
Paolo Ruggieri University of L’Aquila, Italy CETEMPS , L’AQUILA 24/11/2016

Winter sea-ice                   Intra-seasonal               Predictability

1

ARCTIC SEA-ICE AND  
MID-LATITUDE STORM 

TRACKS

P. RUGGIERI 
University of L’Aquila/CETEMPS, Italy !

!
M.H.P. AMBAUM,University of Reading, UK, R. BUIZZA,ECMWF, Reading, UK 
 M.P. KING, UniClimate, Bergen, Norway, F. KUCHARSKI ICTP, Trieste, Italy, 
 L. NOVAK, University of Reading, UK, G.VISCONTI, University of L’Aquila 

!
!



Paolo Ruggieri University of L’Aquila, Italy CETEMPS , L’AQUILA 24/11/2016

Winter sea-ice                   Intra-seasonal               Predictability

Paolo Ruggieri DSFC L’Aquila, 19/10/2016

DOTTORATO IN SCIENZE FISICHE E CHIMICHE: RELAZIONE II ANNO 

2

Copernicus Climate Change Service
T2m anomaly (1979-2010) for July 2015- July 2016

SOURCE: C3S website  
https://climate.copernicus.eu/

Kim et al. (2014)

Paolo Ruggieri University of L’Aquila, Italy TRIESTE , ICTP Teleconnections 2016

Transient Response                    Winter-Sea-ice                Coupled Variability

Paolo Ruggieri DSFC L’Aquila, 19/10/2016

DOTTORATO IN SCIENZE FISICHE E CHIMICHE: RELAZIONE II ANNO 

!2

Copernicus Climate Change Service
T2m anomaly (1979-2010) for July 2015- July 2016

Over the past two decades, the Arctic Ocean has warmed
significantly in conjunction with conspicuous increase in
global surface air temperature (SAT) and rapid decline of

Arctic sea-ice1,2. A growing number of studies have found
pronounced changes in atmospheric circulation due to Arctic sea-
ice loss, including changes in the tropospheric jet stream that may
lead to cold extremes over Eurasia and North America3–7.
However, because the occurrence of major sea-ice losses has been
relatively recent, a robust connection between Arctic sea-ice and
atmospheric circulation has not been well-established, and the
underlying mechanism(s) responsible for these processes are not
yet fully understood8,9. For example, through the analysis of re-
analysis data and climate model outputs, a number of studies
have suggested that Arctic sea-ice loss has the potential to force
the Arctic Oscillation (AO) into its negative phase10–12. In
contrast, other recent studies have emphasized the impact of
planetary-scale wave pattern over the Eurasian continent that
emanates from the Barents–Kara (B–K) seas4,13,14. Apparently,
this pattern appears to be zonally asymmetric and different from
a typical pattern of the AO15.

Efforts have also been made to relate the recent changes in
cryospheric conditions such as Eurasian snow cover and Arctic sea-
ice cover to the variability of the stratospheric polar vortex16–18. It
is documented that the variability of the stratospheric polar vortex
has increased in recent years. For instance, whereas the sudden
weakening of the stratospheric polar vortex, known as a major
Sudden Stratospheric Warming (SSW) event, occurred relatively
infrequently during the 1990s according to the World
Meteorological Organization (WMO) definition of SSW19, it has
occurred almost every year since 2000 (ref. 20). SSW events are
often followed by a negative phase of the AO at the surface with a
time lag of 1 or 2 months21–23. This indicates that understanding
possible contributors to recent stratospheric variability, which may
include cryospheric changes24, is critical for the better
understanding of the surface climate variability in the recent past.

A systematic study that considers both bottom-up and top-
down processes occurring within the cryosphere, troposphere and
stratosphere is therefore crucial for elucidating how Arctic sea-ice
interacts with atmospheric circulation and thereby causes extreme
surface weather events. In this study, a time-lagged stratospheric
response to Arctic sea-ice loss is examined via composite analyses

that utilize both European Center for Medium-Range
Weather Forecasts (ECMWF) Re-Analysis Interim (ERA-
Interim) data25 and climate model sensitivity experiments. This
synthetic analysis reveals that polar stratospheric variability is
partly controlled by marked losses of Arctic sea-ice, especially
over the B–K seas.

Results
Sea-ice-polar vortex relationship from data analysis. Arctic sea-
ice losses in recent decades have been widely documented26. Our
particular interest lies in sea-ice conditions during the early
winter period (November–December) due to the potential impact
of such conditions on mid-winter weather and climate patterns.
During this season of recent years, the B–K seas have lost
significant volumes of sea-ice while exhibiting pronounced
interannual variations (Fig. 1a,b; ref. 15). A large amount of
air–sea heat exchange is also observed during the years of
anomalously low sea-ice concentration (SIC) over the B–K seas
partly due to the occurrence of increased Atlantic warm water
intrusion in recent years27.

In conjunction with anomalously low SIC over the B–K seas,
the composite SAT anomaly (see Methods) has exhibited a
‘‘warm Arctic and cold continent’’ pattern15,28, with significant
warming of up to 4 !C over the Arctic Ocean and a cooling of
2 !C over Siberia (Fig. 2a). The warm temperatures over the
Arctic Ocean correspond closely with regions that experience
major sea-ice losses during the early winter months (Fig. 1b). This
pattern demonstrates the critical role of turbulent heat fluxes
resulting from increases in the area of open water27, as such warm
water causes heat fluxes to release extensive levels of heat into the
atmosphere during this period of the year (Fig. 1c). Large-scale
circulation changes also occur within the mid-troposphere,
resulting in the development of a positive height anomaly over
the B–K seas (Fig. 2b). The height anomaly follows a wave-like
pattern, that is, a negative anomaly develops over Western
Europe, a positive anomaly forms over the B–K seas, and a
negative anomaly forms over Siberia. Note that the local warm
and cold centres of SAT anomalies shown in Fig. 2a largely
collocate with the wave-like pattern shown in Fig. 2b. This
coincidence suggests that Siberian cooling may be attributable to
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Figure 1 | SIC variability over the B–K seas during the early winter season. (a) An area-averaged time-series of SIC for the entire area of the Arctic Ocean
(dashed) and B–K seas (solid) during the early winter for the period 1979–2012. The area of the B–K seas is indicated by hatched region in b. Years
during which the area-averaged SIC o50% over the B–K seas are indicated by red dots (11 sample years). The composite mean anomaly of (b) SIC (%) and
(c) surface turbulent heat flux (W m! 2; the sum of sensible and latent heat flux) for the years indicated by the red dots in a. Anomaly is defined as a
departure from climatology data for the period 1979–2012.
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with atmospheric resolution of 0.83° longitude by 0.55° latitude, 85 quasi-horizontal atmospheric levels,
and an upper boundary at 85 km near the mesopause. The ocean resolution is 0.25° globally in both
latitude and longitude with 75 quasi-horizontal levels. This resolution is necessary to reduce key biases in
the ocean and atmosphere and give a realistic winter blocking climatology in the model [Scaife et al.,
2011]. A 24-member ensemble of forecasts was run for each winter in the period 1993 to 2012 with
lagged start dates centered on 1 November (25 October, 1 November, and 9 November) and eight
members initialized on each of the three start dates. Members from the same start date differ only by
stochastic physics [Arribas et al., 2011]. Initial atmospheric and land surface data were taken from ECMWF
Re-Analysis (ERA)-Interim observational reanalyses, and initial conditions for the global ocean and sea ice
concentration were from the Forecasting Ocean Assimilation Model (FOAM) system [Blockley et al., 2013].
This configuration allows very skillful predictions of various slowly varying components of the climate
system to be made for the coming winter (Table S1).

Figure 1 shows the skill of predicting the year to year fluctuations in the winter surface NAO (difference in
sea level pressure between Iceland and Azores) at lead times of 1 to 4months, well beyond weather
forecast time scales. The resulting correlation coefficient between the ensemble average of 24 forecast
members per winter and the observed surface NAO is 0.62 in GloSea5. This is statistically significant at the
99% level of confidence (using a t test and allowing for the small lagged autocorrelation in model and
observations). It confirms potential predictability hinted at in statistical studies [Folland et al., 2012; Cohen
and Jones, 2011] and atmospheric simulations with prescribed ocean conditions [Rodwell et al., 1999;Mehta
et al., 2000; Bretherton and Battisti, 2000] and supports recent results for the Arctic Oscillation [Riddle et al.,
2013], using a seasonal forecast system based on first physical principles. The value achieved here greatly
exceeds persistence forecast skill (0.15) and suggests that useful levels of seasonal forecast skill for the
surface NAO can be achieved in operational dynamical forecast systems. Our result is also insensitive to the
details of the model or the hindcast. For example, a repeat hindcast using a new dynamical core [Walters
et al., 2013] resulted in a similar correlation score of 0.6, as did removal of individual strong and predictable
NAOwinters such as 2009/2010 [Fereday et al., 2012] or the poorly predicted winter of 2004/2005 (Figure S1
in the supporting information). None of these changes reduces the significance of the correlation below
the 95% level. Note also that the forecast skill in our system arises largely from interannual variability rather
than trends or low-frequency variability, as differences in the surface NAO from 1 year to the next are
skillfully predicted with a correlation coefficient of 0.46 which is also significant at the 95% level, particularly for
years which project strongly on to the NAO (Figure S1). As a further check we also calculated probabilistic
skill and reliability scores. Relative operating characteristic scores [World Meteorological Organization
(WMO), 1992] for lower tercile winter temperatures are 0.70 for the Northern Hemisphere (20–90 N), 0.77
for North America (50–165W, 10–85 N), and 0.65 for Europe (30W–40E, 30–80 N), with high levels of
reliability for all of these regions.

Figure 1. Predictability of the winter North Atlantic Oscillation. The NAO in observations (black line), ensemble mean
forecasts (orange line), and individual ensemble members (orange dots) in winter (December to February (DJF)) hindcasts.
The NAO is measured as the sea level pressure difference between Iceland and the Azores, but the skill is insensitive to the
precise definition as large-scale patterns are frequently well captured (Figure S1). Observations, ensemblemean, and ensemble
members are normalized by their respective standard deviations. Anomalies are for December to February, and forecasts were
initialized from dates centered on 1 November. The correlation score of 0.62 is significant at the 99% level according to a t test
and allowing for the small lagged autocorrelation in forecasts and observations.
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1Met Office Hadley Centre, Exeter, UK, 2Department of Earth Sciences, University of Gothenburg, Gothenburg, Sweden,
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Abstract Until recently, long-range forecast systems showed only modest levels of skill in predicting
surface winter climate around the Atlantic Basin and associated fluctuations in the North Atlantic
Oscillation at seasonal lead times. Here we use a new forecast system to assess seasonal predictability of
winter North Atlantic climate. We demonstrate that key aspects of European and North American winter
climate and the surface North Atlantic Oscillation are highly predictable months ahead. We demonstrate
high levels of prediction skill in retrospective forecasts of the surface North Atlantic Oscillation, winter
storminess, near-surface temperature, and wind speed, all of which have high value for planning and
adaptation to extreme winter conditions. Analysis of forecast ensembles suggests that while useful levels
of seasonal forecast skill have now been achieved, key sources of predictability are still only partially
represented and there is further untapped predictability.

1. Introduction

Despite recent advances in weather and climate forecasting, skillful predictions of year to year fluctuations in
winter North Atlantic Oscillation [Walker and Bliss, 1932] and associated changes in weather at lead times of
months have until recently been elusive [Johansson, 2007; Kim et al., 2012; Smith et al., 2012]. This is because
climate models have shown little extratropical atmospheric circulation response to slowly varying
components of the climate system such as the ocean [Kushnir et al., 2006], which might otherwise provide
long-range predictability. As a result, while many state-of-the-art seasonal forecast systems show significant
predictability for tropical climate, only low forecast skill is generally found in the extratropics [Arribas et al.,
2011; Kim et al., 2012]. This has led to the conclusion that little predictability may exist for key extratropical
events such as extreme winters [Jung et al., 2011]. However, climate models are imperfect and predictability
could well be underrepresented. Indeed, past forecast systems have occasionally shown signs of skill in
extratropical circulation [Palmer et al., 2004; Müller et al., 2005], and encouraging levels of skill for the Arctic
Oscillation were recently reported by Riddle et al. [2013]. An improvement in long-range forecasting of the
extratropics would generate enormous benefit to society as it would allow planning in highly populated
regions of the Northern Hemisphere for the risk of severe winter weather including winter wind storms
[Renggli et al., 2011] and disruption to transport [Palin et al., 2013] networks for example.

The single most important factor for year to year fluctuations in the seasonal climate around the Atlantic Basin
is the state of the North Atlantic Oscillation (NAO) and its hemispheric equivalent, the Arctic Oscillation. Year to
year variability in the NAO describes the state of the Atlantic jet stream and is directly related to near-surface
winds and hence winter temperatures (through advection) across North America, Europe, and other regions
around the Atlantic Basin. We present estimates of the predictability of the surface NAO and winter climate
from the Met Office seasonal forecast system Global Seasonal forecast System 5 (GloSea5) which has high
ocean resolution, a comprehensive representation of the stratosphere, and interactive sea ice physics, all of
which mediate predictable teleconnections to the North Atlantic as shown below.

2. Predictability of the North Atlantic Oscillation

The forecasts used here were produced using the Met Office Global Seasonal forecast System 5 (GloSea5).
The climate model at the core of this forecast system is Hadley Centre Global Environmental Model version 3

SCAIFE ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2514
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3. Sources of Predictability

While we cannot assess causality without additional experiments, which are beyond the scope of this
study, digging deeper into the forecasts reveals several potential sources of predictable signals (Table S1 in
the supporting information). One source of predictability originates in the tropical Pacific. Previous studies
have shown that the El Niño–Southern Oscillation can drive interannual variations in the NAO [Brönnimann
et al., 2007] and hence Atlantic and European winter climate via the stratosphere [Bell et al., 2009].
Figures 2b and 2c confirm that this teleconnection to the tropical Pacific is active in our experiments, with
forecasts initialized in El Niño/La Niña conditions in November tending to be followed by negative/positive
NAO conditions in winter. Established mechanisms [Bell et al., 2009] operate in the forecasts, with deep
easterly anomalies occurring in the extratropical jet stream after descending from the stratosphere in
midwinter (Figure 2a).

Previous studies also identify precursors to the NAO in North Atlantic Ocean temperatures [Rodwell et al., 1999;
Frankignoul, 1985; Rodwell and Folland, 2002]. By selecting forecasts in years with a warm or cold north Atlantic
subpolar gyre in November, we can examine the resulting winter signal in the atmospheric circulation.
Forecasts starting from cold/warm North Atlantic states also result in winter predictions with more positive/
negative NAO (Figures 2d–2f), although pattern correlation is low in this case. Note that although the ENSO

Figure 2. Predictable teleconnections to the North Atlantic. (a, d, g, and j) Winter (DJF) jet stream winds (m s!1) and (b, e, h, and k) sea level pressure (hPa) signals in
forecasts and (c, f, i, and l) observations, from the El Niño–Southern Oscillation (ENSO) shown in Figures 2a–2c, North Atlantic Ocean heat content in the subpolar gyre
shown in Figures 2d–2f, sea ice area in the Kara Sea shown in Figures 2g–2i, and the quasi-biennial oscillation shown in Figures 2i–2k. Resulting winter differences are
shown between upper and lower terciles of each factor measured in November. All factors are highly predictable (Table S1). Jet stream winds are composite daily
zonal wind anomalies at 60N for the Atlantic sector (90°W–60°E). Pattern correlations between predicted and observed sea level pressure patterns were 0.83, 0.14,
0.44, and 0.45, respectively, and significance at the 90% level is shown by hatching.

Geophysical Research Letters 10.1002/2014GL059637
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INTRODUCTION

• Evidence linking sea-ice variability in the Barents and Kara  
    seas and circulation in the North Atlantic 
!
• A delayed, non local link on a sub-seasonal time scale 
    (2 months, e.g. Honda et al. 2009) 
!
• Possible role of stratosphere and tropospheric  
    eddy feedback 
!
!
KEY QUESTION: What are the drivers of the response?

Atmospheric response to sea-ice reduction in the  
Barents and Kara seas
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DATA AND METHODOLOGY

• ERA-INTERIM Reanalysis: Z500, surface fluxes, 
vT

• Model Experiment: ICTP AGCM 
prescribed sea-ice reduction 

• AQUAPLANET experiment 
with  Idealised Storm Tracks: 
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OBSERVATIONAL ANALYSIS
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Warm Arctic Cold Continents

FEBRUARY
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Warm Arctic Cold Continents

FEBRUARY
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ICE 1979-2015
ICE 1979-1999

DJF TIME SERIES
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On daily time scales, the Barents-averaged THF
(THFdBar; blue curve) leads the WACS pattern, with
reduced ocean-to-atmosphere heat fluxes peaking
2 days before the WACS pattern. This echoes the mes-
sage from the monthly analysis (Fig. 6), particularly that
the WACS pattern does not appear to be a direct at-
mospheric response to reduced Barents Sea ice (and
increased THF) on short (daily) or long (monthly) time
scales. Note that because THF PC1 represents a basin-
wide pattern of THF variability in the Barents Sea, it is
very similar to THFdBar except for a change in sign
(see Fig. 3b). The lagged correlation curves associated
with the daily version of these two indices are also very
similar except for a change in sign (r 5 20.96; see also
Fig. 3b). On the other hand, the daily version of the
THF PC2 index, which represents sea ice–related THF
variability, exhibits low correlations with WACSdsyn
at all lags (red curve). The lagged correlation between
ICEdBar and WACSdsyn (black curve) peaks at zero
lag, but it is stronger with ICEdBar lagging rather than
leading, casting further doubt on the idea that the
WACS pattern is a direct consequence of reduced
Barents Sea ice.
Finally, southerly wind anomalies over the Barents

region (VdBar; green curve) also peak 2 days before
WACSdsyn. Supposing that these wind anomalies are
associated with an anomalous atmospheric circulation
pattern, this could suggest 1) advection of warm air from
the south into the Barents Sea region, 2) a basinwide
reduction of THF as a result of a correspondingly
weakened temperature contrast between the warmer
ocean and colder atmosphere, and 3) a more slowly
evolving decrease in Barents Sea ice cover driven me-
chanically by southerly winds pushing the sea ice edge
northward. This chain of events is consistent with the
lead–lag relationships in Fig. 7 and suggests, along with

previous results, that the WACS pattern does not orig-
inate directly from enhanced THF caused by Barents
Sea ice reduction.
The corresponding spatial patterns at various lags

(Fig. 8) provide some final clues about how the WACS
pattern, THF, and atmospheric circulation over the
Barents Sea are linked. The patterns are consistent with
the results shown in Fig. 7: the WACS pattern is asso-
ciated with negative Barents Sea THF anomalies (re-
duced ocean-to-atmosphere THF) and a relatively weak
reduction in the Barents Sea ice cover (Figs. 8a–c),
which together are inconsistent with the notion that the
WACS pattern is a direct atmospheric response to re-
duced Barents Sea ice. The spatial distribution and
diminishing intensity of THF anomalies over time
(Figs. 8a–c) are instead consistent with atmospheric
changes driving ocean-to-atmosphere THF variability
(e.g., Bjerknes 1964; Cayan 1992; Gulev et al. 2013). The
associated near-surface signature exhibits southerly and
southwesterly winds (Figs. 8d–f), consistent with warm
temperature advection over the Barents Sea. The large-
scale surface (SLP) and midtropospheric (Z500) anom-
alies (Figs. 8g–i) resemble patterns associated with wave
propagation and winter atmospheric blocking (e.g., Park
et al. 2011; Cheung et al. 2013) and, to some degree, with
the east Atlantic pattern (Wallace and Gutzler 1981;
Smoliak 2009; Wettstein and Wallace 2010). It is also
noteworthy that the strongest Z500 anomalies occur
prior to the strongest (lag 0) correlation between the
WACS pattern and Barents Sea ice reductions (cf.
Figs. 7 and 8g–i), further supporting the interpretation
that the large-scale atmospheric wave exists prior to any
atmospheric changes initiated by Barents Sea ice (and
the associated THF) variability. Our interpretation
of the collective results is that the WACS pattern re-
flects a large-scale pattern of intrinsic coupled climate

FIG. 3. DJF THF (color shading) and SIC regressions (blue contours indicate reduced sea ice, red contours
indicate increased sea ice; contour interval 5%) onto (a) ICEBar (b) THF PC1, and (c) THF PC2. White dots
indicate regression values that are not significant using a two-sided t test and a 0.05 significance threshold. Only
significant values are plotted for SIC. The Barents Sea domain is indicated by the yellow box. Baffin Bay is the only
area with positive (red) SIC regressions.

15 JANUARY 2016 SOROK INA ET AL . 501

Observed Atmospheric Coupling between Barents Sea Ice and
the Warm-Arctic Cold-Siberian Anomaly Pattern

SVETLANA A. SOROKINA

Nansen Environmental and Remote Sensing Center, and Geophysical Institute, University of Bergen,
and Bjerknes Centre for Climate Research, Bergen, Norway

CAMILLE LI

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

JUSTIN J. WETTSTEIN

College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, Corvallis, Oregon, and Geophysical Institute,
University of Bergen, and Bjerknes Centre for Climate Research, Bergen, Norway

NILS GUNNAR KVAMSTØ

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

(Manuscript received 9 January 2015, in final form 7 July 2015)

ABSTRACT

The decline in Barents Sea ice has been implicated in forcing the ‘‘warm-Arctic cold-Siberian’’ (WACS)
anomaly pattern via enhanced turbulent heat flux (THF). This study investigates interannual variability in
winter [December–February (DJF)] Barents Sea THF and its relationship to Barents Sea ice and the large-
scale atmospheric flow. ERA-Interim and observational data from 1979/80 to 2011/12 are used. The leading
pattern (EOF1: 33%) of winter Barents Sea THF variability is relatively weakly correlated (r 5 0.30) with
Barents Sea ice and appears to be driven primarily by atmospheric variability. The sea ice–related THF
variability manifests itself as EOF2 (20%, r5 0.60). THFEOF2 is robust over the entire winter season, but its
link to theWACS pattern is not. However, theWACS pattern emerges consistently as the secondEOF (20%)
of Eurasian surface air temperature (SAT) variability in all winter months. When Eurasia is cold, there are
indeed weak reductions in Barents Sea ice, but the associated THF anomalies are on average negative, which
is inconsistent with the proposed direct atmospheric response to sea ice variability. Lead–lag correlation
analyses on shorter time scales support this conclusion and indicate that atmospheric variability plays an
important role in driving observed variability in Barents Sea THF and ice cover, as well as theWACS pattern.

1. Introduction

Arctic sea ice has decreased in all seasons during re-
cent decades. The largest declines in areal extent have
occurred during summer and early autumn (up to
10%decade21; Serreze et al. 2007), but the thicker

multiyear ice cover is shrinking rapidly in winter as well
(Comiso 2012). Wintertime Arctic sea ice area declines
are concentrated in the Barents Sea (Serreze et al. 2009;
Screen and Simmonds 2010a; Parkinson and Cavalieri
2012). The diminishing Arctic sea ice cover has been
accompanied by near-surface warming in the high lati-
tudes, particularly during the winter season (e.g., Screen
and Simmonds 2010b), but the midlatitudes have re-
cently experienced some anomalous winters with se-
vere cold spells and above-normal snow cover in parts of
Europe, Russia, and North America (e.g., Cohen et al.
2007; Cattiaux et al. 2010; Ghatak et al. 2010; Guirguis
et al. 2011; Orsolini et al. 2012; Coumou and Rahmstorf
2012). The cold Eurasian surface temperatures are part
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WACS index (8%) and hardly any of the variance in
winter Barents Sea THF (1%). The mismatch in the rel-
ative importance of the trend further suggests it is unlikely
that the WACS pattern results from a direct linear at-
mospheric response to sea ice loss or variability. In short,
our decision to explore the interannual variability allows
for a focus on the mechanistic relationships between the
atmospheric circulation anomalies, sea ice variability, and
the connection of both to the upper ocean using the
maximum number of degrees of freedom.
The goal of identifying the atmospheric response to

Barents Sea ice variability in the fully coupled system

motivated our study, and it is critical for understanding
our results in the context of previous work. Studies
based on observations find compelling correlations be-
tween sea ice and atmospheric circulation variability
(e.g., Honda et al. 2009; Hori et al. 2011; Inoue et al.
2012; Outten and Esau 2012; Mori et al. 2014), but
causality is challenging to determine in nature because
of the many complicated forcing/response interac-
tions and the relatively few years of data. Studies based
on uncoupled modeling experiments do isolate an
atmospheric response by design—they prescribe an ice
anomaly under an atmospheric model and examine the

FIG. 7. Lagged correlations between the synthetic daily PC2 of Eurasian SAT (WACSdsyn)
and a number of other daily indices averaged over the Barents Sea region for DJF 1979/80 to
2011/12: THF (THFdBar, blue; positive indicates ocean-to-atmosphere heat flux), THF PC2dsyn
(red; positive index associated with lower sea ice and a THF dipole similar to that shown in
Fig. 3c), Barents Sea ice area (ICEdBar, black; positive index indicates less ice area), and 10-m
winds (VdBar, green; positive index indicates southerly winds). The autocorrelation of
WACSdysn is shown in orange. The shading shows the 95% confidence interval on the corre-
lations calculated using Fisher’s z transform.
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Surface heat flux

ERA-INTERIM

On daily time scales, the Barents-averaged THF
(THFdBar; blue curve) leads the WACS pattern, with
reduced ocean-to-atmosphere heat fluxes peaking
2 days before the WACS pattern. This echoes the mes-
sage from the monthly analysis (Fig. 6), particularly that
the WACS pattern does not appear to be a direct at-
mospheric response to reduced Barents Sea ice (and
increased THF) on short (daily) or long (monthly) time
scales. Note that because THF PC1 represents a basin-
wide pattern of THF variability in the Barents Sea, it is
very similar to THFdBar except for a change in sign
(see Fig. 3b). The lagged correlation curves associated
with the daily version of these two indices are also very
similar except for a change in sign (r 5 20.96; see also
Fig. 3b). On the other hand, the daily version of the
THF PC2 index, which represents sea ice–related THF
variability, exhibits low correlations with WACSdsyn
at all lags (red curve). The lagged correlation between
ICEdBar and WACSdsyn (black curve) peaks at zero
lag, but it is stronger with ICEdBar lagging rather than
leading, casting further doubt on the idea that the
WACS pattern is a direct consequence of reduced
Barents Sea ice.
Finally, southerly wind anomalies over the Barents

region (VdBar; green curve) also peak 2 days before
WACSdsyn. Supposing that these wind anomalies are
associated with an anomalous atmospheric circulation
pattern, this could suggest 1) advection of warm air from
the south into the Barents Sea region, 2) a basinwide
reduction of THF as a result of a correspondingly
weakened temperature contrast between the warmer
ocean and colder atmosphere, and 3) a more slowly
evolving decrease in Barents Sea ice cover driven me-
chanically by southerly winds pushing the sea ice edge
northward. This chain of events is consistent with the
lead–lag relationships in Fig. 7 and suggests, along with

previous results, that the WACS pattern does not orig-
inate directly from enhanced THF caused by Barents
Sea ice reduction.
The corresponding spatial patterns at various lags

(Fig. 8) provide some final clues about how the WACS
pattern, THF, and atmospheric circulation over the
Barents Sea are linked. The patterns are consistent with
the results shown in Fig. 7: the WACS pattern is asso-
ciated with negative Barents Sea THF anomalies (re-
duced ocean-to-atmosphere THF) and a relatively weak
reduction in the Barents Sea ice cover (Figs. 8a–c),
which together are inconsistent with the notion that the
WACS pattern is a direct atmospheric response to re-
duced Barents Sea ice. The spatial distribution and
diminishing intensity of THF anomalies over time
(Figs. 8a–c) are instead consistent with atmospheric
changes driving ocean-to-atmosphere THF variability
(e.g., Bjerknes 1964; Cayan 1992; Gulev et al. 2013). The
associated near-surface signature exhibits southerly and
southwesterly winds (Figs. 8d–f), consistent with warm
temperature advection over the Barents Sea. The large-
scale surface (SLP) and midtropospheric (Z500) anom-
alies (Figs. 8g–i) resemble patterns associated with wave
propagation and winter atmospheric blocking (e.g., Park
et al. 2011; Cheung et al. 2013) and, to some degree, with
the east Atlantic pattern (Wallace and Gutzler 1981;
Smoliak 2009; Wettstein and Wallace 2010). It is also
noteworthy that the strongest Z500 anomalies occur
prior to the strongest (lag 0) correlation between the
WACS pattern and Barents Sea ice reductions (cf.
Figs. 7 and 8g–i), further supporting the interpretation
that the large-scale atmospheric wave exists prior to any
atmospheric changes initiated by Barents Sea ice (and
the associated THF) variability. Our interpretation
of the collective results is that the WACS pattern re-
flects a large-scale pattern of intrinsic coupled climate

FIG. 3. DJF THF (color shading) and SIC regressions (blue contours indicate reduced sea ice, red contours
indicate increased sea ice; contour interval 5%) onto (a) ICEBar (b) THF PC1, and (c) THF PC2. White dots
indicate regression values that are not significant using a two-sided t test and a 0.05 significance threshold. Only
significant values are plotted for SIC. The Barents Sea domain is indicated by the yellow box. Baffin Bay is the only
area with positive (red) SIC regressions.
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METHODOLOGY

Pre 2000 ERA

RED= WARM ADVECTION in BK, BLUE = HIGH Z 500in BK and NA
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A HYPOTHESIS

Ruggieri et al. (2016) JGR

Impact of sea-ice on the stratosphere:  
Sun et al. (2015, JoC), Kim et al. (2014-NatCom) 

Stratospheric pathway to delayed response:  
Jaiser et al. (2016, JGR), Ruggieri et al. (2016-JGR) 

Late-Autumn Early-Winter 
Sea Ice 

Late Winter NAO 

Weak stratospheric  
circulation 
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MODEL 
!

• Intermediate Complexity AGCM: SPEEDY 
!

T 30 , 8 leves , TOA 30 hPa,  
simple parameterisations of physical  

processes 
!

SIMULATION 
!

• 100 initial conditions with clim. sea ice (CTL) 
vs reduced sea ice in B-K in January (PRT) 

!
Sea-ice reduction prescribed only  

for 2 weeks
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REGIMES OF ATMOSPHERIC RESPONSE
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THE UPPER-TROPOSPHERE

Impact on the upper-tropospheric circulation 
consistent with observed atmospheric mode of variability 
in the Barents-Kara region. 
(e.g. Takaya and Nakamura 2008, Nishii et al. 2011)
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the [AC] November the core of the cool tempera-
tures is located just around a node line between 
the trough and ridge associated with the modified 
planetary waves (left panel of Fig. 7), yielding 
strong meridional heat transport and thereby 
strongly contributing to their upward propagation. 
In contrast, in the [CC] November (right panel of 
Fig. 7), the core of the cool temperatures appears 
to be split into two, and the node line between the 
trough and ridge of the modified planetary waves 
is located between the two maxima of the cool 
temperatures, both suggesting more barotropic 
structures and thereby weaker upward propaga-
tion of the waves compared to the [AC] case. In-
deed, the upward wave-activity flux associated with 
the modified planetary waves in the [AC] compos-
ite is clearly stronger than in the [CC] composite, 
as indicated with bold lines in Fig. 7.

In December, the corresponding difference field 
in the vertical propagation of the planetary waves 
between [AC] and [CC] years is qualitatively simi-
lar to that in November with vertically-coherent 
upward propagation of the planetary waves over 
Eurasia, although its signal becomes slightly weak-
er (not shown). In the lower stratosphere the com-
posited temperature anomalies also tend to keep 
strengthening (weakening) the cool temperatures 

associated with the climatological planetary waves 
over Eurasia in the [AC] ([CC]) years. Meanwhile, 
the augmentation (weakening) of the upward prop-
agation of the planetary waves over the Far East in 
the [AC] ([CC]) years becomes more apparent in 
the lower stratosphere, which presumably contrib-
utes to the development of the stratospheric AO-
like signal from December to January as shown in 
Fig. 2.

4. Concluding Remarks

In this study, the precursory evolution of the 
Northern Hemisphere planetary waves for AO-like 
circulation anomalies in January has been exam-
ined through composite analysis based on a reanal-
ysis dataset. The precursory signal in November 
is characterized by an external Rossby wave train 
over Eurasia. In the lower stratosphere, superposi-
tion of temperature anomalies associated with the 
wave train upon the climatological planetary waves 
leads to a modification of their cool temperatures 
over Eurasia. A strengthening (weakening) of the 
lower-stratospheric cool temperatures associated 
with the climatological planetary waves occurs 
when anticyclonic (cyclonic) anomalies form in 
the troposphere over western Siberia associated 
with the external wave train. The enhancement 

Fig. 7. Modified planetary wave patterns at the 100-hPa level for November in the [AC] (left) and [CC] 
(right) composites, with zonally-asymmetric geopotential height (contoured for every 50 m; dashed 
for negative values) and zonally-asymmetric temperature (shaded as indicated below the panels; unit: K). 
Superimposed with bold lines is the corresponding upward component of Plumb’s (1985) wave-activity 
flux being 0.15 (Pa m s–2).

Zonally asymmetric Circulation

Z* = Z-<Z>
T* = T-<T>

<v*T*>
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INTRODUCTION
WHY THE STRATOSPHERE?

THE THEORY OF THE COUPLING
RESULTS

HOW CAN WE IMPROVE THE APPROACH?

ELIASSEN-PALM THEORY

qt = �(v ‘q‘)y + S

Generalised Eliassen-Palm Theorem:

r · F = �(⇢0v ‘u‘)y + (⇢0f0v ‘✓‘/✓oz)z = �(v ‘q‘)

F =
⇣

0,�⇢0v ‘u‘, ⇢0f0v ‘✓‘/✓oz

⌘

Parameterisation of Diabatic sources:

S = qR�q
⌧ ,

where R = radiative, ⌧ = Relaxation time scale
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Polar Cap Stratospheric PV-equation
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Formal Solution
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THE UPPER-TROPOSPHERE

DL

150E

120E

90E

60E

30E

GM

30W

60W

90W

120W

150W

d) 100 hPa Z* (Clim.) and T* (PRT-CTL)

-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

K

DL

150E

120E

90E

60E

30E

GM

30W

60W

90W

120W

150W

DL

150E

120E

90E

60E

30E

GM

30W

60W

90W

120W

150W

DL

150E

120E

90E

60E

30E

GM

30W

60W

90W

120W

150W

DL

150E

120E

90E

60E

30E

GM

30W

60W

90W

120W

150W

c) 100 hPa Z* (PRT-CTL) and T* (Clim.) 

-8.0
-7.0
-6.0
-5.0
-4.0
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0

K

DL

150E

120E

90E

60E

30E

GM

30W

60W

90W

120W

150W

DL

150E

120E

90E

60E

30E

GM

30W

60W

90W

120W

150W

DL

150E

120E

90E

60E

30E

GM

30W

60W

90W

120W

150W

b) 100 hPa [v*T*] components

1Jan JAN 1Feb FEB 1Mar MAR

Days

-2

-1

00

1

2

-2-10012

1
0
0
 h

P
a
 h

e
a
t 
flu

x 
(m

K
/s

) 
a
n
d
 P

V

a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)

-20

-10

0

10

20

-20-1001020

In
te

g
ra

te
d
 h

e
a
t 
flu

x 
(K

*m
)

1Jan JAN 1Feb FEB 1Mar MAR

Days

-2

-1

00

1

2

-2-10012

a
) 

1
0
0
 h

P
a
 h

e
a
t 
flu

x 
(m

K
/s

) 
a
n
d
 P

V

100 hPa eddy heat flux (v*T*)

Paolo Ruggieri University of L’Aquila, Italy UKMO,  17/03/2016

Atmospheric Response                   Barents-Kara Sea Ice              

!19

DL
150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W

d) 100 hPa Z* (Clim.) and T* (PRT-CTL)

-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

K

DL
150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W

c) 100 hPa Z* (PRT-CTL) and T* (Clim.) 

-8.0
-7.0
-6.0
-5.0
-4.0
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0

K

DL
150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W

b) 100 hPa [v*T*] components

1Jan JAN 1Feb FEB 1Mar MAR

Days

-2

-1

00

1

2

-2-10012

10
0 

hP
a 

he
at

 fl
ux

 (m
K/

s)
 a

nd
 P

V

a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)

1Jan JAN 1Feb FEB 1Mar MAR

Days

-2

-1

00

1

2

-2-10012

a)
 1

00
 h

Pa
 h

ea
t f

lu
x 

(m
K/

s)
 a

nd
 P

V

DL
150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W

d) 100 hPa Z* (Clim.) and T* (PRT-CTL)

-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

K

DL
150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W

c) 100 hPa Z* (PRT-CTL) and T* (Clim.) 

-8.0
-7.0
-6.0
-5.0
-4.0
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0

K

DL
150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W

b) 100 hPa [v*T*] components

1Jan JAN 1Feb FEB 1Mar MAR

Days

-2

-1

00

1

2

-2-10012

10
0 

hP
a 

he
at

 fl
ux

 (m
K/

s)
 a

nd
 P

V

a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)

1Jan JAN 1Feb FEB 1Mar MAR

Days

-2

-1

00

1

2

-2-10012

a)
 1

00
 h

Pa
 h

ea
t f

lu
x 

(m
K/

s)
 a

nd
 P

V

DL
150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W

d) 100 hPa Z* (Clim.) and T* (PRT-CTL)

-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

K

DL
150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W

c) 100 hPa Z* (PRT-CTL) and T* (Clim.) 

-8.0
-7.0
-6.0
-5.0
-4.0
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0

K

DL
150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W

b) 100 hPa [v*T*] components

1Jan JAN 1Feb FEB 1Mar MAR

Days

-2

-1

00

1

2

-2-10012

10
0 

hP
a 

he
at

 fl
ux

 (m
K/

s)
 a

nd
 P

V

a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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INTRODUCTION
WHY THE STRATOSPHERE?

THE THEORY OF THE COUPLING
RESULTS

HOW CAN WE IMPROVE THE APPROACH?

Hinssen and Ambaum (2010)-3

Polar Cap Stratospheric PV-equation
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Formal Solution
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.

69

70

71

72

73

74

75

76

77

15

DL
150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W

d) 100 hPa Z* (Clim.) and T* (PRT-CTL)

-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

K

DL
150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W

c) 100 hPa Z* (PRT-CTL) and T* (Clim.) 

-8.0
-7.0
-6.0
-5.0
-4.0
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0

K

DL
150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W
DL

150E

120E

90E

60E

30E
GM

30W

60W

90W

120W

150W

b) 100 hPa [v*T*] components

1Jan JAN 1Feb FEB 1Mar MAR

Days

-2

-1

00

1

2

-2-10012

10
0 

hP
a 

he
at

 fl
ux

 (m
K/

s)
 a

nd
 P

V

a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)

1Jan JAN 1Feb FEB 1Mar MAR

Days

-2

-1

00

1

2

-2-10012

a)
 1

00
 h

Pa
 h

ea
t f

lu
x 

(m
K/

s)
 a

nd
 P

V

FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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INTRODUCTION
WHY THE STRATOSPHERE?

THE THEORY OF THE COUPLING
RESULTS

HOW CAN WE IMPROVE THE APPROACH?

Hinssen and Ambaum (2010)-3

Polar Cap Stratospheric PV-equation

�

�t
hq(t)i = �A(z)F (t) +

hqr i � hq(t)i
⌧

Formal Solution

hqi(t) = ⇠⇠⇠⇠⇠XXXXXq(0)e�t/⌧ +
⇠⇠⇠⇠⇠⇠⇠⇠⇠⇠⇠⇠XXXXXXXXXXXX

Z t

0

hqiR(t � t ‘)
⌧

e�t ‘/⌧dt ‘+

�A(z)
Z t

0
F (t � t ‘)e�t ‘/⌧dt ‘
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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a) 100-hPa eddy heat flux and 30 hPa PV (PRT-CTL)
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FIG. 10. a) Time series of the area-weighted instantaneous (solid black line) and integrated (dashed blue

line-see appendix for the integration procedure) 100 hPa eddy heat flux difference (PRT-CTL), averaged zonally

and meridionally between 40N and 80N. Units for the dashed line are Km/s, the solid line is rescaled with a

factor ... b) Black line: Total eddy heat flux difference computed as in a). Yellow line: {T ∗
a v∗c} . Blue line:

{T ∗
c v∗a}. Dotted line: {T ∗

a v∗a}+ {T ∗
a v∗′c }+ {T ∗′

c v∗a}. The asterisk denote a deviation from the zonal mean, the

prime denotes a deviation from a temporal mean, overlined quantities are temporally averaged and {} denote

a zonal and meridional average bewteen 40N and 80N. c) Projection of T ∗
a (shading) and Z∗

c (contours, drawn

every ...), where Z is the geopotential height, at 100 hPa averaged over day 10-45. d) Projection of Z∗
a (contours,

drawn every ...) and T ∗
c (shading), at 100 hPa averaged over day 10-45.
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ZONALLY ASYMMETRIC CIRCULATION

Colors = T, contours= Z
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ZONALLY ASYMMETRIC CIRCULATION
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ZONALLY ASYMMETRIC CIRCULATION
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 A UNIFIED VIEW : 1

30 hPa, Geopotential Height

300 hPa, Geopotential Height

850 hPa, Transient Heat Fluxes  
and Jet Latitude
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 A UNIFIED VIEW : 1

30 hPa, Geopotential Height

300 hPa, Geopotential Height

850 hPa, Transient Heat Fluxes  
and Jet Latitude
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 A UNIFIED VIEW : 2
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SURFACE TEMPERATURES

Speedy 
Sea-ice Reduction 
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!
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!
!

20 P. Ruggieri et al.
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Figure 11. Near-Surface temperature anomaly (K - perturbed minus control)
averaged over 1 week around lag -4 and lag +12 defined in figure 9b.

© 2013 Royal Meteorological Society Prepared using qjrms4.cls
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FURTHER WORK
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150WFast Response 
Investigate, in an idealised setup  
(AQUAPLANET), the dynamical response  
of mid-latitude jet to high-latitude,  
near-surface heating. 
!
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Delayed Response 
It can be found in a low-top model. 
Can we find it with the same setup in a  
model which includes complex  
stratosphere dynamics? 
!
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IDEALISED SETUP
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AQUAPLANET SETUP

Ideal

20 y
1 

y Zonally Symmetric qflux 
+ 

Additional surface heating

Storm  
Tracks

20 y

1 
y

Storm Tracks qflux 
+ 

Additional surface heating
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AQUAPLANET POLAR
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STORM TRACKS CLIMATOLOGY 
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TILTED JET

ERA 40 AGCM
http://www.met.reading.ac.uk/~bz024837/home/research.php

http://www.met.reading.ac.uk/~bz024837/home/research.php
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IMPACT OF HIGH LAT HEATING

AGCM AGCM + Heating



Paolo Ruggieri University of L’Aquila, Italy CETEMPS , L’AQUILA 24/11/2016

Winter sea-ice                   Intra-seasonal               Predictability

39

PRELIMINARY RESULTS 
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GRAZIE!!


