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1. Summary.

A program for inverting Ertel’s potential vorticity was accom-
plished. It was used to calculate flow and temperature fields
induced by idealised potential vorticity distribution and by
potential vorticity in real atmosphere. The routine was used
also for attributing flow patterns induced by individual
potential vorticity anomalies during cyclogenesis event over
North-Eastern Atlantic and Europe between 12 and 14 January 1993.

2. Introduction.

In theoretical and operational meteorology there is a need for
an appropriate tool for diagnosing dynamical aspects of cycloge-
nesis events. The tool should be possibly simple but rooted in
basic physical principles governing atmospheric flow. It should
allow to develop simple and adequate conceptual model or models
of these processes which would increase our understanding and
help in improving weather forecasts through better diagnostics
of current weather and better assessment of the quality of cur-
rent output from operational prognostic models.

The Ertel’s potential vorticity, defined as
- 47.7
q = g\?. Ve

where g—density,q —-absolute vorticity vector and ¢ -potential
temperature (Rossby 1940, Ertel 1942), seems to be a good candi-
date for such a tool.

It is a simple scalar quantity conserved following adiabatic
and frictionless motion. If, additionally, a relation between the
wind and temperature (or mass) distribution is provided (balance
equation) it allows calculating of the wind and mass distribution
for specified boundary conditions by inverting an elliptic diffe-
rential équation for g (Hoskins, McIntyre and Robertson 1985).

The special value of potential vorticity in diagnosing atmo-
spheric flows was confirmed by its crucial role in theory of ba-
roclinic instability (Charney, Stern 1962).

3. Method.

buring realization of this program the work of Christopher Da-
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vis and Kerry Emanuel (1991) was followed. The potential vortici-
ty inverter was constructed as follows:

Starting from the potential vorticity eguation in pressure
coordinates

q=_q-vt.7€
and dropping components of the vorticity vector connected with
vertical velocity we obtain
= - v . Qu PF Oy P2 | Pu Do
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where u - x-component and v - y-component of wind velocity, £
— Coriolis parameter.

Following scale analysis we can assess that the divergent part
of wind velocity is roughly an order of magnitude less than its
rotational part. Therefore only the nondivergent part of wind is
retained, which gives
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where v - wind welocity, k - unit vertical vector, Yy - stream

function.

Introducing the Exner vertical coordinate

w(p) = cp Cp/p-)"

where W = R/Cp and using the hydrostatic equation in this
coordinate frame

D€ _ _

T &
where gf — geopotential, we obtain finally the potential

vorticity equation in form:
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The second equation is Charney’s nonlinear balance equation
(Charney 1955)
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The inversion of Ertel’s potential vorticity means solving
these two equations for ¢ and ¢ . It is performed using an
iterative method. In practice the sum and difference of (%) and
(¥ %) equations are solved which gives a 3-dimensional elliptic
Poisson-like equation for # and 2-dimensional elliptic
Poisson equation for Yy

The boundary conditions are Dirighlet condition for on la-
teral boundaries ( /' equals observed geopotential) and Neumann
condition on top and bottom of the domain (2#/&F equals minus
the observed potential temperature). For ¢ there is a Dirichlet
boundary condition based on normal component of observed wind on



lateral boundaries.

The inversion domain and distribution of grid points match
the output of the LAM of the Met Office as used at the Joint
Centre for Mesoscale Meteorology in Reading. Horizontally the
domain consists of 61 (in x-direction) per 38 (in y-direction)
grid points with basic spacing of 108.9 km. Vertically the do-
main consists of 9 constant pressure levels from 900 to 100 mb
with constant spacing of 100 mb.

4. Results.

A, Idealised case.

The routine was used to calculate the wind and potential
temperature distribution induced by an idealized potential
vorticity anomaly.

The geopotential and stream function were calculated in a
domain of 40 by 40 grid points horizontally, 108.9 km apart and
bounded by constant pressure surfaces 900 mb on bottom and 200
mb on top. Constant potential temperatures 12°C on the bottom
and 62°C on the top were applied. The ambient static stability
was presumed constant in the domain. Lateral boundary conditions
for ¢ were calculated using the hydrostatic relation and ¥
was equal 0 on lateral boundaries.

Finally a potential vorticity anomaly with Gaussian shape in
every dimension with characteristic length scale 217.8 km hori-
zontally and 50 mb vertically and maximum 9PVU was inserted in
the middle of the domain.

The inversion was performed for 5, 9 and 17 pressure levels
equally spaced in the Exner coordinate. Maximum wind velocity,
which occursf at the level of. the center of anomaly, is a fun-
ction of the number of levels in the domain and equals: for
5 level inversion 21.0 m/s, for 9 level 17.5 m/s and for 17 le-
vel inversion 17.2 m/s.

The distribution of potential vorticity and results of the
9 level inversion are presented in Fig.l and Fig.2.

The distribution of potential temperature was calculated u-
sing the hydrostatic relation so that for calculating potential
temperature on coordinate surface values of geopotential on both
neighbouring surfaces were used.

B. Real case.

The routine was used also for calculating the balanced ro-
tational wind and potential temperature distribution in real
atmosphere.

For performing the inversion the meteorological situation
from 00z, 8 August 1994 was chosen. At this time a significant
potential vorticity anomaly was penetrated from the stratosphere
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to mid tropospheric altitudes over the Eastern Atlantic inducing
a cold low down to the sea surface.

The distribution of potential vorticity and boundary condi-
tions were taken from the LAM using MDIAG procedures. Boundary
conditions for ¢ were calculated using distribution of potential
temperature and hydrostatic relation.

Potential temperature on the coordinate surfaces was calcu-
lated using potential temperature on coordinate surface immedia-—
tely below and the hydrostatic relation between these two sur-
faces.

Results of the inversion compared with real data are presen-
ted on Fig.3 to Fig.8.

Average differences between real wind and inverted wind vary
from 35% on bottom to 10% in the middle of the model. The maxi-
mum difference equals 10 m/s. The average difference on the top
reaching 75% seems to be caused by a model analysis error.

For the other case, from 06z, 13 January 1993, where wind ve-
locities were greater, especially in lower levels, average dif-
ferences between real and inverted wind vary from 23% on bottom
to 10% in the middle of the domain. The maximum difference
reaches 13 m/s. The average difference on the top equals 32%.

The results could be regarded as satisfactory, taking into
consideration that the real atmospheric flow is not balanced,
especially in the boundary layer region, and the routine does
not take account of the divergent component of wind velocity.

C. Attribution.

The inversion was used also for an attribution problem, in
which routine allows to calculate the part of flow, which is
induced by a particular potential vorticity anomaly.

Unfortunately the problem of attribution is ambiguous, which
results from the nonlinear form of the potential vorticity and
balance equations, difficulties in defining basic state and ano-
malies for the real atmosphere and ambiguity in prescribing bo-
undary conditions for inversion (Davis 1992, Bishop and
Thorpe 1994)}.

Bearing these difficulties in mind it is possible to per-
form the calculation and obtain satisfactorily results using
possibly acceptable basic assumptions.

Here potential vorticity anomalies were defined in terms of
the time averaged basic state. The flow connected with a parti-
cular potential vorticity anomaly was calculated as a differen-
ce between the wind induced by the full distribution of poten-
tial vorticity and a wind obtained by inversion of potential vor-
ticity distribution where this particular anomaly was replaced by
the mean, basic state. The boundary conditions for this second
inversion were left unchanged.

dT?g results of this attribution are presented on Figs. 9
an .



They show very clearly the mutual amplification of the lower
anomaly of potential temperature and upper level potential vor-
ticity anomaly in accordance with the general picture of baro-
clinic instability as a superposition of two mutually amplifying
Rossby waves (Hoskins, McIntyre and Robertson 1985).

5. Conclusion.

The results of diagnosing atmospheric flow and dynamics of
a real cyclogenesis event using Ertel’s form of the potential
vorticity and the nonlinear balance equation are encouraging.
Especially that they proved to be useful for studying genera-
tion of a low of scale smaller than other lows investigated
using similar methods before.

Further studies are possible both in using the method
for diagnosing other real events, perhaps of even smaller
scale (polar lows for instance), and in improving the
method itself (by including the balanced divergent part of
the wind for instance).

Finally I would like to thank The Meteorological Office
for funding my work within the Visiting Scientist Programme
and to thank all the members of JCMM for great help and
support.
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Fig.l.

Fig.2.

Fig.3.

Fig.4.

Fig.5.

Fig.6.

Fig.7.

Fig.8.

Fig.9.

Figure legends.

Potential vorticity distribution for idealised case with
9 PVU anomaly. Vertical cross-section through PV anomaly
maximum (isolines every 1 PVU).

Potental temperature and wind velocity induced by 9 PVU
anomaly of potential vorticity. Vertical cross-section
like in Fig.l. Wind velocity component normal to the
cross—-section every 3 m/s, potential temperature every
9 C.

Potential vorticity distribution at 00z, 8. 08. 1994
in the LAM domain. West-east vertical cross-section
through the maximum of potential vorticity anomaly
(the position of maximum PV anomaly is 43 N, 22 W).

Distribution of wind velocity and potential temperature
from the LAM analisis at 00z, 8. 08. 1994. Verical cross
-section like in Fig.3. Wind velocity component normal
to the cross-section every 5 m/s, potential temperature
every 10 C.

Distribution of wind velocity and potential temperature
from potential vorticity inversion at 00z, 8. 08. 1994.
Definition of cross-section and isclines like in Fig.4.

Potential vorticity distribution at 00z, 8. 08. 1994
in the LAM domain. North-south vertical cross-section
through the maximum of potential vorticity anomaly.

Distribution of wind velocity and potential temperature
from the LAM analisis at 00z, 8. 08. 1994, Verical cross
-section like in Fig.6. Wind velocity component normal
to the cross-section every 5 m/s, potential temperature
every 10 C.

Distribution of wind velocity and potential temperature
from potential vorticity inversion at 00z, 8. 08. 1994.
Definition of cross-section and isolines like in Fig.7.

Potential temperature and wind induced by low-level po-
tential vorticity anomaly on tropopause defined as PV =
2 PVU surface (low level potential vorticity anomaly is
collocated with potential temperature anomaly on 900 mb
surface). Potential temperature every 4 C.

Fig 10. Potential temperature and wind induced by stratospheric

and high-tropospheric potential vorticity anomalies on
900 mb surface. Potential temperature every 2 C.
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