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While US CLIVAR has traditionally 
focused on ocean-atmosphere 
coupling and its role on climate 
variability, in this edition of 
Variations we examine the coupling 
between the two lowest layers of 
the atmosphere, the troposphere 
and the stratosphere. The 
stratosphere, the region 10-50 km 
above the earth’s surface, exhibits 
variability driven by radiation, 
ozone chemistry, and momentum 
transport by a broad spectrum 
of waves propagating up from 
the troposphere. In the tropics, 
the stratospheric circulation 
is dominated by the vertically-
oscillating pattern of downward 
propagating zonal winds known 
as the Quasi-Biennial Oscillation 
(QBO). In the extratropics of both 
hemispheres, the stratospheric 
polar vortex is a region of strong 
westerly circumpolar winds that 
persists through the fall and 
winter seasons. Increasingly, it has 
been recognized that variability in 
both the tropical and extratropical 
stratosphere can exert influence 
on surface climate.  

There are many processes that 
influence and are inherent to the 
stratosphere over a wide range of 
timescales. For example, synoptic 
weather systems may contribute 
to destabilizing the winter polar 
vortex, which can then affect 
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In Northern Hemisphere (NH) winter, the extratropical stratospheric circulation 
is dominated by high potential vorticity (PV) air that remains confined to the 

pole by strong westerly winds. These stratospheric westerly winds, termed 
the polar vortex, result from a strong meridional temperature gradient that 
develops as the polar region cools during fall. Throughout the winter season, 
planetary-scale Rossby waves initiated in the troposphere can propagate 
vertically into the stratosphere where they deposit easterly momentum that 
can decelerate the polar vortex. Occasionally, this planetary-scale wave forcing 
can be so strong that the polar cap rapidly warms, reversing the climatological 
temperature gradient and the westerlies to easterlies. This event is called a 
sudden stratospheric warming (SSW). After an SSW occurs, descending thermal 
and momentum anomalies can impact the tropospheric circulation (e.g., Baldwin 
and Dunkerton 2001). This is primarily a NH phenomenon as the topography 
of the NH allows for larger amplitude planetary-scale Rossby Waves to develop 
and propagate upwards. However, a major SSW occurred in the Southern 
Hemisphere in 2002 (e.g., Allen et al. 2003; Charlton et al. 2005).   
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the tropospheric storm tracks 
for weeks to months. Tropical 
convection, associated with the 
Madden-Julian Oscillation and El 
Niño Southern Oscillation, can 
both influence the extratropical 
stratosphere via planetary-
scale waves, and be influenced 
by tropical stratospheric winds 
associated with the QBO. 
The QBO can also influence 
extratropical surface climate. 
Surface boundary conditions 
(snow cover, sea ice, and sea 
surface temperatures) have 
been found to have significant 
interannual relationships to 
the polar stratosphere. On 
longer timescales, solar cycle 
variations, volcanic eruptions, and 
anthropogenic climate change 
may modulate stratospheric 
variability and its associated 
influence on surface climate. 

The aim of these articles is 
to highlight recent research 
demonstrating the role of coupling 
between the stratosphere and 
troposphere across timescales: 
synoptic, sub-seasonal to 
seasonal, interannual, decadal, 
and multi-decadal. Additionally, 
we examine how well climate 
models capture these processes. 
By embarking on a dialogue with 
the US CLIVAR community, we 
hope to bring awareness to the 
role of stratosphere-troposphere 
coupling on climate variability 
across timescales and to the 
importance of evaluating and 
improving these processes in 
climate models.
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Literature has shown that tropospheric synoptic events can be associated with 
both sides of this process (i.e., the upward propagating waves that cause the 
SSWs and the impact of SSWs on the troposphere). Blocks, or persistent mid-
tropospheric ridges, can perturb the tropopause in such a way to initiate these 
vertically propagating planetary-scale Rossby waves that precede SSWs (e.g., 
Quiroz 1986; Martius et al. 2009; Woollings et al. 2010; Colucci and Kelleher 2015). 
Through a case study of the January 2013 SSW, Coy and Pawson (2015) suggested 
the importance of extratropical cyclones in perturbing the tropopause prior to the 
SSW. Blocks and extratropical cyclones represent a continuum of the wave-forcing 
scales that can influence the stratosphere. Blocks represent low wavenumbers 
(≤ 3) and can be considered either synoptic or planetary-scale, depending on the 
analysis and the identification algorithm. Extratropical cyclones represent the 
higher synoptic-scale wavenumbers (> 5). Baldwin and Dunkerton (2001) showed 
that the stratospheric momentum and thermal anomalies that occur during an 
SSW can propagate downward into the troposphere, influencing the location of 
storm tracks and surface temperature anomalies. This downward influence of 
the stratosphere on the troposphere can occur at a range of timescales: from an 
instantaneous impact to weeks or months later.   

Synoptic events as precursors to extreme stratospheric regimes

The 100-hPa zonal-mean meridional eddy heat flux, hereinafter heat flux, is 
often used to quantify vertical wave activity flux (WAF). Heat flux is proportional 
to the vertical component of the two-dimensional Eliassen-Palm Flux vector, 
which describes the magnitude and direction of WAF (e.g., Edmon et al. 1980; 
Polvani and Waugh 2004). Colucci and Kelleher (2015) showed that the 200-hPa 
heat flux anomaly in the days surrounding blocks associated with SSWs is larger 
than the 200-hPa heat flux anomaly in the days surrounding blocks that are not 
associated with SSWs. Martius et al. (2009) showed that 25 of their 27 identified 
SSWs had a precursor block and, in a composite sense, the SSWs were associated 
with planetary-scale waves that increased in amplitude from 500 hPa to 10 hPa. 
Both Martius et al. (2009) and Colucci and Kelleher (2015) suggested that blocking 
may play an important role in perturbing the tropopause prior to SSWs. The 
question remains as to why some blocks are associated with enhanced 100-hPa 
heat flux and others are not. To explore this question, Attard and Lang (2019b) 
utilized NASA’s MERRA-2 dataset (GMAO 2015) to partition and analyze blocks and 
extratropical cyclones that rapidly deepen (i.e., bombs) by their attendant 11-day 
average heat flux anomaly. An overview of those results for the 15 December 
1998 SSW are presented here.   

Prior to the 15 December 1998 SSW, there were three synoptic events associated 
with upward WAF (Figure 1). The first synoptic event, a European block that 
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developed on 30 November 1998, had the second largest 
11-day average 100-hPa heat flux anomaly of the 77 
European blocks identified in Attard and Lang (2019b). 
The two bombs that followed in December were also 
associated with anomalously large 100-hPa WAF: the 5 
December 1998 West Pacific bomb had the fourth largest 
11-day average 100-hPa heat flux anomaly of the 676 
identified West Pacific bombs, and the 12 December 
1998 Atlantic bomb was in the top quartile of the 328 
identified Atlantic bombs. The co-occurrence of these 
synoptic events with anomalously large heat flux in the 
troposphere and the upward propagation of heat flux 
with time prior to the SSW emphasizes the potential 
importance of synoptic events prior to SSWs. The location 
of these synoptic events and their association with 
lower-stratospheric heat flux anomaly is consistent with 
climatology. On average, European blocks are associated 
with positive 100-hPa heat flux anomaly (e.g., Nishii et al. 
2011; Attard and Lang 2019b) as are West Pacific bombs 
(Attard and Lang 2019b).  

It is important to note that the magnitude of the 100-hPa 
heat flux anomaly cannot be solely attributed to these 

synoptic events or the troposphere. Studies have shown 
that the precursor stratospheric state may also play a role 
in enhancing the lower-stratospheric heat flux anomaly 
prior to SSWs (e.g., Càmara et al. 2017). Attard and Lang 
(2019b) suggested that for a synoptic event to have a 
large impact on the stratosphere, it must constructively 
interfere with the stratospheric flow. Blocks and bombs 
with the largest magnitude of heat flux anomaly have 
similar horizontal and vertical structures of the planetary-
scale geopotential height field, as emphasized in the 
conceptual representation of the geopotential height 
through the depth of the atmosphere at onset of blocks 
and bombs in Figure 2a. These top events are associated 
with a geopotential height field that is displaced toward 
the Eastern Hemisphere as follows: (1) at 250 hPa, there 
is a broad trough axis near 150°E, (2) at 100 hPa, the polar 
vortex is displaced towards 90°E, and (3) at 10 hPa, there is 
a strong but displaced vortex toward 30°E. This horizontal 
pattern results in a vertical structure that is baroclinic (i.e., 
tilted westward with height), thus supporting enhanced 
heat flux. However, blocks and bombs with the smallest 
heat flux anomaly are associated with a planetary-scale 
pattern that is centered over the pole (Figure 2b). Though 

Figure 1. The vertical profile of the standardized heat flux anomaly with respect to the 1980-2015 climatological mean averaged between 45°N 
and 75°N surrounding onset of the 15 December 1998 SSW (black line).  “Bl” and “Bo” indicate the onset of a block or bomb color coded by the 
location of the event, where magenta indicates the Pacific sector and green indicates the Euro-Atlantic sector. Note that on 5 January 1998 there 
is both a block and a bomb. 
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there is a trough in the Eastern Hemisphere at 250 hPa, it 
has a shorter zonal extent than the top cases and the 10- 
and 100-hPa polar vortices are weak and centered over 
the pole (Figure 2b). This horizontal pattern results in a 
vertical structure that is stacked with height, and is thus 
barotropic, limiting the heat flux. The importance of the 
10- and 100-hPa structure at the onset of the tropospheric 
synoptic events for the vertical phasing of the planetary-
scale waves suggests that the precursor stratospheric 
state is important for determining the resultant sign of 
the heat flux anomaly following the synoptic events. 

The influence of extreme stratospheric regimes on 
synoptic events

Descending momentum and thermal anomalies from 
the stratosphere into the troposphere following extreme 
stratospheric regimes can influence regional weather 
patterns, especially in Western Europe. The descending 
anomalies often manifest as a negative Arctic Oscillation 
(i.e., higher than normal heights over the tropospheric 
pole), which directly impacts the location of the Atlantic 
storm track. For example, following the 15 December 
1998 SSW, descending positive height anomalies were 
associated with an increasingly negative Arctic Oscillation 
(Figure 3). This is seen particularly from 30 December 
1998 to 12 January 1999 when there were positive polar 
cap height anomalies at the surface. These positive 
height anomalies can be directly traced back to the SSW 
through the descending positive height anomalies from 
the stratosphere into the troposphere (Figure 3). Though 
not in the Atlantic, there were two Pacific blocks and two 
Pacific bombs at the same time as these positive height 
anomalies in the troposphere.
 
Anomalous stratospheric regimes that do not qualify as 
SSWs can also influence the troposphere. Kretschmer 
et al. (2018) showed that under enhanced Aleutian 
High events (their cluster 4), upward 100-hPa WAF that 
originates over eastern Siberia occurs simultaneously 
with downward WAF over Canada, qualifying as “wave 
reflection” events. These reflection events are associated 
with positive mid-tropospheric height anomalies in 
the Northern Pacific, negative anomalies over eastern 
Canada, and thus negative North American temperature 
anomalies. This large-scale set up can be favorable for 
the development of extreme weather such as persistent 
ridging in the eastern Pacific and lake-effect snow off of 
the Great Lakes. As studies continue to develop unique 
ways to identify extreme stratospheric regimes, such as 
by shape and location of the polar vortex (e.g., Lawrence 
et al. 2017), our understanding of the relationship 
between anomalous stratospheric regimes and synoptic 
event frequency will likely increase.  

Figure 2. A conceptual representation of the geopotential height 
at 10 hPa (magenta), 100 hPa (dark green), and 250 hPa (black) for 
the onset of the (a) top quartile of blocks and bombs and (b) the 
bottom quartile of blocks and bombs.  The quartiles are defined by 
the attendant 100-hPa heat flux anomaly (Attard and Lang 2019b). 



5

U S  C L I V A R  V A R I A T I O N S

US CLIVAR VARIATIONS   •   Spring 2019   •   Vol. 17, No. 1 5

The tropical stratosphere can also influence extratropical 
synoptic events. One such mechanism is through the 
Quasi-Biennial Oscillation (QBO). The QBO describes the 
alternating descent of westerly and easterly winds in the 
tropical stratosphere, with a period of about 28 months. 
Attard and Lang (2019a) showed a statistical relationship 
between the phase of the QBO, as defined by the sign 
of the equatorial zonal-mean zonal wind at 30 hPa, and 
the frequency of synoptic events. Under easterly QBO 
conditions the frequency of explosive cyclogenesis 
is statistically significantly shifted equatorward, such 
that there are fewer bombs than expected poleward of 
55°N and more bombs than expected between 39°N 
and 44°N.  Under neutral QBO conditions, however, 
explosive cyclogenesis is shifted poleward, such that 
there are more bombs than expected poleward of 55°N 
and fewer bombs than expected between 39°N and 
44°N. These impacts are a similar order of magnitude to 
other sources of low-frequency tropical variability that 
have known impacts on midlatitude synoptic events, 
such as the Madden-Julian Oscillation (MJO) and the El-
Niño Southern Oscillation. The dynamics through which 
the QBO impacts midlatitude synoptic events is not 
clear. Studies have suggested that considering the MJO 

and QBO together are important, and that the QBO can 
influence the baroclinicity in the high latitudes (Wang et 
al. 2018). 
 

A comment on predictability and future directions of 
research

The focus in the literature on troposphere-stratosphere 
interaction has traditionally been through analysis 
of SSWs, as they are the most extreme stratospheric 
regimes. However, recent analyses and discussion 
amongst the stratospheric dynamics community  have 
considered the role of anomalous stratospheric regimes 
that do not qualify as SSWs. Work has been done to 
quantify anomalous stratospheric regimes from a more 
holistic approach, through quantification of the location, 
shape, and strength of the stratospheric polar vortex 
and Aleutian High (e.g., Lawrence et al. 2017; Colucci 
and Ehrmann 2018). Extreme stratospheric regimes that 
do not qualify as SSWs have the potential to influence 
tropospheric weather through wave reflection events 
(e.g., Kretschmer et al. 2018). It is an open area of research 
as to the role of anomalous stratospheric regimes that do 

Figure 3. As in Figure 1 but for the standardized geopotential height anomaly averaged between 60°N and 90°N.  Note that on 5 January 
1998 there is both a block and a bomb.
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not quantify as SSWs on synoptic weather and the role 
of synoptic weather on anomalous stratospheric regimes 
that do not quantify as SSWs. As major SSWs are defined 
at one latitude and level, the observed relationship 
between synoptic events and the stratosphere may have 
been limited. Utilizing different definitions of SSWs (i.e., 
different levels and/or latitude bands) and considering 
the spatial structure of the stratosphere may show a 
more robust relationship between synoptic events and 
the anomalous stratospheric circulation.

In general, SSWs are only predictable on synoptic 
timescales (i.e., 5 to 7 days) though some SSWs can be 
accurately forecast 15 to 30 days in advance (e.g., Tripathi 
et al. 2015). Sigmond et al. (2013) showed increased 
tropospheric forecast skill following SSWs, suggesting 
that the stratosphere is a potential source of improving 

sub-seasonal-to-seasonal predictability. Therefore, 
it is important to be able to improve our forecasts of 
extreme stratospheric events. Potential improvements 
to stratospheric forecasts may be accomplished through 
increased vertical resolution, improved parameterization 
of gravity wave drag, and improved understanding of the 
synoptic events that precede SSWs.  
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Stratospheric pathway of the MJO and ENSO 
for boreal winter surface climate

Chaim I. Garfinkel
 

Hebrew University
Jerusalem, Israel

The location and strength of tropical convection varies 
on both interannual and intraseasonal timescales 

as part of the El Niño Southern Oscillation (ENSO) and 
the Madden Julian Oscillation (MJO). Various pathways 
have been identified that connect ENSO and the MJO 
to surface climate around the globe through so-called 
teleconnections. For example, during El Niño years, the 
tropical Walker circulation is fundamentally different 
from La Niña years, and the impacts include drought in 
Australia and a weaker and delayed onset of the Indian 
monsoon (Trenberth et al. 1998). More than half of 
the total intraseasonal variance in the Asian summer 
monsoon rainfall is related to the MJO, and alternate MJO 
phases enhance or suppress tropical cyclone activity in 
the Indian and Pacific Ocean basins (Zhang 2013).

Remote effects also reach regions outside of the tropics: 
shifts in tropical convection and anomalous latent heating 
associated with ENSO or the MJO can drive planetary-scale 
Rossby wave trains that propagate poleward (e.g., Jin and 
Hoskins 1995). During El Niño years, these Rossby wave 
trains lead to a deepening of the Aleutian low pressure 
system over the North Pacific, above-average California 
rainfall, and warmer temperatures over Northwest North 
America (Garfinkel et al. 2018). MJO convection can also 
lead to extreme cold surges and precipitation in regions 
of East Asia and North America (Zhang 2013; Stan et al. 
2017). The MJO phase with anomalous convection in the 
West-Central Pacific leads to the negative phase of the 
North Atlantic Oscillation (NAO) with a lag of around a 

week. A similar response to El Niño is seen as well, though 
there is substantial inter-event variability (Bronniman 
2007; Cassou 2008). 

Two pathways have been proposed as to how tropical 
convective patterns associated with the MJO and ENSO 
modulate surface variability as far as the Atlantic and 
European sector: (i) via the stratosphere and (ii) via the 
forced Rossby wave response within the troposphere. 
Dynamical mechanisms that involve the stratospheric 
vortex may extend over a longer time scale as compared 
to mechanisms that involve the troposphere only, and 
it is therefore crucial to distinguish between these two 
pathways. As discussed in other articles in this edition 
of Variations, surface climate variability over the Arctic, 
Eastern North America, and Eurasia is tightly coupled to 
variability in the stratosphere (Kidston et al. 2015). 

The troposphere to stratosphere to troposphere pathway 
(T-S-T) in the context of El Niño was presented by Garfinkel 
and Hartmann (2008), Ineson and Scaife (2009), Bell et al. 
(2009), and Cagnazzo and Manzini (2009), generalized to 
Pacific sector variability more generally by Garfinkel et 
al. (2010), and applied to the Madden Julian Oscillation 
by Garfinkel et al. (2012) and Garfinkel et al. (2014). The 
first step involves the generation of a long-lived height 
anomaly in the upper troposphere over the North Pacific 
due to, e.g., anomalous ENSO conditions or the Madden-
Julian Oscillation. Low geopotential height anomalies in 
this region amplify the climatological wave-1 pattern, 
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which has a negative extrema in the Pacific Ocean, while 
a ridge destructively interferes with the climatological 
planetary wave-1 pattern (e.g., Nishii et al. 2010). An 
amplified wave-1 pattern enhances poleward and 
vertical wave propagation into the polar stratosphere, 
disrupting the polar vortex circulation and warming the 
Arctic lower stratosphere. The warm anomaly in the 
Arctic lower stratosphere propagates downward into the 
troposphere, as illustrated in Figure 1 for the MJO, and 
induces a negative phase of the winter NAO, thus shifting 
the tropospheric jet and storm track equatorward. The 
net effect is that Southern Europe and the Mediterranean 
region are wetter than normal, while Northern Eurasia is 
colder than normal (Kidston et al. 2015).

However, long-lived NAO anomalies can also be 
generated by a wave train internal to the troposphere. 
The MJO and ENSO phenomena generate anomalous 
Rossby waves in the troposphere. While the impacts are 
more immediate in the Indian and Pacific sectors, the 
Rossby wave can propagate within the troposphere to 
the North Atlantic sector. In other words, the relevant 
dynamics occur within the troposphere. For example, El 

Niño has been shown to directly affect this region via the 
upper troposphere (e.g., Shaman 2014; Jiménez-Esteve 
and Domeisen 2018), whilepositive NAO events are 
generated by a low-frequency wave train initiated in the 
Maritime Continent on MJO timescales that propagates 
eastwards (Cassou 2008; Rivière and Drouard 2015).

Can the T-S-T pathway be separated from an internal 
tropospheric pathway? Recent studies have separated 
these pathways both in the context of ENSO (Butler et 
al. 2014; Domeisen et al. 2015) and the MJO (Schwartz 
and Garfinkel 2017) and conclude that ENSO and the MJO 
more robustly affect European climate if they first affect 
the stratosphere. For example, Schwartz and Garfinkel 
(2017) find that strong negative 500 hPa geopotential 
height and sea level pressure anomalies develop in the 
North Atlantic following the MJO phase with convection 
in the West/Central Pacific only if a stratospheric sudden 
warming occurred and the T-S-T pathway is activated. 
Specifically, Figure 2a shows the sea level pressure 
anomalies lagged by approximately a month for a 
composite of observed MJO events that were followed 
by a stratospheric sudden warming (during phase 6/7 of 

12

0.12

0.12

no filtering(a)

days after MJO phase 3

10 −

20 −

30 −

40 −

km

20 30 40 50 60 70

−0
.1

2

0.12
days after MJO phase 3

Northern Annular Mode evolution
bandpass, 10 days to 100 days(b)

300−

100−

30−

10−

3−

hPa

20 30 40 50 60 70

Figure 1. Evolution of normalized polar cap height (i.e., the northern annular mode (NAM)) after MJO phase 3 as a function of altitude. 
The contour interval is 0.06 standard deviations. (a) No filtering has been applied to the NAM index. (b) A bandpass filter has been applied 
before composites are created in order to isolate the subseasonal signal. Anomalies statistically significant at the 95% level by a Student's-t 
test are indicated with stars. See Garfinkel et al. (2012) for the details of the calculation and the bandpass filter. Updated from Garfinkel et 
al. (2012) to use the period 1979 through 2013.
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the MJO). The pattern strongly resembles the negative 
phase of the Arctic Oscillation (AO). In contrast, MJO 
events led to weak and short-lived impacts in the Atlantic 
sector if no sudden stratospheric warming occurred.

Butler et al. (2014) demonstrate that the presence—or 
absence—of the stratospheric pathway during ENSO 
winters makes a very significant difference in the surface 
climate response over the Arctic, North Atlantic and Eurasia. 
Specifically, warm anomalies over Greenland and eastern 
Canada and the cold anomalies over Eurasia, as well as 
a negative NAO-like pattern, only arise in those winters 
in which the stratosphere is severely perturbed; when 
no SSW occurs, the temperature and height anomalies 
over these regions are quite different (see Figure 3). Note 
that these results using reanalysis data are supported 
by model results (e.g., Polvani et al. 2017 for ENSO).

Can models capture the T-S-T pathway? We consider this 
question separately for so-called high-top models (in 
which the model lid is located well into the mesosphere) 
and low-top models (in which the model lid is within the 
stratosphere). This response of the polar stratosphere to 
El Niño has been successfully simulated in climate models 
and seasonal prediction models (Bell et al. 2009; Ineson 
and Scaife 2009; Domeisen et al. 2015; Richter et al. 2015). 
Models with higher vertical resolution or a higher model 
top exhibit a more realistic surface response, pointing 
to the importance of correctly simulating stratospheric 
processes (Cagnazzo and Manzini 2009; Hurwitz et al. 
2014; Butler et al. 2016). The stratospheric response to 
the MJO can be simulated qualitatively in low-top models 
such as those considered by Garfinkel et al. (2014) and 
Garfinkel and Schwartz (2017). However such models 
have trouble simulating stratospheric sudden warmings 
regardless of any MJO forcing (Charlton et al. 2013), and 
the stratospheric response to the MJO is somewhat weak.
 
The quality of the representation of the T-S-T pathway also 
depends on model biases in the troposphere (in addition 
to the impact of tropospheric biases on an internal 
tropospheric pathway) as the Rossby wave train in the 
troposphere is crucial for the T-S-T pathway. Specifically, an 

Figure 2. Sea level pressure anomalies (hPa) 28–41 days after 
MJO 6/7 events. (a) MJO 6/7 with stratospheric sudden warmings 
(SSWs). (b) MJO 6/7 without SSWs. (c) Statistical significance of the 
difference in geopotential height at 500 hPa between MJO events 
with and without a following SSW. Regions with robust anomalies 
are indicated in color. Contours denote the 95%, 97.5%, and 99% 
significance levels. From Schwartz and Garfinkel (2017).
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improved simulation of the mean state in the extratropics 
(Dawson et al. 2011, Henderson et al. 2017) and a better 
representation of tropical convection in models (Yoo 
et al. 2015) will improve teleconnection quality in the 
troposphere and potentially in the stratosphere, too.

It is important to note the caveat that not all El Niño 
events lead to a weaker vortex (e.g., Polvani et al. 2017), 
nor do all MJO events with anomalous convection in the 
West-Central Pacific lead to a negative phase of the NAO. 
It is unclear to what extent the lack of a stratospheric 
response to a given event is due to internal atmospheric 
variability (Weinberger et al. Submitted) or due to details 
of the convection forced by a given MJO or ENSO events 
(e.g., Schwartz and Garfinkel 2017; Domeisen et al. 2019). 
Furthermore, stratospheric anomalies do not always 
propagate all the way down to the troposphere. Hence, 

even if the MJO or ENSO modulate the vortex there is no 
guarantee of a strong European sector response, though 
White et al. (2019) find that downward propagation is 
more likely if a SSW is preceded by a strong planetary 
wave flux propagating upwards from the troposphere. 
Finally, the specific convective pattern that most efficiently 
modulates the vortex is still unclear. The convective 
region most important for the MJO teleconnection to 
the stratosphere, as identified by Schwartz and Garfinkel 
(2017), is to the west of where El Niño enhances convection. 
The factors that lead to a strong extratropical response 
to anomalous convection need to be better understood 
(Goss and Feldstein 2017). Despite these caveats, a 
stratospheric route appears crucial for the Atlantic 
and European winter response to anomalous tropical 
convection on sub-seasonal to seasonal timescales.

Figure 3. Top row: 500 hPa geopotential height (gpm; contour interval 10 gpm); bottom row: surface temperature (K; contour interval 1C) 
anomalies associated with the composite difference of (a) all El Niño winters as compared to ENSO neutral winters, (b) El Niño winters in 
which at least one SSW occurs, and (c) El Niño winters during which no SSWs occur. Stippling indicates anomalies with p < 0.05 for a two-tailed 
Student t-test as compared to a composite of ENSO neutral winters. Updated from Figure S1 of Polvani et al. (2017), using JRA-55 reanalysis 
(1958-2017), and ENSO episodes are based on ERSSTv5
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Links between autumn snow cover and sea ice extent 
and Northern Hemisphere wintertime climate variability
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Lying between 10-50 km above the surface of Earth, the 
stratosphere is generally considered a stable, stratified 

layer in the atmosphere with less “weather” than the 
troposphere. In the extratropics, significant variability in 
the stratospheric flow pattern arises through wave-mean 
flow interactions involving vertically-propagating Rossby 
waves from the troposphere (e.g., Charney and Drazin 
1961; Matsuno 1970). For the Northern Hemisphere 
(NH), longwaves (wavenumbers 1-3) dominate these 
wave-mean flow interactions, while shorter waves break 
at lower levels.

One way to understand interannual variability in 
extratropical NH stratosphere/troposphere  coupling is 
connecting its variability to changes in boundary forcings 
responsible for changing the tropospheric background 
flow regime and altering wave generation. Several 
candidates for these boundary forcings include the El 
Niño-Southern Oscillation phenomenon (e.g., García-

Herrera et al. 2006; Garfinkel and Hartmann 2007; Butler 
and Polvani 2011; Domeisen et al. 2019), the Madden-
Julian Oscillation (e.g., Garfinkel et al. 2012, 2014), North 
Pacific sea surface temperature variability (e.g., Hurwitz 
et al. 2012; Hu and Guan 2018; Hu et al. 2018), and NH 
high-latitude autumn snow and sea ice variability (e.g., 
Cohen and Entekhabi 1999; Saito et al. 2001; Cohen et al. 
2007, 2014a,b; Honda et al. 2009; Kim et al. 2014; García-
Serrano et al. 2015). The last one (links between the NH 
cryosphere and NH stratosphere/troposphere coupling 
variability) is the focus of this article. 

Both observational and modeling studies describe the 
link between the high-latitude cryosphere and variability 
in the stratospheric circulation in a similar way (Cohen 
et al. 2007; Kim et al. 2014). Given positive (negative) 
autumn Eurasian snow cover (Arctic sea ice) anomalies, 
the proposed sequence of events is as follows:
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1. Development of mid-tropospheric height anomalies 
via thermodynamic processes that constructively 
interfere with the climatological standing wave 
pattern, thus amplifying planetary-scale waves.

2. Enhancement of vertically propagating Rossby 
waves into the NH extratropical stratosphere and 
subsequently more wave-breaking, which deposits 
anomalous heat and easterly momentum there.

3. Disruption or possible destruction of the NH 
stratospheric polar vortex.

4. Formation of a negative Arctic Oscillation (AO; 
e.g., Thompson and Wallace 1998, 2000) signal 
in the troposphere via downward propagation of 
stratospheric anomalies (Baldwin and Dunkerton 
2001).

Using this framework, long-lead predictions of NH 
wintertime climate variability are plausible on multiple 
timescales (e.g., Furtado et al. 2016; Henderson et al. 
2018). However, as shown later on, the hypothesized links 
exist in observations but not in coupled climate models. 
This difference makes it difficult to use this mechanism 
for extended predictability and climate change studies.

Data and methods

Several observational and reanalysis datasets are used 
in this study. Atmospheric fields are taken from the 
European Centre for Medium-Range Weather Forecasting 
Reanalysis Interim (ERA-Interim) dataset (Dee et al. 2011). 
The data are on a 1.5° x 1.5° longitude/latitude grid and 
23 pressure levels. Snow cover extent (SCE) data originate 
from the Rutgers Global Snow Lab (Robinson et al. 1993), 
which represents a combination of in situ and satellite 
measurements. Sea ice extent (SIE) is taken from the 
Hadley Centre Sea Ice dataset (Rayner et al. 2003). Both 
SCE and SIE datasets are interpolated to a common 1° 
x 1° latitude/longitude grid for analysis. Using previous 
studies as guidance (e.g., Cohen and Entekhabi 1999; Kim 
et al. 2014), October monthly-mean Eurasian SCE and the 
November-December Barents-Kara (BK) Seas (15°E-90°E, 
70°N-85°N) SIE are used as our indices for variability of 

the autumn Arctic cryosphere. We use observational 
records from 1979 – 2018 for this analysis.

For coupled climate model output, nine models 
from the historical experiment of the Coupled Model 
Intercomparison Project Phase 5 (CMIP5) model archive 
(Taylor et al. 2012) are selected over the period 1970  – 
2005: CanESM2, CCSM4, CNRM-CM5, CSIRO-Mk3-6-0, 
INMCM4, MIROC4h, MIROC5, MIROC-ESM-CHEM, and 
MRI-CGCM3. All atmospheric, snow cover, and sea ice 
output from the models are interpolated onto a common 
1° x 1° latitude/longitude grid to facilitate inter-model 
comparisons and ensemble-mean calculations.

For observations (model output), anomalies are computed 
by removing the long-term mean of each field from 1981–
2010 (1970–2005). Analyses of atmospheric fields focus 
on the extended boreal cold season (October-April; the 
active season for stratosphere-troposphere dynamical 
coupling in the NH) from 1979–2018. All fields are also 
detrended prior to statistical analysis. For most model 
results, the multi-model ensemble-mean of the particular 
statistic is presented and compared to observations.

Relationship between the autumn cryosphere and the 
tropospheric circulation

Figure 1a presents the regression of November 500 
hPa geopotential height (GPH) anomalies (GPHa) onto 
the standardized October Eurasian SCE index. For 
high October Eurasian SCE conditions, anomalous 
ridging exists across northwest Asia near the Urals 
with downstream troughing across East Asia into the 
central North Pacific (Figure 1a). This pattern captures 
the thermodynamic impacts of expanding Eurasian SCE, 
which cools the surface, increases surface pressure, 
and subsequently amplifies ridging in northwest Asia 
and troughing downstream. This GPHa pattern projects 
constructively onto the climatological wave pattern 
across East Asia and the Pacific (Figure 1a, line contours), 
thereby amplifying wave flux activity from that region. 
This 500 hPa GPHa pattern also bears resemblance to 
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tropospheric precursor patterns to sudden stratospheric 
warmings (e.g., Kolstad and Charlton-Perez, 2011; 
Cohen and Jones 2012), lending credence to the snow – 
stratosphere link.

Links between November-December 500 hPa GPHa and 
BK SIE variability are more regional in nature (Figure 
1c). For presentation purposes, the BK SIE index is 
inverted for regression and correlation analyses in this 
study. This is done so that 
the resulting relationships 
match with the steps of the 
proposed mechanism, which 
are described for low SIE 
conditions. Anomalously low 
November-December BK 
SIE covaries strongly with 
anomalous ridging across 
the BK Seas and nearby 
Eurasia, with troughing across 
east central Asia, similar 
to the pattern in Figure 1a. 
This pattern is primarily 
thermodynamically-driven, as 
low sea ice cover generates 
anomalously high latent heat 
flux out of the Arctic Ocean 
into the overlying troposphere, 
creating anomalous ridging 
there (e.g., Kim et al. 2014). 
Outside of Eurasia, however, 
the linear relationship 
between BK SIE and the mid-
tropospheric circulation 
is weak and statistically 
insignificant.

Conducting the same 
statistical analyses with the 
CMIP5 model fields reveals 
different and even opposite 
results to reanalysis (Figures 
1b and 1d). For the ensemble-

mean regression of 500 hPa GPHa onto October Eurasian 
SCE, negative GPHa dominate the Arctic Ocean basin 
and extend into northwestern Eurasia (Figure 1b). 
The pattern across the Pacific Ocean also suggests a 
weakening of the Aleutian Low rather than intensifying 
it (Figure 1a). The ensemble-mean regression pattern of 
November-December 500 hPa GPHa onto BK SIE agrees 
somewhat with its reanalysis counterpart across Eurasia 
(e.g., anomalous troughing in east central Asia and the 

Figure 1. (a) (shading) Regression of observed November 500 hPa GPHa (m) onto the observed 
October standardized Eurasian SCE index. (Line contours) Climatological November 500 hPa 
GPH (dam). Contours every six dam. Data from 1979–2017. (b) Shading as in (a) but for the 
ensemble-mean of the CMIP5 models (1970–2004). (c) Regression of observed November-
December mean 500 hPa GPHa (m) onto the inverted November-December standardized BK SIE 
index. (Line contours) Climatological November-December 500 hPa GPH (dam). Contours every 
six dam. (d) Shading as in (c) but for the ensemble-mean of the CMIP5 models. Stippling in (a) and 
(c) indicate statistically-significant regression coefficients in reanalysis at the p < 0.1 level based 
on a two-tailed Student t-test (N = 37). Stippling in (b) and (d) denote statistical significance of 
model results; i.e., where six of the nine models have the same-signed regression coefficient as 
the ensemble-mean.
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northwest Pacific; Figure 1d). However, the models are 
unable to recover the strong anomalous ridging present 
across northwest Asia and the BK Seas region, much like 
with October Eurasian SCE (Figure 1b), which limits the 
ability of the models to amplify the background standing 
wave pattern and replicate the proposed mechanism.

Stratosphere/troposphere coupling metrics and NH 
cryospheric forcings

Turning to how the NH extratropical stratosphere relates 
to high-latitude autumn cryospheric variability, Figure 

2 presents lag correlations of the vertical component 
of the Plumb wave activity flux (WAFz, proportional to 
meridional heat flux; Plumb 1985) and the cryospheric 
indices. In reanalysis, anomalously high October 
Eurasian SCE is positively correlated (p < 0.1) with lower-
tropospheric heat flux anomalies during November and 
stratospheric heat flux anomalies during December 
(Figure 2a). This evolution follows from the changes 
in the mid-tropospheric wave pattern shown in Figure 
1a. By contrast, the association between vertical wave 
propagation and the BK SIE variability is delayed until 
January, with the highest correlations (albeit statistically 
insignificant) in the stratosphere (Figure 2c). 

Figure 2. (a) Lag correlation between area-averaged (40-80°N) anomalies of the vertical component of the Plumb wave activity flux (WAFz; 
proportional to meridional heat flux), as a function of pressure, and the October Eurasian SCE index. Data from 1979–2018. (b) As in (a) but for 
the CMIP5 ensemble-mean (1970–2005). (c) As in (a) but correlated with the inverted November-December BK SIE index. (d) As in (c) but for the 
CMIP5 ensemble-mean. Black contours in (a) and (c) denote where correlations are statistically-significant (p < 0.1) based on a two-tailed Student 
t-test (N = 37). Black dots in (b) and (d) denote statistical significance of model results; i.e., where six of the nine models have the same-signed 
correlation coefficient as the ensemble-mean.
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In the models, the lag correlation between meridional 
heat fluxes and October Eurasian SCE is positive in the 
stratosphere during November rather than December, 
with no clear connection to the troposphere (i.e., different-
signed correlations between the troposphere and 
stratosphere during November; Figure 2b). With respect 
to November-December BK SIE, however, the ensemble-
mean captures the correct sign of the relationship during 
January in the stratosphere (Figure 2d), though whether 
or not these waves are enhanced from the troposphere 
first is difficult to assess.

Figure 3 presents the relationship between polar cap 
GPHa (averaged 60-90°N at each pressure level) and the 
SCE / SIE indices. The observed relationship with either 
index shows positive correlations in the lower and mid-
troposphere during late fall and in the stratosphere 
during January (February for BK SIE; Figures 3a and 
3c). These positive polar cap GPHa in the stratosphere 
then propagate downward into the troposphere 
during February, producing a negative AO signature 
at the surface (Figures 3a and 3c), as suggested by the 
framework presented in the introduction. Note, however, 
that statistical significance of the signal is limited, 
suggesting high variance in the timing and evolution 
of the mechanistic steps. By contrast, the climate 
models offer strikingly different relationships. First, with 
respect to October Eurasian SCE, negative polar cap 
height anomalies exist through the winter in both the 
troposphere and stratosphere (Figure 3b). For November-
December BK SIE, statistically-significant correlations in 
stratospheric polar cap GPHa are delayed until February 
and peak in March (Figure 3d), a full month after what 
reanalysis indicates. Furthermore, none of the models 
feature a downward propagating signal to the surface, a 
significant component of NH stratosphere/troposphere 
coupling dynamics.

Discussion and conclusions

Taken together, this analysis suggests that the proposed 
link between autumn SCE and SIE variability and NH 

extratropical stratosphere/troposphere coupling 
variability is present in observations, while climate 
models struggle to replicate various steps in the process. 
These conclusions are supported by several other works 
on this proposed mechanism (e.g., Hardiman et al. 2008; 
Riddle et al. 2013; Furtado et al. 2015; Boland et al. 2017). 
So, why do these differences between observations and 
models exist?

First, there are known model biases in NH cryosphere 
variability. Furtado et al. (2015) showed that the 
CMIP5 models underestimate both the October mean 
Eurasian SCE and its interannual variability compared to 
observations. This same result extends to our subset of 
models as well, including for interannual BK SIE variability 
(not shown). Moreover, the CMIP5 historical models 
underestimate the magnitude of Arctic SIE loss during the 
late 20th and early 21st .centuries, which likely affects the 
impact of SIE anomalies on the tropospheric circulation 
(Boland et al. 2017).

Next, the models possess biases in stratosphere/
troposphere coupling dynamics. For example, coupled 
climate models poorly simulate the climatological 
stationary wave pattern (Lee and Black 2013) and 
cannot faithfully recover the downward propagation 
of stratospheric anomalies into the troposphere (e.g., 
Furtado et al. 2015; Karpechko et al. 2017). Likewise, the 
CMIP5 models simulate a NH wintertime polar vortex 
with 30-50% less variability than observed (Figure 3e). 
This low variability suggests biases in wave-mean flow 
interactions in the models and subsequently results in 
an underestimation of the influence of the stratosphere 
on NH extratropical tropospheric climate variability in the 
models.

Finally, the proposed relationship could be the result 
of internal variability in the climate system (Peings 
et al. 2013, 2017; Seviour 2017). The lack of coherent 
statistically-significant results in WAFz and polar cap GPHa 
fields from reanalysis (Figures 2 and 3) and longer coupled 
climate model runs (Furtado et al. 2015) also suggests a 
low signal-to-noise ratio in the relationships between the 
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Figure 3. (a) Lag correlation between area-averaged (60-90°N) GPHa, as a function of pressure, and the October Eurasian SCE index. Data from 
1979–2018. (b) As in (a) but for the CMIP5 ensemble-mean (1970–2005). (c) As in (a) but correlated with the inverted November-December 
BK SIE index. (d) As in (c) but for the CMIP5 ensemble-mean. (e) The standard deviation of area-averaged (60-90°N) GPH at 10 hPa (m) during 
December-February (i.e., a measure of variability of the stratospheric polar vortex) in each model, the ensemble-mean, and in reanalysis.  Black 
contours in (a) and (c) denote where correlations are statistically-significant (p < 0.1) based on a two-tailed Student t-test (N = 37). Black dots 
in (b) and (d) denote statistical significance of model results; i.e., where six of the nine models have the same-signed correlation coefficient as 
the ensemble-mean.
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cryosphere and NH stratosphere/troposphere coupling 
over longer time periods. That said, targeted modeling 
experiments with prescribed SCE (e.g., Orsolini and 
Kvamstø 2009; Allen and Zender 2011) and SIE (e.g., 
Hoshi et al. 2019) anomalies are able to reproduce the 
hypothesized cryosphere – atmosphere link. Therefore, 
future work should focus on understanding the surface 
forcings, their couplings, and the direction of causality of 
the different components of the mechanism. 

Advances in our understanding of the links between the 
NH autumn cryosphere and winter climate variability 
are especially important for near-term predictions and 

future climate change projections. Dynamical seasonal 
prediction systems struggle with both surface and 
stratospheric boundary conditions and their interplay, 
limiting their forecast skill (e.g., Scaife et al. 2014; Eade 
et al. 2014). Moreover, projected rapid declines in Arctic 
SIE (e.g., Stroeve et al. 2012) and SCE (e.g., Krasting et al. 
2013) and a weaker/highly variable stratospheric polar 
vortex (e.g., Mitchell et al. 2012) are likely to occur as a 
result of Arctic amplification and future climate change. 
These changes in the climate system will also change 
the strength and potential pathways of cryosphere – 
atmosphere coupling.
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The Quasi-Biennial Oscillation and 
its influences at the surface
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It was in the mid-20th century that observations first 
suggested a varying zonal-mean zonal wind in the 

lower stratosphere with a quasi-biennial period (Reed 
et al. 1961). Described as a downward-descending wind 
shear that reversed approximately every other year 
near the equator, Reed et al. also correctly inferred, 
“The only possible source of momentum would seem to 
be the Reynolds stresses associated with stratospheric 
disturbances.” Indeed, the Quasi-Biennial Oscillation 
(QBO) is now understood to be a wave-driven circulation 
feature with a somewhat irregular but continuous 
appearance since these earliest observations. It is a 
dominant and (until recently) highly predictable feature 
of interannual atmospheric variability (Scaife et al. 
2014a). Our understanding of which waves drive the 
QBO has shifted over the decades from purely gravity 
waves (Lindzen and Holton 1968) to equatorially-trapped 
planetary waves (Holton and Lindzen 1972), to a mixture 
of both (Dunkerton 1997). The circulation is currently 
understood to be primarily gravity wave driven, but with 
partial roles for equatorial Kelvin waves driving westerly 
wind (WQBO) descent and extratropical Rossby waves 
driving easterly wind (EQBO) descent.

The QBO became more than a stratospheric curiosity 
when 21st century research revealed associations 
between the phase of the QBO and northern hemisphere 
weather patterns (Thompson et al. 2002). The connection 
was clearly related to the QBO’s influence on the strength 

of the stratospheric polar vortex (Holton and Tan 1980) 
and the polar vortex’s association with winter weather 
(Baldwin and Dunkerton 2001). At the time, it was rare 
for a climate model to represent the QBO (Scaife et al. 
2000), but these and other more recent findings have 
led to a steady increase in interest in methods for self-
consistent modeling of the QBO in global models used 
for climate prediction and weather forecasting.  

Figure 1 summarizes pathways by which the QBO 
influences the surface (Gray et al. 2018). In addition 
to the polar route, there are more direct tropical 
and subtropical routes influencing convection and 
synoptic waves. Through anomalous upwelling and 
downwelling meridional circulation patterns, the QBO 
influences tropical tropopause temperatures and 
upper tropospheric static stability. Induced meridional 
circulations also influence the tropospheric subtropical 
jet. These routes may in turn be connected through 
feedbacks. For example, effects on tropical convection 
may influence Rossby waves that propagate horizontally 
out of the tropics to interact with subtropical and 
mid-latitude jets. We first summarize the observed 
surface influences of the QBO and then describe some 
of the recent progress and remaining challenges in 
representing the QBO and its surface influences in 
models. This summary is necessarily a brief one rather 
than a comprehensive review.
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Surface influences of the QBO

Although confined to tropical 
latitudes, the QBO has clear 
connections to polar stratospheric 
extreme vortex states (Holton and 
Tan 1980) and northern hemisphere 
winter weather conditions 
(Thompson et al.,2002). In this polar 
route, a weaker polar vortex, more 
sudden stratospheric warmings, 
and a more negative North Atlantic 
Oscillation (NAO) pattern are 
expected during the EQBO. In 
these conditions the Rossby waves 
will dissipate at the equatorward 
flank of the polar night jet leading 
to a stronger residual circulation, 
warmer polar temperatures, and a 
weaker polar vortex (Garfinkel et al. 
2012). Recent in-depth correlation 
studies of reanalyses suggest 
such a subtropical route may also 
be involved in these midlatitude 
connections (Gray et al. 2018). 

The stratospheric state has demonstrated links to 
improved predictive skill in long-range forecasts, and 
the QBO is a significant source of skill in seasonal-to-
subseasonal forecasts and near-term climate prediction 
of the NAO (Boer and Hamilton 2008; Smith et al. 2017). 
Scaife et al. (2014b) found the QBO among the four 
leading sources of skill in their winter seasonal forecasts. 
However, as is common in model studies, the forecast 
QBO effect was weaker than in the observations. 
There remain uncertainties about which features of 
the QBO are most important to improve predictive 
skill. Maximum correlations between observations of 
extratropical winter conditions and QBO winds occur 
with 50 hPa winds in observations, although this may 
be related to interactions with other influences such 
as solar cycle variability (Anstey and Shepherd 2014). 
Despite the remaining model challenges, the amplitude 

of the observed QBO effect, as measured by winter sea 
level pressure anomalies, is a sizeable fraction of the 
interannual variance (Scaife et al. 2014b).

El Niño teleconnections to European winter weather, 
summarized in the companion article by Garfinkel 
(this issue), are also modulated by the QBO. Although 
significance of these QBO effects remains poor in 
the limited observational record, model studies have 
supported the connection (e.g., Calvo et al. 2009).

Studies have linked the QBO to modulation of tropical 
precipitation and clouds, giving hope that these observed 
links could lead to improved tropical predictions (Marshall 
et al. 2017). A notable example is the QBO impact on 
strength of the Madden-Julian Oscillation (MJO). Figure 
2 shows the MJO is nearly 50% stronger during EQBO 

Figure 1. Schematic summarizing the three primary routes for QBO influence at the Earth’s 
surface. Contours show the December–January–February averaged, zonally averaged zonal 
winds for 1979–2016 from ERA-Interim data (contour interval 5 ms-1; solid contours = westerlies; 
dashed = easterlies). Greyscale shows the standard deviation of the zonal winds in ms-1. From 
Gray et al. (2018) .
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conditions compared to WQBO (Yoo and Son 2016).  The 
effect appears primarily in the extension of the MJO into 
the Western Pacific in EQBO conditions, with additional 
effects on MJO seasonality and propagation speed 
(Nishimoto and Yoden 2017). QBO correlations with 
tropical cyclone activity have also been noted, but the 
effects appear to be significant only in the observational 
record prior to the 1990s (Camargo and Sobel 2010). 
We note additional observational evidence suggesting 
a weakening trend in QBO winds at low (70 hPa) levels 
(Kawatani and Hamilton 2013) and the possibility that this 
weakening trend could be connected to the weakening 
of tropical cyclone correlations in recent decades.  

Direct tropical links between the QBO and precipitation 
are an active area of research, and exact mechanisms 
remain murky (e.g., Hendon and Abhik 2018.). Studies 

suggest that it is the EQBO effect of weaker upper 
tropospheric static stability that is a key factor. However 
once again, models tend to find weaker links than 
observed. These findings may be due to model limitations 
and feedbacks involving planetary-scale modes and/or 
the subtropical route.   

Representing the QBO in models

To understand the mechanisms by which the QBO 
influences surface climate, we need models that are 
capable of internally generating a realistic QBO-like 
oscillation. However, many models do not do so. Models 
attempting to simulate QBO-like oscillations tend to have 
diminished winds in the lower-QBO region, are shifted 
higher in altitude, have smaller latitudinal extent, have 

Figure 2. (a) Standard deviation of wintertime MJO-filtered outgoing longwave radition (OLR; Wm-2) for all winters, where the MJO filtering 
retrieves eastward propagating wave numbers 1–5 and periods 20–100 days. (b, c) OLR anomalies for the WQBO (EQBO) winters, respectively. 
(d) OLR-based MJO Index (OMI) amplitude composites are taken for eight MJO phases of all (black), WQBO (red), and EQBO (blue) winters 
for active MJO. From Yoo and Son (2016).
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less cycle-to-cycle variability, and have less asymmetry in 
the descent rates of westerlies and easterlies compared 
to observations and reanalyses (Schenzinger et al. 2017). 
The failure of models to produce realistic QBO-like winds 
at the lower levels of the QBO could explain why models 
that have a QBO-like oscillation tend to fail in capturing 
observed QBO surface effects (e.g., Garfinkel et al. 2018). 
Adding to the difficulty in understanding the mechanisms 
by which the QBO influences surface climate is that even 
if models have a realistic QBO-like oscillation and capture 
the observed surface effects, the mechanisms are difficult 
to isolate and test (e.g., Gray et al. 2018). 

Obtaining a realistic QBO-like oscillation in general 
circulation models (GCMs) is not a straightforward 
task, and there is no one set of model parameters that 
guarantees a realistic QBO-like oscillation. Furthermore, 
simulated QBO-like oscillations appear to be sensitive to 
small changes in model parameters such as horizontal 
and vertical resolution (Anstey et al. 2016; Holt et al. 2016), 
dynamical core (Yao and Jablonowski 2015), and location 
of the model top (Osprey et al. 2013). Underscoring 
these difficulties is the fact that only five of the 47 GCMs 
participating in the Coupled Model Intercomparison 
Project Phase 5 (CMIP5) had a spontaneously generated 
QBO-like oscillation although nine of the CMIP5 models 
had a high enough lid to adequately represent the 
stratosphere. Of these nine models, the five that produced 
a QBO-like oscillation had sufficiently high vertical 
resolution (at least 60 vertical levels) and parameterized 
gravity waves (Lott et al. 2014). Other modeling studies 
have highlighted the importance of sufficient vertical 
resolution and adequate representation of small-scale 
waves, either by resolved or parameterized gravity 
waves, for obtaining a realistic QBO-like oscillation (e.g., 
Takahashi 1996; Horinouchi and Yoden 1998; Hamilton 
et al. 1999; Kawatani et al. 2010; Richter et al. 2014). 

In GCM runs at resolutions typical of climate models, 
gravity wave parameterizations provide the small-
scale gravity wave forcing required to model a QBO-
like oscillation. Ideally, the precise contribution from 
parameterized gravity waves would be constrained 

by observations, but observational estimates of the 
contribution of various tropical waves to the forcing of 
the QBO are highly uncertain, limited in space and time, 
and limited by the observational filter effect. Global high-
resolution model simulations without parameterized 
gravity waves suggest that small-scale gravity waves 
provide approximately half of the eastward forcing for the 
WQBO shear zones and over 70 percent of the westward 
forcing for the EQBO shear zones (e.g., Kawatani et 
al. 2010). The lack of observational constraints gives 
modelers a considerable degree of freedom to tune 
gravity wave parameterizations. In fact, modelers have 
been able to obtain a QBO-like oscillation with widely 
varying strengths of parameterized gravity waves (e.g., 
Scaife et al. 2000; Giorgetta et al. 2006; Schirber et al. 
2014). In many models the gravity wave parameterizations 
overcompensate for inadequate forcing by resolved 
waves and provide most if not all of the forcing required 
to generate a model QBO-like oscillation. The lack of 
resolved wave forcing is probably largely attributable 
to insufficient vertical resolution (Richter et al. 2014; 
Anstey et al. 2016; Holt et al. 2016). Another reason for 
inadequate resolved wave forcing could be excessive 
dissipation, either from explicit damping schemes (e.g., 
divergence damping) or implicit dissipation associated 
with the numerical scheme (Yao and Jablonowski 2015; 
Holt et al. 2016). 

Figure 3 highlights the QBO disruption of years 2015 to 
2016 and failure of seasonal forecast models to predict 
the disruption and subsequent evolution (Osprey et al. 
2016; Newman et al. 2016; Coy et al. 2017). Even when 
forecasts were initialized well into the disruption, they 
still failed to predict the subsequent evolution. For 
example, the forecasts initialized in June 2016 (Figure 3b) 
show the winds immediately returning to easterly at 10 
hPa, whereas in reality they did not return to easterly at 
10 hPa until early 2017.  (See e.g. the link to “Singapore 
sonde u-wind versus pressure") The initial disruption is 
thought to be the result of anomalously strong planetary-
scale Rossby waves originating from the Northern 
Hemisphere (Osprey et al. 2016; Coy et al. 2017). The 
first successful hindcasts of the disruption by Watanabe 

https://acd-ext.gsfc.nasa.gov/Data_services/met/qbo/qbo.html
https://acd-ext.gsfc.nasa.gov/Data_services/met/qbo/qbo.html
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et al. (2018) suggested that the key to predicting the 
disruption at 40 hPa was the successful simulation of the 
slowly evolving mean winds in the winter subtropics that 
acted as a waveguide for the Rossby waves propagating 
from the Northern Hemisphere. However, it remains to 
be seen whether hindcasts can successfully simulate the 
evolution of the entire disruption at all levels. 

The failure of forecast models to reproduce the disruption 
and its subsequent evolution make it clear that there are 
critical deficiencies in the way that subgridscale waves are 
parameterized. These deficiencies are in part a result of 
parameterizations being formulated to produce a certain 
descent rate, which means that they are unable to react 
to unusual conditions by producing either weaker or 
stronger gravity waves or an unusual spectrum. Alexander 
et al. (2017) showed variations in convection and waves 
with the El Niño-Southern Oscillation/MJO activity, but 
stratospheric wave fluxes are more sensitive to the 
longitudinal position of the convective activity relative to 
upper-tropospheric winds (e.g., the Walker circulation). 

There are a handful of models that tie the nonorographic 
gravity wave parameterizations to convection, but there 
are still uncertainties in many of the properties of the 
unresolved wave spectrum.

Summary points

The QBO is a dominant feature of tropical lower 
stratospheric circulation that is primarily driven by non-
orographic gravity waves. Observational studies have 
revealed significant links to Northern Hemisphere winter 
weather patterns and tropical precipitation variability. 
These links offer a pathway to improve seasonal-to-
interannual prediction skill, but QBO-linked surface 
effects are currently weaker in models than observed. 
Limitations in the fidelity of the representation of the 
QBO in models may be responsible, but improvements 
will require both very high vertical resolution as well 
as improvements in non-orographic gravity wave 
parameterizations.

Figure 3. Long range forecasts of the QBO from before and during the 2016 disruption. Forecasts of zonal mean wind (ms-1) 
from December 2015 (A) show the usual phase progression of descending eastward wind in the lower stratosphere. Forecasts 
from June 2016 (B) show growth, descent and decay of the anomalies in westward wind near 50 hPa and a second period of 
eastward QBO winds in late 2016. From Osprey et al. (2016) .
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Decadal variability and connections to the 
stratosphere: The role of solar variability

Lon L. Hood1 and John P. McCormack2

1University of Arizona
2U.S. Naval Research Laboratory

The purpose of this article is to bring to the attention 
of the climate modeling community the possible 

importance of decadal variability associated with the 
11-yr solar cycle. In particular, recent evidence for a 
“top-down” solar influence on the occurrence rate and 
extratropical consequences of the intraseasonal Madden-
Julian Oscillation (MJO) will be summarized. The current 
solar minimum makes this topic timely because, as will 
be seen, larger MJO occurrence rates are expected under 
solar minimum conditions. Solar variability is not the 
only important source of decadal climate change. Major 
internal modes of variability on this time scale include 
the El Niño-Southern Oscillation (ENSO) and the Pacific 
Decadal Oscillation (PDO). In addition, volcanic sulfate 
aerosols produced in the stratosphere following major 
eruptions are a source of variability on both decadal and 
centennial time scales (e.g., Gao et al. 2008; Slawinska 
and Robock 2018). 

The top-down component of 11-yr solar forcing of 
climate is driven mainly by spectral irradiance variability 
at ultraviolet (UV) wavelengths, which can range up to 6% 
near 200 nm (Gray et al. 2010).  Under solar maximum 
conditions, the direct forcing consists of increased 
ozone production and UV heating in the tropical upper 
stratosphere, which increases the latitudinal temperature 
gradient near the time of winter solstice (e.g., Hood 
et al. 1993). The resulting enhancement of the lower 
mesospheric subtropical jet is amplified by Rossby wave-

mean flow interactions and propagates poleward and 
downward as the winter progresses (Kodera and Kuroda 
2002), decelerating the mean meridional (Brewer-
Dobson) circulation, and reducing the upwelling rate 
in the tropical lower stratosphere (Matthes et al. 2004, 
2006). Previous work on decadal solar forcing of climate 
has focused especially on whether the poleward and 
downward propagation of the solar-induced zonal wind 
anomaly can, with ocean-atmosphere positive feedbacks, 
produce a positive phase of leading atmospheric 
circulation modes like the Arctic Oscillation (AO) and the 
North Atlantic Oscillation (NAO; e.g., Gray et al. 2010, 
2013; Hood et al. 2013; Thiéblemont et al. 2015; Spiegl 
and Langematz 2018).  

An alternate possible pathway for the top-down 
solar mechanism to influence tropospheric weather 
and climate is suggested by recent evidence that the 
stratospheric Quasi-Biennial Oscillation (QBO) is capable 
of modulating the occurrence rate and mean amplitude 
of the MJO in boreal winter (Liu et al. 2014; Yoo and Son 
2016; Nishimoto and Yoden 2017; Hood 2017; Zhang and 
Zhang 2018; see the article by Alexander and Holt, this 
issue). The MJO is the dominant mode of tropical climate 
variability on intraseasonal timescales. It has important 
derivative effects on regional climate variability in the 
extratropics through teleconnections associated with 
a Rossby wave train that propagates northward and 
eastward from the main MJO convective center in the 
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tropical warm pool region. A possible mechanism by 
which the QBO modulates the MJO involves changes in 
the tropical upwelling rate driven by the QBO induced 
mean meridional circulation, which results in increased 
upwelling, lower temperatures, and reduced static 
stability (favoring increased MJO occurrence rates) during 
the QBO easterly (QBOE) phase. If 11-yr solar forcing 
also modulates the tropical upwelling rate, then relative 
increases in tropical upwelling under solar minimum 
conditions could also result in reduced static stability 
and an increase in MJO occurrence rates and mean 
amplitudes. 

Figure 1 plots normalized occurrence rates (percentage 
of days when the MJO amplitude exceeded a chosen 
level) during boreal winter over the 1979-2018 period 
for the different phases of the QBO and the 11-yr solar 
cycle. Here, the daily MJO amplitude is determined using 
the outgoing longwave radiation (OLR) based MJO index 
(OMI) of Kiladis et al. (2014). QBOE and QBO westerly 
(QBOW) conditions are defined using monthly mean 
near-equatorial zonal winds in the lower stratosphere 
compiled by the stratospheric research group at the Free 
University of Berlin. The phase of the QBO at a given time 
depends strongly on altitude. Therefore, as reviewed 
by Baldwin et al. (2001), a single monitoring level of 40 
or 50 hPa is usually chosen empirically to yield a strong 
signal of the QBO in the global stratosphere. For Figure 
1, a monitoring level of 50 hPa is used (following Yoo and 
Son 2016) because it produces the strongest MJO signal.  
However, using a monitoring level of 40 hPa would also 
produce a substantial MJO signal. Solar minimum (SMIN) 
and maximum (SMAX) conditions are defined using the 
solar flux at 205 nm (F205), estimated according to the 
Naval Research Laboratory model, version 2 (NRL2; e.g., 
Lean 2000). However, using other UV proxies (e.g., the 
10.7 cm solar radio flux) with suitably chosen limits would 
yield very similar results. For time series plots of OMI, 
zonal wind at 50 hPa (u50), and F205, see Hood (2018).  

As seen in the first comparison of Figure 1, normalized 
occurrence rates of MJO events with OMI > 1.0 standard 
deviations are about 20% larger for QBOE conditions 

than for QBOW conditions, significant at more than 95% 
confidence. Occurrence rates are also slightly larger 
for SMIN conditions than for SMAX conditions (last 
comparison), although the difference is not statistically 
significant.  These results are qualitatively consistent with 
the static stability mechanism since relative upwelling and 
reduced static stability in the tropical lower stratosphere 
are expected under QBOE and SMIN conditions. As seen 
in the second comparison, when the two forcings are 
working together to produce either relative upwelling 
(QBOE/SMIN) or relative downwelling (QBOW/MAX), the 
largest difference in occurrence rate is obtained (about 
90% versus 52%, significant at 95% confidence).

Figure 1. Normalized occurrence rates in percent for daily MJO events 
in 1979-2018 during the December to February northern winter 
season for the indicated conditions comparing easterly and westerly 
phases of the QBO (QBOE and QBOW), the minimum (SMIN) and 
maximum (SMAX) phases of the 11-year solar cycle, and combinations 
thereof. Error bars are two standard deviation limits estimated from 
Monte Carlo simulations. Updated from Hood (2017).
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Figure ?.  Normalized occurrence rates in per cent for daily MJO events during each season in 
1979-2018.3 when the QBO was in its easterly phase (u50 < 0) or westerly phase (u50 > 0).  Only MJO 
events with OMI > 1.0 are counted and all MJO phases are considered.  There were 1205 days in DJF 
with u50 < 0 and 2374 days with u50 > 0  during this period. Mean OMI amplitudes were 1.98 and  
1.70, respectively..  Error bars are 95% confidence limits based on Monte Carlo calculations using 
randomly reordered MJO amplitudes.  OMI MJO data are used. 
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Figure ?.  Normalized occurrence rates in per cent for daily MJO events during each season in 
1979-2018.3 when the QBO was in its easterly phase (u50 < 0) and F205 was < 10.1 mW/m2/nm or the 
QBO was in its westerly phase (u50 > 0) and F205 was > 10.5 mW/m2/nm.  Only MJO events with 
amplitudes > 1.0 are counted and all MJO phases are considered.  There were 358 days in DJF with u50 
< 0 and F205 < 10.1 and 561 days with u50 > 0 and F205 > 10.5 during this period. Mean OMI 
amplitudes under these conditions were 2.17 and 1.62, respectively. Error bars are 95% confidence 
limits based on Monte Carlo calculations using randomly reordered MJO amplitudes.  OMI MJO data 
are used. 
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Figure ?.  Normalized occurrence rates in per cent for daily MJO events during each season in 
1979-2018.3 when the QBO was in its easterly phase (u50 < 0) and F205 was > 10.5 mW/m2/nm or the 
QBO was in its westerly phase (u50 > 0) and F205 was < 10.1 mW/m2/nm.  Only MJO events with 
amplitudes > 1.0 are counted and all MJO phases are considered.  There were 501 days in DJF with u50 
< 0 and F205 > 10.5 and 816 days with u50 > 0 and F205 < 10.1 during this period. Mean OMI 
amplitudes under these conditions were 1.81 and 1.68, respectively. Error bars are 95% confidence 
limits based on Monte Carlo calculations using randomly reordered MJO amplitudes.  OMI MJO data 
are used. 
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Figure ?.  Normalized occurrence rates in per cent for daily MJO events during each season in 
1979-2016.3 when solar activity was at a minimum (F205 < 10.1) or a maximum (F205 > 10.5).  Only 
MJO events with amplitudes > 1.0 are counted and all MJO phases are considered.  There were 1174 
days in DJF with F205 < 10.1 and 1062 days with F205 > 10.5  during this period. Mean OMI 
amplitudes were 1.88 and 1.72, respectively.  Error bars are 95% confidence limits based on Monte 
Carlo calculations using randomly reordered MJO amplitudes.  OMI MJO data are used. 
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Figure 1.  Normalized occurrence rates in percent for daily MJO events in 
1979.0-2018.3 during the December to February northern winter season for the 
indicated conditions.  (Updated from Hood [2017].)  See the text for the definitions of 
QBOE, QBOW, SMIN, and SMAX. 



29

U S  C L I V A R  V A R I A T I O N S

US CLIVAR VARIATIONS   •   Spring 2019   •   Vol. 17, No. 1 29

Figure 2 plots December, January, February (DJF) mean 
static stabilities in the 70 to 100 hPa layer averaged over 
the tropical warm pool region versus the DJF mean OMI 
amplitude for each year. Figure 2a compares QBOE and 
QBOW years regardless of solar phase while Figure 2b 
compares QBOE/SMIN and QBOW/SMAX years. QBOW 
years (red squares) generally have higher warm pool static 
stabilities and lower MJO amplitudes than do QBOE years 
(blue circles). This is consistent with the results of Yoo and 
Son (2016; their Figure 4b).  However, the distributions 
are strongly overlapping such that some QBOW years 
have mean MJO amplitudes approaching 2.0 while some 
QBOE years have mean amplitudes as low as 1.0. Similar 
plots for SMAX and SMIN conditions also show widely 
overlapping distributions. But, as seen in Figure 2b, the 
QBOE/SMIN and QBOW/SMAX distributions are more 
distinct from one another and do not strongly overlap. 
Similar (but not as distinct) distributions result if u40 is 
used to define the QBO phase instead of u50.

It is interesting to note that the 2017-2018 DJF winter was 
characterized by a relatively high mean MJO amplitude 
(1.68) and a moderate lower stratospheric static stability 
averaged over the warm pool region (12.27 K/km). As 
shown by the black filled circle in Figure 2b, it plots within 
the QBOE/SMIN group. In addition, during this winter 
77 of 90 days (~86%) had OMI amplitudes of more than 
1.0, which is consistent with that expected for QBOE/
SMIN conditions (blue bar, second column of Figure 1). 
This winter occurred at solar minimum and under QBOE 
conditions at 40 hPa, but QBOE conditions at 50 hPa did 
not begin until May of 2018. Most of the recent 2018-
2019 winter was in a strictly QBOE phase at 50 hPa under 
SMIN conditions and the MJO was indeed active again as 
in 2017-2018. However, inclusion of this winter in Figures 
1 and 2 must await updating of the OMI time series. 

Figure 3 shows some evidence that the MJO-induced 
Rossby wave train during boreal winter is strengthened 
under QBOE and QBOE/SMIN conditions (Hood et al. 
Submitted). As noted above, this wave train is generated 
by the eastward propagating positive MJO convective 

center in the tropics (purple zone near the equator in 
Figure 3a). It is characterized by a series of high and low 
sea level pressure or geopotential height anomalies that 
extend northward and eastward mainly from the warm 
pool region where MJO convection is most intense. 
Plotted in the figure for each of the eight MJO phases is 
a composite of the sea level pressure anomaly (deviation 
from the monthly climatological mean filtered to accept 
periods between about 20 and 100 days) for those days 
when a strong MJO existed (OMI > 1.5). Figure 3a shows 
the evolution of the composited anomalies with MJO 
phase when all days in the November to March extended 
winter season are considered. Figure 3b shows the same 
evolution when only days during QBOE are considered. 

Figure 2. Plot (black line) of mean static stability (K/km) in the 70 
to 100 hPa layer averaged over the warm pool region during DJF 
plotted versus the corresponding mean OMI MJO amplitude for (a) 
QBO easterly (blue) and QBO westerly (red) conditions; and (b) QBO 
easterly/solar minimum (blue) and QBO westerly/solar maximum (red) 
conditions. Each mean value is labeled with the year corresponding to 
January of a given DJF season (e.g., 06 is the DJF season corresponding 
to January of 2006). The solid black circle in the bottom panel (b) is the 
value for the 2017-2018 winter. Updated from Hood (2017)

 
 

Figure 2.  Mean static stability in the 70 to 100 hPa layer averaged over the warm pool 
region during DJF plotted versus the corresponding mean OMI MJO amplitude under 
the indicated conditions.  (Updated from Hood [2017].)  See the text for the definitions 
of QBOE, QBOW, SMIN, and SMAX. Numbers indicate the specific year that is 
plotted. The solid black circle in the bottom panel (b) is the value for the most recent 
(2017-2018) winter. 
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Figure 3. Composites of the northern winter (Nov.-March) sea level pressure anomaly for the eight phases 
of the Madden-Julian Oscillation when the OMI amplitude was ≥ 1.5.  ERA-Interim reanalysis data over 
the 1979-2018 period are used.  At each grid point, the sea level pressure anomaly is defined as the 
deviation of 21-day running means from 101-day running means.  The number of days in each MJO phase 
that was used to construct the composites is indicated in each panel. (a) all data; (b) QBO easterly 
conditions (u50 < 0); (c) QBO easterly conditions when the 11-yr solar cycle was in its minimum phase 
(F205 < 10.1 mW/m2/nm).  In (b) and (c), asterisks are plotted where composites are significant at more 
than 95% confidence according to a two-tailed Student’s t-test. 
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Figure ?.  Composites of the northern winter 
(Nov.-March) sea level pressure anomaly for 
the eight phases of the Madden-Julian 
Oscillation when the OMI amplitude was ≥ 
1.5.   At each grid point, the sea level 
pressure anomaly is defined as the deviation 
of 21-day running means from 101-day 
running means, calculated for all days over 
the 1979-2018 period.  The number of days 
in each MJO phase that was used to construct 
the composites is indicated in each panel.  
Nearly all of the colored areas are significant 
at more than 95% confidence according to a 
two-tailed Student’s t-test so no significance 
asterisks are plotted. 
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Figure ?.  Composites of the northern winter 
(Nov.-March) sea level pressure anomaly for 
the eight phases of the Madden-Julian 
Oscillation when the OMI amplitude was ≥ 
1.5 and the QBO was in its east phase (u50 < 
0).   At each grid point, the sea level pressure 
anomaly is defined as the deviation of 21-day 
running means from 101-day running means, 
calculated for all days over the 1979-2018 
period.  The number of days in each MJO 
phase that was used to construct the 
composites is indicated in each panel.  Nearly 
all of the colored areas are significant at more 
than 95% confidence according to a two-
tailed Student’s t-test so no significance 
asterisks are plotted. 
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Figure ?.  Composites of the northern winter 
(Nov.-March) sea level pressure anomaly for 
the eight phases of the Madden-Julian 
Oscillation when the OMI amplitude was ≥ 
1.5, the QBO was in its east phase (u50 < 0), 
and the 11-yr solar cycle was in its minimum 
phase.   At each grid point, the sea level 
pressure anomaly is defined as the deviation 
of 21-day running means from 101-day 
running means, calculated for all days over 
the 1979-2018 period.  The number of days 
in each MJO phase that was used to construct 
the composites is indicated in each panel.  
Nearly all of the colored areas are significant 
at more than 95% confidence according to a 
two-tailed Student’s t-test so no significance 
asterisks are plotted. 
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Figure 3. Composites of the extended northern winter (November-March) sea level pressure anomaly (hPa) for the eight phases of the Madden-
Julian Oscillation when the OMI amplitude was ≥ 1.5 for (a) all data; (b) QBO easterly conditions (u50 < 0); (c) QBO easterly conditions when the 
11-yr solar cycle was in its minimum phase (F205 < 10.1 mW/m2/nm). In (b) and (c), asterisks are plotted where composites are significant at 
more than 95% confidence according to a two-tailed Student’s t-test. ERA-Interim reanalysis data over the 1979-2018 period are used. At each 
grid point, the sea level pressure anomaly is defined as the deviation of 21-day running means from 101-day running means. The number of 
days in each MJO phase that was used to construct the composites is indicated in each panel.
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Figure 3c shows the evolution when only QBOE/SMIN 
conditions are accepted. As seen in Figure 3b, the 
composited anomalies are somewhat stronger under 
QBOE conditions than when all data are considered. The 
opposite is true under QBOW conditions (not shown). A 
similar enhancement of the MJO-induced Rossby wave 
train is observed to occur during the cold phase of ENSO 
(e.g., Moon et al. 2011). However, repetitions of the 
analysis excluding periods when active El Niños or La 
Niñas existed yield similar results indicating that aliasing 
from ENSO is not a likely cause. As seen in Figure 3c, 
the composited anomalies appear to be even stronger 
under QBOE/SMIN conditions, which is consistent with 
the results of Figures 1 and 2. However, the number of 
days contributing to each composite in Figure 3c ranges 
from only 34 to 72 and some of the anomalies are not 
significant at 95% confidence according to a Student’s 
t-test.  

The results of Figures 1 and 2 are consistent with the 
hypothesis that 11-yr solar forcing produces a significant 
secondary (less important than that of the QBO) 
modulation of the occurrence rate of MJO events in 
boreal winter. Figure 3 shows some additional evidence 
that the QBO modulation of the MJO-induced Rossby 
wave train during boreal winter may be dependent on 
the phase of the 11-yr solar cycle.  Many of the surface 
weather consequences of the MJO in the extratropics 
are caused by dynamical processes associated with the 
propagating Rossby wave train (Yoo et al. 2012; Seo et al. 
2016). However, the available time record (less than four 
solar cycles) is short and further tests, such as may be 
afforded during the current solar minimum period, are 
needed. One positive indication of a real solar influence 
on the MJO has been obtained by analyzing MJO data on 
the time scale of the ~27-day solar rotation period (Hood 
2016, 2018). Unlike the 11-yr time scale, hundreds of solar 
rotational “cycles” are available since 1979 and the time 
scale is too short to be aliased by volcanic eruptions and 
ENSO/PDO variability. Under solar maximum conditions, 
solar rotational UV variations can be more than half as 
large as variations on the 11-yr time scale. Results show 

evidence for a reduced occurrence of strong (OMI > 2.0) 
MJO events and increased static stability in the tropical 
lower stratosphere within a week following peaks in 
short-term solar UV flux. The reverse is found following 
UV minima.

Based on these findings, assessments of decadal climate 
variability should employ coupled chemistry climate 
models (e.g., Maycock et al. 2018) with vertical domains 
encompassing the stratosphere and lower mesosphere 
(~65 km altitude) that include both comprehensive 
treatments of ozone photochemistry and realistic 
variations in solar spectral irradiance. In addition, these 
models should be able to generate a realistic stratospheric 
QBO based on internal model dynamics (Butchart et al. 
2018). This poses a considerable challenge for models 
as it requires relatively high vertical resolution in the 
lower stratosphere (< 1 km vertical spacing of model 
levels) and accurate representations of both resolved 
equatorial wave forcing from tropical deep convection 
and parameterized forcing from sub-grid scale gravity 
waves.  

It should also be noted that detailed global observations 
of vertical profiles of stratospheric temperatures, winds, 
and key constituents such as ozone and water vapor are 
also needed, both for initialization and for validation of 
model simulations. The need for continued monitoring 
of these quantities will become more pronounced as 
existing space-based observing missions (e.g., NASA’s 
Aura and TIMED satellites) reach the end of their 
lifetimes. Maintaining high quality global observations 
of the stratosphere going forward will be of particular 
importance in light of possible long-term trends in the 
QBO in response to climate change (e.g., Kawatani and 
Hamilton 2013), as well as long-term variability in the 11-
yr solar cycle (Lean 2018).
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One of the greatest uncertainties when it comes to 
future projections of regional climate is how the 

large-scale atmospheric circulation will change (Shepherd 
2014). While there is a general consensus among models 
on a zonal mean poleward shifting of the mid-latitude 
westerlies and associated storm tracks (Yin 2005; Kidston 
and Gerber 2010; Chang et al. 2012; Swart and Fyfe 
2012; Wilcox et al. 2012; Barnes and Polvani 2013), there 
is a large spread in the magnitude of this response. In 
addition to this zonal mean, poleward shifting view, there 
are more localized changes in the circulation associated 
with altered stationary wave patterns (Stephenson and 
Held 1993; Joseph et al. 2004; Simpson et al. 2014). For 
many of these predicted changes, we do not have a good 
physical understanding of the mechanisms that produce 
them, or the factors that govern their uncertainty. The 
stratosphere and how it is expected to change in the 
future is one source of uncertainty, among many, in future 
tropospheric mid-latitude circulation change. There are a 
variety of ways in which the stratosphere’s mean state, 
variability and composition may impact on tropospheric 
climate change. Instead of providing an exhaustive 
review of this topic, we focus on the role of changes in 
the extra-tropical mean state of the stratosphere in 
future projections of tropospheric mid-latitude climate 
by considering two particular aspects. For the Northern 
Hemisphere we discuss the impact of uncertainty in future 
changes in the stratospheric polar vortex on tropospheric 

climate change. For the Southern Hemisphere we discuss 
the relative roles of stratospheric ozone depletion and 
changing greenhouse gas concentrations on the future 
evolution of the Southern Hemisphere mid-latitude jet 
stream. 

The uncertain future of the Northern Hemisphere 
stratospheric polar vortex

Since multi-model assessments of future climate 
change began, models have improved considerably in 
their representation of the stratosphere. Many models 
now have high top and increased vertical resolution 
(Gerber et al. 2012; Charlton-Perez et al. 2013). However, 
improvement in stratospheric representation has not 
been accompanied by a greater consensus among 
models in how the Northern Hemisphere stratospheric 
circulation will change in the future. Nevertheless, we 
are starting to gain a quantitative understanding of the 
impact that this stratospheric uncertainty may have on 
tropospheric projections.

One important way in which the Northern Hemisphere 
(NH) stratosphere can influence tropospheric circulation 
change is through the influence of changes in the strength 
of the wintertime stratospheric polar vortex, resulting in 
a downward influence on the tropospheric circulation. 
Earlier studies on this topic focused on comparisons 
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between high-top and low-top configurations within 
one model, but they failed to reach a consensus as to 
the impact of stratospheric resolution. This began with 
Shindell et al. (1999) who found that historical negative 
trends in sea level pressure (SLP) over the Arctic could 
only be reproduced in response to greenhouse gas 
forcing in their high-top model. This result was in 
contrast to the subsequent studies of Sigmond et al. 
(2008), Karpechko and Manzini (2012), and Scaife et al. 
(2012), who found that their high-top models produced 
less of a reduction in Arctic SLP, and Gillett et al. (2002) 
who found no significant influence of stratospheric 
representation on the tropospheric circulation response 
to rising greenhouse gases.  

Through the use of multi-model intercomparisons in 
which models vary widely in their representation of the 
stratosphere (Charlton-Perez et al. 2013), it has now 
become clear that there is no direct link between vertical 
resolution and how the Northern Hemisphere polar 
vortex, together with its downward influence on the 
troposphere, is predicted to change in the future (Manzini 
et al. 2014; Simpson et al. 2018). This is illustrated in Figure 
1a, reproduced from Simpson et al. (2018). This shows 
the predicted late 21st century change in December-
January-February (DJF) averaged zonal mean zonal wind 
at 10 hPa averaged over 60ºN to 75ºN, for the Coupled 
Model Intercomparison Project, phase 5 (CMIP5) models, 
under the RCP8.5 scenario (Taylor et al. 2012). Firstly, 
there is a complete lack of consensus among the models, 
with roughly half the models exhibiting a weakening and 
half exhibiting a strengthening. Secondly, it is clear that 
there is no link between model lid-height and the polar 
vortex response, with high- and low-top models sitting on 
both ends of the scale.  

Figures 1c and d provide an indication of the variety of 
polar vortex responses that occur among the models. 
The model MRI-CGCM3 (Figure 1c) exhibits the greatest 
weakening of the polar vortex while MIROC5 (Figure 
1d) exhibits the greatest strengthening. These are both 
high-top models, by the definition of Charlton-Perez et 
al. (2013), and differ in the zonal wind anomalies in the 

Figure 1. (a) Future-Past difference in zonal mean zonal wind at 
10hPa area averaged from 60ºN to 75ºN for each of the CMIP5 
models (equivalent to figure 1e of Simpson et al. (2018)). All 
available ensemble members for the historical simulations and 
RCP8.5 simulations are used. Solid bars depict anomalies that are 
significantly greater than expectations from the sampling of internal 
variability at the 95% level. Hatched bars are not. Significance is 
determined using a bootstrapping methodology as described in 
Simpson et al. (2018). H’s and L’s depict whether a model is high- or 
low- top by the Charlton-Perez et al. (2013) definition. (b) The CMIP5 
multi-model mean DJF averaged zonal mean zonal wind (ms-1). (c) 
The Future-Past difference in DJF zonal mean zonal wind for the 
model MRI-CGCM3 where Future = years 2070-2099 of the RCP8.5 
scenario and Past= years 1979-2005 of the historical simulations. This 
makes use of three historical members and one RCP8.5 member. (d) 
Same as (c) but for MIROC5 using five historical members and three 
RCP8.5 members.
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polar vortex by roughly 14 m/s. A variety of processes 
likely contribute to this spread among models. The mean 
stratospheric circulation is strongly influenced by wave-
mean flow interaction involving resolved waves, such 
as vertically propagating Rossby waves, and unresolved 
gravity waves that must be parameterized. Gravity 
wave parameterizations are not well constrained by 
observations, resulting in the mean flow varying across 
models or with different influences of resolved and 
parameterized waves. Models can vary in their predicted 
future changes because they have different climatological 
states in the present day that then respond differently 
(Sigmond et al. 2008). Alternatively, variations in the 
relative contributions from resolved and gravity wave 
drags could lead to different mean state responses as 
these two wave components respond. Another possible 
source of inter-model spread is that the polar vortex 
response may rely heavily on tropospheric processes that 
govern the changes in upward propagating wave activity 
(Karpechko and Manzini 2017). These tropospheric 
processes could differ among models for a multitude of 
reasons, which may make it challenging to find systematic 
relationships that explain the spread in stratospheric 
vortex change. Currently, we have little understanding 
of the relative roles of these processes in contributing to 
the wide inter-model spread shown in Figure 1a. Based 
on our current model projections, it is unknown as to 
how the NH stratospheric polar vortex will change in the 
future.

What extent does this wide spread in stratospheric 
polar vortex responses impact on our future projections 
of tropospheric circulation change? Manzini et al. 
(2014) were the first to comprehensively investigate 
this among the CMIP5 models. They used a regression 
approach, whereby they linearly regressed measures 
of tropospheric change across models onto an index 
of change in the strength of the NH stratospheric polar 
vortex. They found that with a relative weakening of the 
stratospheric polar vortex, there is a relative increase 
in Arctic SLP and a reduced poleward shifting of the 
tropospheric westerlies.  

Similar results are reproduced in Figures 2 (a)-(c) based 
on the analysis of Simpson et al. (2018). Figure 2b shows 
the CMIP5 multi-model mean, Future – Past, difference 
in SLP and Figure 2c shows the regression of SLP onto 
the polar vortex response (that was shown in Figure 
1a). This regression has been multiplied by -10 m/s so 
that it depicts the anomalies associated with a relative 
weakening of the polar vortex corresponding roughly 
to the difference between the models that lie at the 
5th and 95th percentiles of the CMIP5 distribution (i.e., 
models that have a weakening of the vortex of 5 m/s and 
models that have a strengthening of the vortex of 5 m/s). 
The CMIP5 multi-model mean displays reduced SLP over 
the Arctic and an increase to the South (Figure 2b). The 
regression of SLP onto the polar vortex suggests that 
models on opposite ends of the scale, in terms of their 
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polar vortex response, could differ in their SLP response 
by a magnitude that is similar to the multi-model mean 
CMIP5 response. Causality cannot be inferred from this 
form of regression analysis alone. To address this issue, 
Simpson et al. (2018) performed idealized experiments 
where, via relaxation, stratospheric anomalies consistent 
with polar vortex responses on opposite ends of the 
CMIP5 range were imposed within one model. It was 
found that the tropospheric response to the imposed 
vortex anomalies was quantitatively in agreement with 
the inferences from linear regression across models, 
which supports the conclusion that the pattern found 

in Figure 2c represents a 
downward influence of the 
stratospheric uncertainty 
onto the troposphere 
below. Simpson et al. (2018) 
estimated that eliminating 
the uncertainty in the 
stratospheric polar vortex 
response would reduce the 
inter-model spread in Arctic 
SLP found in the CMIP5 
models by roughly 15-20%, 
where “spread” is defined 
as the 4σ range (σ being 
the across-model standard 
deviation). Thus, the 
stratospheric influence is a 
non-negligible component 
of the inter-model spread in 
Arctic SLP.

In terms of regional 
impacts, the Northern 
Hemisphere stratospheric 
vortex response is likely to 
have the greatest influence 
on European climate. In 
particular, associated with 
the weakening of the jet 
stream in the North Atlantic 
and the strengthening 

to the south that accompanies the SLP pattern in 
Figure 2c, is a decrease in precipitation over Northern 
Europe and an increase to the south (Figure 2f). While 
the regression of precipitation onto the polar vortex 
response is only marginally significant in Southern 
Europe, the idealized experiments of Simpson et al. 
(2018) exhibited a similar precipitation response to 
the stratospheric polar vortex anomalies, with greater 
significance given the greater length of the simulations. 
These precipitation anomalies are of particular relevance 
to the Mediterranean region where the CMIP5 multi-
model mean suggests a considerable wintertime drying 

Figure 2. (a) CMIP5 multi-model mean DJF SLP (hPa) climatology (same models as in Figure 1d). (b) The 
CMIP5 multi-model mean Future-Past difference in SLP where Future = years 2070-2099 of the RCP8.5 
scenario and Past = years 1979-2005 of the historical simulations. (c) The regression of SLP onto the 
change in stratospheric vortex strength (that shown in Figure 1d) multiplied by -10. In (b) and (c) gray 
shaded regions are not statistically significant at the 95% level by a bootstrapping methodology (see 
Simpson et al. 2018). (d)-(f) are as (a)-(c) but for precipitation rate (mm/day). In (e) and (f) stippling 
indicates regions that are not statistically significant at the 95% level by a bootstrapping methodology 
(see Simpson et al. 2018). Panels (b, c, e and f) are equivalent to figures shown in Simpson et al. 2018 
except a prior regression onto globally average surface temperature has not been performed, which 
makes little difference.
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in the future (Seager et al. 2014; Figure 2e). Figure 2f 
suggests that models with a strengthening of the polar 
vortex would become considerably drier than those 
with a weakening (see also Zappa and Shepherd 2017) 
and the magnitude of the difference between models 
on opposite ends of the scale in terms of their polar 
vortex response is roughly 10% of the present day 
precipitation climatology of the Mediterranean (compare 
Figure 2f with Figure 2d). However, there are many other 
sources of uncertainty in Mediterranean precipitation 
projections, and Simpson et al. (2018) estimated that 
if stratospheric spread were eliminated, the spread in 
precipitation projections over Europe would only be 
reduced by around 5%. Nevertheless, the magnitude of 
the precipitation difference between models that exhibit 
a strong strengthening of the polar vortex and those that 
exhibit a strong weakening of the polar vortex is large 
and would considerably affect precipitation projections in 
a region that is highly vulnerable to climate change. This 
motivates an improved understanding and a narrowing 
of the uncertainty in future Northern Hemisphere polar 
vortex change.     

The relative roles of ozone recovery and increasing 
greenhouse gas concentrations on the southern 
hemisphere jet stream change

In the Southern Hemisphere, the stratosphere is projected 
to play a key role in the future evolution of the mid-latitude 
circulation due to the influence of ozone recovery on the 
mid-latitude westerly jet. Over the late 20th century, the 
austral springtime cooling of the Southern Hemisphere 
polar stratosphere in association with ozone loss was 
accompanied by a southward shifting of the tropospheric 
mid-latitude westerly jet during the austral summer 
season in both observations (Thompson and Solomon 
2002) and model simulations (Son et al. 2010). Rising 
greenhouse gas concentrations are also thought to have 
contributed to a poleward shifting of the mid-latitude 
jet (Fyfe et al. 1999; Yin 2005; Kidston and Gerber 2010; 
Barnes and Polvani 2013), although much remains to be 
understood about the mechanisms behind this poleward 

shift. It has been shown that a dominant influence on the 
poleward shift associated with rising greenhouse gases 
is the sea surface temperature (SST) mediated warming. 
However, the direct radiative effects of increasing CO2 
also play a lesser role (Grise and Polvani 2014), with 
Sigmond et al. (2004) suggesting a portion of this effect is 
due to the rising CO2 in the stratosphere, which induces 
stratospheric cooling and associated circulation changes.  

During the late 20th century, ozone depletion, rising 
greenhouse gas concentrations and accompanying 
stratospheric cooling and SST warming were likely 
conspiring to shift the mid-latitude westerlies poleward 
during DJF. This has been demonstrated in single 
forcing model simulations in which only greenhouse 
gas concentrations or only ozone/ozone depleting 
substances were allowed to evolve transiently in time 
(Arblaster and Meehl 2006; McLandress et al. 2010; 
Polvani et al. 2010). However, as the ozone hole recovers, 
the associated warming of the polar stratosphere is 
expected to give rise to an equatorward shifting of 
the mid-latitude jet, competing with the continued 
poleward shifting associated with rising greenhouse gas 
concentrations in the coming decades. This is illustrated 
in Figure 3 for the CMIP5 models, many of which have 
prescribed stratospheric ozone but some of which have 
interactive stratospheric chemistry (Eyring et al. 2013). 
Over the historical period, as the springtime stratosphere 
cooled from 1960 to around 2000 (Figure 3a), the CMIP5 
ensemble mean simulates a poleward shifting of the DJF 
southern hemisphere westerlies by about 1º latitude 
(Figure 3b). However, in the coming decades, as the ozone 
hole recovers and the springtime stratosphere warms 
(Figure 3a), the poleward shifting of the westerlies stalls, 
with the CMIP5 ensemble mean exhibiting only a minor 
poleward shifting of the westerlies between around 2000 
and 2050 (Figure 3b). This is likely due to the poleward 
shifting associated with rising greenhouse gases, which 
is offset by an equatorward shifting associated with 
ozone recovery (McLandress et al. 2010; Polvani et al. 
2010). The degree to which these two forcings offset each 
other is sensitive to the future greenhouse gas emissions 
scenario used in the simulations. Simulations performed 
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with lower future emissions scenarios suggest that the 
southern hemisphere jet may even shift equatorward in 
the coming decades as ozone recovery dominates the 
forced trends (Eyring et al. 2013). However, there have 
been reports that in violation of the Montreal Protocol, 
CFC-11 emissions are now increasing again (Montzka et 
al. 2018), and hence the rate of ozone recovery is also 
uncertain. Therefore, the stratosphere is likely to play an 
important role in the future evolution of the Southern 
Hemisphere mid-latitude circulation, particularly during 
the DJF season as it responds to past and ongoing human 
activities.

In summary, there are a variety of ways in which the 
stratosphere may impact future tropospheric climate 
change. In the Southern Hemisphere, the stratosphere 
has already played a key role in historical climate trends 
as the cooling of the polar stratosphere accompanying 
ozone loss has contributed to a poleward shifting of 
the Southern Hemisphere westerlies during DJF. It is 
expected that as ozone recovers, an equatorward shifting 
of the Southern Hemisphere westerlies associated with 
a warming of the polar stratosphere will offset, to some 
extent, the poleward shifting of the westerlies induced 
by greenhouse gas warming during DJF. In the Northern 
Hemisphere, the role of the stratosphere in future 
climate change remains to be seen. Changes in the 
strength of the polar vortex as the planet warms could 
impact substantially on tropospheric circulation change 
in the mid-latitudes, particularly in the North Atlantic 
sector, with important implications for European climate 
change. However, models currently disagree on how the 
stratospheric vortex will change in the future. A narrowing 
down of this uncertainty would help to improve our 
confidence in future projections of wintertime climate 
over Europe. There is hope that progress can be made 
in the near future in this regard through the DynVarMIP 
initiative as part of the Coupled Model Intercomparison 
Project Phase 6, where targeted diagnostics will be made 
available that could help to shed light on the reasons 
behind the large inter-model spread in stratospheric 
vortex responses (Gerber and Manzini 2016).                

Figure 3. The ensemble mean of 23 CMIP5 models using only the first 
available member for each model. The historical simulation for years 
1969-2005 is combined with the RCP8.5 simulation from years 2006 to 
2099. (a) October – January, polar cap averaged temperature anomaly 
(K) at 100 hPa (area average from 60S to 90S) and (b) DJF jet latitude 
anomaly where jet latitude is defined as the latitude of the maximum 
zonal mean zonal wind at 700 hPa. Jet latitude is determined by a 
quadratic fit to the values at the grid point with the maximum zonal 
mean zonal wind and the two adjacent grid points. Anomalies are 
defined relative to the 1969-2005 climatology for each model before 
calculating the ensemble mean. The black line depicts 10 year running 
mean values and the gray shading depicts +/- 2 standard errors about 
the mean where standard error = σ/sqrt(N), σ = across-model standard 
deviation of the 10 year averaged climatology and N is the number of 
models (23). 
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