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Summary

The midlatitude response to tropical Pacic SST anomalies nvolves changes in transient
eddy propagation, but the processes leading to the transigreddy changes are still not clear. In
a recent study, we used a series of controlled GCM experimestin which an imposed tropical
Paci ¢ SST anomaly is turned on abruptly and the response is aalyzed in terms of its high
and low frequency parts, to show that the ENSO induced changg in transient eddies arise from
changes in wave refraction on the altered mean ow. In this wok, we use a quasi-geostrophic
linear model and a linear stationary wave model, to interpreé the GCM experiments and obtain
the sequence of events that lead from a tropical SST anomalya the quasi-equilibrium change
in the mean and transient atmospheric circulation. The initial direct response of the mean ow
is con ned to the tropical and subtropical Paci c, similar t o what is obtained from a stationary
wave model. This tropical-subtropical mean ow change initiates a transient eddy response,
which induces a midlatitude mean ow anomaly. The wave-mean ow system evolves towards a
state in which the eddy anomalies maintain the mean ow anomdies, allowing them to persist.
It is further shown that while eddy momentum uxes persistently accelerate and decelerate the
subtropical and midlatitude mean ow, the eddy heat ux e ec t on the zonal mean ow is much
more variable, and only marginally signi cant. The linear Q G model calculations capture the
evolution of eddy momentum ux anomalies equatorwards of 66N quite well, suggesting linear
wave refraction can explain the midlatitude ENSO anomalies Other processes like stationary
waves or changes in the nonlinear stage of eddy life cyclespWwever, are needed to explain the

ENSO related anomalies at high latitudes, poleward of aroud 60°N .



1 Introduction

The El Nino - Southern Oscillation (ENSO) phenomenon is oneof the leading climate signals,
not only in the tropics, where it originates, but also in the extratropics, where its manifestation is
indirect, and is generally considered in terms of a respons® external forcing. The midlatitude
response is characterized by a southward shift and zonal eghsion of the Paci ¢ jet and storm
track into the Southwestern US during El Nino (EN), and a northward de ection of the jet
and storm track during La Nina (LN; Hoerling and Ting, 1994; Trenberth and Hurrell, 1994;
Straus and Shukla, 1997; Compo and Sardeshmukh, 2004; Orlaki, 2005; Eichler and Higgins,
2006), with corresponding changes in precipitation systers (Schubert et al., 2004b,a; Seager
et al., 2005b, 2008; Herweijer et al., 2006; Cook et al., 200Beager, 2007). ENSO also a ects
the Atlantic and Europe, but the response is not as robust as m the Pacic (e.g. Toniazzo
and Scaife, 2006; Greatbatch et al., 2004; Bronnimann, 2007 The ENSO response also has a
zonally symmetric component, with cooler and wetter midlatitudes, along with weaker and more
equatorwards midlatitude jets during EN in both hemispheres (Seager et al., 2003, 2005a).
Earlier papers discussed the midlatitude response to ENSQniterms of linearly forced station-
ary extratropical wave trains (e.g. Horel and Wallace, 1891 Hoskins and Karoly, 1981), but the
inherent role of transient eddies in maintaining, and maybeeven creating parts of the extratropi-
cal response, has since been recognized and demonstratechinariety of papers (e.g. Held et al.,
1989; Hoerling and Ting, 1994). The emerging picture is onefoa direct tropical-subtropical
response to ENSO (described in terms of Kelvin and equatoriaRossby waves as in Gill, 1980),
which jump-starts an eddy-mean ow positive feedback in mid-latitudes, in which the anomalies
in transient eddies further strengthen the mean ow anomalies through the anomalies in eddy
uxes. Understanding how these eddy anomalies come about,ral how they feedback onto the

mean ow has been the focus of recent studies of the midlatitde response to ENSO. Straus and



Shukla (1997), and Orlanski (2005) argue that increased banclinicity in the Eastern Paci c,

which is part of the direct response to tropical Paci ¢ heating, is responsible for displacing the
storm track southward and extending it eastward in that region. Orlanski (2003, 2005) also
argues that central to the response is a change in the nonlirse decay stage of eddy life cycles,
which is observed to occur (Shapiro et al., 2001; Martius et b, 2007; see also Gong et al, 2010) .

This paper focuses on a somewhat di erent mechanism, whichnvolves an anomalous linear
refraction of midlatitude transient waves, in response to he tropically driven large scale mean
ow anomaly. This tropical modulation of midlatitude eddie s (TMME) was examined in detail
for the observed zonal mean response in Seager et al. (200%rbhafter S03). Recently, Seager
et al. (2010, hereafter S10) performed a series of short (10@ays) General Circulation Model
(GCM) experiments, in which an ENSO anomaly is abruptly turn ed on, and time Itering is used
to distinguish between the slower mean ow response, and thdigh frequency variations which
constitute synoptic eddies. Analyzing the output of these ns, along with observations and a
linear GCM, they explicitly showed that observed changes inthe East Paci ¢ storm track involve
systematic changes in transient eddy propagation, consisint with changes in wave refraction.
In this paper, we use the same set of GCM runs, along with a liner quasi-geostrophic (QG)
model for the transient eddies, and a linear stationary wavemodel, to explicitly examine how the
directly forced tropical ENSO response a ects linear wave efraction over the Eastern Paci c,
and how this TMME further acts to setup the observed midlatit ude response there.

We rst determine the di erent temporal stages in the circul ation response to tropical Paci ¢
SST anomalies in the GCM (Section 2.1) and show the limitatios of the stationary waves in
explaining this response without transient eddy e ects (Setion 2.2). We will then introduce the
linear quasi-geostrophic model and the various diagnosti (Sections 3.1-3.2) which will be used

to diagnose the role of transient eddies and wave-mean ow iraction in the GCM (Section



3.3). In Section 3.4 we use the GCM runs to examine the equatevards refraction during LN.

We discuss the results and conclude in Section 4.

2 The Circulation Response to tropical Pacic SST anomalies
in GCMs and Stationary Wave Models

Since SST anomalies evolve on a monthly to seasonal timesealand the atmosphere is in quasi-
equilibrium with the underlying ocean, determining cause and e ect is very di cult from obser-

vations. We thus turn to controlled model experiments.

2.1 Controlled GCM experiments

We use the GCM simulations presented in S10, in which we turn p an ENSO SST anomaly on
December 1, run the model for 100 days, and examine the meansponse averaged over a 100-
member ensemble. The model is the atmospheric NCAR Communyt Climate Model 3 (Kiehl
et al., 1998). The di erent ensemble members are initializel from di erent December 15! states
taken from a long control integration, and for each of theseitial conditions, we perform 100 day
integrations using climatology, EN, and LN SSTs that di er o nly in the tropical Paci ¢ SST. The
imposed EN anomaly is the regression pattern of the Decembdfebruary (1949-2008) Pacic
SST anomaly on the NINO3.4 SST index (SST averaged over® 5°N, 17CW  13C°W),
corresponding to a +1 standard deviation of the index, and aplied between 20N  2(°S. The
LN anomaly is taken to be the opposite of that. These SST anomiges, which reach magnitudes
of around 1°K (for EN/LN, so 2 °K for their di erence), give rise to the typical observed ENSO
precipitation anomalies, similar to Seager et al. (2005a).The GCM response reproduces quite
well many features of the observed response to ENSO (S10). Wi erentiate between the
synoptic transient eddy variability, and a slower and larger scale variability, using a fourth-order

Butterworth Iter with a 10 day cut-o. The low-pass- Itere d data plus the high-pass- Itered



data are equal to the original eld. We note that the dierent ensemble runs are created by
using the December 1st initial conditions from di erent years of a long control integration. We
use the November data preceding the initial conditions for ech of the ensemble members, to
calculate the ltered elds at initial times. We will show la ter on that the initial direct Gill-type
response to ENSO is the low frequency response during the tswveek or so.

Figure 1 shows the EN minus LN 25@b zonal mean wind, the 25@nb high-pass eddy momen-
tum uxes and 750mb eddy heat uxes, from observations (National Centers for Ernvironmental
Prediction-National Center for Atmospheric Research Reamlysis) and from the GCM. The ob-
servations are determined by compositing the elds for DJF periods for which the three month
Nino 3.4 index anomaly was greater than 1 standard deviationEN) or smaller than -1 standard
deviation (LN), while the GCM elds are the 50 100 day ensemble means. The eddy uxes
are the low-passed covariances of the high-pass elds. Thevels are chosen to re ect the fact
that the zonal mean jet and the eddy momentum uxes peak in the upper troposphere while
eddy heat uxes are maximum in the lower troposphere. We shadd regions where the anomalies
are signi cant at the 95% level, determined using a two-sidel t-test, as follows. A given ENSO
anomaly Agny  Apn is signi cant where

. [Aen] [Acn]
B
s?(Aen )=Nen + S?(An )=Nin

>t(p;d) 1)

where [Agn ] and s(Agn ) represent the mean and sample standard deviation of quanty A during
EN years, taken over the di erent ensemble members. Note thas?(A) = Nrms2(A)=(N 1),
where rms(A) is the root mean square of quantity A. Ngn is the number of EN ensemble
members and hereNgy = Ny = 100 for the GCM and Ngy = 10 and Ny = 12 for the
observations. Thet-value, t(p;d), depends on the number of degrees of freedondf , (cf
200 for the GCM and o 19 for observations) and the signi cance level,p. For example,

t(95%; 200) = 1:98 and t(95%; 19) = 2:15.



We see that the GCM captures the main features of the anomalig, with the zonal mean wind
anomaly being slightly weaker in the GCM but with very similar shape. The eddy ux anomaly
patterns are also well captured, with the largest di erences being o the east coast of Siberia
(note that the GCM elds are smoother, probably due to the larger averaging sample). Since
the zonal mean wind anomaly is strongest in the Eastern half bthe Paci c, and we expect the
synoptic eddies to be most sensitive to the anomaly there (réher than to the entire zonal mean
ow), we perform our analysis for zonal mean ows which are longitudinally averaged over the
Eastern half of the Paci c (180° 100°W).

Figure 2 shows latitude-time plots of the EN-LN low-passed pnal mean wind averaged over
the Paci c region (Upac) at 925mb (representing the surface) and 30tb (near the jet peak).
Also shown is the vertically averaged (05 186km) low pass Iter of the high pass momentum
ux hu%4, where an overline denotes a time averaging or low pass lténg, the angle brackets
denote longitudinal averaging, the prime denotes high pasdtering, and U denotes the low-pass
zonal wind U. We show the vertical average since the meridional convergee of this term (with
a density weighting which hardly changes the shape of the quaity plotted) is a leading driving
term of surface zonal wind anomalies (the barotropic compoant of the zonal wind). Light and
dark shadings represent the 95% and 99% signi cance level§Ve see a few stages in the evolution
of these elds. Initially (up to about day 13), the wind anomal ly at the surface is con ned to the
tropics (Figure 2a), and to the tropics and subtropics at upper levels (Figure 2b), and the eddy
momentum ux anomalies are con ned to the tropic before day 8 when they start emerging in
the subtropics (Figure 2c¢). The initial low-frequency response, which is con ned to the tropical
regions, before transient eddies emerge (days 17), is the direct ENSO response. We note that
in S03, we assumed somewhat arbitrarily, that the direct reponse to ENSO is the zonal mean

response between 3 3(°N, while the response at higher latitudes is eddy driven. Hereave



objectively disentangle the direct response from all the ret, at least initially.

At later times, the mean ow anomaly grows enough for the corresponding eddy momentum
ux anomalies to become signi cant, and part of the low frequency large scale response to ENSO
is driven by transient eddies. The eddy momentum ux anomaly emerges rst in the subtrop-
ics, equatorwards of 468N, and is mostly positive (days 8 20, Figure 2c). Correspondingly,
around day 13, a few days after the emergence of subtropicaddy momentum ux anomalies,
a subtropical positive surface wind anomaly develops betwen 20 50°N (Figure 2a), while
at upper levels the positive subtropical jet anomaly strenghens and expands poleward slightly
(Figure 2b). We refer to this stage, as the initial eddy respmse stage. It is during this stage
that eddy anomalies arise due to TMME, and cause the zonal meawind anomalies to spread
to mid latitudes.

The next stage starts between days 17 20, when signi cant negative midlatitude anomalies
develop, both upper tropospheric zonal mean wind and trangnt eddy momentum uxes, with
a negative midlatitude surface wind anomaly evolving from aound day 25. At this stage,
eddy-mean ow interaction dominates the response, and we gano longer distinguish between
the e ect on eddy uxes of the initial subtropical, and the su bsequent midlatitude, mean ow
anomalies. By this stage, the variability between individual ensemble members is large and time
means are needed for robust statistics, but the slow evolutin towards a statistical equilibrium

is evident (though a longer integration might be needed to fuly capture it).

2.2 The purely stationary wave response to tropical SST anom alies

In the previous section we argued that the low frequency respnse during the rst week is
the direct response to the ENSO forcing. In this part we verily that this response is indeed
part of a tropically diabatically forced stationary wave tr ain, which propagates poleward and

eastward (Horel and Wallace, 1891; Hoskins and Karoly, 1981 We also examine how and when



it is modi ed by transient eddies. To isolate this part of the response, we use the time-dependent
linear stationary wave model of Ting and Yu (1998), in which a zonally varying basic state is
speci ed, and a daily varying tropical heating from the GCM experiments is imposed, to obtain
the low frequency (quasi-stationary) wave response. The daulation entails damping out the
smaller scale transient eddies. The basic state is obtaineby time averaging the ensemble mean
low frequency ow of the GCM runs with climatological SST for cing. The time evolving diabatic
forcing is taken from the 20N 2(°S daily mean diabatic terms of the EN and LN GCM runs.
The linear stationary wave response to ENSO is obtained by irposing the EN minus LN GCM
heating on the climatological basic state. This calculatio is referred to as the pure stationary
wave response. We also do a calculation where the e ects ofdnsient eddy vorticity uxes are
included by adding them as a forcing term to the vorticity equation. The time evolving eddy
vorticity forcing is taken from the daily evolving low pass Itered correlation of high-passed
vorticity and horizontal wind elds. We run the model for 100 days. For more details see Ting
and Yu (1998).

Figure 3 shows the 30fnb linear stationary wave (SW) U anomaly (middle and right columns)
alongside the ensemble mean GCM EN minus LNJ anomaly (left column), averaged over three
time periods chosen to highlight a few points. The middle calimn is the pure SW response{ in
which only tropical heating anomalies are imposed, while tke right column shows the response
to diabatic heating and transient eddy vorticity uxes.

The days 1 7 response (top row) is quite similar between the models, sugesting the initial
GCM response is essentially the stationary wave response the anomalous heating, as suggested
above. At later stages, when the anomalies start spreading@ewards, the stationary wave model
and the GCM responses start to di er more, with the SW anomaly being stronger and more

concentrated in the tropical region. Nonetheless, we see #t the SW model with transient eddy



forcing does a better job in spreading the anomalies polewds. For example, looking at the
days 8 20 response (middle row), we see that the negative Paci ¢ zaa mean wind anomaly,
which in the GCM starts poleward of 45°N and extends over Alaska, is between 35 55°N in
the pure SW run, and between 48 65°N in the SW with transient eddy forcing.

This di erence between the pure SW response and the transigneddy-in uenced model runs
persists as the anomalies equilibrate. Though both SW runs ige a weak response over the
extratropical Pacic and North America compared to the GCM, the response there is more
realistic when transient eddy vorticity uxes are included. This can be seen from the day
50 100 time mean response over the Paci c-American sector (Figre 3, bottom row) { the
pure SW response is stronger in the tropical region and moreanpressed towards the equator,
compared to the other two models. We next turn to understanding how the midlatitude response

evolves.

3 Diagnosing the wave mean ow interaction with a linear QG
model and the GCM experiments

The ability to separate out the direct ENSO response allows 8 to isolate the ENSO induced
e ect on midlatitude eddies quite cleanly, and to examine hav this response further modi es the
wave-mean ow dynamics, and in particular, how it feeds backonto the initial direct ENSO mean
ow anomaly. For this, we use a spherical quasi-geostrophi¢QG) linear steady state wave model
which calculates the changes in wave structure due to changein the mean ow (via a change in
index of refraction). We note that the same model was used to malyze observations in S03, but
there, the separation between the direct ENSO-induced meanow anomaly and the secondary
eddy-driven response was determined somewhat arbitrarily The use of a zonal mean basic

state, which obviously simpli es the analysis, implicitly assumes the e ects of zonal transient

10



eddy uxes on the domain examined are negligible compared tdthe meridional uxes (see Held

et al., 1989, for some support of this).

3.1 The linear QG model

To determine the e ect that a given mean ow anomaly will have on linear wave refraction,
we use the linear QG model of S03. Briey, for speci ed zonay-symmetric mean ow wind
and temperature elds, the model solves the linear forced QGwave equation for geopotential
streamfunction. The wave forcing is applied at the surfaceand is assumed to be of a single zonal
wavenumber. We specify the latitudinal structure of geopotential streamfunction amplitude and
phase at the surface, and a constant eastward phase speed.n& we are simulating synoptic
baroclinic waves, we also specify a constant exponential gwth rate, which can also be thought
of as a linear damping on potential vorticity (see Charney ard Pedlosky, 1963). The wave
solution also depends on the damping on temperature and monmtum, which are assumed to
be linear, with coe cients speci ed to be as small as possibé for numerical stability. For more
details, as well as the validity and limitations of the model for the present calculation, the reader
is referred to SO3 (see also Harnik and Lindzen, 2001).

We perform the linear QG model calculations as follows. The @O0 runs of the GCM are
averaged over each day, to obtain ensemble mean EN, LN and ofiatology runs. Zonal mean
wind and temperature elds from each day are used as input forthe linear QG model, and the
corresponding solution for wave structure is calculated fo each day, providing a 100 day record
of the wave solution. The linear QG model domain extends higkr than the GCM, to avoid
downward re ection of waves from the top lid, and a higher reslution is used. Thus the zonal
mean GCM elds are interpolated to the linear QG model grid, and are assumed constant with

height beyond the top GCM level'.

1The linear QG model was written in log-pressure coordinates, hence we present results from it on log-pressure
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Once we obtain the wave geopotential streamfunction from tle QG model, we calculate wave
refraction and eddy uxes. The e ect on wave refraction in th e meridional direction is expressed
in terms of a meridional wavenumber squared I?), which is diagnosed from the steady state
wave geopotential streamfunction solution, as was done in @ (see also Harnik and Lindzen,
2001). For a given zonal wavenumber and phase speetf, indicates the mean ow ability to
sustain the wave propagation, in particular, the tendency o refract waves. As with the index of
refraction, waves tend to refract towards larger values, ad away from lower values ofl? (Karoly
and Hoskins, 1982).

Anomalous changes in wave refraction necessarily imply clmges in wave uxes, which we can
calculate from the linear QG model wave geopotential strearfunction eld, as follows. We calcu-
late the wave zonal and meridional wind anomalies ((°and v° respectively) assuming geostrophy,
and the wave temperature anomaly 9 through the hydrostatic relation (our model is in log-
pressure coordinates). From these elds we calculate the ety momentum and temperature
uxes (the covariances between the meridional wind and the mnnal wind and temperature elds,
respectively), denoted byhu®%d , oTq.

We repeat the calculation for EN and LN basic ows, and obtain the anomalies in eddy
structure and uxes by subtraction (e.g. the EN-LN anomalous momentum ux is then the
di erence in u&4 between the EN and LN waves). The resulting anomalies can behbught of as
the wave structure response to mean ow anomalies, arisingrdm changes in wave refraction. We
note that the model ignores changes in eddy phase speed, gritwate, or zonal wavenumber, all
of which are held xed. There is some support for this assumpibn in observational analyses (S10,
Chen and Held, 2007) which suggest the most important changeduring ENSO are indeed in

wave refraction, and only to a lesser extent in the zonal waveumber and phase speed (though

height surfaces, and inkm. The GCM output, on the other hand is on pressure surfaces, hence we present results
from it on pressure surfaces, and in mb.
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see Orlanski, 2005, who suggests the EN response is assoathtvith smaller zonal wavenumbers

developing in the eastern Paci c).

3.2 The implied mean ow changes

Once we obtain the wave momentum and heat ux elds, either from the GCM or from the linear
QG model, we can calculate the eddy contributions to mean owacceleration and warming. We
use the zonal mean Transformed Eularian Mean (TEM) equatiors, in spherical coordinates, and
under the QG assumptions. Though the TEM formulation considers the total e ect of eddies
via an Eliassen-Palm (EP) ux, we distinguish between the e ects of eddy heat and momentum
uxes, as was done in S03.

Eddy e ects on temperature enter through the TEM vertical ve locity hw i, which under ide-
alized conditions of steady, conservative, small amplitu@ waves, is equal to the mean Lagrangian

vertical velocity (e.g. Andrews et al., 1987):

@i

@+hNiS=Q 2)
|

L 1 @ hoTY '

hNI_hNI+acos @ S cos 3)

S % + %"TT—S' is the static stability with Tg a constant reference temperatureQ is diabatic
heating, a the earth's radius, and is latitude.

Instantaneously, upward ow (positive hw i) will induce cooling, while in steady state, if
Q / h Ti, as in simple Newtonian damping, an upwardhw i will balance a cold anomaly
(negative hTi). hw i includes a contribution from the eddy heat ux convergence, and the
standard Eularian meanhwi, through which eddy momentum uxes a ect the mean temperature.
To leading order, eddy momentum ux anomalies induce a mean raridional ow via the Coriolis

force (to satisfy momentum balance, c.f. equation 3 of S03)The meridional ow, in turn, drives
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a vertical ow via continuity. The vertical velocity is thus
0 1
1 : .
- @ T co?  Adz+ Wigne (4)

; a2cos @ cos f L @@(hJi Ccos ))I @

Z1
hwi =

where the contribution of other e ects besides eddy momentin uxes to the vertical velocity
are denoted byhwi giher . The eddy momentum ux contribution, expressed by the integral term,
is the Haynes et al. (1991) \downward control" e ect of wave driving.

S03 showed that the observed zonal mean midlatitude cold ampaly during EN is driven
by anomalous eddy momentum ux-induced cooling, and dampedby anomalous eddy heat
ux warming. Repeating their analysis on the GCM, we nd simi lar results, both for the full
hemispheric zonal mean and for the Eastern half of the Paci ¢ Figure 4 shows the 50 100
day averaged ensemble mean Eastern Pacic (180 100°W mean) temperature anomaly (plot
a), alongside the corresponding contributions to the warmng from the ensemble mean eddy
momentum and heat uxes (plots ¢ and e respectively). Statigical signi cance calculations
show all the anomalies contoured are signi cant at the 99% lgel. Looking at 30° 50°N, we
see a negative temperature anomaly, cooling by eddy momenta uxes, and a smaller warming
by eddy heat uxes. We note that a similar behavior, of momentum uxes driving the observed
geopotential height anomalies while heat uxes oppose the loserved associated temperature
anomalies, was also found in the context of monthly PNA pattens Sheng et al. (1998).

S03 chose to emphasize the e ects of the waves on the zonal nrmetemperature eld (though
they also examined the zonal momentum budget). Here we choesdo emphasize the zonal mean
wind eld, since it accounts for the barotropic part of the dy namics which is important in the

midlatitudes. For this we examine the zonal momentum equaton:
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The second term on the LHS is the Coriolis e ect of the residud mean meridional circulation

@ui 1 @, . .1 @
“at f E@(I‘UICOS))WI—W@

G cos® + }@@z f

hvi hvi l@@z @ , Which in steady state balances the eddy ux terms (so at leaspart of

it arises in response to the eddy uxes). The terms on the RHS ee, respectively, the contribution

of eddy momentum and heat uxes, and they add up to the EP ux divergence ¢ F). Though

we will refer to these terms here as contributions of eddy wes to the zonal wind acceleration,
we should keep in mind that part of their e ect will be directe d into driving the mean meridional

circulation, so that they represent an upper bound on the edd contribution to %.

Figure 4 shows the 50 100 day averaged ensemble mean Eastern Paci ¢ zonal mean vdn
anomaly (plot b), alongside the corresponding acceleratins driven by the ensemble mean eddy
momentum and heat uxes (plots d and f respectively). We see apositive zonal mean wind
anomaly between about 186 4(0°N, and a negative anomaly poleward of that extending to
around 7°N. The eddy momentum ux acceleration is negative between 10 20°N, positive
between 20 40°N, and negative between around 49 70°N. The momentum ux acceleration
tends to spread the subtropical positive jet anomaly polewads, consistent with its initial time
evolution, and it tends to enhance the existing zonal mean wid anomaly between 30  70°N.
The contribution of heat uxes, however, is more complex. The anomalous ENSO heat uxes
has a double-peaked vertical structure (not shown), simila to the climatological heat ux (e.g
Peixoto and Oort, 1992). This yields the noisy heat ux-induced acceleration, because of the
vertical derivative in Eq. 5 shown in Fig. 4f.

The complex vertical structure of the heat ux-induced acceerations results in large temporal

variations in its overall contribution. This is seen in Fig. 5 which shows latitude-time plots of the
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quantities shown in Fig 4b,d,f, averaged over 8 13:3km (400 150mb). Also shown (bottom
plot) is the sum of the two eddy contributions. The light and dark shadings mark the 95%
and 99% signi cance levels. We see that between 30 70°N, at all times, the eddy momentum
uxes (Fig. 5b) act to enhance the zonal mean wind anomaly (Fg. 5a), with acceleration between
30° 45°N and deceleration poleward of that. The heat uxes, on the other hand (Fig. 5c), are
not as persistent, so that at times they enhance the midlatiude zonal mean wind anomalies, and
at times they oppose it. Correspondingly, they are only margnally signi cant in midlatitudes.
The more persistent momentum uxes dominate on the whole, sahat the total eddy-induced
accelerations (Fig. 5d) look similar to the momentum ux contribution. Repeating the above
calculations on a more westward domain (142E 12C°W, not shown) shows again a persistent
reinforcing eddy-momentum ux contribution with a variabl e eddy heat ux contribution, but
the relative role of eddy heat uxes increases. This is expded since the western part of the
storm track is where baroclinic generation is strongest. Tle statistical signi cance of the eddy
accelerations, however, is lower than in the more eastern doain, with the momentum ux
contribution being more statistically signi cant than tha t of the heat uxes. Itis also consistent

with the observation that the zonal mean anomalies are strogest over the eastern Paci c.

3.3 The role of linear wave refraction in initiating and main taining the mid-
latitude anomalies

In this section we explicitly examine how anomalous wave refction contributes to the mean
ow evolution, by examining the wave geometry and by repeatng the above analysis using the

anomalous uxes from the linear QG model.

3.3.1 The initial direct ENSO response and its e ect on trans ient eddies

Figure 6a shows the EN-LN anomalous basic staté&Jpac and g, averaged over days 1-7, taken

from the GCM and imposed in the linear QG model. These anomaés represent the initial
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direct response to ENSO of the Paci c zonal mean ow. We see inreased winds andq, in the
subtropical upper stratosphere.

Figure 6b shows the critical surfaces, where the Paci ¢ zonlamean ow equals the wave phase
speed, calculated for EN (solid white contour) and LN (dashe white contour) using a a zonal
wavenumber 6 and an angular phase speed corresponding to arnml of 4:8 days)?. We see that
the increased winds during EN move the critical surface sligtly equatorwards in the subtropical
upper troposphere. Figure 6b also shows the 17 day mean QG model meridional wavenumbet
for climatology and the corresponding EN-LN anomaly. This quantity represents the e ect of the
index of refraction on meridional wave propagation, so thatwaves tend to propagate to higher
values of 2. Since waves can only propagate in regions of positive?, waves will be re ected
from the line of 12 = 0 (re ecting surface). |2 also changes sign at the critical surface, where
the zonal mean wind equals the zonal phase speed of the wave#t this surface, 12 becomes
in nite, and waves get absorbed in the linear limit or re ect ed in the nonlinear limit (e.g. Warn
and Warn, 1978). From Fig 6b, the climatological | is bounded by a re ecting surface ( = 0)
on the poleward side, and a critical surface on its tropical &le, with values increasing towards
the subtropical critical surface. We see that the main e ect of the EN mean ow anomalies is to
shift the critical surface boundary equatorwards in the upper troposphere, resulting in a dipole
structure, with a positive | anomaly in the region into which the waveguide expanded, anca
weaker, but more expansive, negative anomaly poleward of itin much of the region, poleward
of 40°N, the waveguide is not much changed. The e ect on the waves, heever, is non local,
and the equatorwards extension of the waveguide results in amall equatorwards shift, along
with a slight weakening, of the wave pattern (not shown).

Figure 6¢ shows the EP ux anomaly from the QG model for days 1 7. The anomaly is

2We also tried other wavenumbers and phase speeds and found shilar results, as long as the wavenumbers
and phase speeds considered were not too small (i.e. tendingo stationary planetary waves).
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poleward and downward in most of the region poleward of aroud 35° 40°N (wherel is small),
and there is a strong equatorward anomaly near where the crital surface shifts equatorwards.
The eddy heat ux anomaly in the linear QG model, which is proportional to the vertical
component of the anomalousF of Equation 5 is negative polewards of about 40N, and positive
equatorwards of it. Since the peak in climatological heat ux is around 45N, this represents
a weakening along with an equatorwards shift. The anomalousnomentum uxes, which are
proportional to minus the meridional component of F, are equatorward between 33 55°N and
poleward in the upper troposphere around 20N . Since the climatological momentum uxes are
poleward everywhere south of around 47N, and are strongest between 35 40°N, this also
represents a weakening and equatorwards shift. Repeatinghe linear QG model calculations
for stationary planetary waves (not shown), using the full zonal mean ow (since planetary
waves see the entire hemisphere and not only the Paci c), yiels an overall strengthening of the
waves and their upward ux to the stratosphere, consistent with previous studies (e.g. Fig. 5
of Garcia-Herrera et al., 2006). A more detailed examinatio shows that this has to do with
choosing the full hemispheric zonal mean ow, since we alsond an overall increase in wave
uxes for synoptic traveling waves, for the full hemispheric zonal mean ow ENSO anomaly.
Getting back to the Pacic region, the implied e ect of the li near QG model momentum
ux anomalies on the mean ow is shown in contours in Figure 6¢ Besides the deceleration-
acceleration dipole straddling the critical surface regim, we see a weak dipole emerging in mid
latitudes, with deceleration at the poleward edge of the meidional waveguide, poleward of about
45°N and acceleration between 48N and the critical line. This is consistent with the GCM
simulations where we see a negative wind anomaly forming pelard of 4N and a westerly

anomaly spreading from the tropics into the mid-latitudes.
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3.3.2 The initial eddy response stage and the TMME mechanism

Figure 6d shows the 8 13 day averaged EN-LN anomalous QG model basic stat&Jpaoc and
correspondingg,. We choose to show this time period, when eddies start respaling to the initial
direct ENSO response, but have not yet modi ed the mean ow much (the TMME stage). We see
the stronger positive subtropical wind anomaly and its extension poleward and downward to the
surface, relative to days 1 7, and a weak negativeUp oc anomaly north of 45°N . The meridional
wavenumber anomaly computed from the QG model (Figure 6e) ao extends poleward at this
stage. We note that since the GCM ensemble runs (from which tk linear QG model basic state
is taken) are based on a seasonally varying climatological ow, the climatological meridional
waveguide structure changes in time. In particular we see tht a midlatitude climatological
minimum has developed around 48N . During EN, this minimum deepens, resulting in the
QG model in more equatorwards refraction south of it and morepoleward refraction north of
it (EP ux arrows, Figure 6f), similar to what was found in S03 . This continued evolution of
the momentum ux results in the strengthening within the QG m odel of the momentum ux
induced mid-latitude acceleration-deceleration dipole @ttern (Figure 6f, contours) implying a
strengthening of the mid-latitude wind anomaly as actually happened in the GCM.

We have used the mean ow anomaly, beginning with the directly tropically forced part, as in-
put for our linear QG model, and the resulting wave- ux anomaly, as calculated from our model,
further induces patterns of acceleration and deceleratiorthat match, in mid latitudes (poleward
of the critical surface), quite well the tendencies in the Pa&i ¢ zonal mean ow anomaly in the
GCM. This suggests the linear eddy anomalies are able to maiain the mean ow anomalies.
Next we examine whether this reinforcing eddy behavior hol@ beyond the initial eddy response

stage, and into the subsequent eddy-mean ow interaction sage (day 20 and onwards).
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3.3.3 The eddy-mean ow interaction stage

Figure 7 shows a time-latitude plot of the vertically averaged (6.2 13:1km) momentum and
heat ux-induced accelerations, using the anomalous eddy mmentum uxes from the linear QG
model. We also show for comparison (Fig. 7a) the vertically seraged GCM zonal mean wind
anomalies, which are used as input for these model calculaths. Comparing to Fig. 5, which
shows the same quantities calculated from the anomalous GCMnsemble mean eddy uxes,
this indicates what part of the eddy-induced accelerationsof the GCM can be accounted for by
anomalous wave refraction.

Figure 7b shows the eddy momentum ux acceleration has a rel@vely constant (in time)
latitudinal tripole structure, which tends to spread the subtropical positive Up ac @anomaly pole-
wards, thus strengthening its poleward part, and to strengthen the negative midlatitude anomaly
between 40 6(°N. This is similar to the GCM eddy momentum ux accelerations (Fig. 5b),
though the eddy-induced accelerations in the GCM are more nigy and extend further poleward
(to about 70°N).

The more poleward extension of deceleration in the GCM may béue to anomalous stationary
wave uxes which arise in response to the ENSO induced mean w changes, and are absent from
the linear QG model. In section 2.2, however, we saw that trasient eddies, if anything, act to
extend the pure stationary wave response poleward. Howeveit is possible that the planetary
scale low frequency waves extend the eddy-driven responserem further poleward, meaning
their mutual interaction is important. It is also possible t hat transient eddy nonlinearities in
the GCM act to extend the zonal mean wind anomalies polewardin line with observations that
link ENSO-induced changes in wave breaking to changes in thenean ow (Shapiro et al., 2001,
Orlanski, 2003; Martius et al., 2007). Despite these di erences, our results suggest that simple

linear refraction can give rise to a positive wave-mean ow €&edback in midlatitudes, which can
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explain a large part of the mean ow anomalies there, but that stationary wave anomalies and
nonlinearities which are included in the GCM, but not in the QG model, are needed to fully
account for the spreading of the positiveUp ac anomalies to high latitudes during EN.

Figure 7c shows the corresponding plot for the heat ux indued acceleration (Equation 5,
third term on RHS), again as calculated by the QG model. Unlike the GCM, where the e ect of
this process is very variable, the QG model heat ux-inducedacceleration is quite constant in
time, and is clearly negatively correlated with the observel Up oc anomaly, especially over the
positive midlatitude Upac anomaly (40° 60°N), but also over the subtropical positive anomaly
between (20 40°N).

Another feature of the QG model, which is in contrast to the GCM and to observations
(S03), is that the heat uxes dominate over momentum uxes, essentially canceling their e ect
in midlatitudes, at least during the wave-mean ow interact ion stage when anomalies are strong
in midlatitudes 3. This is an unrealistic feature of our model, which might be due to a few reasons.
The ratio between momentum ux convergence and heat ux conwergence, which determines the
sign of the EP ux divergence (the total eddy e ect, c.f. Equation 5), depends on damping,
nonlinear terms, and the eddy growth rate. In our linear QG model, we specify damping and the
eddy linear growth rate (in a way equivalent to adding a linear damping coe cient on potential
vorticity), and nonlinear processes are neglected. Alteng the values of damping in the linear
QG model did not change the results qualitatively, which sugyests nonlinearities are important in
allowing the eddy momentum uxes to dominate the response tomean wind anomalies once the
anomalies expand to midlatitudes. This is consistent with the observation that eddy momentum

uxes dominate during the nonlinear equilibration stage of transient eddy life cycles (c.f. Edmon

%In contrast, momentum uxes are dominant in both the observa tions and the linear QG model, when the
anomalies are con ned to the subtropics, as indicated by the positive total eddy acceleration between 30° 50°N,
before day 10, Fig. 7c, and the results presented in S03.
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et al.,, 1980). The linear QG model also does not account for dbatic processes associated
with synoptic activity. Though the e ects of diabatic heati ng, in particular due to moisture, on
synoptic eddy uxes is not well known, they are a source of dierence between the GCM and

our QG model.

3.4 Enhanced wave refraction to the equator during La Nira

An interesting phenomenon which S10 revealed is an enhancemt of equatorwards refraction of
wave packets from the central Paci c to the equatorial easten Paci c during LN (e.g. Figures
5-7 of S10). This enhanced equatorward refraction during LN occurs alongside a polewards shift
of the main waveguide during LN. An examination of the time ewlving wave geometry using
the linear QG model explains this as part of the later stages bthe response, as follows.

The EN-LN 300mb zonal mean wind anomaly is a tripole pattern, of equatorial deceleration,
subtropical acceleration and midlatitude deceleration, which increases in magnitude with time
(c.f. Figures 2b, 3b). This occurs alongside a steady equatwards shift of the climatological
jet (the jet peak moves from about 3®N to 30°N), due to the imposed seasonal cycle. As a
result of this southward shift, the climatological critical surface on the equatorwards side of the
climatological jet, for the waves examined in the previous sction, disappears towards midwinter,
as is evident from the ensemble mean 35 100 day averaged climatological state (dashed line
in Figure 8b). During EN, equatorial easterly anomalies albw a critical surface to form on the
equatorwards side of the jet (Figure 8a). In contrast, during LN equatorial westerly anomalies
make the critical surface disappear (Figure 8c). This sugggs that during LN equatorward wave
propagation is enabled more strongly, while during EN it is nhibited. That is, the stronger
Walker Circulation during LN allows for equatorwards leaking of midlatitude upper level waves
in the region of enhanced westerlies over the eastern tropat Paci c.

Note that at the same time, the midlatitude maximum in meridi onal wavenumber becomes
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more pronounced during LN. Based on the meridional wavenumer, we expect the equatorward
waves during LN to be shallow, upper level wave packets, andhe midlatitude waves to be
deep. Figure 8 shows the GCM ensemble mean 35 100 day high passed mean meridional
wind anomaly (represented by hv@i), plotted on top of the meridional wavenumber, for EN,
climatology and LN. We see indeed that during LN (Figure 8c) anomalies extend further equa-
torwards compared to EN and climatology, and that this extension is con ned to the upper
troposphere, following the meridional waveguide structue quite closely. At the same time, the
anomaly strengthens in midlatitudes (compared to climatology and EN), consistent with the
more pronounced midlatitude maximum in I. During EN (Figure 8a), on the other hand, the
anomaly center shifts equatorwards (the peak intv@i extends to 3®N at around 10km only
during EN), and this equatorward extension is deep, again cosistent with the wave geometry.
These results further strengthen our nding that the ENSO related changes in wave geometry

can explain the observed anomalies in wave structure.
4 Discussion and conclusions

We have used a series of controlled GCM integrations, in whit we abruptly turn on a Paci ¢ SST
anomaly consistent with El Nino or La Nina, to examine the ime evolution of the atmospheric
circulation response to ENSO. Using the ensemble-mean 100ag integrations for El Nino, La
Nifna and the climatological Pacic SST's, along with a linear QG model to diagnose the eddy
structure and uxes for a given daily mean ow, we are able to dbtain an explicit picture of the
evolution of wave and mean ow anomalies, as follows.

During El Nino, initially, the mean ow responds directly t o the tropical ElI Niro heating
with a strengthened Walker Circulation and upper level anticyclones straddling the heating

anomaly (the direct ENSO response stage), with anomalous eterlies developing in the tropics
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and westerlies in the subtropics in the Eastern Pacic. This causes the critical surface on the
equatorwards side of the jet to shift equatorwards in the upper troposphere subtropics. This
objective determination of the initial direct response to ENSO is something which S03 were
not able to do from their analyses. The linear wave responseat this initial anomaly, as given
by the QG model, is an equatorward shift and slight weakeningof the waves, which induces a
strong deceleration-acceleration dipole straddling the dtical surface region in the subtropics,
and a weak acceleration/deceleration south/north of about40°N. This pattern of eddy forc-
ing is consistent with subsequent mean ow evolution in the GCM { the subtropical westerly
anomaly spreads poleward, and an easterly zonal wind anomgaldevelops in the extratropics.
The linear QG model then predicts that these new mean wind anmalies deepen the region in
midlatitudes where there is a climatological meridional warenumber minimum. The eddies will
respond by refracting away from this deepened minimum, so tat momentum uxes strengthen
equatorwards of around 40N, and weaken poleward of it. This has the e ect, according to he
linear QG model, of strengthening the mean wind acceleratio in the subtropics and deceleration
in midlatitudes. The waves and mean ow now enter into a positive feedback stage, with a quasi
steady mean ow anomaly of subtropical westerlies and midlgitude easterlies emerging.

On top of this picture, there is the in uence of stationary waves. The ENSO heating anomaly
forces a stationary wave train out of the tropics and into midlatitudes. This wave train is
concentrated at relatively low latitudes compared to the observed ENSO response. However, as
transient eddies change the mean ow, the SW component alsohanges. Notably, it expands
poleward so that the SW anomaly makes a non-negligible conibution at higher latitudes.

We also examine the di erent roles of eddy heat and momentum uxes in establishing the
mean ow anomalies. S03 found that during EN, anomalous eddymomentum uxes force an

anomalous ascent in midlatitudes, which cools the atmosplre there. Transient eddy heat uxes,
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on the other hand, opposed this cooling, but their e ect was snaller than that of momentum
uxes. We nd a similar behavior in the GCM run when we examine the zonal mean temper-
ature budget of the Paci ¢ sector only. For the zonal momentum budget, we nd again, that
momentum uxes quite persistently drive the anomaly, and in the linear QG model, the heat
uxes oppose it. However, in the GCM, the e ect of heat uxes is variable, so that they some-
times strengthen and sometimes oppose the midlatitude windanomaly, and are only marginally
signi cant. This variable contribution is due to the vertic al double-peak structure of eddy heat
uxes. Overall, in the GCM, the momentum uxes dominate the eddy driving of mean ow
anomalies, while in the linear QG model, the heat uxes domirate. This unrealistic behavior of
the QG model is most likely due to the fact that the ratio of momentum to heat uxes, which is
manifest in the EP ux divergence, depends on eddy damping ad nonlinearities. Eddy damping
is parametrized crudely in the model (though varying the damping did not alter the results), and
nonlinearities are completely absent. The QG model tells usow the wave geometry changes as
a result of a given mean ow anomaly. The e ect of wave geomety changes on the waves yields
a realistic qualitative picture of how eddy momentum uxes, and their corresponding induced
acceleration and warming, are a ected. The results suggesanomalous linear wave refraction is
a central component of the midlatitude response to ENSO.

S10 showed that during El Nino, waves propagate along a morsouthern route, extending
to the eastern Paci c and southern North American coast, while during La Nina, most of the
waves turn along a more northward route across the Paci ¢, oo the Northern US and Canada.
How do the present results t with this picture? The climatol ogical meridional waveguide has
two branches, a subtropical one and a high-midlatitude one. During El Nino, the meridional
wavenumber evolves so that its southern branch becomes moominant. The minimum which

separates the two waveguides deepens, so that more of the vemsare refracted to the southern
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part. This sets o a positive wave-mean ow feedback which nally makes the southern part
clearly dominant (e.g. Figure 8a). During La Nina, the oppcsite happens- waves extend more
poleward because the minimum separating the two climatologal waveguides is weakened, and
the waves end up on a more northern route (e.g. Figure 8c). Athe same time, the tropical wind
anomalies allow leakage from the subtropical waveguide tohe tropics during La Nina, resulting
in the observed poleward and equatorwards split in wave propgation.

To conclude, the current work provides a plausible sequencef causality that links tropical
sea surface temperature and heating anomalies to directlyofced changes in the mean ow, a
response of the transient eddies, and a subsequent impact ame mean ow. The transient
eddy anomalies deduced from a linear QG model act to reinfoe the mean ow anomalies in
the subtropics and much of the midlatitudes, suggesting thé simple mechanism can explain the
robustness of ENSO-related North Paci ¢ storm track variability and associated precipitation
anomalies.
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Figure 1: NCEP reanalysis DJF mean (left column) and the GCM ensemble mean 50 100 day
averaged (right column) elds: Top: 250mb zonal mean wind (m=seq. Middle: 250mb high-pass
eddy momentum ux ( m?=sec). Bottom: 750mb eddy heat ux (°Km=sec) The eddy uxes

are the low-passed covariances of the high-pass elds. Shed) indicates the 95% signi cance
in the observations (left plots), and 99% signi cance for the GCM elds (right plots), using a

two-sided t-test. Negative values are dashed. Contour inteval is 5 for the zonal mean wind
and eddy momentum uxes, and 1 for the eddy heat uxes.
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Figure 2: Time-latitude plots of the EN-LN ensemble mean GCM elds: a) Upac at 925mb, b)

Upac at 300mb. c) Ensemble mean vertically averaged (925 150mb) < u®9>, averaged over
the Paci ¢ sector. The meridional convergence of this quanity (density weighted) drives the

surface winds. Units arem=secfor the top two plots and m?=se¢ for the bottom plot. the 95%

and 99% signi cance levels are marked by the light and dark shdings. The time axis tick-marks
at initial times are placed to mark the di erent evolution st ages.
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seq at 250mb (left), and the stationary

Figure 3: The EN minus LN GCM ensemble meanJ (m

wave EN minus LN anomaly from the linear SW model, forced with tropical diabatic heating
anomalies (middle column) and also with transient eddy voricity uxes (right), averaged over

days 1 7 (top), days 8 20 (middle row) and days 50 100 (bottom). Positive values are solid

and negative are dashed. Contour interval is 2m

=secC
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Figure 4: a) Latitude-height plots of the 50 100 day 180 100°W averaged EN-LN ensemble
mean GCM Tpac (Mm=seq (@) and Upac (°K) (b), and the corresponding eddy momentum
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and heat ux induced warming (°K=day) (c,e) and accelerations (h=sec=day (d,f) respectively.

Negative values are dashed and zero line is thick. All anomas contoured are signi cant at the

99% level.
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Figure 5: Time-latitude plots of the vertically-averaged (6:4 13:3km), 180° 100°W mean, EN-
LN ensemble mean GCM elds: a)Upac (M=seq. b) The eddy momentum ux contribution

to acceleration (m=sec=day. c) The eddy heat ux contribution to acceleration. d) The s um of
the heat and momentum ux accelerations. In all plots, negatve values are dashed and the zero
contour is thick. The contour intervals are 2m=secin (a) and 0:3m=sec=dayin (b)-(d). Regions
of 95% and 99% signi cance are shaded in light a dark gray, rgsectively.
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Figure 6: Latitude-height plots of the linear QG model elds (run with the Paci c mean ow).

1 7 day means: a) EN-LN U (n=seg thin black contours) and g, ( 10'sec !m 1, thick
dark gray contours). b) The meridional wavenumber (ad 1) climatology (black contours, only
real values are shown), and the EN-LN anomaly (shading, brigt to dark), and the EN (solid
white) and LN (dashed white) critical surface3®pac = Cpn). €¢) The momentum ux induced
acceleration (second term on RHS of Equation 5, contours) ath the EN-LN EP ux anomaly
(arrows). Dashed lines in (a) and (c) are negative. The zeroihe in (c) is thick gray. (d)-(f)
like (a)-(c) only for the 8 20 day means. Note that wave amplitudes, and correspondinglthe
magnitudes of wave uxes, are arbitrary in the liner QG model.
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Figure 7. As in gure 5, only using the eddy momentum and heat uxes calculated from the
linear QG model. Note that plot (a) of Upac is similar between the two gures, since it is used
as input for the model. Note also that signi cance levels areirrelevant, and the magnitudes of
wave ux quantities from the linear QG model are arbitrary.



Figure 8: Latitude-height plots of the Pacic region 35-100 day means of the meridional
wavenumber (ad 1) calculated from the linear QG model (shading, only propagion regions
are shown), and the GCM Ensemble meartv®@i (m2=seé&, contours) and the critical surface
(dashed thick line), for a) EN, b) Climatology, and c) LN.
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