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Diagram from Ambaum and Hoskins J Climate (2002).

15 JULY 2002 1971A M B A U M A N D H O S K I N S

FIG. 3. (a) Dec–Mar climatological mean of tropopause height in
meters. The contour interval is 500 m and the lowest contours over
northern Canada and Japan represent 8500 m. (b) Regression of tro-
popause height with NAO index. The contour interval is 100 m
(. . . , ⌃50, 50, 150, . . .). (c) Same as (b) but for the PV500 index.
(d) Same as (b) but for the NAOt index.

FIG. 4. Schematic of the bending of isentropic surfaces (labeled
⇥0, ⇥1, and ⇥2) toward a positive potential vorticity anomaly. The
arrows represent winds associated with the potential vorticity anom-
aly, becoming weaker away from the anomaly.

dient over the Arctic. As expected, the tropopause is
higher over the Azores high associated with the NAO,
and is lower over the enhanced Iceland low. However,
over the rest of the Arctic the tropopause is generally
higher.
Key to the higher Arctic tropopause with increased

NAO index is the stratosphere. The stratospheric vortex
increases in strength with increasing NAO index. The
linear correlation between the NAO and PV500 indices
of 0.46 is an indication of this as the PV500 index is a
good measure of the strength of the stratospheric vortex.
The height of the Arctic tropopause increases with the
PV500 index, as shown in Fig. 3c. The NAOt index can
be seen as that part of the NAO index that is not linearly
associated with increases in the stratospheric vortex
strength. In Fig. 3d we see that the regression of tro-
popause height on this index indeed hardly shows this
raised tropopause over the Arctic while the signatures
over the Iceland and Azores regions are retained. We
conclude that the rising of the tropopause with increas-
ing NAO index is associated with the stratospheric com-
ponent of the NAO.
The reason why this occurs is the dominance of the

stratospheric potential vorticity anomaly. As discussed
in Hoskins et al. (1985), isentropic surfaces bend toward
isolated positive potential vorticity anomalies—see the
schematic in Fig. 4. The tropopause at higher latitudes
can be associated with a potential vorticity surface. Sim-
ilarly, the potential temperature of tropopause parcels
will have to be conserved on changes that are not as-

sociated with diabatic effects at the tropopause. So we
may assume that the potential temperature of the tro-
popause is more or less fixed for changes in potential
vorticity in the stratosphere. This then implies that the
tropopause will move upward for a positive stratospher-
ic potential vorticity anomaly.
We can quantify how changes in the height of the

tropopause are associated with potential vorticity anom-
alies in the stratosphere: using isentropic coordinates
and hydrostatic balance, the potential vorticity P may
be defined as

f ⇧ ⌥ 1 ⇤p
P � , with � � ⌃

� g ⇤⇥

with the usual notation. A change in potential vorticity
⌅P will be associated with a change in stratification of
⌅� and a change in absolute vorticity of ⌅⌥. According
to quasigeostrophic scaling, the relative magnitude of
the stratification and vorticity contributions is measured
by the Burger number Bu � (NH/ fL)2. Logarithmic
derivatives of the potential vorticity now give

⌅P ⌅�
� ⌃(1 ⇧ Bu) .

P �

Unless alternative scales are imposed geometrically,
geostrophic adjustment will tend to make the Burger
number close to unity for any potential vorticity anom-
aly, that is, it will tend to make the horizontal length
scale L close to the Rossby deformation radius asso-
ciated with the height scale H. We now consider the
pressure difference between an isentropic surface above
the potential vorticity anomaly (⇥top) and the isentropic
surface that touches the Arctic tropopause (⇥tpp). Finite
difference approximations for � and ⌅� in the strato-
sphere now are

1 p ⌃ p 1 ⌅p ⌃ ⌅ptop tpp top tpp� � ⌃ , ⌅� � ⌃ ,
g ⇥ ⌃ ⇥ g ⇥ ⌃ ⇥top tpp top tpp
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Temperature Anomaly
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Does this work in JRA-55 reanalysis? Correlate 
polar cap (65–90ºN) mean PV (on isentropic 
surfaces) with polar cap mean T on pressure 
surfaces.  
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ST100 Index
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(From Baldwin and Dunkerton, Science 2001)
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• Cold-core anticyclones (such as the wintertime Siberian anticyclone) 
provide a well-documented example of the effect of radiative cooling on 
SLP.  

• The Siberian region becomes snow-covered in October and high pressure 
results from radiative cooling-induced anticyclogenesis.  

• Wexler (1937): if radiative cooling is confined to a restricted area, it will be 
accompanied by the lowering of isobaric surfaces.  

• A compensating inflow of air from adjacent regions will occur, causing SLP 
to rise. 

• Low-level cooling causes the air mass to contract, resulting in inflow, and 
higher SLP.

Low-level cold anomalies induce higher surface pressure
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Simulations from Hoskins et al., 1985

A low-level cold anomaly induces higher surface pressure.
A low-level warm anomaly induces lower surface pressure.
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Thompson, Baldwin, Wallace J Climate 2002

The Arctic is colder 
following SSWs
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Regression between ST100 
index and polar cap pressure 
anomalies(Z). JFM.

Theory from Ambaum & 
Hoskins (2002)

This quantifies S-T coupling.
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From Tom Clemo’s thesis, 2018
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From Kidston et al., Nature Geoscience, 2015
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From Kidston et al., Nature Geoscience, 2015
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Kidston et al. was wrong about mass movement.
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Lag Correlations
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Processes 

1) Which stratospheric processes are important to represent accurately for 
improved tropospheric predictability on medium-range to seasonal 
timescales? 
Answer: Variability of the polar lower stratosphere, as quantified by 
polar-cap mean T anomalies at 100 hPa (ST100 Index). No data above 
100 hPa is needed. The model’s ST100 index should match closely the 
observed ST100 index.  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Processes 

2) Which tropospheric processes are important to represent accurately for 
improved stratospheric predictability? 
Answer: Tropospheric amplification, as quantified by a regression 
between the ST100 index, and polar cap P anomalies.



25

Processes 

3) Can we quantify the strength of stratospheric impact on the 
troposphere (e.g., following weak and/or strong vortex events) versus the 
impact of other remote forcers such as MJO and ENSO? 
Yes. The ST100 index could be used like an MJO or ENSO index, and 
regressions with tropospheric fields quantify the strength. One could also 
remove stratospheric effects by regression.
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Processes 

4) What are the best tools and metrics to objectively evaluate the strength 
of the stratosphere–troposphere coupling, and, the skill provided by the 
stratosphere for tropospheric predictability? 
Partial answer: The strength of coupling can be evaluated by regression 
ST100 on polar cap P(Z) anomalies. Evaluate skill??  


