
Dynamics of Anomalous Stratospheric Eddy Heat Flux Events in an Idealized Model

ETIENNE DUNN-SIGOUIN

Geophysical Institute, University of Bergen, and Bjerknes Centre for Climate Research, Bergen, Norway

TIFFANY SHAW

Department of the Geophysical Sciences, University of Chicago, Chicago, Illinois

(Manuscript received 27 August 2019, in final form 3 April 2020)

ABSTRACT

Extreme stratospheric eddy and sudden stratospheric warming (SSW) events both involve anomalous

stratospheric eddy heat flux. The cause of the anomaly has been hypothesized to be due to tropospheric or

stratospheric dynamics.Here, ensemble spectral nudging experiments in a dry dynamical-coremodel are used

to quantify the role of the troposphere versus the stratosphere. The experiments focus on the wavenumber-1

heat flux since it dominates the anomalous stratospheric eddy heat flux during both events. Nudging the

stratospheric zonal-mean flow does not account for the anomalous stratospheric wave-1 heat flux. Nudging

either tropospheric wave-1 or higher-order wavenumbers (k $ 2) accounts for a large fraction of the

anomalous stratospheric wave-1 heat flux. Mechanism denial experiments, whereby tropospheric eddies

(wave 1 or k $ 2) are nudged and the zonal-mean flow is fixed to climatology, suggest the climatological

stratospheric zonal-mean flow is sufficient to account for the anomalous stratospheric wave-1 heat flux

and wave–wave interaction plays a role in generating the anomalous tropospheric wave-1 source. Taken

together, the experiments suggest the troposphere dominates the anomalous stratospheric eddy heat

flux during extreme stratospheric eddy and SSW events while the stratospheric zonal-mean flow plays

secondary role.

1. Introduction

Vertical coupling by planetary-scale waves dominates

the variability of the wintertime stratospheric circula-

tion (Plumb 2010). Upward planetary wave coupling

from the troposphere to the stratosphere is often diag-

nosed using the zonal-mean meridional eddy heat flux

y0T 0, where primes denote deviations from the zonal

mean (eddies) and the bar denotes the zonal mean, since

positive values are consistent with an upward wave

group velocity according to linear theory (Andrews et al.

1987). Diagnostic studies based on reanalysis data show

that 1) cumulative anomalous stratospheric eddy flux

occurs prior to sudden stratospheric warming (SSW)

events (e.g., Limpasuvan et al. 2004; Polvani andWaugh

2004; Dunn-Sigouin and Shaw 2015), commonly defined

by the reversal of the zonal-mean zonal wind from

westerly to easterly at 10 hPa and 608N (Charlton and

Polvani 2007) and 2) extreme instantaneous strato-

spheric eddy heat flux events, defined by the 95th

percentile of the daily 50-hPa wave-1 heat flux in high-

latitudes (608–908N) (Dunn-Sigouin and Shaw 2015),

occur prior to zonal-mean flow deceleration events

(Martineau and Son 2015; Birner and Albers 2017; de

la Cámara et al. 2019). Previous work byDunn-Sigouin

and Shaw (2015) showed SSWs and extreme strato-

spheric eddy (deceleration) events are largely distinct

events in reanalysis data.

Extreme stratospheric eddy and SSW events both

involve anomalous stratospheric eddy heat flux; how-

ever, the cause of the anomaly is not clear. It has been

hypothesized to be due to tropospheric or stratospheric

dynamics. The troposphere dominates view assumes

an anomalous tropospheric source of wave activity that

propagates upward into the stratosphere when the strato-

spheric zonal-mean flow is westerly (e.g., Charney and

Drazin 1961; Matsuno 1970, 1971; Karoly and Hoskins
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1982). Thus, an anomalous tropospheric wave source is

critical whereas a specific configuration of the stratospheric

zonal-mean flow is not. Harnik (2009) and Sjoberg and

Birner (2012) suggest the time scale of the anomalous

tropospheric wave source is key.

In contrast, the stratosphere dominates view assumes

a preconditioned stratospheric zonal-mean flow involv-

ing a strengthened vortex that 1) focuses wave activity

upward into the stratosphere (e.g., Holton and Mass

1976; McIntyre 1982; Chen and Robinson 1992; Scott

and Polvani 2006; Sjoberg and Birner 2014; Birner and

Albers 2017) or 2) forms a two- or three-sided cavity

favoring resonant wave amplification (e.g., Clark

1974; Tung and Lindzen 1979; Plumb 1981, 2010;

Matthewman and Esler 2011; Esler and Matthewman

2011). Thus, a sufficiently large climatological wave

source in the troposphere is necessary; however, the

wave source is not required to be anomalous. Instead,

a specific configuration of the stratospheric zonal-mean

flow is critical to produce the anomalous stratospheric

heat flux.

Several previous studies have attempted to address

the relative importance of the stratosphere versus the

troposphere for planetary wave coupling. For example,

model studies tested the role of the stratosphere or

troposphere separately by modifying the boundary

conditions or relaxing the circulation toward a spe-

cific evolution (Reichler et al. 2005; Hitchcock and

Haynes 2016; de la Cámara et al. 2017; Martineau

et al. 2018). However, the results are difficult to in-

terpret because the role of the stratosphere and tro-

posphere were not compared quantitatively. Some

studies are diagnostic (e.g., Albers and Birner 2014;

Jucker 2016; Birner and Albers 2017; Lindgren et al.

2018; White et al. 2019; Domeisen et al. 2018; de la

Cámara et al. 2019) making it difficult to infer cau-

sality. Other studies used highly truncated models

(e.g., Clark 1974; Holton and Mass 1976; Tung and

Lindzen 1979; Plumb 1981; Chen and Robinson 1992;

Scott and Polvani 2006; Esler and Matthewman

2011; Domeisen and Plumb 2012; Sjoberg and Birner

2014) making it difficult to assess whether the results

carry over to the real atmosphere. The study by

Sun et al. (2012) used a dry dynamical-core model

to perturb stratospheric and tropospheric initial condi-

tions preceding SSW events and found the troposphere is

key to predict the events. However, initial-condition ex-

periments do not directly show causality since they do

not control the troposphere and stratosphere through-

out the duration of the events and cannot compare

the roles of the tropospheric wave source versus the

stratospheric zonal-mean flow since all wavenumbers

are perturbed.

Here, we focus on quantifying the role of the tropo-

sphere versus the stratosphere using ensemble spectral

nudging experiments in an idealized dry dynamical-core

model.We use spectral nudging to relax the components

toward a prescribed evolution to determine their impact

on the freely evolving circulation (e.g., Douville 2009;

Greatbatch et al. 2012; Dunn-Sigouin and Shaw 2018).

We perform experiments nudging the eddies and the

zonal-mean flow separately and in combination to test

which components can account for the anomalous strato-

spheric eddy heat flux during extreme stratospheric eddy

heat flux and SSW events. The deterministic response is

averaged over an ensemble initialized from a set of in-

dependent initial conditions. The nudging experiments

are performed to answer the following questions:

1) Does the troposphere or stratosphere dominate the

dynamics of extreme stratospheric eddy and SSW

events?

If the troposphere dominates, then 1) nudging

the tropospheric eddies alone should reproduce

the anomalous stratospheric eddy heat flux whereas

2) nudging the stratospheric zonal-mean flow alone

should not reproduce the anomalous stratospheric

eddy heat flux. If the stratosphere dominates, then

1) nudging the stratospheric zonal-mean flow alone

should reproduce the anomalous stratospheric

eddy heat flux whereas 2) nudging the tropospheric

eddies alone should not reproduce the anomalous

stratospheric eddy heat flux.

2) Do wave–wave interactions play a role during ex-

treme stratospheric eddy and SSW events?

The troposphere dominates view involves an anom-

alous tropospheric wave source while the stratosphere

dominates view involves a preconditioned strato-

spheric zonal-mean flow but neither specifies their

origin. Wave–wave interactions could generate the

tropospheric wave source directly via interactions

between wavenumbers (Scinocca and Haynes 1998;

Schneidereit et al. 2017; Lee et al. 2019) or indi-

rectly such that tropospheric waves modify the

zonal-mean flow impinging on surface topography

(Charney and Eliassen 1949). Wave–wave inter-

actions could be mediated by the stratospheric

zonal-mean flow such that stratospheric waves pre-

condition the polar vortex for upward wave propa-

gation or resonance (McIntyre 1982; Palmer and Hsu

1983; Albers and Birner 2014). Finally, wave–wave

interaction could directly generate the stratospheric

eddy heat flux independent of the troposphere

(Smith 1983; Smith et al. 1984). Nudging specific

wavenumbers should clarify if and how wave–wave

interactions play a role.
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The paper is organized as follows. Section 2 presents

the data, diagnostics and experiments used in this study.

Section 3a compares the tropospheric and stratospheric

components during extreme stratospheric eddy and

SSW events in the model with those in reanalysis data.

Section 3b tests whether the troposphere or stratosphere

dominates the dynamics of extreme stratospheric eddy

and SSW events. Section 3c quantifies the role of wave–

wave interaction during the events. Finally, the conclu-

sions are summarized and discussed in section 4.

2. Data, diagnostics, and experiments

a. Dry dynamical-core model and reanalysis data

We integrate a freely evolving control simulation using

the Geophysical Fluid Dynamics Laboratory’s spectral dry

dynamical-core model. The model integrates the primitive

equations on a sphere and is driven by idealized physics:

Newtonian relaxation of temperature toward a specified

zonal-mean profile, Rayleigh friction near the surface,

and a stratospheric sponge layer near the model lid. The

control simulation is configured for perpetual-winter

conditions using a horizontal resolution of triangular trun-

cation 42 (T42) and a vertical resolution of 40 hybrid-sigma

vertical levels. Stationary waves are generated in the model

by setting the surface geopotential to a 4000-m Gaussian

zonal wavenumber k1 spanning 258–658N centered at 458N.
The control simulation is run for 20000 days where the first

500 days of spin-up are discarded.A complete description of

the control simulation is found in Table 1 and section 2 of

Dunn-Sigouin and Shaw (2018). All data are linearly inter-

polated to pressure levels and daily data are used for all

calculations. Meridional averages are cosine weighted

and a 5-day running-mean smoothing is applied when

plotting. Anomalies are defined as a deviation from the

control simulation time-mean climatology.

We compare the control simulation to daily ERA-Interim

data (Dee et al. 2011) during Northern Hemisphere (NH)

December–March (DJFM) from 1979 to 2012. Anomalies

are defined as a deviation from the daily-mean sea-

sonal cycle.

b. Diagnostics

1) EXTREME STRATOSPHERIC EDDY EVENTS

Extreme stratospheric eddy events in reanalysis data

are defined following Dunn-Sigouin and Shaw (2015) by

extreme positive values of the daily January–March

(JFM) zonal-mean wave-1 meridional heat flux (y0T 0
k51)

averaged from 608 to 908N at 50hPa. The high-latitude

TABLE 1. Summary of the ensemble spectral nudging experiments as a function of event type, zonal wavenumber, vertical domain, and

lag centered on each event. Experiments 1–14 are the main results while experiment A1 is a sensitivity experiment in the appendix. The

stratospheric and tropospheric vertical domains are defined as hybrid-sigma levels above and below 137 hPa, respectively. An ensemble

composed of 50members is produced for each of the 15 extreme stratospheric eddy and SSWevents from themodel. The initial conditions

are taken from the control simulation every 50 days. We note that some ensemble members in experiment 11 failed to integrate to

completion. Therefore, here we use the successfully integrated ensemble members from experiment 11 performed using a shorter model

time step and 100 ensemble members, which resulted in a failure rate of 30% for 2 events. Experiment A1 controls the higher-order

wavenumbers continuously toward the evolution of the control simulation from days 500 to 3500 in a single integration.

Expt Event type Wavenumber Vertical domain Lag (days)

1 Extreme stratospheric eddy k1 Troposphere 220 to 20

2 SSW k1 Troposphere 240 to 40

3 Extreme stratospheric eddy k0 Stratosphere 220 to 20

4 SSW k0 Stratosphere 240 to 40

5 Extreme stratospheric eddy k0 Stratosphere 220 to 20

k1 Troposphere 220 to 20

6 SSW k0 Stratosphere 240 to 40

k1 Troposphere 240 to 40

7 Extreme stratospheric eddy k0 (climatology) Stratosphere 220 to 20

k1 Troposphere 220 to 20

8 SSW k0 (climatology) Stratosphere 240 to 40

k1 Troposphere 240 to 40

9 Extreme stratospheric eddy k $ 2 Troposphere 220 to 20

10 SSW k $ 2 Troposphere 240 to 40

11 Extreme stratospheric eddy k $ 2 Stratosphere 220 to 20

12 SSW k $ 2 Stratosphere 240 to 40

13 Extreme stratospheric eddy k0 (climatology) Troposphere 220 to 20

k $ 2 Troposphere 220 to 20

14 SSW k0 (climatology) Troposphere 240 to 40

k $ 2 Troposphere 240 to 40

A1 — k $ 2 Troposphere 500 to 3500
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heat flux is used because stratospheric wave-1 variability

peaks in high latitudes (Shaw and Perlwitz 2013) and JFM

corresponds to the period of maximum planetary wave

coupling in the Northern Hemisphere (Shaw et al. 2010).

Extreme stratospheric eddy events are identified when

the 5-day running-mean high-latitude heat flux rises

above the 95th percentile of the climatological distribu-

tion (59.3Kms21). The central date (day 0) of the events

is defined at the day of maximum high-latitude heat flux

and each event must be separated by a minimum of

15 days. The definition identifies 25 events inERA-Interim

from 1979 to 2012 and is relatively insensitive to the time

scale of running-mean smoothing of the heat flux (Table 1

of Dunn-Sigouin and Shaw 2015).

Extreme stratospheric eddy events in the control sim-

ulation are defined using the 95th-percentile threshold in

the control simulation (63.7Kms21). Due to computa-

tional and storage constraints for experiments discussed

below, a subset of the strongest 15 events are used cor-

responding to the 99.5th percentile (90.4Kms21). Key

results (experiments 1, 3, and 9 in Table 1) are repro-

duced using the strongest 30 extreme stratospheric eddy

events that exhibit similar composite life cycles.

2) STRATOSPHERIC SUDDEN WARMING EVENTS

SSW events in reanalysis data are defined following

Charlton and Polvani (2007) when the daily DJFM

zonal-mean zonal wind at 10 hPa and 608N first reverses

from westerly to easterly. The zonal wind must return to

westerly for 20 consecutive days between events and

must return to westerly for at least 10 consecutive days

following each event prior to 30 April. We note that this

definition does not separate between different types of

SSW events (e.g., split or displacement). The definition

identifies 23 events in ERA-Interim from 1979 to 2012

(Table 2 in Butler et al. 2017). One-third of the SSW

events in reanalysis data are preceded by extreme

stratospheric eddy events within 30 days. Similar

overlap is found for different time scales of running-

mean smoothing of the heat flux used to define extreme

stratospheric eddy events, confirming the events are

largely distinct.

SSW events in the control simulation are defined as

in reanalysis except for the 30 April criterion since the

model is run in a perpetual-winter configuration. The

control simulation produces an SSW frequency of 1

event every 197 days consistent with 1 event every other

winter in reanalysis data. A subset of 15 SSW events is

selected based on the strongest cumulative 30-day high-

latitude wave-1 heat flux at 50 hPa prior to the events

motivated by previous work (Polvani and Waugh 2004;

Dunn-Sigouin and Shaw 2015). We confirm that none

of the 15 SSW events in the control simulation are

preceded by the 15 extreme stratospheric eddy events

within 30 days. Key results (experiments 2, 4, and 10 in

Table 1) are reproduced using the strongest 30 SSW

events based on the cumulative wave-1 heat flux that

exhibit similar composite life cycles.

3) NORTHERN ANNULAR MODE

The northern annular mode (NAM) is used to diag-

nose the strength of the zonal-mean flow during extreme

stratospheric eddy and SSW events following previous

work (e.g., Baldwin and Dunkerton 2001; Dunn-Sigouin

and Shaw 2015). In the control simulation and reanalysis

data, the NAM is defined as the standardized principle

component time series of the first EOF of daily zonal-

mean geopotential height anomalies from 08 to 908N at

each pressure level. The geopotential height anomalies

are defined following Gerber et al. (2010). The global

mean from each pressure level and day is removed at

each latitude. Then, the daily mean seasonal cycle and

the linear trend is removed from reanalysis data for each

day of the year whereas the time-mean climatology is

removed from the control simulation data. The resulting

anomalies are weighted by the square root of the cosine

of latitude. In the nudging experiments, the NAM is

calculated by projecting the zonal-mean geopotential

height anomalies on the leading EOF at each pressure

level calculated from the control simulation.

c. Nudging experiments

We investigate the dynamical mechanisms of the

anomalous stratospheric eddy heat flux during extreme

stratospheric eddy and SSW events using spectral nudg-

ing following Dunn-Sigouin and Shaw (2018). Nudging

uses Newtonian relaxation to constrain the tendencies of

the spectral components k of vorticity, divergence, tem-

perature and surface pressureX to a prescribed reference

state [���] in the form C(p)[Xk 2 (Xk)]/t, where t is a

nudging time scale and C(p) is a pressure dependent

coefficient. Specifically, the zonal-mean flow k 5 0,

wavenumber k5 1, and higher-order wavenumbers k$ 2

are nudged to the evolution of a given control simulation

event. Nudging is performed on the native hybrid-sigma

grid using a time scale of t5 1/10 day. The response to

the nudging is determined by averaging over an en-

semble initialized from a set of 50 independent initial

conditions taken every 50 days from the control run.

Ensemble members for extreme stratospheric eddy

events are integrated for 51 days from days 230

to120 centered around the events. Similar but longer

integrations are performed for SSW events (91 days

from days 250 to 140).

We isolate the role of stratospheric versus tropo-

spheric dynamics by varying the nudging with height.
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The climatological tropopause in the control simulation

varies from 137hPa in the tropics to 298hPa in the

Arctic, where the pressure values are defined on hybrid-

sigma levels assuming a constant surface pressure of

1000hPa. Here we define stratospheric and tropospheric

nudging above and below the tropical tropopause at

137hPa; however, qualitatively similar results are found

when using the Arctic tropopause at 298hPa except

for a specific case discussed in section 3b. Specifically,

stratospheric nudging varies C(p) linearly from a value

of 1 above pt 5 80hPa to 0 below pb 5 137 hPa:

C(p)5

8>>>><
>>>>:

1 if p, p
t

p2 p
b

p
t
2 p

b

if p
t
, p, p

b

0 if p. p
b

.

Tropospheric nudging varies linearly from 0 above

pt 5 137hPa to 1 below pb 5 221hPa:

C(p)5

8>>>><
>>>>:

0 if p, p
t

p2 p
t

p
b
2 p

t

if p
t
, p, p

b

1 if p. p
b

.

To determine robust mechanisms across individual

events, we perform identical nudging for each of the 15

different extreme stratospheric eddy and SSW events

from the control simulation for each experiment listed in

Table 1. The response is shown as the composite of

15 ensemble-mean simulations for comparison with the

composite of 15 control events. The robustness of the

response across events is assessed by performing a two-

tailed Student’s t test using the spread of the 15 ensemble-

mean responses. Finally, we note that nudging a given

zonal wavenumber in the sigma coordinate troposphere

could inadvertently influence other wavenumbers in the

pressure coordinate troposphere and stratosphere. We

confirm this does not impact our results and the reader is

referred to section 2d in Dunn-Sigouin and Shaw (2018)

for further details.

3. Results

We begin by confirming the model captures the

tropospheric and stratospheric components of ex-

treme stratospheric eddy and SSW events in re-

analysis data. Next, we present nudging experiments

that test the troposphere and stratosphere dominates

views. Finally, we present experiments that nudge

specific wavenumbers in order to quantify the role of

wave–wave interaction.

a. Comparing extreme stratospheric eddy and SSW
events in the model with reanalysis

During extreme stratospheric eddy events, the wave-1

component accounts for the instantaneous (days 23

to 13) anomalous eddy heat flux in both reanalysis and

the model (Figs. 1a,b). This is unsurprising given the

wave-1 definition of extreme stratospheric eddy events.

However, the wave-1 component also accounts for the

cumulative (days 230 to 0) anomalous eddy heat flux

during themajority of SSWevents in both reanalysis and

the model (Figs. 1c,d). There are some notable excep-

tions in reanalysis data, for example, the split SSW

events of January 1985, February 1989, and January

2009 (e.g., Charlton and Polvani 2007; Butler et al. 2017),

which are dominated by higher-order wavenumbers

(unfilled blue circles in Figs. 1c,d). Qualitatively similar

results are found for different meridional and time

averaging (e.g., 458–758N and days 210 to 0) or pres-

sure level (e.g., 30 or 70 hPa). Thus, the wave-1 com-

ponent dominates the anomalous stratospheric eddy

heat flux during the events in both reanalysis and the

model. Therefore, from this point onward we focus on

the wave-1 heat flux.

Extreme stratospheric eddy events in reanalysis show

an instantaneous positive stratospheric wave-1 heat flux

anomaly around day 0, which is qualitatively captured

by the model but occurs lower down (Figs. 2a,b). In

comparison, SSW events in reanalysis show a cumula-

tive positive stratospheric wave-1 heat flux anomaly

from days 230 to 0, which is also qualitatively captured

by the model but occurs lower down (Figs. 2c,d). We

note that in both reanalysis and the model, the magni-

tude of the anomalous stratospheric wave-1 heat flux

during extreme stratospheric eddy events crosses the

95th-percentile threshold whereas it does not prior to

SSW events, showing that SSWs are not extreme

with respect to the wave-1 heat flux. Overall, the

model qualitatively captures the anomalous strato-

spheric wave-1 heat flux during reanalysis events.

Extreme stratospheric eddy events in reanalysis show a

positive tropospheric wave-1 heat flux anomaly at

408–708N from days 210 to 0, which is qualitatively

captured by the model (Figs. 3a,b). A similar positive

tropospheric wave-1 heat flux anomaly occurs prior to

SSW events in reanalysis from days 220 to 0, which is

also qualitatively captured by the model (Figs. 3c,d).

The 408–708N band is chosen because it captures the

largest tropospheric wave-1 heat flux anomalies prior

to events in reanalysis and the model. We note that in

all cases the anomalous lower-tropospheric wave-1 heat

flux is amplified but not extreme; that is, it does not cross

the 95th percentile. Thus, themodel qualitatively captures
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the anomalous tropospheric wave-1 heat flux prior to re-

analysis events consistent with an anomalous tropospheric

wave source.

Prior to extreme stratospheric eddy events in re-

analysis, the stratospheric polar vortex is strengthened

from days220 to210, which is qualitatively captured by

the model (Figs. 4a,b). In contrast, SSW events are

preceded by a marginally strengthened polar vortex in

the upper-stratosphere in both reanalysis and the model

(Figs. 4c,d). We note that the stratospheric zonal-mean

flow during SSW events is much weaker than extreme

stratospheric eddy events (cf. Figs. 4a,b and c,d), show-

ing that SSW events represent extreme zonal-mean flow

events whereas extreme stratospheric eddy events rep-

resent zonal-mean flow deceleration events. Overall, the

model qualitatively captures the strengthened vortex

prior to extreme stratospheric eddy events in reanalysis

consistent with a preconditioned stratospheric zonal-

mean flow. However, no clear preconditioning is found

prior to SSW events in reanalysis or the model.

In summary, the results show the model captures

the anomalous stratospheric wave-1 heat flux during

FIG. 1. (a) Anomalous wave-1 vs eddy (all wavenumber) meridional heat flux averaged over 608–908N at 50 hPa

over days 23 to 13 for individual extreme stratospheric eddy events in reanalysis (blue) and the model (black).

Composite values are denoted with3 symbols and the diagonal line denotes the one-to-one line. (b) As in (a), but

for higher-order wavenumber (k $ 2) and eddy heat flux during extreme stratospheric eddy events. (c),(d) As in

(a) and (b), respectively, but for the cumulative heat flux averaged 30 days prior to SSWevents. Unfilled blue circles

denote the split SSW events of January 1985, February 1989, and January 2009 in reanalysis data, which are

dominated by the higher-order wavenumber component.
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extreme stratospheric eddy and SSW events in reanalysis

data. The model qualitatively captures the anomalous

tropospheric wave-1 heat flux preceding reanalysis

events consistent with an anomalous source in the

troposphere dominates view. However, in reanalysis

and the model, only extreme stratospheric eddy events

exhibit a strengthened vortex consistent with a precondi-

tioned stratospheric zonal-mean flow in the stratosphere

dominates view. Next, we use the nudging experiments

to test the underlying mechanisms.

b. Testing the troposphere and stratosphere
dominates views

If the troposphere dominates view is correct, then

nudging tropospheric wave 1 alone should account for

the anomalous stratospheric wave-1 heat flux whereas

nudging the stratospheric zonal-mean flow alone should

not. Nudging tropospheric wave 1 (purple box, Figs. 5a,b)

produces a positive stratospheric heat flux anomaly dur-

ing extreme stratospheric eddy events (experiment 1) and

prior to SSW events (experiment 2), accounting for 59%

of the instantaneous (days 23 to 13) and 94% of the

cumulative (30 day) midstratospheric heat flux anom-

aly during the composite control events (blue line,

Figs. 5a,b). In contrast, nudging the stratospheric zonal-

mean flow (red box in Figs. 5c,d) produces no strato-

spheric heat flux anomaly during extreme stratospheric

eddy events (experiment 3) and a negative stratospheric

heat flux anomaly prior to SSW events (experiment 4),

accounting for 0% and 255% of the composite control

events in the midstratosphere (blue line in Figs. 5c,d).

We note that similar results are found when nudging

the stratospheric zonal-mean flow only prior to extreme

stratospheric eddy and SSW events (days 220 to 210

and days 240 to 220; Figs. S1a,b in the online supple-

mental material) or when reducing the nudging time

scale by a factor of 10 (t 5 1 day; Figs. S1c,d), allowing

for greater wave–mean flow interaction, which is key

for the stratosphere dominates view (e.g., Holton and

Mass 1976; Plumb 1981; Birner and Albers 2017).

Qualitatively similar results are also found when re-

peating the experiments except for nudging above

and below the Arctic tropopause defined at 298 hPa

(Fig. S2) and in a separate study nudging the strato-

spheric zonal-mean flow during SSWs (Hitchcock and

Haynes 2016). Overall, the results are consistent with

the troposphere dominates view: tropospheric wave 1

accounts for a large fraction of the anomalous strato-

spheric wave-1 heat flux whereas the stratospheric

zonal-mean flow does not.

One of the caveats of the troposphere dominates view

is that a small fraction of anomalous tropospheric eddy

heat fluxes are followed by anomalous stratospheric eddy

heat flux events, suggesting the stratospheric zonal-mean

FIG. 2. Anomalous wave-1 meridional heat flux averaged 608–908N during composite (a),(b) extreme strato-

spheric eddy and (c),(d) SSW events in (a),(c) reanalysis and (b),(d) the model. Black contours are6[1, 2, 4, 8, 16,

32, . . .] Km s21 and dashed contours are negative. Shading indicates statistical significance at the 95% level based

on a two-tailed Student’s t test. Note the different length of time on the x-axis for extreme stratospheric eddy (days

220 to 20) vs SSW events (days 240 to 40).
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flow amplifies the stratospheric eddy heat flux (Birner

and Albers 2017; de la Cámara et al. 2019). To better

reconcile our results with the stratosphere dominates

view, next we nudge tropospheric wave 1 in combination

with the stratospheric zonal-mean flow. Nudging tropo-

spheric wave 1 and the stratospheric zonal-mean flow in

combination accounts for 89% and 74%of the composite

control event heat flux in the midstratosphere during

extreme stratospheric eddy (experiment 5) and prior

to SSW events (experiment 6), respectively (blue line,

Figs. 6a,b). The responses are amplified and damped in

comparison to nudging tropospheric wave 1 alone (cf.

Figs. 6a,b and Figs. 5a,b); however, SSWs are sensitive to

the nudging tropopause level (cf. Figs. S3b and S2b). The

results suggest the stratospheric zonal-mean flow can

amplify the stratospheric heat flux from the troposphere.

If a specific configuration of the stratospheric zonal-

mean flow (Figs. 4b,d) is required to amplify the strato-

spheric eddy heat flux as hypothesized by the stratosphere

dominates view, then nudging toward the climatological

stratospheric zonal-mean flow should not amplify the

stratospheric eddy heat flux. Nudging tropospheric wave 1

while also nudging the stratospheric zonal-mean flow to its

climatology amplifies the stratospheric heat flux in com-

parison to nudging tropospheric wave 1 alone during ex-

treme stratospheric eddy (experiment 7) and SSW events

(experiment 8), respectively (cf. Figs. 6c,d and Figs. 5a,b).

Qualitatively similar results are found for nudging

above and below the Arctic tropopause defined at

298 hPa (cf. Figs. S3c,d and S2a,b). We confirm that

nudging the climatological stratospheric zonal-mean

flow alone produces a negligible wave-1 heat flux re-

sponse in the lower-stratosphere. Overall, the results

suggest the climatological stratospheric zonal-mean

flow is sufficient to account for the anomalous strato-

spheric heat flux generated in the troposphere consis-

tent with the troposphere dominates view.

Finally, we examine whether tropospheric wave 1 or

the stratospheric zonal-mean flow account for the

anomalous zonal-mean flow in the stratosphere and

troposphere. We focus on SSWs because they are as-

sociated with the largest zonal-mean flow anomalies.

Beginning with the anomalous stratospheric zonal-

mean flow, nudging tropospheric wave 1 produces a

large negative stratospheric zonal-mean flow anomaly

but does not reverse the zonal-mean zonal wind at 608N
at 10 hPa (cf. Fig. 7a and Fig. 4d). In contrast, nudging

the stratospheric zonal-mean flow only prior to the

events produces a weak response (days 240 to 22;

Fig. S4a). Thus, tropospheric wave 1 does not capture

the composite SSW but accounts for a large fraction of

the anomalous stratospheric zonal-mean flow. A quali-

tatively similar but weaker response is found when

nudging wave 1 below the Arctic tropopause at 298hPa

FIG. 3. Anomalous tropospheric wave-1 meridional heat flux averaged over 408–708N during composite (a),(b)

extreme stratospheric eddy and (c),(d) SSW events in (a),(c) reanalysis and (b),(d) the model. Black contours are

6[1, 2, 4, 8, 16, 32, . . .] Km s21 and dashed contours are negative. Shading indicates statistical significance at the

95% level based on a two-tailed Student’s t test. The events are shown above the surface topography in the model,

which extends to 600 hPa in midlatitudes.
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(Fig. S4b) consistent with previous work suggesting the

upper troposphere–lower stratosphere region is impor-

tant to drive SSW events (Birner and Albers 2017; de la

Cámara et al. 2017, 2019).

Next, we consider the anomalous tropospheric

zonal-mean flow. Nudging tropospheric wave 1 alone

produces a negative tropospheric zonal-mean flow

anomaly resembling the composite SSW (cf. Figs. 7a

and 4d) suggesting it acts directly via the troposphere

or indirectly via the anomalous stratospheric zonal-

mean flow. However, nudging tropospheric wave 1

while also nudging the stratospheric zonal-mean flow to

its climatology produces a positive tropospheric zonal-

mean flow anomaly (Fig. 7d) whereas only experiments

with an anomalous stratospheric zonal-mean flow involve a

negative tropospheric zonal-mean flow anomaly (Figs.

7a–c). Qualitatively similar results are found when nudg-

ing above and below the Arctic tropopause (Figs. S4b–e).

Thus, the anomalous stratospheric zonal-mean flow, in-

dependent of whether it reverses the zonal-mean zonal

wind 608N at 10hPa, accounts for the anomalous tropo-

spheric zonal-mean flow.

In summary, the results support the troposphere

dominates view of the stratospheric wave-1 heat flux

during extreme stratospheric eddy and SSW events.

Specifically, nudging tropospheric wave 1 alone or in

combination with the stratospheric zonal-mean flow

fixed to climatology accounts for a large fraction of the

anomalous stratospheric wave-1 heat flux. The results

do not support the stratosphere dominates view since

nudging the stratospheric zonal-mean flow alone does

not account for the anomalous stratospheric wave-1

heat flux. In contrast with the stratospheric heat flux

during SSWs, tropospheric wave 1 does not capture

the reversal of the zonal-mean zonal wind at 608N at

10 hPa but accounts for a large fraction of the anoma-

lous stratospheric zonal-mean flow while the anoma-

lous stratospheric zonal-mean flow accounts for the

anomalous tropospheric zonal-mean flow.

c. Quantifying the role of wave–wave interaction

The results thus far suggest an anomalous tropo-

spheric wave-1 source causes the anomalous strato-

spheric wave-1 heat flux during extreme stratospheric

eddy heat flux and SSW events. However, the tropo-

sphere dominates view discussed in the introduction does

not specify what generates the anomalous wave-1 source.

If wave–wave interaction generates the tropospheric

wave source, then nudging the tropospheric higher-order

wavenumbers (k $ 2, experiments 9 and 10) should ac-

count for the anomalous stratospheric and tropospheric

wave-1 heat flux while nudging the stratospheric higher-

order wavenumbers (experiments 11 and 12) should not.

The green colored boxes in Figs. 8a–d and 9a–d de-

note the lag–pressure domains where the higher-order

wavenumbers are nudged. Nudging the tropospheric higher-

FIG. 4. NAM during composite (a),(b) extreme stratospheric eddy and (c),(d) SSW events in (a),(c) reanalysis

and (b),(d) the model. Black contour interval is 0.25s, dashed contours are negative, and the blue contour denotes

where the total (anomaly plus climatology) zonal-mean zonal wind at 608N is negative. The events are shown above

the surface topography in the model, which extends to 600 hPa in midlatitudes.
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order wavenumbers produces anomalous stratospheric

wave-1 heat flux during extreme stratospheric eddy

events and prior to SSW events, accounting for 41% of

the instantaneous (days 23 to 13) and 51% of the

cumulative (30 day) midstratospheric heat flux during

the composite control events (blue line in Figs. 8a,b).

Consistently, a large fraction of the tropospheric

wave-1 heat flux anomaly prior to the events is re-

produced (65% and 114%, Figs. 9a,b). In contrast,

nudging the stratospheric higher-order wavenumbers

produces weak wave-1 heat flux anomalies in the

stratosphere (14% and 226%, Figs. 8c,d) and tro-

posphere (13% and 15%, Figs. 9c,d). The key role of

the troposphere is confirmed by nudging the higher-

order wavenumbers throughout the depth of the

atmosphere but fixing tropospheric wave 1 to the

time-independent climatology, resulting in weak strato-

spheric wave-1 heat flux anomalies (Fig. S5). Finally, we

note that nudging the higher-order wavenumbers (k$ 2),

which represent a large fraction of the tropospheric cir-

culation, may artificially constrain the wave-1 component.

However, experiment A1 suggests that the circulation

driven in our experiment is primarily a result of the event

dynamics rather than themethodology (Fig.A1). Thus, the

results suggest that tropospheric wave–wave interactions

play a role in generating the anomalous tropospheric wave

source during the events.

Wave–wave interaction could generate the anoma-

lous tropospheric wave source directly via interaction

between eddies (Scinocca and Haynes 1998; Schneidereit

et al. 2017; Lee et al. 2019) or indirectly via the zonal-

mean flow (Charney and Eliassen 1949). If higher-order

wavenumbers directly generate the anomalous tropo-

sphericwave source, then fixing the zonal-mean flow to its

time-independent climatology should still account for

some fraction of the anomalous stratospheric and tropo-

sphericwave-1 heat flux. The red and green colored boxes

in Figs. 8e, 8f, 9e, and 9f denote the lag–pressure domains

where the tropospheric zonal-mean flow is fixed and

the higher-order wavenumbers are nudged. Nudging the

tropospheric higher-order wavenumbers while fixing the

tropospheric zonal-mean flow to climatology accounts for

42% and 63% of the composite control event heat flux in

the midstratosphere during extreme stratospheric eddy

(experiment 13) and prior to SSW events (experiment

14), respectively (blue line in Figs. 8e,f). Consistently, a

large fraction of the positive tropospheric wave-1 heat

fluxes are also reproduced prior to both events (41%

and 163%, Figs. 9e,f). We confirm the responses are

due to nudging the tropospheric higher-order wave-

numbers since fixing the tropospheric zonal-mean flow

to climatology alone produces a negligible heat flux

response in the troposphere and stratosphere. Thus,

the results suggest that direct wave–wave interaction

FIG. 5. As in Figs. 2b and 2d, but for the high-latitude wave-1 heat flux responses from experiments 1–4. The red

and purple boxes denote the lag–pressure domains where the zonal-mean flow and wavenumber k1 are nudged,

respectively. The values in parentheses quantify the percentage of the composite control event reproduced by each

experiment denoted by the blue line.
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plays a role in generating the anomalous tropospheric

wave source.

In summary, the results suggest that tropospheric

wave–wave interaction plays a role in generating

the anomalous wave-1 source during extreme strato-

spheric eddy heat flux and SSW events since nudging

the higher-order wavenumbers in the troposphere

accounts for a large fraction of the anomalous strato-

spheric and tropospheric wave-1 heat flux. The results

provide amechanism for generating the tropospheric wave

source in the troposphere dominates view. Furthermore,

the results suggest stratospheric wave–wave interactions

do not play a role since nudging the stratospheric higher-

order wavenumbers does not account for the stratospheric

wave-1 heat flux.

4. Conclusions and discussion

a. Conclusions

Here we investigate whether the stratosphere or

troposphere dominates the dynamics of the anomalous

stratospheric eddy heat flux during extreme strato-

spheric eddy and SSW events. Ensemble spectral

nudging experiments in a dry dynamical-core model

were used to quantify the role of the troposphere

versus the stratosphere. The experiments focused on

the wavenumber-1 heat flux since it dominates the

anomalous eddy heat flux during the events (Fig. 1).

Our results suggest the following answers to the ques-

tions posed in the introduction:

1) Does the troposphere or stratosphere dominate the

dynamics of extreme stratospheric eddy and SSW

events?

The results suggest tropospheric dynamics dominate

the anomalous stratospheric wave-1 heat flux; that is,

the events involve an anomalous tropospheric source of

wave activity propagating upward into the stratosphere

(e.g.,Matsuno 1971), since nudging tropospheric wave 1

alone or in combination with the stratospheric zonal-

mean flow fixed to climatology accounts for a large

fraction of the anomalous stratospheric wave-1 heat flux

(Figs. 5a,b and 6c,d). The results donot support the view

that stratospheric dynamics dominate (e.g., Holton and

Mass 1976) since nudging the stratospheric zonal-mean

flow alone does not account for the anomalous strato-

spheric wave-1 heat flux (Figs. 5c,d).

The results suggest both the troposphere and

stratosphere dominate the dynamics of the zonal-

mean flow during SSWs. Tropospheric wave 1 does

not capture the reversal of the zonal-mean zonal

wind at 608N at 10 hPa but accounts for a large

fraction of the anomalous stratospheric zonal-mean

flow (Fig. 7a) while the anomalous stratospheric

FIG. 6. As in Figs. 2b and 2d, but for the high-latitude wave-1 heat flux responses from experiments 5–8. The red

and purple boxes denote the lag–pressure domains where the zonal-mean flow and wavenumber k1 are nudged,

respectively. The values in parentheses quantify the percentage of the composite control event reproduced by each

experiment denoted by the blue line.
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zonal-mean flow accounts for the anomalous tro-

pospheric zonal-mean flow (Figs. 7a–c).

2) Do wave–wave interactions play a role during ex-

treme stratospheric eddy and SSW events?

The results suggest tropospheric wave–wave inter-

action (Scinocca andHaynes 1998; Schneidereit et al.

2017; Lee et al. 2019) plays a role in generating the

anomalous tropospheric wave-1 source during ex-

treme stratospheric eddy and SSW events. Nudging

the tropospheric higher-order wavenumbers (k $ 2)

alone or in combination with the tropospheric zonal-

mean flow fixed to climatology accounts for a large

fraction of the anomalous stratospheric and tropo-

spheric wave-1 heat flux (Figs. 8a,b,e,f and 9a,b,e,f).

Conversely, the results suggest stratospheric wave–

wave interaction (McIntyre 1982; Palmer and Hsu

1983; Smith 1983; Smith et al. 1984; Albers and

Birner 2014) does not play a role since nudging the

stratospheric higher-order wavenumbers does not

account for either (Figs. 8c,d) and 9c,d).

b. Discussion

Several previous studies have attempted to address

the relative importance of the stratosphere versus the

troposphere in producing the anomalous stratospheric

eddy heat flux during SSW events. However, the studies

are limited by testing the role of either the stratosphere

or troposphere only, using diagnostics to infer causality,

or deducing the behavior of the real atmosphere from

highly truncated models (e.g., Matsuno 1971; Birner and

Albers 2017; Hitchcock and Haynes 2016; de la Cámara

et al. 2017). In contrast, Sun et al. (2012) used a dry

dynamical-core model to perturb stratospheric and

tropospheric initial conditions preceding SSW events

and found the troposphere is key to predict the events.

Our results confirm and extend the work of Sun et al.

(2012) by using ensemble spectral nudging experi-

ments in a dry dynamical-core model to 1) directly

show the causal role of the troposphere versus the

stratosphere by nudging the components throughout

the duration of the events and 2) explicitly quantify

the role of the tropospheric wave source versus the

stratospheric zonal-mean flow consistent with the dif-

ferent views of planetary wave coupling.

Previous studies showed that most SSWs in reanalysis,

idealized and state-of-the-art chemistry-climate models

are preceded by upward tropospheric EP fluxes that

are anomalous but not extreme (,95th percentile),

suggesting the troposphere plays a minor role in pro-

ducing the anomalous stratospheric EP flux (Jucker

2016; Birner and Albers 2017; Lindgren et al. 2018;

White et al. 2019; de la Cámara et al. 2019). While it is

difficult to compare our results with previous studies

because we focused on wave 1 instead of the eddy

component (k $ 1), events in our model and reanalysis

are preceded by tropospheric wave-1 EP fluxes that are

anomalous but not extreme and our experiments dem-

onstrate the dominant role of the troposphere in

FIG. 7. As in Fig. 4d, but for NAM responses from experiments 2, 4, 6, and 8. The red and purple boxes denote the

lag–pressure domains where the zonal-mean flow and wavenumber k1 are nudged, respectively.
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producing the anomalous stratospheric wave-1 EP flux.

We reason that because climatological (k1 or k $ 1)

EP fluxes in the troposphere are larger magnitude

than in the stratosphere, a small tropospheric EP-flux

anomaly can produce a large stratospheric EP-flux

anomaly for the same total (anomaly plus climatol-

ogy) EP flux. Therefore, our results caution against

using the anomalous tropospheric EP-flux diagnostic to

infer causality.

Our results suggest both the troposphere and strato-

sphere are important to capture the zonal-mean flow

evolution during SSWs consistent with previous stud-

ies. Specifically, the troposphere alone accounts for a

large fraction of the anomalous stratospheric zonal-

mean flow but is not sufficient to capture the zonal-

mean zonal wind reversal at 608N and 10 hPa (de la

Cámara et al. 2017) while the anomalous strato-

spheric zonal-mean flow accounts for the anomalous

tropospheric zonal-mean flow (Hitchcock and Simpson

2014; Hitchcock and Haynes 2016).

The troposphere dominates view assumes an anomalous

tropospheric source of stratospheric wave activity but does

not specify how it is generated.Our results suggest nonlinear

wave–wave interactions play role in generating the tropo-

spheric wave source consistent with previous work using

idealized and state-of-the-art models and reanalysis data

(Scinocca and Haynes 1998; Schneidereit et al. 2017; Lee

et al. 2019). However, we did not explicitly diagnose wave–

wave interactions in the model or reanalysis data and it is

unclearwhy theyplay suchan important roleduring extreme

stratospheric eddy and SSW events in the model. Other

processes in the real atmosphere that are absent in the ide-

alized model could also play a role in generating the

anomalous tropospheric wave source such as ENSO, the

MJO, snowor sea ice (e.g.,Domeisen et al. 2019;Henderson

et al. 2018; Kang and Tziperman 2018; Screen et al. 2018).

FIG. 8. As in Figs. 2b and 2d, but for the high-latitude wave-1 heat flux responses from experiments 9–14. The red

and green boxes denote the lag–pressure domains where the zonal-mean flow and wavenumbers k$ 2 are nudged,

respectively. The values in parentheses quantify the percentage of the composite control event reproduced by each

experiment denoted by the blue line.

JUNE 2020 DUNN - S IGOU IN AND SHAW 2199

Brought to you by UNIVERSITETSBIBLIOTEKET I | Unauthenticated | Downloaded 06/16/21 12:16 PM UTC



Acknowledgments. E.D.S. thanks Camille Li, Paul

Kushner, Isla Simpson, and Karen Smith for helpful dis-

cussions. E.D.S and T.A.S thank the three anonymous

reviewers for their constructive comments.

Data availability statement. ERA-Interim data can

be obtained at https://apps.ecmwf.int/datasets/data/

interim-full-daily/. All model data are available from

E.D.S. upon request.

APPENDIX

Sensitivity of Results to Nudging Higher-Order
Wavenumbers

The results suggest that tropospheric higher-order

wavenumbers can account for a large fraction of the

anomalous stratospheric wave-1 heat flux during the

events (Figs. 9a,b). However, the results rely on the as-

sumption that the circulation driven by the nudging is a

result of the event dynamics rather than the nudging

itself. The assumption may not hold in a tightly coupled

systemwhen nudging higher-order wavenumbers (k$ 2),

which represent a large fraction of the tropospheric

circulation. Therefore, we test the sensitivity to the

nudging methodology by nudging the tropospheric

higher-order wavenumbers to the evolution of the

control simulation from days 500 to 3500 in a single

integration (experiment A1). If the results are an arti-

fact of the nudging, then the tropospheric and strato-

spheric wave-1 heat flux from the control simulation

should be reproduced. Figure A1 shows the variance

explained R2 by correlating the tropospheric (black

line, 408–708N) and stratospheric (blue line, 608–908N)

FIG. 9. As in Figs. 3b and 3d, but for the wave-1 heat flux responses averaged over 408–708N from experiments

9–14. The red and green boxes denote the lag–pressure domainswhere the zonal-mean flow andwavenumbers k$ 2

are nudged, respectively. The values in parentheses quantify the percentage of the composite control event re-

produced by each experiment denoted by the blue line.
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wave-1 heat flux from experiment A1 with the control

simulation. The results show that nudging the tropospheric

higher-order wavenumbers accounts for about 20% and

40% of the wave-1 heat flux variance in the stratosphere

and troposphere, respectively. The nudging poorly con-

strains the wave-1 heat flux in the stratosphere and con-

strains less than half the variability in the troposphere.

Thus, we conclude that the circulation driven by nudging

the tropospheric higher-order wavenumbers is primarily a

result of the event dynamics rather than the nudging itself.
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