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ABSTRACT

The rapid development (15 hPa deepening in 12 hours) of an intense, shallow and small-scale
( ~300 km) cyclone off the east coast of Australia was studied, in the context of potential
vorticity (PV) thinking. High-resolution spatial and temporal fields generated by a mesoscale
weather prediction model, embedded within ECMWEF data were used. This case was well
simulated, as verified by the few available observations at neighbouring stations, and by satellite
imagery. The PV distribution within this cyclone was computed from the model fields and the
origin of its component parts established using backward trajectories. These indicated that at
low levels the primary mechanism of PV production was the vertical gradient of latent heat
release in a frontal cloud band. Above the level of maximum heating this process reversed sign
with corresponding destruction of PV. As the heating became shallow enough and intense
enough a low level vortex formed with a vertical scale of 2-3 km and a wave-CISK like normal
mode structure. The length scale and growth rate of this mode agreed well with the observed
cyclone, unlike the classical explanation for this type of development (the pure baroclinic
instability mechanism of Charney and Eady) which, even including moisture, still predicts length

scales of over a 1000 km and doubling times of at Jeast a day.

1. Introduction

The Tasman Sea region is a key location for the
genesis of intense winter storms in the southern
hemisphere (SH). This has been demonstrated by
Sinclair (1994) in a recent climatology of SH
cyclones based on 6 years of ECMWF data. The
high frequency of cyclones that form and reach
significant intensity in this area is shown in Fig. 1,
derived from this study.

A generally accepted theoretical explanation
for these storms is baroclinic instability (BI), the
exponential growth of small amplitude distur-
bances on an unstable basic state as described
mathematically by both Charney (1947) and Eady
(1949). These disturbances grow by converting
potential energy of the basic state to kinetic and
potential energy of the perturbation, through
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slantwise convection as explained by Green
(1960). A simple conceptual model, which con-
tains the essential features of the instabilities in
Charney’s and Eady’s mathematical description of
BI, was presented in the article by Hoskins et al.
(1985), hereafter referred to as HMR. They use the
dynamic variable potential vorticity (PV), defined
as the three dimensional scalar product of the
absolute vorticity &, with the gradient of potential
temperature 6, divided by the density p, ie.,

pv=L(, .vo),
p

to present BI as the co-operative interference of
(PV) anomalies at upper and lower boundaries,
where the basic state north to south gradients
of PV have opposite sign. Surface potential tem-
perature gradients at the boundary can be con-
sidered part of the interior PV distribution,
since Bretherton (1966) has demonstrated their
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Fig. 1. Frequency of intense cyclone formation in the southern hemisphere. Units are cyclones per month, with con-
tours every 0.1 units. Light shading indicates greater than 0.5 and dark shading greater than 0.7 per month.

equivalence to thin sheets of PV. If the upper and
lower boundaries are considered to be the ground
and the tropopause, then the resulting picture does
explain some of the features of observed mid-
latitude cyclones.

However, this simple model for BI has several
shortcomings. Firstly, the predicted length scale
and efolding time for the most unstable mode
given by Eady (1949) are 6-7000 km and 2 days
respectively. These are considerably larger than
those generally observed. For instance Holland
et al. (1987) point out some Australian “East coast
lows” have scales of just a few hundred km and
efolding times of a few hours. It includes no
description of moist processes and their feedback
on the model dynamics. Cyclones that develop in
the Tasman Sea frequently produce heavy rain.
For example, note the severe flooding in the

Sydney area, described by Golding and Leslie
(1993), during the preliminary development stage
of the cyclone which is the subject of the current
study.

An obvious improvement is thus to include
moisture in the model description. As suggested in
HMR one effect of a moist environment is to
reduce the effective static stability experienced by
the growing mode. The length scale of the most
unstable mode scales with the Rossby radius of
deformation

NH
f >
where N is the static stability, H the depth scale

(the distance between the upper and lower PV
anomalies) and f the local coriolis parameter, so
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including moist effects will reduce this. Calcula-
tions by Emanuel et al. (1987), assuming ascending
air at all levels is saturated, and conservation
of equivalent potential temperature to determine
the heating rate, indicate more realistic length
scales of 1500 km and efolding times of 1 day are
possible. In order to reduce the length scale further
(assuming rotational effects are important) it
appears necessary to generate PV anomalies at
levels intermediate to the surface and the tropo-
pause, thus reducing H.

As first suggested by Kleinschmidt (Eliassen and
Kleinschmidt, 1957), condensational heating in
the lower portions of frontal cloud masses is
another source of cyclonic PV anomalies. This was
noted in HMR and further emphasised by others,
e.g., Reed etal. (1992) (hereafter referred to as
RSK). Snyder and Lindzen (1991) in an analytical
study of the feedback of organised moist con-
vection on baroclinic waves (wave-CISK) use
idealised (step function) heating profiles for con-
densation in an unbounded baroclinic shear zone.
Mak (1994) also includes the influence of upper
and lower boundaries (the Eady problem for zero
heating). This work indicates that the simple
explanation of BI given in HMR may be extended
to include PV anomalies at intermediate levels
associated with vertical gradients of latent heating.

Secondly, the assumption of simultaneous, expo-
nential growth of small amplitude disturbances
at the surface and upper levels is inconsistent with
the observation of Hill (1980), that the upper level
anomalies are usually of large amplitude before
surface development occurs in the Tasman Sea.
Synoptic and numerical studies of Australian East
coast lows by Holland et al. (1987) and Leslie et al.
(1987) emphasise the roles of an inhomogeneous
lower boundary, surface fluxes of sensible and
latent heat and without giving any detail of its
distribution, diabatic heating from cumulus con-
vection. Although not expressed in PV terms, these
local studies, indicate the polar, stratospheric
vortex is the source of the upper PV anomalies
associated with Tasman Sea cyclogenesis. How-
ever, the origin and distribution of the low level
PV anomalies is not clear. Australia, being a sub-
tropical continent, is not capable of producing
such marked land sea temperature contrasts as
occur off the East coasts of the more polar con-
tinents of the northern hemisphere during winter.
Moisture gradients tend to be as important as

Tellus 47A (1995), 5, 1

781

o
m
>

\
\
!
Q
Jﬂ
>
o
Ve

130K S140E \.ISOE‘/ 16!

NIV T,

Y Y
[\

ANy BN
S oo - 7
PN A

.
’ M
T ¥
< . SN
Lol
S niid o \ Sl

<<

N <7§
Fig. 2. ECMWF analyses of 850 hPa wind vectors
and equivalent potential temperatures at 12 UTC on
1 August 1990. Contour interval 4°K and maximum
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temperature gradients in this region, as can be seen
in Fig. 2.

Although the conceptual model of HMR explains
the essence of BI, a more elaborate model is needed
in order to explain these observations. This model
should include the feedback on cyclone dynamics
of clouds and precipitation through latent heat
release and allow for the initial presence of large
amplitude upper level PV anomalies. One of the
purposes of this study is to build up such a model.

A schematic illustration of the PV and feed-
backs for both the Eady and wave-CISK modes is
contained in Fig. 3. These can be summarised as
follows.

(a) Eady mode. The basic state consists of
a N/S temperature gradient (vertical shear), an
upper boundary N/S PV gradient due to the
slope of the tropopause with latitude and a lower
boundary S/N PV gradient due to surface tem-
perature varying with latitude. The perturbation
PV mode evolves according to advection of the
basic state PV gradient by the induced perturba-
tion horizontal velocities.

(b) Wave-CISK mode. The basic state con-
tains a N/S temperature gradient but, as there
are no upper or lower boundaries, no N/S PV
gradients. Perturbation PV evolves according to
vertical gradients of the induced latent heating.
Since latent heating is proportional to vertical
velocity in saturated air, a cyclonic (anticyclonic)
PV anomaly is induced below (above) the level of
maximum vertical velocity.
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wave-CISK mode

(a) Eady mode (b}
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Fig. 3. Schematic diagrams of the PV and relevant feedbacks for (a) the Eady mode, (b) the wave-CISK mode.
Conventions are for the southern hemisphere with circled — (+) signs indicating cyclonic (anticyclonic) PV
anomalies, and small — and + signs indicating forcing from the anomaly (or vertical velocity) above or below.

© and ® indicate flow out of and into the paper respectively.

The vertical scale of the most unstable Eady
mode 4 is the depth of the troposphere, typically
8 to 12 km, with horizontal scale of order NA/f.
For the wave-CISK mode the vertical scale is
determined by the depth of the convection, so a
range of scales is possible. For shallow convection
the height and length scales could be an order of
magnitude smaller. The growth rate for the wave-
CISK modes is proportional to the heating rate,
and could be considerably greater than for the
pure Eady mode. In the real atmosphere the
heating profiles are continuous and modes of both
these types could interact in three dimensions.
However this idealised picture is useful from a
conceptual point of view, in order to appreciate
similarities and differences between the many
cyclones that develop. Without such conceptual
models we are left with the “unsystematic details of
individual cases” (Davis and Emanuel, 1991) and
will make little progress towards understanding
the key ingredients of the instabilities.

In this paper we present evidence of a wave-
CISK like mode during the development of an
Australian East coast low by numerically simu-
lating the first of four deep storms which developed
in the Tasman Sea region during the month of
August 1990. We calculate the PV distribution
within this rapidly deepening cyclone and with the
aid of backward trajectory analyses ascertain the
origin of the component parts of this PV. In par-
ticular we show that PV production (destruction)

at lower (upper) levels is predominantly due to a
vertical gradient of latent heat release, and that the
idealised modes introduced above can explain the
observed scales and growth rates.

We follow the methodology of RSK who studied
a rapidly deepening marine cyclone off the east
coast of the United States, but in our case use high
resolution fields derived from a successful simula-
tion of the storm using the regional atmospheric
modelling system (RAMS) mesoscale model
nested within gridded analyses from the European
Centre for Medium range Weather Forecasts
(ECMWF). We wish to establish the relative
importance of the contribution of surface potential
temperature anomalies, condensation in clouds,
upper level vortices and their mutual interac-
tion, to the PV evolution. As we have not yet
implemented a method for inverting PV (such as
described by Davis and Emanuel (1991)), this
study will be limited to the calculation of PV and
description of its evolution. Any arguments about
mutual interaction will be restricted to relative
phase and scale.

Some specific questions to be addressed in this
study include:

e is there a region of warm surface thermal
anomaly in the mature low?

o are surface fluxes important for storm

development?

Tellus 47A (1995), 5, 1
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o where and how quickly is PV produced at low
to middle levels by condensation?

o what triggers the transition from the gradual
development to the intensification stage of the low
level anomaly?

o does the large upper level PV anomaly
directly influence the intense deepening stage of
the storm?

« is there significant feedback of the lower level
PV production through condensation on the
upper level PV anomaly?

We will show the importance of moistening the
lowest layers of the atmosphere by running simula-
tions with and without surface fluxes. The impor-
tance of PV, generated by latent heating, on storm
development will be demonstrated by comparing
these simulations with one not including any feed-
back from latent heat release.

A synopsis of the paper is as follows. In Sec-
tion 2, a description of the numerical model and
analysis methods are presented. Section 3 provides
a synoptic overview of the storm and verifica-
tion of the model simulation. Trajectories and
diagnostics indicating evolution of PV features
during the most intense phase of development are
presented in Section 4. Finally the results are
discussed and summarised in Section 5.

2. Method

2.1. Model description

The model used in this study was the latest
version 3a of the RAMS mesoscale model. Com-
prehensive technical details of this model are
contained in Pielke et al. (1992). General charac-
teristics and specific parameter settings are
displayed in Table 1. The horizontal domain con-
sisted of a rectangular grid of 65 by 50 points
40 km apart on a polar stereographic projection
nested inside a similar grid of 65 by 50 points
120 km apart. There were 25 levels in the vertical
terrain-following coordinate system, with the
lowest full level at 50 m, seven levels below 1.5 km
and the top at 20 km. The coarse grid is shown
along with the sea temperatures in Fig. 4, and the
fine grid along with the topography and key place
names in Fig. 5. The non-hydrostatic option with a
time step of 90 s was used. The non-hydrostatic
option was not essential for this simulation, but

Tellus 47A (1995), 5, 1
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Table 1. Model characteristics

ECMWF 2.5°x2.5°
TOGA uninitialised,
14 level analyses

Data

coarse domain 7800 x 6000 km
coarse resolution 120 x 120 km
fine domain 2600 x 2000 km
fine resolution 40 x 40 km

time step 90 s on both grids
orography from global 10’ data
lower boundary 5 level soil model
physics short/longwave radiation
convective parameterisation
liquid water only
using default settings
diffusion horizontal deformation

vertical Mellor-Yamada

many of the boundary condition options were
better supported for this version of the model.
An explicit moisture scheme was used retaining
vapour, liquid and solid phases of water. A Kuo
convective parameterisation scheme was used.
Initial atmospheric conditions were interpolated
from ECMWF 2.5°x2.5° uninitialised TOGA
analyses, available at 14 standard levels, to the
model grid. Sea temperatures were obtained from
NMC operational global analyses. The model runs

Fig. 4. August 1990 Sea Surface Temperatures in the
Tasman Sea on the coarse RAMS grid. Units are °K with
contours every °K.
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Fig. 5. Model orographic heights on the fine RAMS
model grid, with the positions of Williamtown airport
and Lord Howe Island marked. Units are m with con-
tours every 200 m.

were nudged towards ECMWF 12-h analyses at
the lateral and upper boundaries. A form of
initialisation was performed by nudging the
interior RAMS model fields moderately towards
the ECMWF tendencies for the first 12 h of the
integration. Subsequently the internal nudging was
turned off. The simulation was run for a total
period of 27 h, beginning at 00 UTC on 2 August
1990. Most rapid development was between 18
UTC on 2 August and 00 UTC on 3 August with
the surface pressure falling by some 18 hPa over a
15-h period. The results presented here are mainly
for the 12-h period from 12 UTC on 2 August and
focus on the PV distribution at 21 UTC.

2.2. Diagnostic methods

Model output was analysed with the standard
NCAR graphics package that comes with the
RAMS model. PV (our main interest), tem-
perature and height plots at model and isobaric
levels give a comprehensive picture of the atmo-
spheric structure at a given time. To monitor the
PV evolution through the most intense develop-
ment period these are supplemented with trajec-
tory analyses and cross sections using the VIS-5D
program, a MCIDAS derivative. To make use of
this package all derived fields were calculated in
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model space before being interpolated to a regular
40 km horizontal and 500 m vertical grid.

For trajectory calculations in this study the full
40 km spatial resolution of the model was used,
with 30-min time steps linearly interpolated from
history files saved every hour. Some uncertainty in
the accuracy of the trajectories is to be expected,
especially through regions with strong gradients
and vertical motion. However forward and back-
ward trajectories along the same path showed
good continuity providing confidence in the
main conclusions of this study. Many trajectories
were calculated of which only a small subset are
presented here.

3. Synoptic overview

About 15% of cyclones developing in the
shaded Tasman Sea region of Fig. 1 belong to the
class of “East coast lows” according to Holland
et al. (1987). They are most common in late winter
and early spring. A typical development scenario is
for a mid-tropospheric cold pool to become “cut
off” over eastern Australia. Subsequently a trough
(locally known as an “easterly dip”) forms in
the underlying easterly flow, intensifying as it
propagates down the coast. These systems usually
bring heavy rain and flooding to the east coast of
Australia and occasionally develop very intense
low level vortices with winds of hurricane force.
Just such an event occurred during the first few
days of August 1990 and is the subject of this
study.

The broad scale development with time of the
low level PV anomalies for this storm can be seen
in the series of ECMWF analyses of PV and
potential temperature at 850 hPa shown in Fig. 6.
However, the fine scale details of the formation
of the intense low level vortex are only captured
by the RAMS model mesoscale forecasts. Both
sources of information have been used to outline
the storm development in the discussion which
follows. This development can be divided into 3
distinct phases. Firstly, a near stationary mid to
upper tropospheric cold pool (PV anomaly)
formed over eastern Australia, shown at 400 hPa
in Fig. 7. (Throughout the diagrams in this study,
contouring of PV is in terms of PV units (PVUs)
corresponding to 107 °m?s~! K kg~' following
HMR and remember that cyclonic PV is negative

Tellus 47A (1995), 5, 1
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in the SH.) Below this, within the strengthening
low level easterly flow over eastern Australia, an
east coast low with weak circulation (marked “a”
in Fig. 6) developed during the period 30 July
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Fig. 7. ECMWF analyses of PV (solid) and 6 (dashed)
fields at 400 hPa at 00 UTC 2 August 1990. PV contours
are every 1 PVU and 6 contours every 5°K.
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to 1 August 1990. It became slow moving and
produced heavy precipitation over the Sydney area
as described more fully by Golding and Leslie
(1993). For this system the central pressure never
dropped below 1007 hPa but a cold front formed
to the north and east, as shown in Fig. 2. Subse-
quently, from 00 UTC on 2 August a second
low-level vorticity anomaly (marked “b” in Fig. 6)
developed on this front, eventually replacing the
first low and deepening by 15 hPa to 988 hPa at
02 UTC on 3 August. A satellite picture valid at
this time is shown in Fig. 8 indicating the rather
shallow and small scale nature of this system as
it makes landfall on the Australian coast near
Williamtown. Further evidence of the shallow but
intense nature of this development is presented in
the tephigram for Williamtown valid at 23 UTC
on 2 August 1990 shown in Fig. 9. Note the
850 hPa winds of over 70 kts, the saturated lowest
2 km, the mixed layer between 2 and 6 km, and the
dry air above 6 km are in good agreement with
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Fig. 8. Infrared geostationary satellite picture valid at 02 UTC 3 August 1990. The centre of the low level storm can

be seen at (33.5°8, 152°E).

values from model trajectories to be shown later.
A third low level vorticity anomaly at 32°S, 161°E
(marked “c” in Fig. 6) became apparent at 00 UTC
on 3 August. As this deepened the second low filled
and nine hours later a ship reported an 80 kt
northeasterly at 40°S, 159°E.

Studies of this type in the SH usually suffer from
a shortage of standard observational data. The
nearly static nature of the fields at upper levels
over the (relatively) data rich Australian area
during the preceding few days was a significant
advantage of this case. An accurate picture of the
PV fields over the Australian continent, where the
upper level anomaly is located, were able to be
built up over several days of analysis cycles.

Surface observations however were restricted to
the Australian continent and a few nearby island
stations. Thus we relied heavily on the ECMWF
model to get the temperature and moisture (and
hence PV) fields correct to the east of Australia
where low level development occurred. The only
indication that the models did get this flow correct
was to compare their output with observations at
these island and coastal stations.

The observed and modelled surface pressures at
Williamtown aerodrome and Lord Howe Island
(marked by + signs in Fig. 5) are shown in Fig. 10
over this period. The model simulated the observed
mean sea level pressure trace at Williamtown
aerodrome well. At Lord Howe island agreement

Tellus 47A (1995), 5, 1
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Fig. 9. Tephigram for Williamtown airport, valid at 23
UTC 2 August 1990.

was not so good, mainly because the model tended
to over deepen the whole system to the East of
Australia by 3-4 hPa, particularly during the third
phase. However, the feature of main interest, the
shallow, second stage low level development was
well simulated.

Mean Sea Level Pressure time series

5 0 24 48 72
< T T T 4
& 1020 observations
o 1010 F
& 1000 F
_—g 990 £
z 90°F
o 1020 F
3 1010 F ™ observations
° 1000 £
5 990 |

980 . + L

0 24 48 72

Elopsed time (hours) after 00 UTC on 31 July 1990

Fig. 10. Observed (solid) and model (dotted) MSLP
time series in hours after 00 UTC 31 July 1990 at
Williamtown aerodrome and Lord Howe island, marked
in Fig. 5.
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4. PV evolution

As shown in Section 3, the model simulation
produced an accurate simulation of the storm
during its second stage giving us confidence in its
suitability for examining the PV evolution. We
focus primarily on the PV distribution at 21 UTC,
2 August in the vicinity of the low level devel-
opment using individual backward trajectories to
indicate the origin of PV features. Model generated
PV fields are presented in cross sections and con-
stant height surfaces. Traditionally PV has been
presented on isentropic surfaces, but we can
calculate it just as accurately on model surfaces
(without the need for extra interpolation). Also the
advantage of being able to advect PV along isen-
tropic surfaces is negligible in this case for as we
will show diabatic effects dominated.

As in RSK we will qualitatively refer to isolated
PV features as anomalies, although strictly speak-
ing a PV anomaly refers (as pointed out in HMR)
to the PV deviation from a reference value on the
particular isentropic surface in question. We are
confident the features referred to as anomalies
would stand up to a more rigorous definition.

4.1. Surface temperature anomaly

In this Subsection we consider surface trajec-
tories between 00 and 21 UTC on 2 August which
finish around the pressure and PV centres. These
are shown in Fig. 11, superimposed on top of the
surface temperature anomaly at the latter time,
with P and L indicating the potential vorticity and
pressure centres respectively. Following RSK this
anomaly represents the departure from the time
mean over the period 00 UTC 2 August to 06 UTC
3 August. Light (medium) shading corresponds to
positive (negative) temperature anomalies. A small
positive anomaly, with maximum just over 1.5°C is
located just south and east of the developing low
level PV centre. Table 2 shows the variables height
(h), relative humidity (RH), potential temperature
(8), pseudo wetbulb potential temperature (6.),
PV and pressure (p) along the respective trajec-
tories. The model sea surface 8 is approximately
290°K at the centre of the surface low at 21 UTC.

Trajectories generally remained close to the
surface and changes in the values can be attributed
to surface fluxes, except between 00 and 12 UTC
when nudging towards ECMWF tendencies took
place. From a Lagrangian viewpoint the diabatic
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Fig. 11. RAMS model derived surface trajectories between 00 and 21 UTC on 2 August 1990. P and L correspond
to the PV and pressure centres respectively. Trajectories start at the corresponding number given in Table 2, with
crosses indicating intermediate times. Light (medium) shading corresponds to positive (negative) surface potential
temperature anomalies. Units are °K with positive (negative) contours every 0.5 (2.5)°K. White shading corresponds

to orographic heights greater than 200 m.

contribution can be obtained by taking the dif-
ference between the initial and final values along a
trajectory. For trajectory 1 which originated in the
warm moist air to the northeast, air-sea interac-
tion diminished the magnitude of both 8 and 6,
over a shallow layer. For trajectories 2 and 3
originating in cooler air, air-sea interaction has an
enhancing effect of 1-2°C. Trajectories 4 and 5
eventually descend from over the land ahead of the
advancing low, with both 6 and @, rising by 4°C in
the process. This indicates a significant surface flux
of latent heat over 3 h.

In order to get an appreciation of the distribu-

tion of surface fluxes relative to the developing
storm, surface sensible and latent heat fluxes are
shown in Fig. 12 as calulated by the RAMS model
at 21 UTC on 2 August. As expected these are
roughly proportional to the wind speed. In the
strong northeasterly flow to the east of the cold
front (east of 160°E and north of 35°S) sensible
heat flux is negative (warm air over colder ocean)
but latent heat flux is quite strongly positive (over
150 W m?). The other region of interest is in the
strong offshore flow ahead of the advancing storm,
just off the east coast of Australia, where cold dry
air is being advected rapidly over a relatively warm

Tellus 47A (1995), 5, 1
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Table 2. Values of h, RH, 8, 8,, PV and p along the
surface trajectories in Fig. 11 (units are km, % , °K,
°C, PVU and hPa, respectively)

No. Time & RH 6 [ PV P
1 002 008 810 291.8 170 —0.04 1011.0
12/2 008 961 291.1 175 —027 991.1
18/2 0.08 898 2906 167 —029 9821
212 008 90.8 2900 163 —0.19 9808
2 002 008 89.6 289.6 157 —0.16 1009.1
12/2 008 99.1 2883 143 —0.14 1005.1
18/2 008 945 2900 157 —038 9835
212 008 947 291.1 164 —0.39 9784
3 00/2 0.08 883 2873 135 —023 1008.6
12/2 008 855 2877 135 —0.13 10029
18/2 008 953 2881 140 —0.13 990.8
21/2 008 953 2892 146 —039 980.2
4 002 017 662 2900 127 —-025 9898
12/2 039 916 2871 117 —-025 9625
18/2 0.17 985 2842 104 —-0.10 9715
212 008 959 2874 131 057 9790
S 002 077 778 2882 99 —0.62 9168
12/2 064 943 2849 89 038 9340
18/2 034 912 2818 74 —046 954.7
212 0.08 907 2864 11.7 —0.19 9824

789

ocean. Here values of 400 W m? for sensible heat
flux and 550 W m? for latent heat flux can be seen
near the coast.

The impact of these surface fluxes on storm
depth is shown in Table 3. Removing all surface

Table 3. Central pressure (hPa) and low position
(lat S, lon E) of (a) analyses and model runs with
() full physics, (¢) no surface fluxes and (d) no
latent heating

Experiment Time Position Central pressure
(a) 12/2  (—30.0, 158.0) 1004.0
18/2 (=340, 153.5) 995.6
00/3  (—33.5,1525) 989.3
(b) 122 (—315,1574) 1003.0
18/2 (—34.3,1535) 993.2
00/3  (—33.7,1524) 990.1
(c) 122 (=315, 157.4) 1003.0
18/2 (—34.5,1535) 993.9
00/3  (—340,1525) 991.1
(d) 122 (—31.5,1574) 1003.0
18/2  (—33.0, 155.0) 998.0
00/3  (—345,154.0) 996.3

Fig. 12. RAMS model derived surface fluxes in W m~2 at 21 UTC on 2 August 1990, of (a) sensible and (b) latent
heat. Contours in (a) every 40 W m 2 and in (b) every 50 W m ~2 Wind vectors at the lowest model level of 25 m

are also shown. A vector equal to the grid spacing corresponds to 25m s

Tellus 47A (1995), 5, 1
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fluxes has about a 10 % influence on the minimum
storm pressure, and slightly inhibits the approach
of the storm towards the coast. Thus the surface
fluxes seem to play a relatively minor role in the
direct development of this storm, however they
appear to be important for preconditioning the
low level air to be warm and moist enough for the
wavelike instability, detailed in the next section,
to occur. Given its small magnitude the surface
thermal anomaly appears relatively unimportant,
and a consequence of rather than a driving force
for this development.

4.2. Cloud PV

In order to determine the source of the low
level cyclonic PV maximum, in this section we

M. J. REVELL AND R. N. RIDLEY

consider trajectories between 00 and 21 UTC on
2 August, which finish 1, 2, 3 and 4 km above the
point marked by a “P” in Fig. 11. A region of
anomalously cyclonic PV at 1 km, in the shape of
a comet with a head just northwest of the surface
low and a trailing tail along the warm side of the
associated cold front, is shown in Fig. 13 at 21
UTC 2 August. The minimum PV in the head is
about —3 PVU, which is considerably lower than
typical tropospheric values which are usually
above —1.5 PVU (HMR). The position of the
cloud at this level can be estimated from the
shading, with medium indicating relative humidity
less than 80 %, light between 80% and 90% and
white greater than 90%. The origin of this
saturated air with anomalously cyclonic PV is

[ s 150°E

155°E

160°F

B

o — d— —

Fig. 13. RAMS model 21-h forecast verifying at 21 UTC 2 August 1990. PV field at 1 km, contours every 0.5 PVU,
with relative humidity, medium shading less than 80%, light shading between 80% and 90% and white greater

than 90 %.
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40°S

Fig. 14. Mid-upper level trajectories derived from the
RAMS model between 00 and 21 UTC on 2 August 1990.
Trajectories start at the corresponding number given in
Tables 4 and 5, with crosses indicating 12 and 18 UTC
times. Trajectories 1, 2, 3 and 4 finish 1, 2, 3 and 4 km
respectively above the centre of the low level PV anomaly
marked P.

shown by trajectories 1, 2, 3 and 4 in Fig. 14, with
corresponding values of height, relative humidity,
potential temperature, pseudo wet bulb potential
temperature, potential vorticity and vertical velo-
city in Table 4. .

The air is originating in the boundary layer on
the warm side of the cold front. The variables
in Table 4 corresponding to trajectory 1 indicate
rapid ascent only in the last 2 h during which the
parcel rose by 1 km. It was not until the onset of
condensational heating, associated with the rapid
rise of saturated air, that the parcel acquired a
large negative PV value. The generation of PV by
vertical gradients of latent heating can be under-
stood from the equation (HMR) for the time rate
of change of PV due to change in 8:

dP 1 .
I=;(éa’vg)'

PV is generated by differential heating in the direc-
tion of the absolute vorticity vector £,. For the
scales of motion considered here the vertical com-
ponents of £, and V4, ie., &, 86/0z, will dominate

Tellus 47A (1995), 5, 1
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Table 4. Values of h, RH, 0, 6,, PV and w along the
low level trajectories in Fig. 14 (units are km, %,
°K, °C, PVU and m s, respectively)

No. Time A RH 7 0. PV w
1 002 025 863 2900 149 -034 +0.00
06/2 023 856 2885 136 —0.23 +0.00
12/2 017 840 288.6 135 —0.14 +0.00
15/2 013 875 2887 140 —020 +0.00
18/2 013 944 2890 148 —037 +0.00
19/2 013 96.0 2895 153 —044 +0.01
20/2 047 995 2908 151 —212 +0.16
21/2 100 998 2929 151 -—288 +0.19
2 00/2 026 873 2905 155 —0.17 +0.00
06/2 026 898 2895 148 —022 +0.00
12/2 026 884 2892 141 —020 +0.00
152 017 934 2895 150 —029 +0.00
18/2 073 998 2925 158 —198 +0.17
19/2 133 999 2952 159 —243 +0.29
20/2 184 993 2974 155 —192 +0.18
21/2 200 987 2980 151 —154 +0.09
3 00/2 023 917 2902 159 —0.14 +0.00
06/2 026 883 2902 152 —0.17 +0.00
12/2 034 909 2892 139 -025 +001
152 111 993 2919 137 -—121 +0.13
18/2 282 985 3003 146 —1.05 +0.20
19/2 295 978 3012 148 —101 +0.17
20/2 295 964 3016 149 —1.09 +0.10
21/2 300 885 3020 144 —1.17 +0.02
4 002 205 964 299.1 161 —045 +0.01
06/2 244 871 2984 135 -—-036 —0.01
12/2 273 989 3010 150 —098 +0.08
15/2 363 942 3036 144 —127 —0.04
18/2 384 956 3039 139 —0.79 +0.07
19/2 393 957 3043 139 —0.72 +0.08
20/2 402 944 3050 140 —0.72 +0.10
21/2 400 827 3053 136 —0.85 —0.01

the PV production. It is evident from this equation
that above the level of maximum heating the verti-
cal heating gradient reverses sign and so does the
PV generation. If we assume the latent heating is
proportional to the vertical velocity in saturated
air then parcels gain cyclonic (anticyclonic) PV
below (above) the level of maximum vertical
velocity. In keeping with this result continuation of
trajectory 1 to 03 UTC 3 August (not shown)
indicated that this air continued to rise to about
3 km, with PV returning to typical tropospheric
values. Strictly we should include friction in
the PV production equation, but like RSK we do
not yet have model derived PV diagnostics. An
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Fig. 15. Cross section along the line AB in Fig. 13, of PV, # and wind vectors in the plane of the section from a 21-h
RAMS model forecast verifying at 21 UTC 2 August 1990. PV contours are every 0.5 PVU with shading between —1.5
and —2.0 PVU. 6 contours are every 5°K and the horizontal (vertical) vector below the section corresponds to 65

(0.3)ms~".

approximate calculation of model PV generation
based on vertical velocities and saturated specific
humidities in the region of interest indicates values
as high as 2 PVU/h are achieved. RSK for their
storm indicate that friction effects are smaller but
we cannot be sure of that here.

The basic ingredients of a normal mode as
suggested in Snyder and Lindzen (1991) can be
seen in a cross section along the path of the storm
in Fig. 15 looking from south to north. There is a
basic state N/S temperature gradient with warmer
air to the south, implying (through thermal wind
balance) an increasing easterly wind with height.
The PV of the perturbation slopes slightly east-
ward with height, enabling it to draw energy from
this basic state. The perturbation propagates
westward implying a steering level and maximum
vertical velocity at about 1.5 km. Below this level
the upward vertical motion is in phase with but
just to the west of the cyclonic low level PV pertur-
bation, amplifying the mode and resisting the
tendency for the mean flow to shear it to the east.
Above this level the vertical motion slopes signi-
ficantly westward with height to be in phase with
but just east of the anticyclonic component of the

PV perturbation, again amplifying the mode but
this time resisting the tendency for the mean flow
to shear it to the west. All the ingredients of an
unstable mode (as described in HMR) are present
but with the source of the perturbation PV the
vertical gradient of the latent heating rather than
the N/S PV gradient of the basic state. A schematic
diagram illustrating these features was given in
Fig. 3b.

Trajectories 2 and 3, ending at 2 and 3 km
respectively above the PV anomaly at 21 UTC, -
illustrate how PV propagates along the front like a
wave. Cyclonic PV is continually being created
below the steering level in saturated air ascending
ahead of the Low and anticyclonic PV is being
created above the steering level just behind the
High. This amplifies the existing perturbation and
prevents it being torn apart by the basic shear. PV
is not conserved along any of these trajectories
clearly showing the importance of diabatic pro-
cesses. This is further supported by comparing
model runs with and without the effects of latent
heating. Compared to the 13 hPa deepening in
12-h for the full physics run, turning off the latent
heating slows down the propagation of the second

Tellus 47A (1995), 5, 1
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phase of the development and the surface pressure
drops by just 6 hPa as shown in Table 3.

Trajectory 4, ending at 4 km above the PV
anomaly at 21 UTC marks a separation between
the PV being produced diabatically below and that
advected from stratospheric sources above. Along
this trajectory the PV changes relatively little.

4.3. Upper level PV

The origin of the unsaturated air with anoma-
lously cyclonic PV at upper levels (above 6 km)
is shown by trajectories 6 and 7 in Fig. 14, with
corresponding values of height, relative humidity,
potential temperature, pseudo wet bulb potential
temperature, potential vorticity and vertical
velocity in Table 5. Clearly the air is recirculating
inside the isolated PV vortex, with near horizontal
trajectories, and very good conservation of all
quantities. Note again the change in PV (and in
several of the other fields) over the 1st 12h is
due to nudging the model tendencies towards the

Table 5. Values of h, RH, 0, 0., PV and w along the
mid-upper level trajectories in Fig. 14 (units are km,
%, °K, °C, PVU and m s, respectively)

No. Time A RH 0 A PV w
5 00/2 023 926 2939 196 —0.04 +0.00
06/2 073 941 2943 172 —0.66 +0.02
12/2 222 999 2987 153 —125 +0.14
15/2 406 980 3067 153 —110 +0.21
18/2 572 922 3123 152 —0.72 +0.08
19/2 594 885 3130 152 —080 +0.04
20/2 6.02 863 3132 151 —0.74 +0.01
21/2 600 860 3132 151 —082 —0.01
6 00/2 636 328 3097 124 —151 +0.00
06/2 658 251 3116 128 —262 —0.00
12/2 645 252 3141 138 —359 —-0.00
15/2 606 230 3122 132 -—327 —0.02
18/2 6.02 250 3122 132 -339 —0.00
19/2 6.02 255 3123 132 349 +0.00
20/2 6.02 253 3125 133 -—-3.53 —0.00
2172 602 257 3122 132 357 +0.00
7 002 713 111 3138 129 -—544 +0.00
06/2 739 7.3 3185 144 548 4001
12/2 837 120 3323 189 —-7.78 +0.08
152 833 131 3314 187 -7.89 —001
182 811 148 3295 183 —759 —0.02
19/2 811 140 3300 184 —742 —-0.02
20/2 807 150 3296 183 —723 —0.01
212 807 153 3297 183 -—-718 —001
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Fig. 16. RAMS model 21-h forecast of the PV field at
6 km, verifying at 21 UTC 2 August 1990. Contours
every 0.5 PVU, with X and Y marking the termination
points of trajectories 5 and 6 respectively.

ECMWF values. As stated before this was used as
a form of initialisation. Once the nudging is turned
off the conservation is very good.

Trajectory 5 shows air parcels originating
in the boundary layer, increasing their potential
temperature by absorbing latent heat as they
rise through the atmosphere to about 6 km. PV
increases below the level of maximum vertical
velocity ( ~4 km) and decreases above since the air
remains near saturated throughout most of this
trajectory. Latent heating is thus a mechanism for
getting air of less than 1 PVU from isentropic level
293 to 313, a gain of some 20°K. Fig. 16 indicates
that the erosion of the PV in the upper level vortex
at the 6 km level is due to this process, since trajec-
tory 5 (marked X) terminates in the middle of this
region. This effectively alters the location of the
upper PV anomaly and may facilitate the inter-
action with the low level PV anomaly during the
third phase of the storm.

5. Discussion
In this paper, using a “PV thinking” perspective,

we have studied the evolution of an intense meso-
cyclone that developed near the East coast of
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Australia on 2 August, 1990. Development can be
divided into three stages:

Firstly an upper level PV anomaly of strato-
spheric origin became cut off over eastern
Australia. Over a period of several days the low
level flow induced by the intense upper level PV
anomaly produced a low level cold front. Although
the potential temperature contrast across the front
was only 5° or so the equivalent potential tem-
perature contrast was some 30°. The area to the
north east of Australia was clearly a significant
source of moisture, while at this time of the year
the Australian continent was a source of relatively
cold dry air. Initially the vertical scale of this
circulation is the depth of the troposphere (some
8-10 km) and the vertical velocity varies gradually
from zero at the surface to a maximum at 4 km and
back to near zero at the tropopause, like that of the
Eady mode. The actual parcel trajectories form a
slanting conveyor belt, like trajectory 5 in Sec-
tion 4. Production of negative (positive) PV below
(above) the level of maximum vertical velocity
is initially weak because of the rapid fall off of
relative humidity with height. This region is
weakly unstable to small perturbations which
develop over a day or so and propagate along the
front.

Secondly, as the relative humidities increase due
to the long upstream trajectories over warm water,
upward motion in the associated frontal cloud
band leads to more intense latent heating and
PV production. The feedback of this PV on the
induced vertical motion appears to be to intensify
it and confine it to a gradually shallower layer.
Eventually the latent heating reaches some thresh-
old, the induced PV anomalies acquire small
enough ( ~2 km) vertical separation and the right
phase relative to the vertical motion to be self
sustaining and propagating in the sense suggested
by Snyder and Lindzen (1991) and indicated in
Fig. 3. The cross section presented in Fig. 15 sup-
ports such a structure for the shallow vortex stage
of the 2 August storm simulated here. Energy for
growth comes partly from the conversion of basic
state potential energy (PE) to perturbation PE
and kinetic energy by slantwise convection (baro-
clinic instability) and partly from latent heating
(wave CISK). The horizontal scale of 300-400 km
is appropriate for the most unstable mode with
a vertical scale of order 2-3 km, following the
scaling arguments presented in the introduction.
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Thirdly, the low level vortex makes landfall
losing its source of moisture and begins to lose
intensity. At about the same time the original
upper PV anomaly appears to become favourably
located relative to another latent heating driven
low level PV anomaly. This interaction produces a
development with vertical scale of ~6 km and
horizontal scale of ~ 1200 km.

In answer to the specific questions raised at the
start of this study, we found the following:

« No clear role of surface temperature gradients
(surrogate PV), in the development of the storm.
The surface temperature anomaly never amounted
to more than 2°K. Because of this we prefer the
wave-CISK mode explanation of the instability
presented in Snyder and Lindzen (1991), rather
than that of Mak (1994) which suggests the
instability is due to interaction between the sur-
rogate PV anomaly at the surface and the PV
anomaly at the bottom of the latent heating region.
An inversion of the surface PV anomaly is needed
to clarify this further.

» Surface fluxes of heat and moisture appeared
to play a minor role in the direct development of
the storm, affecting the propagation speed and
intensity of the second stage low level development
by 10%. This was shown by a model run with all
surface fluxes turned off. However moisture fluxes
are quite large along the warm side of the cold
front and may be important for preconditioning
the low level environment.

¢ Crucial dependence of storm development on
latent heating, with production (destruction) of
PV below (above) the maximum heating level
reaching peak values of 2 PVU per hour. Turning
off latent heating, reduced storm deepening from
13hPato 6 hPain 12 h.

« At the time of intensification of the shallow
mode during the second stage of the storm
development, heating rates of up to 400 K per day
in the model diagnostics. Perhaps there is some
heating rate threshold above which these shallow
modes can exist independently of, or in spite of, the
upper level PV anomaly.

» The upper level anomaly set up the initial low
level thermal and vertical motion fields, which
extended over the depth of the troposphere with
maximum amplitude (and hence heating) at about
4km. During the second stage this maximum
heating was at about 1.5 km and the upper level
PV anomaly did not appear to play a direct role in
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the development. An important question seems to
be what causes this change in the level of maxi-
mum heating (or effectively vertical velocity). We
suggest the deeper circulation of the first stage is
the balanced response to the upper PV anomaly
(the so called “vacuum cleaner” of HMR ), whereas
the more confined circulation of stage two is
attributable to the latent heating itself. In order to
quantify these interactions we really need to invert
the PV, or solve an omega equation.

» We have produced evidence that the shallow
second stage development is an example of the
wave-CISK mode of Snyder and Lindzen (1991),
with the feedbacks shown in Fig. 3. However it is
also clear from trajectory 5 of Fig. 14 that latent
heating is an important mechanism for destroying
PV at upper levels. This appears to be a far more
effective way of modifying PV anomalies  (time
scale of several hours) than advection of strato-
spheric air (time scale of several days). This must
have implications for processes like downstream
development, and production of anticyclonic PV
at upper levels in “Blocking” highs.

The storm development presented here is not
typical of all Tasman Sea cyclones, although it has
many common features. This one is characterised
by a slow moving, isolated upper PV anomaly, and
was chosen in order to limit the effects of lack of
detailed initial data in this region. Many storms
develop under an upper level PV anomaly with
rapid eastward movement. It is our impression
that PV anomalies due to surface temperature
gradients do not generally play an important
role in Tasman Sea developments, whereas PV
anomalies due to latent heating do, although not
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usually (15%) to produce the shallow wave-CISK
mode of this study.

We plan to look at several further cases of
cyclones developing in the Tasman Sea, quanti-
fying the roles of different components of the PV.
We will supplement the trajectory calculations in
this study by using a method of PV inversion like
the one described in Davis and Emanuel (1991)
and solving an omega equation, including the
effects of latent heating, for the vertical velocity.
Because of the important role of latent heating in
this storm development we expect some sensitivity
to the initial moisture fields. In future work we will
consider the impact of supplementing the initial
fields with locally derived satellite moisture data.
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