
2. Model and setup

The model used is a dry hydrostatic primitive 
equation model with spherical geometry and linear 
parameterisations of surface friction and diabatic
heating. It is essentially the same as the PUMA 
model described in Fraedrich et al. (1998), but is 
extended by non-equally spaced sigma levels to 
allow higher vertical resolution in the stratosphere, 
and by a modified diabatic forcing above the 
troposphere to generate an idealized winter time 
stratospheric polar vortex.

The integrations have been performed at T42L30 
resolution, with the lowest 9 model levels being 
equally spaced in sigma (representing the 
troposphere) and the remaining 21 levels equally 
spaced in log(sigma) (with 9 levels falling into the 
stratosphere), and at a time step of 15 minutes. In 
order to prevent numerical instability by spurious 
wave reflection, a sponge layer is introduced in the 
upper most 12 model levels by linearly damping the 
horizontal wind.

The diabatic forcing above the troposphere closely 
resembles that described in Polvani and Kushner 
(2002). This construction of the relaxation 
temperature field allows variation of the strength of 
the stratospheric polar vortex forcing by a single 
parameter, the vertical lapserate above 100hPa 
and poleward of about 55°N (Fig. 1).
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Fig. 1: Relaxation temperature field (°C) for (a) weak 
and (b) strong polar vortex forcing. These forcings
produce a model tropopause between 100hPa 
(Tropics) and 200hPa (Poles) and a stratopause
around 1hPa.

4. Detection of breaking waves

In order to detect cyclonically (CB) and anticyclonically (AB) breaking tropospheric 
synoptic scale Rossby waves, the following method has been applied to daily 
sampled isentropic potential vorticity (PV) maps at the 320K-level, north of 20°N. 
Examples for CB and AB events are shown in Fig. 3 for illustration:

• At each longitude (of a 2.8°x2.8° Gaussian grid corresponding to T42 spectral 
resolution) the instantaneous PV field is scanned northward for PV reversals of at 
least 1PVU, starting at 20°N. The time mean PV increases from near 0PVU at low 
latitudes to about 5PVU at the north pole.

• If such reversals are detected on neighboring longitudes and the difference in their 
latitudinal position is not greater than two gridpoints (ca. 5.6°), then they are said to 
belong to the same breaking wave.

• If a breaking wave spatially overlaps with one on the previous day, then it is said to 
be the same event.

• In order to distinguish between CB and AB events, the stretching in meridional 
direction,                              , is calculated. Fig. 3 shows the field of this quantity for 
the day and the day before a breaking wave is detected. Around the trough of the 
wave this field exhibits a quadrupole-like pattern (marked by + and - symbols). On 
the day of detection, in the case of CB the positive centers are connected over the 
broadening high PV trough, and in the case of AB the negative centers are 
connected over the thinning high PV trough. The distinction between the two types 
of wave breaking is then done by evaluating Sy at the high PV trough on the day of 
detection.

The number of events detected and the selection into types CB and AB by this 
method then effectively depends on two parameters, the threshold of the PV 
reversal (=1PVU) and the threshold of Sy (= -12 ms-1/1000km). The former one 
ensures detection of sufficiently large scale features. Both thresholds were tuned to 
the given values by detailed inspection of the isentropic PV fields and were found to 
successfully detect and select wave breaking events, which closely resemble those 
known from idealised baroclinic wave lifecycles (Thorncroft et al., 1993).
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Fig. 3: Example of a cyclonically (CB, left column) and an anticyclonically breaking 
wave (AB, right column), detected on day TC and TA, respectively. Potential vorticity 
at  =320K (shadings, units: 10-6 m2 K s-1 kg-1=1PVU), meridional stretching Sy
(contours, units: 106 s-1 (negative contours dotted)), and horizontal wind vector 
(arrows, units: ms-1); at TC/A - 1day (top panels), TC/A (middle panels), and TC/A + 
1day (bottom panels); north of 20°N, each sector being 100° wide. + and – symbols 
denote the centers of quadrupole-like patterns of Sy, mentioned in the text.
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5. Dependence on polar vortex

From the weak (strong) polar vortex integration 1105 (1002) 
wave breaking events have been detected. Fig. 4 shows the 
frequency distributions of these events.

• In both integrations there is an asymmetry between CB and AB 
event durations. The CB distributions are more flat and possess 
longer tail ends than the AB distributions, which is also reflected 
by the difference in the mean durations of about 4 days for CB 
and about 3 days for AB events. This is consistent with the 
different persistence of the two types of idealised baroclinic wave 
lifecycles, breaking either as CB or AB.

• With increasing strength of the polar vortex, there is (1) a shift 
of the frequency of events from CB to AB, and (2) the asymmetry 
between CB and AB durations becomes smaller, which can be 
seen clearly by the smaller difference between the slopes of the
linear fits in the logarithmic distributions (Fig. 5).
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Fig. 4: Frequency distributions of durations (units: days) of wave 
breaking events, separated into CB (lower panel) and AB (upper 
panel), and for the (a) weak vortex and (b) strong vortex 
integration. The numbers of events are given in the coloured 
boxes. Arrows indicate mean durations.

Fig. 5: As in Fig. 4, but with logarithmic frequency scaling. The 
straight lines indicate the best linear fit for that range of durations.

6. Summary and conclusions

The method developed for detecting tropospheric synoptic scale 
Rossby wave breaking and selecting into type CB and AB was 
successfully applied to daily isentropic PV maps from a weak and a 
strong stratospheric polar vortex integration of a dry primitive
equation model with spherical geometry and zonally symmetric 
forcing and boundary conditions.

The exponentially distributed frequencies of the event durations
exhibit an asymmetry between CB and AB events, with different 
mean durations (CB lasting longer than AB). This behaviour is (1) 
consistent with the different persistence characteristics of CB- and 
AB-like idealised baroclinic wave lifecycles, and (2) in agreement 
with the different mean durations of intense negative and positive 
NAO-events, found by Fraedrich et al. (2005). The latter point is of 
interest, because Benedict et al. (2004) and Franzke et al. (2004) 
suggest that positive (negative) NAO-events on daily basis are 
associated with type AB (CB) breaking waves in the North 
American/North Atlantic region.

Furthermore, there is a shift towards AB-like wave breaking, 
accompanied by a poleward shift of the mean tropospheric jet, with 
increasing strength of the polar vortex in the integrations analysed. 
In the picture of NAO-lifecycles being associated with wave 
breaking, this also fits with the statistical stratosphere-NAO 
connection, found in observational studies (e.g. Perlwitz and Graf, 
2001; Ambaum and Hoskins, 2002), showing a shift towards the 
positive phase of the NAO under a strong polar vortex regime.

The next step is to investigate the mechanisms leading to the
latitudinal shift of the jet, which probably induces the shift in wave 
breaking characteristics (Kushner and Polvani (2004) propose a 
downward control mechanism for a similar effect in their GCM).

In further studies with zonally asymmetric forcing, producing 
longitudinally localised synoptic activity (storm tracks) and hence 
local maxima of wave breaking frequency, a possible connection 
between the different phases of low-frequency variability patterns in 
such storm track regions and the wave breaking characteristics will 
be investigated, depending on the stratospheric polar vortex.

Fig. 2: Zonal and time mean zonal flow (units: ms-1) 
from (a) the weak and (b) the strong polar vortex 
integration. The essential differences are (1) the 
strength of the stratospheric polar vortex, and (2) a 
poleward shift of the tropospheric mid-latitude jet by 
about 5°. (c) shows the difference between the two 
cases (shadings and black contours) in the 
troposphere and the mean zonal flow (white dashed 
contours) from the weak vortex case (same as in (a)). 
The shift appears to result from an equivalent 
barotropic shear about the mean jet within the 
troposphere. This pattern has large projection onto 
the leading variability mode (1. EOF) of the 
tropospheric zonal mean zonal flow (not shown).

The mean zonal flow differs from that of the real 
atmosphere with respect to the dominance of the 
mid-latitude eddy-driven jet over the subtropical jet, 
which is too weak in the models flow.

3. Mean zonal flow

1. Abstract

This modeling study is motivated by the observational evidence that (1) there is a dynamical coupling between the winter time stratospheric polar vortex and the North Atlantic Oscillation (NAO), (2) the NAO is primarily 
driven by synoptic scale processes, and (3) individual positive (negative) NAO lifecycles on daily basis might be excited by anticyclonically (cyclonically) breaking tropospheric synoptic scale waves. In order to investigate 
the influence of the stratospheric polar vortex on the characteristics of such wave breaking, a dry hydrostatic primitive equation model with spherical geometry and zonally symmetric forcing and boundary conditions is 
used. The diabatic forcing of the model is extended to the stratosphere. Two integrations with different stratospheric forcing are performed, one with a weak and one with a strong stratospheric polar vortex. In addition to 
the forced response of the polar vortex, there is a poleward shift of the mean tropospheric mid-latitude jet for the stronger polar vortex. Then an objective method for detecting cyclonically/anticyclonically breaking waves 
is developed and applied to daily isentropic potential vorticity maps from the integrations. An increased (decreased) frequency of anticyclonically (cyclonically) breaking waves is detected for a stronger polar vortex. 
Furthermore, in each integration an asymmetry between the two types of wave breaking events is found with respect to the frequency distributions and the mean values of the event durations, in agreement with different 
mean durations of individual NAO-lifecycles found in an observational study. It is concluded that these results support the idea of tropospheric synoptic scale wave breaking as a process driving individual lifecycles of the 
NAO and by which it is affected by the stratospheric polar vortex.
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