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Learning outcomes for today:
• Describe the basic structure of temperature and circulation in the stratosphere and 

its seasonality
• Explain how the stratospheric circulation is affected by tropospheric eddies
• Explain the two dominant modes of variability in the stratospheric circulation



Structure of the stratosphere



Temperatures if the atmosphere didn’t move: radiative-equilibrium
(though this is based on the observed distribution of ozone, which depends on the circulation)

WinterSummer Winter Summer

Driven by summertime 
solar absorption by ozone

Pole-to-pole temperature gradient

Zero absorption
(polar night)

Note: the ozone hole develops here, in Spring (sept/oct)
- Polar stratospheric clouds form at extremely cold temperatures.
- These clouds provide a surface that catalyzes ClO production 
from Cl-containing compounds.
- In spring, the sun comes out and melts these clouds, releasing 
ClO into the air to destroy O3.

Pole-to-pole temperature gradient

Strong 
stratification
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Radiative equilibrium Observations
Reversed !"
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summertime easterly jet!

Weaker temperature gradient

Polar vortex: strong 
wintertime westerly jet

The weaker meridional temperature gradient in observations 
indicates a poleward heat transfer by the stratospheric circulation.

Tropospheric 
jet streams

Contour interval: 10 m/s

Fig 12.11



Dynamics (motion) of the stratosphere



What makes the stratosphere move?

• Baroclinic instability not a significant driver of motion in the stratosphere

𝐿$ =
𝑁𝐻
𝑓

Fastest growing wavelength scales with 𝐿$
which is ~4x longer than in the troposphere
(𝐿$~4000 𝑘𝑚)

𝐻 ∼ 20 𝑘𝑚 – 2x deeper than troposphere
𝑁 – 2x more stable than troposphere

Eady growth rate is significantly smaller 
than in the troposphere

𝜎% = 0.31
Λ𝐻
𝐿$

&
'!

is 2x smaller than troposphere (from above)
Wind shear Λ : similar

There is no obvious change in the PV gradient to support counter-propagating Rossby waves like there is 
in the troposphere. 

• The primary driver for motion? It comes from below

Hence, the stratosphere is generally baroclinically stable.

Rossby waves
Gravity waves Generated in the troposphere, propagate upwards, and break in the stratosphere

• Strongly stratified – vertical motion generally inhibited
𝑁 ∼ 2 ∗ 10() 𝑠(* – 2x more stable than troposphere



Horizontal circulation



Very strong stratification à quasi-2D flow

If 𝑁) is large enough, 
this can be neglected

Generally, this assumption holds for length scales 
smaller than the deformation radius: 𝐿 < 𝐿$

NH stratospheric 
polar vortex

Color =  potential vorticity
(a tracer)

Sharp vortex boundary –
inhibits mixing

Rossby waves along 
boundary

PV homogenized 
inside vortex

blue dye near 
cold north pole

Analog: the rotating tank

red dye at surrounding 
warmer latitudes

PV stretched and 
filamented outside

Fig 12.12: The tracer distribution 
in the northern hemisphere lower 
stratosphere on 28 January 1992. 
The tracer was initialized on 16 
January by setting it equal to the 
potential vorticity field calculated 
from an observational analysis, 
and then advected for 12 days by 
the observed winds.



Very strong stratification à quasi-2D flow

Color =  potential vorticity
(a tracer)

Rossby waves along 
boundary

What generates this (Rossby) wave activity?
Rossby waves propagate upwards from 

the troposphere below.

Baroclinic eddies from the troposphere stir the stratosphere!

However, only waves with 
relatively long wavelengths

are allowed, satisfying:

(see VallisE Ch 6.4.2)

0 < 𝑈 <
𝛽

𝑘) + 𝑙)



Arrows = EP Flux vectors (𝓕) 𝑣+𝑞′ = ∇ ⋅ 𝓕
Colors = EP flux divergence (∇ ⋅ 𝓕)
Contours = mean zonal wind (𝑢)

convergence, !$!& < 0

Rossby waves propagate upwards from the troposphere and break in the stratosphere
Wave breaking = wave activity dissipation = EP flux convergence

convergence (weaker)

Nothing in the summer hemisphere!
The zonal wind is easterly – upward wave 

propagation is not allowed! (See VallisE Ch 6.4.2)

“Surf zone”
(lots of wave 
breaking)

“Surf zone”
(lots of wave 

breaking)

Recall: Rossby wave energy follows the EP flux vectors



Overturning circulation
(eddy-driven residual, driven by breaking waves)



Reviews of Geophysics 10.1002/2013RG000448

Figure 5. Seasonal mean TEM stream function, ! , from ERA-Interim for 1989–2009. Contours have units of kg m−1s−1

and are spaced logarithmically. Dashed contours represent negative values. Figure 3 from Seviour et al. [2012].

assessment or intercomparison of the Brewer-Dobson circulation has been published including all the
currently available analyses and reanalyses [Fujiwara et al., 2012].

An alternative to calculating the residual mean circulation (v∗,w∗) directly from equations (4) and (5) is to
use the iterative method described by Murgatroyd and Singleton [1961] to solve the TEM thermodynamic
equation (6) for v∗ and w∗, assuming quasi-geostropic dynamics which allows the rectified eddy forcing
terms on the right-hand side of (6) to be neglected (see section 3.2). Solomon et al. [1986], Gille et al. [1987],
and Eluszkiewicz et al. [1996] applied this approach successfully to satellite data though numerical model
results have since shown that the method is not quite so successful for constructing a quantitative represen-
tation of the global residual-mean circulation (section 5.2) [Beagley et al., 1997]. Further approximations can,
however, be made to the TEM thermodynamic equation (6) in the tropical lower and middle stratosphere as
now both the rectified eddy forcing terms on the right-hand side of (6) and the horizontal advection term
are negligible [Rosenlof, 1995] and in the steady state limit

w∗ "#
"z

≈ Q, (8)

where Q can be determined using a radiative-transfer algorithm [Yang et al., 2008]. Residual-mean ver-
tical velocities calculated this way are usually referred to as “diabatic residual-mean vertical velocities.”
Importantly, Rosenlof [1995] found that these diabatic residual-mean vertical velocities do provide reliable
estimates of the zonally averaged ascent rates in the tropical lower stratosphere, though Rosenlof used the
iterative method of Murgatroyd and Singleton [1961] rather than equation (8) to calculate w∗ and included a
correction (of about 15% in the tropics) constraining the global average w∗ on a pressure surface to be zero
(see Rosenlof [1995] for details).

The residual-mean circulation can also be obtained indirectly from eddy heat and momentum fluxes by
downward control (i.e., equation (7)) as pioneered by Holton [1990] when he estimated the global mass
exchange between the stratosphere and troposphere. As would be expected from the steady state limit
of the downward-control calculation, Rosenlof and Holton [1993] found the method worked better in the
solstice seasons than in equinox seasons, though they also concluded that to accurately estimate the resid-
ual mean circulation would require the additional knowledge of the unresolved zonal forcing from gravity
waves [see also Seviour et al., 2012].
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Brewer-Dobson circulation: a residual, eddy-driven overturning circulation

Strongest in the winter 
hemisphere.
Because that’s when tropospheric 
wave activity is stongest.

Notice: this circulation brings 
air into the stratosphere from 
the tropical troposphere!

Butchart (2014, RG)

A stratospheric extension of the 
tropospheric residual circulation



Brewer-Dobson circulation: a residual, eddy-driven overturning circulation
Reviews of Geophysics 10.1002/2013RG000448

Figure 3. Annual mean age of air in years simulated by
a CCM for the year 2000 (contours) and the simulated
change in age from 2000 to 2080 (colors). Figure 2a
from Li et al. [2012]. ©American Geophysical Union. Used
with permission.

[Waugh and Hall, 2002]. However, because of mixing,
an air parcel will be made up of a mixture of air that
has traveled over many different transport pathways
each with a different transit time. Hence, there is no
single age for the parcel but, instead, an age spectrum
[Kida, 1983b] and associated mean age. A character-
istic feature of the combination of mixing, stirring,
and advection by the meridional circulation is a mean
age distribution with isopleths bulging upward in
the Tropics and sloping down toward high latitudes
with the oldest air found at the highest altitudes at all
latitudes (e.g., Figure 3). Without the two-way trans-
port due to the quasi-isentropic stirring, the oldest air
would simply be in the polar lower stratosphere as a
result of the transport by the overturning circulation.

4. Driving Mechanisms and Turnaround
Latitudes
4.1. Wave Driving and Gyroscopic Pumping
Qualitatively, the underlying mechanism for the
persistent poleward mass flow in the middle and
upper winter stratosphere is the “extratropical pump”
[Holton et al., 1995] or, perhaps, more appropriately

the “Rossby-wave pump” [Plumb, 2002] since it is now known that even small wave forcing close to the
Equator can be as significant as the extratropical wave driving [Plumb and Eluszkiewicz, 1999]. As discussed
in Holton et al. [1995], the pumping is the nonlocal effect of the wave drag from dissipating upward prop-
agating waves from the troposphere. Drag from the dominant planetary-scale Rossby waves can only be
westward, and consequently, the pumping action is one way with the air driven poleward to conserve
angular momentum. This, in turn, sucks up air in the Tropics and pushes it down in the middle and high lat-
itudes, at least in the steady state limit. From simple kinematic considerations, the flow has to be upward in
the Tropics and downward in middle and high latitudes; otherwise, the circulation would require a reverse
pole-to-equator flow at higher levels and there is no corresponding eastward Rossby-wave drag to balance
the angular momentum budget. As the mechanism for the poleward flow involves a westward force causing
air to move poleward due to the Earth’s rapid rotation, some leading researchers [e.g., McIntyre, 2000] also
refer to this as “gyroscopic pumping” though, arguably, it is the wave dissipation and forcing rather than the
gyroscopic mechanism that is the most important aspect. In particular, the wave force addresses the original
concerns of Dobson et al. [1929], Brewer [1949], and Murgatroyd and Singleton [1961] regarding the possible
nonconservation of angular momentum (see section 2) as the waves themselves transport and deposit the
momentum required to balance the angular momentum budget [e.g., Andrews et al., 1987].

Conflicting results have been obtained for the latitudes where the Rossby-wave forcing drives the intrasea-
sonal and interannual variations in the Brewer-Dobson circulation. For instance, the tropical upwelling was
found by Zhou et al. [2012] to be well correlated with the subtropical wave force, whereas Ueyama and
Wallace [2010] and Ueyama et al. [2013] showed a significant correlation with the high latitude forcing.
Possible reasons for this discrepancy, suggested by Ueyama et al. [2013], were a poor representation of the
low latitude wave force in the data sets they used and an over emphasis of the relative importance of the
high latitude wave force due their use of correlation coefficients rather physically based diagnostics.

The single-cell poleward transport in the winter hemisphere that extends into the middle and upper strato-
sphere has become known as the “deep branch” of the Brewer-Dobson circulation [e.g., Birner and Bönisch,
2011]. In addition separate, faster, “shallow branches” are observed in both hemispheres throughout the
year. Again, these almost certainly result from Rossby-wave pumping though now the synoptic-scale waves
that are responsible are present throughout the year in the subtropical lower stratosphere and drive a pole-
ward flow there and in the upper troposphere in both hemispheres (Figure 2 in Plumb [2002]). Notably in the
Birner and Bönisch [2011] study, this separation into two branches was made using diagnostics based on the
residual circulation alone.
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Butchart (2014, RG)

This is a Lagrangian circulation (again, 
not an Eulerian mean).

This means the circulation carries 
tracers and pollutants, such as ozone 
and aerosols, with it.

Note: this is why large volcanoes in the 
tropics are particularly important as a source 
of sulfate aerosols in the stratosphere.

Set age = 0 here
(entry point into 
stratosphere)



Summary schematic

Solid arrows indicate 
the residual circulation.

Note: only in the Hadley 
cell is the residual 
circulation comprised 
primarily of the actual 
Eulerian-mean. 
Elsewhere, the eddy 
forcing is dominant.
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There are separate stratospheric and tropospheric planetary-scale circumpolar vortices, with 
differing structure, seasonality, dynamics, and impacts on extreme weather.

WHAT IS THE POLAR 
VORTEX AND HOW DOES IT 

INFLUENCE WEATHER?
DARRYN W. WAUGH, ADAM H. SOBEL, AND LORENZO M. POLVANI

T he term polar vortex has become part of the  
 everyday vocabulary after the widespread media  
 coverage of the extreme cold events over the Unit-

ed States during the early winter of 2014. However, 
there is some confusion in the media, general public, 
and even within the science community regarding 
what polar vortices are and how they are related to 
various weather events. This confusion is illustrated 
by the fact that the polar vortex entry in the American 
Meteorological Society (AMS) glossary was revised in 
2000, 2014, and again in October 2015 (AMS 2015). 
Much of the confusion stems from the fact that polar 
vortex is used in the literature to explain two different 

features of the atmospheric circulation: one in the 
troposphere and the other in the stratosphere. The 
distinction between them is not always made clear 
in discussions of extreme cold events.

Another source of confusion stems from the fact that 
these polar vortices are neither unusual nor extreme; 
they are simply basic features of Earth’s climatology. 
While some extreme weather events at some locations 
are related to transient displacements of the edge of 
the tropospheric polar vortex, these events are in no 
way a manifestation of major changes in the global 
atmospheric circulation. Here, we clarify the different 
structures, seasonality, and dynamics of the strato-
spheric and tropospheric polar vortices and discuss 
the connections of both to extreme weather events at 
Earth’s surface.

TWO POLAR VORTICES. In the atmospheric 
science literature, the term polar vortex is most com-
monly used as an abbreviation for circumpolar vortex 
and refers to a planetary-scale westerly (west to east) 
flow that encircles the pole in middle or high latitudes.1 

1 There are a few cases where polar vortex is used to refer to 
smaller and shorter-lived vortices that occur in polar regions 
and within the much broader tropospheric polar vortex 
discussed here, for example, Cavallo and Hakim (2009).
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Although the polar vortices are sometimes described 
as extending from the middle troposphere to the upper 
stratosphere (e.g., as they were in the 2000 and 2014 
versions of the AMS glossary), there are actually two 
quite different polar vortices in Earth’s atmosphere: a 
tropospheric vortex and a stratospheric vortex.2 The 
tropospheric and stratospheric circumpolar vortices 
are illustrated schematically in Fig. 1 and can be eas-
ily seen in the climatological zonal-mean zonal winds 
shown in Fig. 2. The latitude at which the zonal wind 
reaches its hemispheric maximum can be considered 
as marking the approximate edge of a polar vortex, and 
Fig. 2 shows that there is a clear vertical discontinuity 
in this latitude around 100 hPa. It should also be clear 
that the vortex in the troposphere is much larger than 
the vortex in the stratosphere and that the two are not 
directly connected. Furthermore, we wish to highlight 
another fundamental difference between these two 
vortices: their seasonal evolution. While the tropo-
spheric vortex exists all year, the stratospheric polar 
vortex exists only from fall to spring. In the following 
sections, we describe the two vortices in greater detail.

STRATOSPHERIC POLAR VORTEX. Knowl-
edge of these circumpolar westerlies in the strato-
sphere can be traced to the late 1940s (e.g., Scherhag 
1948; Gutenberg 1949). The phrase circumpolar vortex 
was used in early papers (e.g., Brasefield 1950), but the 
abbreviation polar vortex became common by the late 
1950s and 1960s (e.g., Palmer 1959).

The strong circumpolar westerlies that define the 
stratospheric polar vortex maximize at around 60° 

latitude, from just above 
the tropopause (~100 hPa) 
into the mesosphere (above 
1 hPa; see Fig. 2). The strato-
spheric vortex can also be 
defined by the coherent re-
gion of low geopotential 
height that is enclosed by 
the westerlies, as shown 
in Fig. 3a for January 2014 
(the thick contour is a geo-
potential height represent-
ing the edge of the vortex). 
However, most studies in 
recent decades have defined 
the vortex by the region of 
high potential vorticity (PV; 

see Fig. 3b). PV is proportional to the product of vor-
ticity (a measure of the rate of rotation of air parcels) 
and stratification (the extent to which an air parcel 
displaced vertically will tend to return to its starting 
height, as water at the surface of a lake does). PV has 
several useful properties for understanding vortex 
dynamics: 1) It is materially conserved for flow with no 
diabatic heating or friction, 2) other dynamical fields 
can be determined from PV using “PV inversion” (e.g., 
Hoskins et al. 1985), and 3) PV gradients, which are 
sharper at the polar vortex edge than at other latitudes, 
provide the restoring mechanism for the propagation 
of Rossby waves. Rossby waves are the fundamental 
low-frequency disturbances in the extratropical tro-
posphere and stratosphere, and, roughly speaking, all 
large-scale perturbations of the polar vortex that might 
be of interest in discussions of the weather and climate 
state can be described in terms of Rossby waves.

The stratospheric polar vortex appears each win-
ter as a consequence of the large-scale temperature 
gradients between the midlatitudes and the pole. It 
forms in fall when there is no solar heating in polar 
regions, strengthens during winter, and then breaks 
down as sunlight returns to the polar regions in 
spring, and the high-latitude winds become weak 
easterlies (Waugh and Polvani 2010; and references 
therein). If the solar heating exactly balanced infra-
red cooling (so-called radiative equilibrium), then 
the stratospheric polar vortex would be stronger 
and the pole would be colder than they are. Rossby 
waves excited in the troposphere propagate up into 
the stratosphere and perturb the vortex away from 
radiative equilibrium, weakening it and distorting its 
shape away from circular symmetry about the pole.

The larger topographic and land–sea contrasts in 
the Northern Hemisphere (NH) generate stronger 

2 There are also polar vortices in the atmospheres of other 
planetary bodies, including Mars, Venus, Saturn, and 
Saturn’s moon Titan (e.g., Read 2011).

FIG. 1. Schematic of stratospheric and tropospheric polar vortices.
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upward-propagating waves than in the Southern 
Hemisphere (SH), causing the northern strato-
spheric vortex to be weaker and more distorted than 
its southern counterpart (i.e., the SH stratospheric 
vortex is larger and more axisymmetric than the 
NH vortex; e.g., Waugh and Randel 1999). This also 
causes more temporal variability in the NH vortex, 
including so-called sudden stratospheric warmings 
(SSWs), which consist of a sudden rise in the polar 
temperatures and a breakdown of the stratospheric 
vortex during midwinter. These SSWs occur on av-
erage around once every two years in the Northern 
Hemisphere (Charlton and Polvani 2007). A SSW in 
the Southern Hemisphere, in contrast, has been ob-
served only once, in September 2002 (e.g., Charlton 
et al. 2005).

Scientific interest in the stratospheric polar vorti-
ces increased dramatically in the mid-1980s because 
of their importance for stratospheric ozone depletion. 
The low temperatures within the vortices and reduced 
mixing of polar and midlatitude air across the vortex 
edge are crucial ingredients for the formation of the 
Antarctic ozone hole as well as the less dramatic (but 
still significant) winter–spring depletion over the 
Arctic (e.g., Schoeberl and Hartmann 1991).

In more recent years research on the stratospheric 
polar vortices has broadened far beyond the ozone 
issue. It has been increasingly recognized that while 
the stratospheric polar vortices are distinct from 
the tropospheric ones, the stratospheric vortices do 

influence the troposphere and even surface weather. 
We discuss this further below.

TROPOSPHERIC POLAR VORTEX. While 
the scientific literature on tropospheric meteorology 
is much larger than that on stratospheric meteorol-
ogy, the term polar vortex is much less common in 
the tropospheric literature. Nonetheless, the earliest 
scientific papers describing the tropospheric circum-
polar flow as a vortex are as old as those describing the 
stratospheric polar vortex, with initial papers dating 
back to the late 1940s and early 1950s (e.g., Rossby 
and Willett 1948; LaSeur 1954), followed by a series 
of papers by Angell et al. from the 1970s to 2000s [see 
Angell (2006); and references therein]. The majority 
of these studies refer to a tropospheric circumpolar 
vortex, but it is not uncommon to find it referred to 
simply as the polar vortex (e.g., Angell and Korshover 
1975; Angell 1992; Kashki and Khoshhal 2013).

The edge of this vortex is often defined by speci-
fied geopotential contours, on the 300- or 500-hPa 
pressure levels, that typically lie within the core 
of the westerlies (e.g., Angell 2006; Frauenfeld and 
Davis 2003; and references therein). The values of 
the contours chosen vary, but the tropospheric vortex 
edge generally lies between 40° and 50°N (see thick 
contour in Fig. 3c). On monthly or longer time scales 
the tropospheric vortex usually has one or two centers 
(Fig. 3c), but on daily time scales the vortex may have 
several centers (Fig. 4). The climatological winter 

FIG. 2. Climatological zonal-mean zonal wind in Jan and Jul. The diamonds mark the hemispheric maximum of 
the zonal wind at each pressure level and the approximate edge of the polar vortex for that hemisphere. Data 
source: National Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center (CPC) analyses.
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Northern Hemisphere vortex features two centers: one 
near Baffin Island and the other over northeastern 
Siberia (associated with the Icelandic and Aleutian 
surface lows). Analogous circumpolar asymmetry is 
not usually observed in the climatological Southern 
Hemisphere vortex (e.g., Burnett and McNicoll 2000).

While not discussed in the abovementioned tro-
pospheric vortex studies, the edge of the tropospheric 
vortex can (as in the stratosphere) be defined from 
potential vorticity contours on an isentropic surface 
or (equivalently) potential temperature on a surface 
of constant potential vorticity (Hoskins et al. 1985). 
The 300–500-hPa geopotential height contours used 
to define the vortex are similar to the intersection 
of the PV = 2 or 3 potential vorticity units (PVU; 
1 PVU = 10−6 K kg−1 m2 s−1) surface—commonly used 
to define the dynamical tropopause in the extra-
tropics—with the 320- or 330-K isentropic surfaces 

(see Fig. 3d). As is the case in the stratosphere, the PV 
field shows finer-scale structure than does the geopo-
tential height and enables more detailed analysis of 
the dynamics of Rossby waves and related extratropi-
cal weather disturbances.

As for the stratospheric vortex, the tropospheric 
polar vortex and the associated strong westerly air-
flow are largely manifestations of the thermal wind 
relation and the pole-to-equator temperature gradi-
ent. However, in contrast to the stratospheric vortex, 
baroclinic instability (and the resulting waves) plays a 
key role in the variability and long-term maintenance 
of the large-scale tropospheric jet stream (Robinson 
2006). Baroclinic instability is the process by which 
most extratropical tropospheric weather systems ex-
tract energy from the basic pole-to-equator tempera-
ture gradient, but these weather systems are largely 
confined to the troposphere. Only the Rossby waves 

FIG. 3. Maps illustrating the (a),(b) stratospheric and (c),(d) tropospheric vortices in Jan 2014 using (left) geopo-
tential height (shading) and zonal winds (white contours for 30, 40, 50, and 60 m s−1) at (a) 50 and (c) 300 hPa and 
(right) potential vorticity at (b) 450 and (d) 330 K. The thick black contours illustrate the edge of the vortices 
defined using geopotential height or potential vorticity. Data source: National Centers for Environmental 
Prediction (NCEP) reanalyses.
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with the largest spatial scales are able to propagate 
upward into the stratosphere (Charney and Drazin 
1961), and these tend to be mostly those generated by 
westerly flow over mountains and continental land–
sea contrasts. Thus, the variability of the stratospheric 
polar vortex lacks the “synoptic scale” structures that 
dominate the tropospheric variability, with typical 
horizontal scales from one to a few thousand kilo-
meters. This is easily seen by comparing the edges of 
the tropospheric (black contours) and stratospheric 
(white contours) polar vortices in Fig. 4.

The focus of the majority of tropospheric vortex 
studies has been on the hemispheric-scale circulation 
and on the seasonal and interannual variations in 
size and shape of the vortex. There has been much 
less attention to synoptic-scale weather in papers 
that explicitly refer to a polar vortex, although there 
are some exceptions (e.g., Gardner and Sharp 2007; 
Kashki and Khoshhal 2013).

EXTREME WEATHER EVENTS. While the 
tropospheric and stratospheric polar vortices are 
clearly distinct, they are able to interact on certain 
occasions, and both vortices can be influenced by 
the same large-scale wave events. Furthermore, both 
vortices can, in some circumstances, play a role in 

extreme weather events at the surface, though the 
tropospheric vortex is generally the more important 
one for surface weather. In those circumstances, the 
presence of two vortices necessitates a very subtle 
discussion as to the relative role of each vortex, if 
any at all. Frequent references to the stratospheric 
vortex in discussions of surface weather events are 
sometimes a result of confusing the tropospheric and 
stratospheric vortices or even the simple lack of rec-
ognition that two distinct vortices are present at very 
different heights in the atmosphere. The stratospheric 
vortex can play a role, though typically an indirect 
one, in some (though not all) surface weather events. 
This can occur through one or more of a variety of 
mechanisms of stratosphere–troposphere interaction.

Although the coherent region of high PV associ-
ated with the stratospheric polar vortex lies in the 
stratosphere, it can influence the tropospheric flow 
below it (e.g., Black 2002; Ambaum and Hoskins 
2002). This inf luence includes trends in summer 
circulation and weather in the Southern Hemisphere 
due to an ozone hole–induced strengthening of the 
Antarctic polar vortex (Thompson et al. 2011) as 
well as connections between weak and strong Arctic 
stratospheric vortex events and extreme surface 
weather (Baldwin and Dunkerton 2001). The latter 

FIG. 4. Maps of 300-hPa geopotential height for 3–8 Jan 2014. Black contours mark the tropospheric vortex 
edge at 300 hPa and white contours mark the stratospheric vortex edge at 50 hPa. The R and T on 5 and 6 Jan 
indicate the location of ridge and trough, respectively, discussed in the text. Data source: NCEP reanalyses.
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Can variability in the stratospheric wintertime 
polar vortex affect tropospheric weather?

Yes.

Dominant mode of variability in the stratospheric polar vortex?
“Sudden Stratospheric Warming” (SSW)

• Generated by especially strong upward propagating Rossby wave activity. 
Enhanced wave breaking temporarily weakens the polar vortex and makes 
it more susceptible to breaking down.

• Largely a Northern-Hemisphere phenomenon.



https://www.youtube.com/watch?v=VnlFFaF_l7I



A second mode of variability: Quasi-biennial oscillation (QBO)

• Oscillation of the equatorial zonal wind in the stratosphere

(“almost every 2 years”)

https://climatedataguide.ucar.edu/climate-data/qbo-quasi-biennial-oscillation

What drives this oscillation?
Principally upward propagating Kelvin waves 
from the tropical troposphere.

• Switches between easterlies and westerlies 
• Mean period: ~28 months 
• Easterly phase amplitude is about twice as strong as that of 

the westerly phase

• Develops at the top of the lower stratosphere and 
propagate downwards

• Dissipated at the tropical tropopause

3 radiosonde stations: Canton Island, Gan/Maledive Islands, Singapore
Monthly-mean zonal wind near Equator

https://climatedataguide.ucar.edu/climate-data/qbo-quasi-biennial-oscillation


Now go to Blackboard to answer a few 
questions about this topic!


