to a
strong positive RWS anomaly at 30°S, 100°~120°W in
JJA. However, in DJF there is only the PFJ present at
around 40°-50°S and the anomalous RWS at ~30°S
is absent.

Using Rossby wave ray tracing, the propagation of
Rossby waves to high southern latitudes is found only to
be permitted in JJA, but not in DJF. In JJA, the Rossby
waves propagate from the positive RWS anomaly region

at 30°S, 100°-120°W toward the ASR and then to the
Weddell Sea tracing the PSA pattern. However, in DJF,
the Rossby waves are reflected at around 60°S and do
not reach deep into the ASR. This reflection zone is
attributed to the PFJ in the South Pacific sector in DJF.
The results from ray tracing are supported by wave ac-
tivity flux calculations. In JJA, there are wave fluxes
emanating from the Pacific mid latitudes toward the
ASR while there are minimum wave flux anomalies at
high southern latitudes in DJF.

The mechanistic development of the ENSO-ASR tele-
connection is summarized in Fig. 14. In conclusion, the
strong ENSO teleconnection to the ASL in JJA is the result
of the strong RWS anomaly from the STJ and the absence
of wave evanescence or reflection zones between the
Rossby wave source anomaly region and the ASR.

In the previous sections, the mechanistic differences
in the teleconnection between austral summer (DJF)
and austral winter (JJA) have been investigated. How-
ever, the weaker SAM-like signal in DJF remains an
open question. There are still SLP anomalies in the



1 Aucust 2019

ASR, albeit weaker than in JJA, even though Rossby
wave generation and propagation is not favorable in the
summer. One likely explanation for these weak SLP
anomalies is the modulation of the SAM; see, for ex-
ample, Gong et al. (2010), who found that the changing
background zonal-mean flow associated with El Nifio
can cause wave breaking that drives negative SAM
events. This can be seen from the contraction of the
Hadley and Ferrell cells under El Nifio conditions,
which causes the STJ and the PFJ to contact equator-
ward. As the SAM is related to the strength and me-
ridional movement of the PFJ (Hartmann and Lo 1998;
Thompson and Wallace 2000; Lorenz and Hartmann
2001; Yang and Chang 2007; Gong et al. 2010) and as-
sociated changes in synoptic wave fluxes, this will favor
a more negative phase of the SAM. A more negative
SAM would cause anomalously high pressure over
Antarctica in general. This fits the SAM-like SLP
anomaly pattern seen in DJF.

Finally, it is important to treat these studies as an
idealized investigation into the teleconnection mecha-
nisms rather than as a definitive study of real world
ENSO-ASL teleconnection. We have neglected several
aspects of observed ENSO characteristics, such as its
seasonal evolution. However, the controlled nature of
the model experiments has enabled a detailed assess-
ment of the mechanisms involved in ENSO-ASR tele-
connection and their dependence on season, which is
challenging in reanalysis datasets because of the rela-
tively small number of El Nifio events and because many
characteristics including magnitude, structure and tem-
poral evolution vary between individual events. Never-
theless, it is important to put these model results in the
context of observational analyses. Lachlan-Cope and
Connolley (2006) investigated the ENSO teleconnec-
tion to the Amundsen—-Bellingshausen Sea in austral
winter using the ERA-40 reanalysis dataset and found
that the anomalous Rossby wave source occurs in
areas away from the greatest SST anomalies. This is in
agreement with our results generated using a global
climate model. To cleanly separate the effect of the
seasonal cycle on the teleconnection, we imposed a
constant El Nifio perturbation year round. However,
a 1.5-K El Niflo in JJA has only occurred once in re-
cent history (1982) and is almost double the magni-
tude of most moderate-size El Nifios observed in
austral winter. Meanwhile, a 1.5-K anomaly in DJF
would only classify as a moderate El Nifio event.
Therefore, it is important to note that the response in
JJA in our experiments is larger than what might be
observed for a “‘typical’’ El Nifio.

There are several possible extensions to this work.
First, we have only explored the effects of east Pacific El
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Nifios. Therefore other aspects of the El Nifio telecon-
nection, such as occasions when there is anomalous
upper-level convergence and positive OLR anomalies in
the western tropical Pacific, have not been explicitly
investigated. Additional model experiments and Rossby
wave methods could be performed to compare the
ENSO-ASR teleconnection for central Pacific El Nifio
events (see, e.g., Ciasto et al. 2015). Second, the ENSO-
ASR teleconnection under La Nifia has not been in-
vestigated in our work. Previous studies, such as Turner
et al. (2013) and Fogt et al. (2011), have found stronger
(but opposite in sign) SLP changes at high southern
latitudes under La Nifia conditions. Further work could
address the mechanisms for this response.
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