Tellus (1990), 424, 78-91

Model simulations of an intense meso-f} scale cyclone

The role of condensation parameterization

‘By JON EGILL KRISTJANSSON, Section of Meteorology, University of Bergen, Allégaten 70,

N-5007 Bergen, Norway

(Manuscript received 7 November 1988; in final form 6 June 1989)

ABSTRACT

On 23 July 1985, an unusual mesoscale storm struck the Baltic Sea coast of Sweden. Locally,
more than 50 mm of precipitation fell in 12 h and mean winds exceeding 25 m s~ were
recorded. The failure of operational models to predict this storm, as well as the damage it
caused (2 people were killed), raised important questions. What physical process caused this
rare event? Could it be predicted with existing data, and if so, how? Diagnostic studies reveal
the following features. The development took place in a very humid air mass, which possessed
weak conditional stability. The synoptic-scale environment provided large relative vorticity,
which helped to spin up the mesoscale vortex. Calculations show significant adiabatic forcing
initially, but then latent heat release takes over as the main driving mechanism. Numerical
simulations of this storm show that it can be successfully simulated with a regional model,
provided that condensation and latent heat release are treated in a consistent manner. This is
demonstrated, e.g., by comparing latent heating distributions in 2 different condensation
schemes. The simulations, furthermore, demonstrate the crucial role of good humidity data for

this type of simulations.

1. Introduction

In recent years, a steady progress has taken
place in regional scale modelling, see, e.g.,
Anthes (1989). As a result of this progress, a
growing number of studies have utilized these so-
called limited area models (LAMs) to successfully
simulate the structure and development of explos-
ive cyclone developments, e.g., Anthes et al.
(1983), Kuo and Reed (1988), Gyakum and
Barker (1988). Improvements in the parameter-
ization of physical processes and in model
resolution have also made it increasingly feasible
to simulate mesoscale weather systems. These
include polar lows, e.g., Sardie and Warner
(1985), Gronds et al. (1987) as well as coastal
cyclogenesis, e.g., Leslie et al. (1987) and conti-
nental convective complexes, e.g., Zhang and
Fritsch (1986).

Latent heating often plays a paramount role as
an energy source in mesoscale weather systems,
although its importance compared to other

forcing mechanisms may vary. For instance, in
the case of polar lows, it has been argued that
some of these systems are mainly driven by latent
heating, cf. e.g., Qkland (1987), Emanuel and
Rotunno (1989), while other cases and other
authors point more in the direction of baroclinic
forcing, e.g., Reed and Duncan (1987).

In this study, we shall present several LAM
simulations of a rare mesoscale event that took
place in the Baltic Sea in July 1985. Through
these simulations we shall seek to answer the
following questions. What role does the latent
heating play for this mesocyclone? How import-
ant are details in the physical parameterizations
for the quality of the simulation? How sensitive
are the simulations to variations in initial data
and surface parameters?

An important difference from other model
studies of small-scale cyclones is that the empha-
sis here will be on the significance of consistency
in the treatment of condensation processes. In
particular, comparisons will be made between the
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consistent cloud parameterization scheme of
Sundqvist (1988), and a more simple, diagnostic
scheme. The first of these has already been used
successfully in the simulation of the life cycle and
structure of an intense synoptic scale cyclone in
Sundqvist et al. (1989). In the case studied here, it
is shown that the introduction of this scheme
gives a far more realistic horizontal and vertical
distribution of latent heat release, clouds and
precipitation than the diagnostic scheme. This, in
turn leads to major improvements in the
simulation of pressure patterns and winds. It
should be kept in mind that many of the above
mentioned model studies have cloud parameter-
ization approaches similar to the diagnostic
scheme that is used as a reference in this study.

2. Model and data treatment

For the simulations and some of the diagnos-
tics in this study we have modified the LAM of
the Norwegian Meteorological Institute, de-
scribed in Gronis et al. (1987). (In the sequel the
modified version will be referred to as UBVERS,
while the unmodified version will be termed
MIVERS.) This model has a horizontal grid
distance of approximately 50 km and the number
of grid points is 61 x 49. In the vertical direction
there are 10 o-levels, with the highest level fixed
at 200 hPa.

The modifications of the model consist of a
more sophisticated treatment of condensation
and clouds, in accordance with Sundqvist (1988),
and a modified parameterization of vertical dif-
fusion. These modifications are described in
detail in Sundqvist et al. (1989). The most impor-
tant improvement is that humidity, condensation,
latent heat release and cloud formation and dissi-
pation are now treated in a consistent way. This
is accomplished by combining the continuity
equations for humidity and cloud water, which is
a prognostic variable, and the temperature tend-
ency equation, in such a way that they form a
closed set of equations.

In the case of stratiform clouds, cloud forma-
tion is assumed to begin as soon as the grid box
relative humidity exceeds U,, where U, is a
function of cloudiness and surface type, but lies
in the range 0.75-1.0. This means that stratiform
condensation is treated as a sub-grid scale process
in UBVERS. In MIVERS, on the other hand, a
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simple diagnostic scheme is used for compu-
tations of stratiform condensation and precipi-
tation, see Nordeng (1986). The MIVERS
scheme is identical to the one described by
Manabe et al. (1965) and Haltiner and Williams
(1980, pp. 313-314), except for the inclusion of
cloud water as a diagnostic quantity, which
determines the rate of precipitation.

For convective condensation, UBVERS uses a
Kuo (1965, 1974) scheme, modified to include
cloud water as a prognostic variable, cf.
Sundqvist (1988). MIVERS, on the other hand,
uses a Kuo-type scheme with a different formu-
lation. For instance, in UBVERS, convection is
only allowed if a surface parcel of air is unstable
after being lifted to saturation (LCL). In
MIVERS, on the other hand, convection can be
initiated at any level in the air column, provided
there is instability at that level and a convergence
of moisture, C,,>0. A further, important,
difference between the schemes of the two ver-
sions is that the contribution from surface fluxes
to the term C,, is neglected in the MIVERS. This
may possibly be an important deficiency. Finally,
MIVERS does not apply the Kuo scheme when
the column above LCL 1is supersaturated.
Instead, a convective adjustment scheme, similar
to the one designed by Manabe et al. (1965) is
applied in these points.

The vertical eddy diffusion schemes in
UBVERS and MIVERS are similar to the
ECMWF scheme, described by Tiedtke et al.
(1979). In UBVERS, the turbulent transport is
enhanced in clouds. For more details, see
Sundqvist et al. (1989). It should be mentioned
that neither model version includes horizontal
diffusion.

Data sets for the model are processed in the
assimilation scheme at the Norwegian Meteoro-
logical Institute, described in Grends and Midtbe
(1987). Boundary values are incorporated every
6 h. In the present case, analyses have been used
at the boundaries. Since cloud water is not in-
cluded in the assimilation and analysis scheme,
all the runs in this study start out with zero cloud
water in all points. Also boundary values have
zero cloud water. For this reason, some spin-up
time has to be expected. In Sundqvist et al.
(1989), the spin-up time was estimated to be of
the order 7-8 h, while an analogous estimate here
yields approximately 6 h.
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Fig. 1. Subjectively analyzed 300 hPa geopotential heights (solid, 100 m intervals) and temperature (dotted, 2°C

intervals) at 00 GMT 23 July 1985.

3. Diagnosis of the synoptic development

3.1. Synoptic background

On 22-23 July 1985, the weather situation over
Northern Europe was characterized by a deep
upper low just east of Iceland, and an associated
upper trough extending south-eastwards towards
the Baltic Sea (Fig. 1). In connection with this
trough, the upper air temperatures were well

Fig. 2. Objective analysis of sea-level pressure (solid,
every 5hPa) and relative vorticity at o, (~840 hPa;
dashed, units of 10~5s~!) at 00 GMT 23 July. Some
geographical locations referred to in the text are indi-
cated, C: Copenhagen, O: Oland, G: Gotland.

below average in a zone covering Southern
Scandinavia and Poland, extending into the
Soviet Union.

At the surface, a 1003 hPa low was located
over Scotland at 12 GMT 22 July. During the
next 12h, this low moved eastwards into
Denmark, deepening 1 hPa as it entered the
occluding phase. It was in connection with this
apparently mature cyclone that an intense meso-f
scale low developed in the early hours of 23 July.
We shall now have a closer look at the conditions

Fig. 3. Q-vector divergence (units of 10-'1® m~!s73) at
700 hPa at 00 GMT 23 July.
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Fig. 4. Radiosonde soundings from Copenhagen, at 00 GMT 23 July and Visby, Gotland, at 12 GMT 23 July.
Heavy solid line is temperature curve, heavy dashed line dew point temperature.

at 00 GMT 23 July, which is also the starting
time for most of the simulations in Section 4.

Fig. 2 shows the sea level pressure, together
with relative vorticity at approximately 840 hPa
at 00 GMT 23 July. We note that there is a rather
strong vorticity maximum of more than 2-107#
s~! at the center of the cyclone over Denmark. It
has been shown by @kland (1987), with a linear
CISK model, how a synoptic-scale, mature
cyclone with vorticity equal to 2f (f being
the Coriolis-parameter) can yield a favourable
environment for the formation of convectively
driven polar lows. A case study of a mesoscale
Mediterranean low by Rasmussen and Zick
(1987) seems to support this theory. It seems
plausible that the large-scale vortex with its large
vorticity may have played a similar role in this
case (see also discussion in Subsection 4.2).

To obtain a quantitative measure of the forcing
of vertical motion at 00 GMT 23 July, we can
make use of the Q-vector form of the w-equation
(w being the vertical velocity in pressure coordi-
nates), defined in Hoskins and Pedder (1980).
Note that the diabatic term, which is neglected in
that paper has been added here:

2
SVie 2 @
R RIC, R
=—2—(i) V-Q-=V2H, G.1)
P \Po p
where Q is defined by the expression
dg
=12V, 3.2
dr (3.2

0 being potential temperature and the subscript g

Fig. 5. (a)-(d) Subjectively analyzed sea-level pressure (hPa) and fronts at 09, 12, 15 and 18 GMT 23 July,
respectively. Dashed lines are pressure tendencies in hPa/(3 h). (e)-(h) Model-predicted sea-level pressure (hPa)

from control run at same times as in (a)~(d).
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meaning geostrophic. In (3.1), S is the static
stability parameter

o 00
S= —‘55, (3.3)

where a denotes specific volume and p pressure;
R is the gas constant for dry air, p, = 1000 hPa,
C, specific heat of dry air at constant pressure
and H is the diabatic heating rate in K s™!.

The contribution from the first term (adia-
batic) on the right hand side in (3.1) has been
computed from the analysis on the model grid.
Fig. 3 shows the results obtained at 700 hPa. As
we see, there is a forcing of rising motion ahead
of the cyclone and sinking motion in its rear,
corresponding to a conversion of available poten-
tial energy to kinetic energy.

An estimate of the contribution from latent
heating can be readily obtained from the model.
Due to the spin-up time of the cloud parameters
in the model (cf. end of Section 2), I have used
output from the run starting at 12 GMT 22 July,
i.e., 12 h before the time in question. The results
(not shown) show a positive maximum of more
than 3-10~4 K s~! near the cyclone center. The
resulting forcing in (3.1) is about twice as large as
from the adiabatic term. Also, an even larger
heating maximum of 1.0-1073 K s~! is found in
association with the frontal systems. Similar cal-
culations at later times (e.g., Fig. 9) also indicate
that the forcing from latent heating is larger than
that from adiabatic effects.

At 00 GMT 23 July, heavy rain was reported at
Copenhagen and a pressure fall of 5.4 hPa during
the previous 3 h. The sounding from Copenhagen
(Fig. 4) shows a very humid atmosphere from the

surface all the way up to the tropopause, which
was at 250 hPa. Conditional stability was weak,
except for an inversion near 700 hPa. This means
that the response to forcing in eq. (3.1) will be
large, since S is small (with 6 replaced by 8,). It is
interesting to note how these conditions are
maintained at the center of the cyclone, cf. the
sounding from Visby, on the west coast of
Gotland (G in Fig. 2), 12 h later, Fig. 4.

3.2. The Baltic Sea mesoscale storm

Fig. 5 shows the evolution of the surface
cyclone on 23 July, as compared to a model
simulation with UBVERS, starting from 00
GMT 23 July. Looking first at the subjective
analyses (Fig. 5a—d) and observations (Fig. 6) we
note that at 09 GMT, there is widespread moder-
ate or heavy precipitation and poor visibility in
southern Sweden and the Baltic Sea islands of
Oland and Gotland (see Fig. 2 for location), in
connection with the frontal system. The cyclone
center has started to broaden or split as a new
development has started over the northern part of
Oland (see, e.g., wind and pressure changes at
Kalmar in Fig. 6). The pressure falls ahead of the
cyclone are weaker now than at 00 GMT, but
more significantly, there are large pressure rises
in the rear of the cyclone at the same time as the
central pressure remains unchanged (cf. Fig. 6).
Thus, the cyclone does not intensify through a
reduction in central pressure, as is characteristic
of most developing cyclones, but instead through
a reduction in scale. Note, for instance how the
1010 and 1005 hPa isobars come tighter together
between 09 GMT and 15 GMT (Fig. 5). How can
this intensification be explained in terms of
physical and dynamical processes?
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Fig. 6. Significant weather, cloudiness, temperatures and pressure at four synoptic stations (see Fig. 5a-d and Fig.

8a). Standard WMO notation is used.
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As has been shown by, e.g., Sawyer (1956) and
Eliassen (1959), latent heat release, in connection
with frontal upgliding can give rise to enhanced
vertical motion and a sharpening of gradients.
Since latent heat release is very strong in this
case, as discussed in Subsection 3.1, it will be
suggested that this is the most important process
in the ensuing development. This hypothesis will
be further supported in the next section.

A noticeable feature at 12 GMT (Fig. 6), is the
large temperature difference across the front.
Thus, near the cyclone center, at Kalmar (K in
Fig. 5b), the temperature is 17°C, with a
dewpoint of 14°C, while just 100 km away, in the
cold northeasterly flow, at Vistervik (Vv in Fig.
5b), the temperature and dewpoint are 11°C and
9°C, respectively. The concentration of warm,
humid air in the core of the cyclone is well
illustrated by the 850 hPa isotherms in Fig. 7.

The 15 GMT observations indicate a further
strengthening of the winds in the rear of the
cyclone (Fig. 6). Most noticeable is the 24 m s~!
wind at the northern tip of Oland (OnU in Fig.
S5a-d), where an even higher recording of
27.5ms™! occurred between 15 and 16 GMT.
Nisudden (N in Fig. 5a—d) at the southern tip of
Gotland recorded an increase in wind speed from

Fig. 7. Subjectively analyzed 850 hPa geopotential
heights (solid, 20 m intervals) and temperature (dotted,
2°C intervals) at 12 GMT 23 July. The locations of
cross-sections are indicated by line segments AA" and
BB'.

6.5ms™! at 16 GMT to 20.5ms™! at 18 GMT
as the wind veered from a southerly direction
to WNW-erly (Fig. 6). We also note from Fig. 6
that thunderstorms occurred at Vistervik (Vv)
between 14 and 15 GMT. The radiosonde
sounding from Visby, Gotland at 12 GMT 23
July (Fig. 4), shows an atmosphere slightly stable
to moist-adiabatic ascent, except for a more
stable layer in the lowest 100 hPa. Since this layer
does not seem to permit deep convection,
it indicates that the thunderstorm activity
mentioned above was probably confined to a
small region.

4. Simulations with imposed changes in model
or data

4.1. Results from control simulation

The UBVERS simulation starting from 00
GMT 23 July will hereafter be referred to as the
control run. Fig. 5e-h shows the sea level press-
ure prediction from this simulation. Comparing
with the subjective analysis, we note a very close
similarity as far as pressure gradients and depth
of the low are concerned. However, the position
of the surface cyclone is slightly in error, the
model cyclone being displaced approximately
50 km southwards, compared to the verifying
analyses at 15 GMT and later.

The precipitation from this run for the period
06 GMT-18 GMT is shown in Fig. 8, together
with a verifying analysis. Again, the quality of
the forecast is satisfactory. Not less significant
than the successful predictions of pressure fields
and precipitation distribution is the fact that the
cloud distribution and frontal structure are
realistically reproduced in this simulation. For
instance, Fig. 9, which shows the instantaneous
latent heating rate, exhibits a frontal-like struc-
ture, similar to the observed front (Figs. 5b, 10), a
feature not seen in the MIVERS run (not shown).

During the intense phase of the cyclone, cross-
sections of latent heating rate (Fig. 11) show a
narrow and strong maximum in the region above
the maximum surface winds (OnU in Fig. 6). The
ageostrophic motion is shown in the same cross-
section (computed by subtracting the geostrophic
wind from the predicted wind). According to
this figure, there is a zone of approximate
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Fig. 8. (a) Analysis of observed 12-h precipitation in the period 06~18 GMT 23 July. Lines are drawn for every
10 mm. Synoptic stations (Fig. 6) are indicated by I-IIII. (b) Predicted 12-h precipitation in the period 06-18 GMT
23 July; control run. Lines are drawn for 2, 5, 10, 20 and 40 mm.

0.1E-2

Fig. 9. Latent heating rate at o4 (740 hPa) at 12 GMT 23 July (control run). Shading is explained by scale on the

left. Units: K s~1.

width 100 km, with strong rising motion, and
an associated convergence near the surface.
The spatial dimension of this region of intense
activity seems to correspond well with obser-
vations (Figs. 5b, 6). Similarly, the “low-level-jet”
to the west and northwest of the cyclone corre-
sponds well to observed wind maxima.

The possible role of symmetric instability and
slantwise convection in the cyclone intensifi-
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cation has been considered. The theory for sym-
metric instability was described in Eliassen and
Kleinschmidt (1957), but has recently gained
renewed interest due to the works of Bennetts
and Hoskins (1979) and Emanuel (1983, 1985), in
particular. Fig. 12 shows lines of constant absol-
ute momentum M, and equivalent potential tem-
perature 6, at 12 GMT in the cross-section BB’
(cf. Fig. 7) at 12 GMT. According to the theory,
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Fig. 10. NOAA-9 satellite picture in the visible range, taken between 10:57 GMT and 14:32 GMT 23 July.
(Courtesy of Institut fiir Meteorologie, Freie Universitit, Berlin.)

Sigma levels
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Distance {km)
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Fig. 11. Latent heating rate (units of 10~* K s7') and
ageostrophic winds, in cross-section BB’ (cf. Fig. 7) at
12 GMT 23 July (control run). Scales for horizontal and
vertical components are as follows: Horizontal: an
arrow of length 1 grid-distance (50 km) corresponds to
14 m s~! wind speed. Vertical: an arrow of height delta-
sigma (distance between consecutive sigma-levels)
corresponds to approximately 3 Pas~!.

the atmosphere will be symmetrically unstable
where the lines of constant 8, have a tilt that is
greater than the tilt of the M-lines, with respect
to the x-axis. Additionally, we have to require
that the air be saturated for instability to occur.
As we see from Fig. 12, there is a very weak

symmetric stability in most of the shaded region.
In fact, above o, there is a large region which is
unstable to symmetric perturbations of saturated
air. Furthermore, this region coincides with the
region of maximum ascent (slantwise) in Fig. 11.
It has to be kept in mind that the evaluation of
symmetric instability presented above is based on
model output data, which have been subjected to
interpolation and smoothing. Also, the theory is
purely two-dimensional, and therefore requires
that there be no net force in the direction
perpendicular to the plane. This seems to be
reasonably well satisfied here, since the ageo-
strophic tangential velocities are rather small
above the boundary layer, Fig. 11. It remains
something of an open question to which extent
the model may simulate the effects of slantwise
convection, without an explicit parameterization
of it (see, e.g., Thorpe (1986), Nordeng (1987)).
For these reasons, I feel that it is hardly
possible to draw any far-reaching conclusions on
the possible role of slantwise convection at this
stage. However, the above results suggest that
this process could have taken place at 12 GMT
23 July, precisely at the time when the low was
entering its most intense phase. A similar result
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Fig. 12. Equivalent potential temperature (solid, every 3 K) and absolute momentum (dotted, every 4 ms~!) in
cross-section BB’ (cf. Fig. 7), at 12 GMT 23 July (control run). Shaded area for relative humidity 100%;.

was obtained by Sanders and Bosart (1985), in
their study of an intense coastal snowstorm. It
should be mentioned that the corresponding
cross-sections of M and 6, at +6h, +9h and
+ 18 h do not exhibit the features discussed here,
while the cross-section from +15h is similar to
Fig. 12.

4.2. Simulation with diagnostic condensation

scheme (MIVERS)

Here, we shall present results from the model
simulation with the original version of the model
(MIVERS). As discussed in Section 2, it differs
from the UBVERS mainly in the parameter-
ization of condensation and clouds, but also in
the parameterization of vertical eddy diffusion.

Comparing the results from this run with the
observations and the control run, it turns out that
the MIVERS simulation is clearly inferior. While
the cyclone follows almost the same track as in
the control run, the central pressure is several
hPa higher (Table 1). As a result, the pressure
gradient is far too weak, so the strong winds near
Oland and Gotland are missing. Similarly, the
distribution and amount of precipitation fail to
show the pronounced maxima that were
observed, and realistically captured in the control
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400 km

run. The same failure was present in other oper-
ational models at the time.

To isolate the effects of the two modifications
mentioned above, the model has been rerun with
the MIVERS vertical diffusion scheme and the
UBVERS condensation scheme. The central
pressure obtained is shown in Table 1 (“Old
diffusion”). As we see, the cyclone was not quite
as deep in this run as the control, but the pressure
gradient and amount of precipitation are both
very similar to the control run. Thus, the main
difference between the UBVERS and the
MIVERS results stems form the different treat-
ment of condensation and clouds.

Referring to the discussion in Subsection 3.1,
on the role of vorticity, it is interesting to note
that the vorticity in the control run increased
from approximately 2.0f at 06 GMT to 3.5f at
15 GMT, while the corresponding vorticity in
MIVERS at 15 GMT was only 2.0f.

Fig. 13 shows the heating rates from conden-
sation in the MIVERS run, compared to the same
quantity in the control run at +6h, i.e., at the
time when the intensification of the mesocyclone
starts. Even though the vertically integrated
heating rates in the two cases are not very
different, there is a very significant difference in



88 J. E. KRISTJANSSON

Table 1. Central pressure in Baltic Sea cyclone on 23 July 1985 for different simulation runs and observed.

(Units: hPa)

00 GMT 06 GMT 09 GMT 12 GMT 15 GMT 18 GMT 21 GMT

observed 1002 1003 1004 1004 1005 1005 1006
control run 1002 1003 1003 1004 1005 1007 1009
old diffusion 1002 1004 1004 1004 1005 1008 1009
MIVERS 1002 1005 1006 1008 1009 1011 1012
no convective heating 1002 1003 1003 1005 1006 1007 1009
no stratiform heating 1002 1005 1007 1009 1011 1012 1012
reduced z, 1002 1003 1002 1003 1004 1006

reduced initial hum. 1002 1005 1007 1009 1011 1012 1012
initial hum. = 100%, 1002 1003 1003 1004 1004 1006 1007
start 00 GMT 22 July 1005 1003 1003 1005

start 12 GMT 22 July 998 1001 1003 1004 1005 1006 1007
start 18 GMT 22 July 999 996 999 1001 1003 1004
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Fig. 13. Latent heating rate in cross-section AA’ (cf. Fig. 7) at 06 GMT 23 July (units of 10-* K s~'). (a) UBVERS,

+6 h (control run), (b) MIVERS, +6 h.

the vertical distribution of this heating. Whereas
the heating in the MIVERS run peaks at sigma
level 2 (corresponding to 350 hPa), the maxi-
mum heating in the UBVERS run is at o,
(=740 hPa), with practically no contribution
from the top three levels (~250-450 hPa). It is
well known that the level at which a heat source
is placed in the atmosphere makes a decisive
difference for the response that follows. This has
been shown in numerical model studies (e.g.,
Anthes and Keyser (1979), Gyakum (1983)) and
theoretical studies (e.g., Bratseth (1985)). It is
also compatible with the potential vorticity
viewpoint of Hoskins and Berrisford (1988). In
short, the lower the level at which the latent heat

is released, the stronger will the response be, in
terms of low-level horizontal convergence and
rising motion.

There appear to be 3 main reasons for the
difference in vertical distribution of the latent
heating in the two cases. Firstly, in UBVERS the
condensation is treated as stratiform in most of
the region shown in Fig. 13, while MIVERS
treats it as convective. This is due to the inver-
sion in the lowest 1-2 model levels (cf. Fig. 4),
which prevents convection in UBVERS, but not
in MIVERS (cf. Section 2). Since the purpose of
the convective treatment is precisely to distribute
the heat vertically, while the stratiform scheme
releases it in situ, one would expect this distinc-
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tion to be important. It should be noted, however,
that with a temperature and humidity distri-
bution as shown in Fig. 4, the redistribution of
heat and moisture in the Kuo-scheme should
have little effect. Secondly, the use of a moist
adiabatic adjustment scheme for saturated,
convective points in MIVERS (cf. Section 2) may
have affected the stratification near the cyclone
center, thus leading to a different evolution.
Thirdly, there is little doubt that the higher
degree of consistency in the condensation para-
meterization in UBVERS, as compared to
MIVERS, will contribute to a better simulation
in the first, but this effect is difficult to quantify.

4.3. Simulations without latent heating from strati-
form or convective condensation

To study the impact of latent heating on the
quality of the simulations, two runs have been
conducted, where the temperature tendencies
from stratiform and convective condensation
(and evaporation), respectively, have been set
equal to zero at all times. In the first case the
effect was drastic, since the central pressure of
the low was 6 hPa too high, see Table 1. Conse-
quently, the winds and precipitation were grossly
in error in this run. Neglecting the convective
heating, on the other hand, did not have a great
impact (Table 1). The relative importance of
stratiform versus convective heating is not
surprising, since most of the condensation near
the cyclone center is treated as stratiform in
UBVERS (cf. Subsection 4.2).

4.4. Simulations with imposed changes in surface
conditions

To test the possible role of frictional conver-
gence, due to larger friction over land than over
sea, on the cyclone development, simulations
have been made where the roughness length z,
has been set equal to 10~* m over land, instead of
0.3 m in the control run. It turned out (Table 1)
that the cyclone became 1-2 hPa deeper than in
the control run, with a corresponding increase in
wind speed, whereas the precipitation pattern
remained almost unchanged. This seems to indi-
cate that the friction in this case mainly acts as a
dissipating effect, rather than acting to enhance
the low level convergence of moisture.
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4.5. Simulations with different initial conditions

To get a rough idea of the sensitivity to initial
data, some runs have been made where the initial
humidity has been altered. In one of these experi-
ments, the initial humidity field was multiplied
by a factor 0.5 in the lowest 5 sigma-levels (below
700 hPa). The resulting cyclone development was
several hPa too weak (Table 1), yielding far too
weak winds and far too light precipitation com-
pared to observations. This indicates that the
lower-level humidity available for condensation
and latent heat release is crucial for the develop-
ment of an intense vortex.

Setting the initial relative humidity equal to
1009 at all points turned out to give a cyclone
which was 1 hPa deeper than in the control run
(see Table 1). However, the cyclone was less
intense than in the control run, in the sense that
the winds were weaker and precipitation was less
concentrated. Convective precipitation was very
widespread and heavy in many places. Thus, we
see that it is not only the amount of humidity that
is important for the type of response we get, but
equally important is the horizontal distribution of
humidity. Particularly important is the concen-
tration of humidity in certain places that are
favourable for cyclone deepening through con-
densation and latent heat release. This underlines
what was said in Subsection 4.2, on how the
UBVERS gives a more concentrated latent heat
release than MIVERS. It also relates to the
discussion in Subsection 3.1 on the important role
of the synoptic scale in providing a favourable
environment for the formation of intense meso-
scale vortices.

To test the ability of the UBVERS to give an
early forecast warning of the mesoscale develop-
ment that took place on 23 July, the model has
been rerun starting at 00, 12 and 18 GMT 22
July, respectively. The results (cf. Table 1) show
that the 00 GMT and 12 GMT runs give an early
indication of a secondary low center near Oland
at 12 and 15 GMT 23 July, with a strong pressure
gradient in the rear. The precipitation indicated
by both these runs is considerably weaker than
what was observed, and the wind speed is under-
estimated. However, both simulations indicate
that the processes which created this mesoscale
cyclone were reasonably predictable on the basis
of existing data, at least 1 days in advance.

The simulation from 18 GMT is an exception.
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In this case, the cyclone deepens far more in the
southern part of the Baltic Sea, resulting in a
deep, broad cyclone shifted 100-200 km south-
eastwards compared to the control run. A careful
look at the humidity field shows considerable
differences near the cyclone center compared to
the other runs. It should be kept in mind that no
radiosonde data are available as input in the data
assimilation at 18 GMT, as opposed to what is
the case at 00 and 12 GMT. Thus, the humidity
data are likely to be less reliable in this case. The
result again underlines the crucial importance of
the initial humidity distribution, for obtaining a
good simulation.

5. Summary and conclusions

In this study, several simulation experiments of
an intense mesoscale low have been carried out
with the aid of a LAM with 50 km horizontal
resolution. The emphasis has been on the effect
of variations in the physical parameterizations
and initial data. In particular, the effect of intro-
ducing a sophisticated treatment of condensation
and clouds, following Sundqvist (1988), has been
closely investigated. Also, diagnostic calculations
have been made, to establish a comprehensive
picture of the mesoscale development.

The main findings of this study are the
following.

@ It is suggested that the mesoscale development
was initiated through a combination of large-
scale vorticity helping to spin up the meso-
cyclone, and the presence of very humid air,
which possessed weak conditional stability.
Once this air was forced to rise through synop-
tic-scale forcing, the system became self-sus-
tained through a feedback between strong
latent heat release and low-level convergence.

@ Contrary to earlier belief, it has been shown
that this event can be successfully simulated
with existing model resolution and data.
However, the simulations are crucially depen-
dent on the treatment of condensation and
latent heat release. Using the scheme of
Sundqvist (1988), precipitation and cloud dis-
tribution, as well as pressure patterns, are
realistically reproduced. The simpler diag-
nostic scheme considered, is found to release
the latent heat at a much higher level, yielding
a much weaker development than observed.

@ Variations in the treatment of surface friction,
vertical diffusion and surface humidity turned
out to be of minor importance for the quality
of the simulations.

©® The simulations show a great sensitivity to
initial humidity. It has been shown that the
distribution of the initial humidity is at least as
important as the amount of it. No cyclone
deepening occurs when low-level initial
humidity is reduced by 50%.
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