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SUMMARY

An anelastic non-hydrostatic cloud model is used to study both idealized and real cases of cold
fronts. The general features of the 3D model together with the specific points of the 2D frontal
version are shortly described. Results of moist numerical experiments using an analytical solution to
the Eady problem as the initial condition are summarized. Two-dimensional and three-dimensional
numerical experiments of frontal systems corresponding to the 2th and 7th Intensive Observing
Period (IOP 2 and IOP 7) of the FRONTS 87 experiment are presented. Comparaisons to Doppler
radar observations performed during FRONTS 87 are discussed together with sensitivity studies to
large scale forcings and horizontal resolution, allowing the determination of the physical mechanisms
producing the wide rainbands in the IOP2 case. The budgets of apparent heat, moisture and
horizontal momentum sources/sinks for the I0P2 case, are finally discussed in details, with regard
to their parameterization in large scale models.

1 INTRODUCTION

Over the last two decades much progress has been made in understanding the physical processes
involved in frontogenesis, which is generally a consequence of the development of a baroclinic wave
and involves a cascade of energy from large to small scales. The primary and secondary processes in
frontogenesis take place both at synoptic and mesoscale. In the presence of moisture, the ageostrophic
circulation leads to the formation of clouds and precipitation, which is related to processes occurring
at both mesoscale and smailer scales. Field campaigns have shown that there is a wealth of small
scale and mesoscale phenomena associated with extratropical frontal systems (e.g. Browning and
Harrold 1970; Houze et al. 1976; Hobbs 1978; Parsons and Hobbs 1983). Cold fronts have been
extensively documented since they lead to the significant features: sharp thermal contrasts, strong
surface-level winds, and high precipitation rates.

The ability of operational numerical models to forecast the occurrence of the rainbands and
other significant mesoscale features cited above is poor. In addition, frontal evolution in these
operational models can be dramatically affected by the large errors in the description of dynamical
and physical fields at mesoscale, due to spurious heat and momentum transfers. It is thus important
to determine the improvements necessary in forecast models in order to correctly describe such
rainbands. Various simulations have demonstrated the importance of the release of latent heat in
extratropical systems (e.g. Maddox 1980; Chang et al. 1981; Ross and Orlanski 1978; Hsie and
Anthes 1984). With increasing available computing power, it is possible to consider high resolution
simulations of frontogenesis using the more general non-hydrostatic system (Gall et al. 1987; Bénard
et al. 1992 a and b; Dudhia 1993). This approach has the advantage of explicitly resolving the
convection and the large scale flow in the same framework. It is the main purpose of the paper
to show that high horizontal and vertical resolution together with explicit. representation of cloud
processes allow the simulation of both narrow and wide frontal rainbands observed in the vicinity
of real fronts, despite starting from large-scale flow. The second purpose is to present one example
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of using such CRM (cloud-resolving model) simulations to perform budget of various parameters in
order to test or develop parameterizations of cloud processes in GCMs (see Science Plan of GEWEX
Cloud System Study , 1994).

In this paper, the anelastic non-hydrostatic model developed by Redelsperger and Sommeria
(1986) is used to study both idealized and real cases of cold fronts. The general features of the
3D model together with the specific points of the 2D frontal version are given in section 2. Main
results of moist numerical experiments using an analytical solution to the Eady problem as the
initial condition are summarized in section 3. Two-dimensional and three-dimensional numerical
experiments of frontal systems corresponding to the 2th and 7th Intensive Observing Period (IOP 2
and IOP 7) of the FRONTS 87 experiment are presented in sections 4 and 5, respectively. That also
includes comparaisons to Doppler radar observations performed during FRONTS 87 and sensitivity
studies to large scale forcings and horizontal resolution, allowing the determination of the physical
mechanisms producing the wide rainbands. The budgets of apparent heat, moisture and horizontal
momentum sources/sinks for the IOP2 case, are finally discussed in section 6, with regard to their
parameterization in large scale models.

2 THE CLOUD-RESOLVING MODEL

2a General features

The three-dimensional cloud model is described in detail by Redelsperger and Sommeria (1981,
1986). The governing system is the primitive non-hydrostatic anelastic set of equations. The spatial
discretization is of second order on an Arakawa type-C grid and it uses the leap~frog temporal
scheme. A temporal filter (Asselin, 1972) and a fourth order horizontal diffusion operator (as de-
scribed in Redelsperger and Lafore, 1988) are applied to the prognostic variables in order to damp
short temporal and spatial oscillations, respectively.

The parameterization scheme for subgrid-scale turbulence is based on an assumption of zero
third—order moments in the basic equations. The second—order moments are expressed as a function
of the turbulent kinetic energy, which is given by a prognostic equation (see Redelsperger and
Sommeria, 1981 for details). One advantage of this scheme is a correct description of anisotropic
turbulent exchanges in stable layers, which is not the case with simpler formulations. A modification
has been made to the scheme to distinguish the horizontal and vertical mixing length in the second-
order momentum equations, as the horizontal mesh size is much larger than the vertical.

The subgrid fluctuations of the thermodynamic variables are taken into account in the conden-
sation and evaporation (C.E) scheme, to allow for partial condensation over grid volumes. This
is an important feature, since the hypothesis of complete C.E in grid volumes is unrealistic with
grid meshes larger than 1 km (Sommeria and Deardorff, 1977). In addition, the C.E scheme and
the subgrid turbulent parameterization are formulated in terms of temperature and water variables
which are conserved to a good approximation through C.E processes. Such an approach allows an
implicit correlation between basic variables and microphysical production terms (see Redelsperger
and Sommeria, 1982 for details).

A Kessler-type parameterization is used for the microphysical production and exchange terms.
The basic assumptions concerning the precipitation scheme are:

o The ice phase is not considered in present studies; a parameterization is currently available
in the model (Caniaux et al. 1994a), but not included in the present simulations for sake of
simplicity.

¢ The drops are subdivided into two classes: cloud droplets and rain drops (whose specific
contents are g, and g, respectively);
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e A threshold value ( 0.5 x 1073 kg kg™!) for the autoconversion from cloud water into rain
water is assumed and is modulated by the subgrid variance of g..

e A Marshall-Palmer distribution is assumed for raindrops; this distribution is used to determine
a mean terminal velocity for the raindrop population.

In all experiments, the vertical coordinate is stretched with a mesh interval measuring from 60
m near the ground to 500 m above the cloud layer. In the FRONTS 87 simulations, the model uses
open lateral boundary conditions but uses a method suggested by Carpenter (1982) to monitor the
large scale forcing (Redelsperger and Lafore 1988; Cailly et al. 1994), computed from larger scale
"Péridot” or ARPEGE model. For the Eady problem, the domain is periodic in the cross-frontal
direction.

2b The 2D frontal version

In the simulations of Eady problem and FRONTS87-I0P2 cases, a particular two-dimensional ver-
sion of the model is used in order to look in details at the relationship between rainband occurrences,
and large-scale forcing (namely the along-front deformation and baroclinicity). The model equa-
tions have to be modified to take into account the large-scale gradients along the front (y—direction)
in the two-dimensional framework. The anelastic continuity equation is written as:
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where (%)LS is the along—front large-scale divergence, <p> is the density and the brackets denote
horizontal averaging over the domain. The momentum equations, written in flux form, have to
be modified to take into account this new continuity equation. The equation for the along—front
momentum also includes the large-scale pressure gradient in the y-direction, through the geostrophic
wind U,.
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In these equatioms, m is the Exner pressure, f the Coriolis parameter, 8, the virtual potential
temperature, (6, = 6 + afg), Cp the specific heat at constant pressure, a a constant (a = .608) and
Dx the subgrid—scale transport of variable X. The prime quantities correspond to deviations from
the horizontal average on the simulation domain. Owing to the present two-dimensional framework,
the large-scale term (%) LS is neglected. Examination of this term in the IOP2 case indicates
weak values up to mid-troposphere. However at upper levels, significant values are found in the
upper level jet. The equation for potential temperature includes modifications both due to the new
continuity equation and due to the along-front large scale baroclinicity, (g—g) LS
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where (4 is the diabatic source/sink term. Equations for water conservation have also been modified
in the same way, but are not reproduced here. The thermal wind balance in the y-direction, written
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in the anelastic system, is used in order to relate the along—front baroclinicity and the geostrophic
wind:
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The along—front baroclinicity may be expressed as a function of the along—front gradients of the
potential temperature § and the specific humidity g¢:
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Finally, the following continuity equation is used to determine the along-front large scale diver-
gence (g_Z)LS from the geostrophic wind:
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Figure 1: Cross sections of respectively, for the EADY experiment for (a) cloud water content
g at 87 h (contour interval 0.2 x 1073 g g=1), (b) rainwater content ¢, at 87 h (contour
interval 1. x 10=° g g™'), (c) and (d)vertical velocity w at 87 h and 90 h, respectively
(contour interval 2.5 cm s~'). The heavy line on Figs (c) and (d) represents the cloud
outline. (from Bénard et al. 1992a)

Before to simulate FRONTS 87 cases, a series of idealized numerical experiments with 5km horizontal
resolution have been performed using an analytical solution to the Eady problem as the initial
condition (Bénard et al. 1992a, 1992b; Lafore et al. 1994). The two—dimensional version of model
just described above is used to simulate moist frontogenesis in an idealized baroclinic wave (Eady
problem). An accurate representation of physical processes was found necessary to achieve a good
description of frontal rainbands. Furthermore, high horizontal and vertical resolution allow the
simulation of both narrow and wide frontal rainbands as observed in the vicinity of real fronts (Fig.
1).

As schematically summarized in Fig. 2, four types of bands have been clearly identified.
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— A Narrow Cold-frontal Rainband located at the surface cold front (Fig. 2). As in real frontal
systems, it mainly consists of a line of shallow convection triggered by the frictionally induced
instability in the boundary layer at the surface front. The associated precipitation is heavy and
organized in a narrow line. Latent heating due to condensation contributes in large part to the tilting
of isentropes and to the increasing of the vertical jet strength. Sensitivity experiments show that
both surface friction and condensation processes are important for the occurrence of this jet. Indeed,
as found by Keyser and Anthes (1982) as well, when condensation processes are not considered, the
development of the jet is sensitive to the time friction is turned on. A simulation with a 5 km
horizontal resolution reproduced a vertical jet with intensity and width in good agreement with
observations. Simulations with 1 km horizontal resolution are probably necessary to attain a better
agreement.

— Narrow Free-Atmosphere Rainbands were observed over the narrow cold—frontal band (Figs. 1
and 2). A regular series of updrafts and downdrafts were generated in the stable free atmosphere
above the convection line, along the frontal surface. The examination of the stability and equivalent
potential vorticity structure allowed us to exclude the conditional convective instability as well the
conditional symmetric instability as agents in their development. Detailed analysis suggest that the
linear stationary hydrostatic gravity wave theory may explain most of the features of these bands.
As predicted by the linear theory and as shown in this paper by simulations with different basic
states, the vertical wavelength is highly variable. The horizontal wavelength is shown to be related
to the width of the vertical jet and independent of model horizontal resolution. In addition, the
position of a potential steering level and critical layer (if such exists) has to be considered in real
systems to consider a possible gravity wave activity and associated mechanisms such as trapping,
ducting and scale selection of these waves.

— Wide Cold—frontal Rainbands consist of bands periodically repeated in the frontal zone (Figs. 1
and 2). Their typical width was 75-100 km with maximum vertical velocity about 0.1 m s~1. Their
lifetime was limited to 6~9 hours. Subsequently a large area of slantwise convection occurs in the
frontal region up to the end of the simulation.

— A Warm-sector Wide Rainband is a single band, located in the warm sector, at 300-400 km
ahead of the surface cold front. Its width varies through simulation time from 80 km up to 250
km with a maximum vertical velocity of 0.2 m s~!. This band led to widespread precipitation on a
80-120 km width. This band was present in all wet simulations from the end of upright convective
adjustment up to the end of the simulation.

A budget of the Moist Potential Vorticity (MPV) has been implemented for a rigourous inves-
tigation of generating mechanisms of wide rainbands. The balance between sources, transport and
evolution of MPV in the model has been first successfully validated. The parameterized turbulent
subgrid-scale processes represent the main MPV source in these simulations, especially at the PBL
top. It was shown that friction acts as a source of intense MPV vertical flux at the ground, max-
imum below the along—front low level jets in both warm and cold air masses. An intense positive
MPV anomaly is obtained in the warm sector, appears to be generated by frictional processes in the
far pre-frontal zone, and is then transported towards the frontal system. This anomaly induces an
intensification of the along—front low level jet on its warm flank. In the present shear—driven case,
this jet corresponds to a maximum of warm moist advection: the warm conveyor belt, resulting in
the formation of the warm sector wide rainband located 300 km ahead the surface cold front, lies in
a region of strong to weak moist symmetric stability.
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Figure 2: Schematic representation of the different bands occurring in the EADY experi-

ments. The black region represents the inversion layer as region of convective instability
is shaded. (from Bénard et al. 1992a)

Wide cold frontal rainbands on the other hand occur in a region of moist symmetric instability,
which thus seems to enhance the circulation forced by the geostrophic shearing deformation and fric-
tional convergence, in the frontal zone and favours the development of these bands. They efficiently
transport the lowest MPV values upward, and are thus diffusive. We suggest that these bands were
initiated by the dissipation of convective cells generated during the previous convective stage.

These papers are the first important step in the high-resolution simulations of observed fronts.
From these results, we see that though accurate parameterizations and high resolution are both
necessary to simulate the narrow bands, high resolution is less important to obtain the wide rain-
bands. They have indeed been obtained in our simulations with a horizontal resolution of 40 km
(comparable to some regional forecast model ones), although not as distinct.

4 IOP2 of FRONTSS87 experiment

The cloud-resolving model, having been validated on the idealized case of the EADY problem, is
used to simulate cold front cases observed during the FRONTS87 exeperiment. First the IOP2 case
is simulated in a two-dimensional framework (this section), together with extensive sensitive tests in
order to determine the relationship between the large-scale along-front gradients and the rainbands
(thanks to the 2D framework). Second the IOP7 case is simulated with a three-dimensional domain,
taking special care with initialization and large scale coupling (section 5).
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4a Initial conditions

The model domain is 3000 km x 15 km, with a horizontal resolution of 5 km. The model uses open
lateral boundary conditions in ¢ (cross-front) but including large scale forcings, computed from
larger scale "Péridot” model. A Galilean transformation is applied to the horizontal velocity field
with a speed of 15 m s™! along the x and y directions.

The IOP2 case was first simulated using the mesoscale forecast *Péridot” model with a horizontal
resolution of 35 km (Lalaurette 1991). The 6h forecast fields from ”Péridot” using an European
domain at 18 UTC on the 11 November 1987, are used both to initialize the non-hydrostatic model
and to specify the large scale forcings through a one-way coupling between the two models. These
"Péridot” fields were first interpolated onto a cartesian domain, perpendicular to the surface front,
and then averaged on y-slice (along-front) of 300 km where the observed front was nearly two-—
dimensional, to give initial fields of the non-hydrostatic cloud model.
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Figure 3: Vertical cross sections of initial fields for IOP2 case: (a)equivalent potential tem-
perature (interval 4°K); (b) vertical velocity (interval 1 cm s™1); (c) along—front wind

and (d) cross-front wind (interval 2.5 m s~1). The SCF is positioned around X=0. (from
Redelsperger and Lafore 1994)

Fig. 3 shows the two—dimensional initial fields. The cold and warm sectors are easily identified
on the cross-section of the equivalent potential temperature 6, (Fig. 3a), with a well-defined region
of horizontal cross-front gradient up to 3°K/100km, separating the two air masses. This region
slopes with height and has a nose-shaped aspect at 2.7 km altitude. A upright, potentially unstable
zone (09./0z < 0) is present in the cold sector at low levels up to 2.5 km, and in the warm sector
up to 2.1 km. The surface cold front (hereafter called SCF) is weak. The cold and warm sectors
respectively correspond to dry and moist regions. The main region of baroclinicity across the front
is located at heights between 2 and 6 km. Two maxima or jets are seen in the along—front wind
component (Fig. 3c). There are the low-level jet ahead of the SCF at 1 km altitude (maximum 21
m s~1) and the upper-level jet at 9.5 km (maximum 35 m s~1). The cross-front wind component
(Fig. 3d) shows a shallow layer (2 km) of warm and moist air flowing toward the SCF. However, the
depth of this layer decreases closer to the SCF. The horizontal extent of this layer is underestimated,
as compared to observations(Chong et al. 1991). The corresponding vertical velocity field deduced
from the ”Péridot” forecast (Fig. 3c) is characterized by a main ascent in phase with the SCF with
a maximum of 5 cm s~!. An ascent is also present in the warm sector, but wider (350 km) and
slightly less intense.
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The large scale along—front divergence and baroclinicity (not shown) exhibit maxima at middle
and upper levels. The baroclinicity induces the most important along—front forcing, with values up
to -1.75°K/100km near 5.5 km altitude, as the along-front divergence maximum (3 m s~1/100km)
is located at 10 km altitude in the warm sector. Below 2.5 km, the along-front gradients are weak,
except in a small convergence zone 400 km ahead of the SCF.
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Starting from the fields described above, a series of numerical experiments have been performed with
oceanic surface conditions (more details in Redelsperger and Lafore 1994). The control experiment
needs about 3 hours to reach a nearly steady state in response to the large-scale stationary forcings.
The model reproduces a variety of frontal bands (Fig. 4), starting simply from the meso-a scale
fields. The Narrow Cold-Frontal Rainband (NCFR) with a maximum vertical velocity of 1.45 m s™1
is identified at the SCF. Two classes of wide bands are also observed : a wide cold-frontal rainband
and warm sector wide rainbands producing less precipitation and weaker vertical velocities of around
2msL,

The NCFR consists of shallow convection associated with heavy and localized rainfall (Fig. 4b).
The band moves eastward at the same speed as the SCF, and its vertical extent is limited to the
lowermost 4 km, due to prevailing upright potentially unstable conditions. It is noted that the model
is able to generate intense temperature gradients (1°K/10km) and cross—front vorticity (about 10f)
in phase with the SCF and the NCFR. These observed characteristic features were indeed not present
in the initial fields.
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The simulated wide bands produce less dramatic changes but occur on a larger scale. The
Wide Cold-Frontal Rainband (WCFR) consists of an ascent positioned along the cold front with
a intensity maximum of .25 m s (Fig. 4c). Condensation and precipitation (Fig. 4a and b) are
associated with this ascent, but are insufficient to produce significant precipitation at the ground.
Most precipitation evaporates between 2 and 4 km, activating a well-defined downdraft just under
the updraft corresponding to the WCFR (Fig. 4c). The ascent is positioned in the cold frontal
region where temperature gradient and along—front gradient are strong, and where upright potential
stability prevails. Looking at the effective symmetric stability condition indicates that only a small
part of the band is in a region of CSI.

In the warm sector, several Warm Sector Wide Rainbands (WSWR) may be identified in the
vertical velocity and rain fields (Figs. 4b and c). The first corresponds to an ascent positioned 150
km ahead of the SCF. This updraft region is limited to the first 4 km of the atmosphere with an
maximum intensity of .2 m s~! and corresponds to a well-marked but not very intense (maximum of
.15 g kg~1) rainband. This band occurs in the region of a potential convective instability maximum,
which can be viewed as a second though less intense surface discontinuity, as observed from the
surface network and dropsondes (Thorpe and Clough, 1991). The second type of ascent is more
classical in producing rather stratiform precipitation. Upward motion is generated in this region on
a 400 km horizontal extent and between 4 and 8 km altitude. Individual cores may be distinguished
within this extensive region, giving two rain maxima. As for the WCFR analyzed above, except
for a thin layer in its upper part, these bands occur in a gravitationally and symmetrically stable
region. Again, these bands are driven by the along-front large-scale gradients.

4c Comparisons with observations

the VAD analysis of vertical velocity for
IOP2 case (interval 5 cm s~1). (from
Redelsperger and Lafore 1994)

HEIGHT {¥m)

. ES Figure 5: Vertical cross sections deduced by

Doppler radar observations were performed between 1200 and 2400 UTC during IOP 2 of the
FRONTS 87 experiment (Chong et al. 1991). In the warm sector, 200 km ahead the SCF, mesoscale
banded structure was observed with embedded rainbands 50 km wide and with reflectivities in ex-
cess of 30 dBZ. A 5 km narrow band at the SCF (NCFR) was identified, preceding a 50 km wide
rainband (WCFR). Vertical Azimutha] Display (VAD) analysis of successive Doppler radar observa-
tions allow the determination of this kinematic structure at the mesoscale. Fig. 5 shows a composite
of these observations made at successive times with a diameter of the VAD circle around 40 km.
Therein, the time-height sections have been considered as a distance-height section, normal to the
front, assuming a constant front speed of 11 m s~!. In explicitly simulating both convection and
large-scale flow, the model reproduces the main features of observed circulation and the large variety
of bands, though several discrepancies are present. The position of the WCFR is found to be closer
to the NCFR in the simulation than in the radar observations. The underestimation of descents in
the simulation may be due to the omission of the ice phase in the model. The NCFR intensity is
larger in the simulation than the VAD observations and is easily explained by the different horizontal
resolution (5 km vs 40 km). In fact, the simulated maximum (1.4 m s™1) for the NCFR is closer
to observations made at small scale (about 3 m s™!) obtained by dual-Doppler techniques with a
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horizontal resolution of .5 km.

The simulated and observed precipitation patterns at the ground have been also compared. The
narrow maximum of observed precipitation associated with the NCFR (12 to 20 mm h™1) is well
simulated (17 mm h~!) by the control experiment. The model also predicts the intensity, position
and width of precipitation, produced by the WSWR. In contrast, the present simulation fails to
reproduce the precipitation associated with the WCFR, although the vertical velocity field shows
clear evidence of a band.

4d Physical sensitivity studies

Several sensitivity experiments have been performed. Initiating the simulation with no ageostrophic
flow, the cloud-resolving model is able to rebuild the ageostrophic part, although about a 1 hour
lag is necessary to get the same state obtained in the control experiment. Although not general and
certainly not relevant for tropical cases, the strong similarities between these experiments leads to
the following conclusions (Redelsperger and Lafore 1994):

¢ The knowledge of the ageostrophic part is not necessary to start a simulation. It is thus
possible to initialize the model from the analyzed or forecasted fields of a mesoscale model,
with the divergent part from the flow removed.

o It is possible to modify the along-front large scale gradients to study their influence on the
rainband occurrence, starting simulations without the ageostrophic part.

The latter point together with the two-dimensional framework, enables us to study the relation-
ships between rainbands and along-front large scale forcings (namely the along-front deformation
and baroclinicity). The main conclusions of these sensitivities studies are that for the I0P2 case:

¢ The along—front deformation is not important

e The along—front baroclinicity is fundamental for the structure and intensity of wide bands
(WCFR and WSWR).

¢ The NCFR structure and intensity are weakly dependent on these forcings, both for the ground
precipitation and for the amplitude of the vertical velocity.

Sensitivity studies to the horizontal resolution has been also performed (Redelsperger and Lafore
1994). Fine horizontal resolution was found necessary to describe the NCFR and its associated
sharp peak of precipitation. Nevertheless, crude resolution (20 km) appears sufficient to simulate
the WSWR, the total precipitation and the profiles of the apparent heat and moisture sources at
the system scale. The importance of large scale forcings on convection, which is independent on the
horizontal resolution, may explain this rather surprising result.

The control simulation will be used in section 6 to compute heat, moisture and momentum
budgets.

5 IOPT of FRONTSS87 experiment

As shown in the previous experiments, the two-dimensionnal framework is very convenient for study-
ing the relationship between rainbands and along-front large-scale gradients. To increase the realism
of the simulations, three-dimensional simulations of frontal region are obviously necessary. This
section presents another step towards this goal. It is important to point out that 3D initialization
of cloud models as well their coupling with large scale model, is still in the infancy. Fo this reason,
the initialization and the coupling of the present clond model with a large scale hydrostatic model,
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is presented in the following subsection (more details can be found in Cailly et al. 1994). In order
to initialize the nested grid model, the non hydrostatic cloud model uses fields forecasted by the
ARPEGE french forecast model. The present approach of nesting is to formulate open radiative
boundary conditions for the normal velocity, and advective extrapolations for scalar variables.

5a Initialization and Coupling

The 3D model (hereafter NH) is used on a domain of 1200 km x 1800 km x 14 km, with an isotropic
horizontal mesh of 30 km. The vertical coordinate z is stretched with a mesh interval measuring
from 60 m near the ground to 500 m at the top, and the time step is 20s . The coarse mesh grid
model (noted LSM) is the ARPEGE french operational forecast model. It is a stretched spectral
model (T95 L21 C3.5), hydrostatic, based on the hybrid vertical roordinate n. The horizontal
resolution in the FRONTS87 region is around .50 km. Reanalysis of IOP7 and IOP8 with the
ARPEGE/CANARI system has been performed by Desroziers (1993) in including supplementary
radiosoundings and dropsoundings realized during FRONTS87. The method of initialization is based
on interpolations of the LSM data to the NH data without smoothing. In the first step, the part
of the sphere over which the NH is to be integrated is firstly projected on a plane. In a second
step, data are horizontally interpolated from the LSM grid to the NH grid. In a third step, data are
vertically interpolated from the vertical hybrid grid of LSM to the vertical height of NH. As the NH
model actually neglects the orography, a vertical displacement of the PBL is implemented. Fields
are adjusted vertically to the NH levels by polynomial interpolation, ensuring the conservation of
mass fields and mass fluxes. The vertical velocity is deduced from the integration of the anelastic
continuity equation. The horizontal wind is corrected across the depth of the atmosphere to verify
the zero vertical velocity condition assumed by the NH model at the upper boundary. The output
of the initialization routine includes wind (U, V, W), potential temperature and specific humidity,
on the z levels of the NH model.

Figure 6: Horizontal cross section at 1.1 km
altitude of initial vertical velocity at
6R00 UTC 9 January 1987 (IOP7 Case)
(contour interval .5 cm s~1) (from Cailly
et al. 1994).

oo K (km) 1800 L ,
An appropriate specification of lateral boundary conditions is one of the crucial factors for a
successful time integration of limited area prediction models. Extensive tests led us to choose the
following method (Cailly et al. , 1994):

e For scalar variables and velocity component, non normal to the boundary: an advective ex-
trapolation is used in distinguising inflow and outflow. At inflow, the NH fields are specified
from the LSM fields by a linear interpolation in time and space, between value at the second
inner point and the large scale value at a given distance of the boundary. At outflow, the fields
are extrapolated from the NH inner fields.

o Normal velocity to the boundary: at inflow, tendencies are specified from the LSM values; at
outflow, the radiation condition is used but with a generalized Sommerfeld equation allowing
to take in account the LSM tendency and normal gradients of the normal velocity to the
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considered boundary (Carpenter 1982; Redelsperger and Lafore 1988):

- dut _ dut s _ C*(Bul _ Bu'LLSM)
ot~ ot on on

with ut the normal velocity, C* = C + U, where U is the advection velocity, C a fixed phase

speed. All the boundary conditions are applied once per fine-grid time step. A NH simulation

is performed during 12k, starting at 06 UTC 9 January 1988. The LSM data are updated at
3h intervals.

5b Preliminary results
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Figure 7: Horizontal cross sections of vertical velocity predicted by NH for the IOP7 case
at 1,1 km altitude: (a) 9200, (b) 12200, (c) 15h00 and (d) 18400 (contour interval
5 cm s71) (from Cailly et al. 1994)

Figure 6 show the initial vertical velocity at 1 km height, on the NH grid interpolated from the
ARPEGE forecasted fields following the procedure outlined above. The surface cold front is well
marked with a position in fair agreement with observations. '

Starting from the LS fields, NH is able to reproduce three rainbands corresponding to the Narrow
Cold Frontal Rainband (NCFR) above the surface cold front, the Wide Cold Frontal Rainband
(WCFR) and the Warm Wide Frontal Rainband (WCFR) ahead the cold front. The evolution of
the NCFR position and structure can be viewed on the low level horizontal cross-sections of vertical
velocity on Fig 7. The speed propagation and position is in good agreement with observations
reported by Thorpe and Clough (1991), though the NH seems slightly overestimated the speed
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propagation. The absence of orography representation in NH can be explained this difference.
I ! 1 1200 n | '

/- l-'" .
A | | ! [ ==/ !

' L. ! i
', \ T ) 0
Figure 8: Horlzo)&al cross sections of1f1889ds preaicted by NH (IOP7 c)ése) at 1,1 km ajt?t%%e
and at t= UTC 12h00 for: (a) cloud water content (contour interval of .02 g /kg) and
(b) rainwater content (contour interval of .005 g /kg). (from Cailly et al. 1994)

The associated cloud and rain fields (Fig 8) show signature of type of bands, though precipitation
coming from the NCFR and the WCFR merge in an unique band at ground, due to a too coarse
horizontal resolution. Vertically the model reproduces some features of rainbands and observed
circulation (Fig 9). The NCFR is identified with a maximum of vertical velocity, though weaker
than observed. The WCFR (Wide Cold Frontal Rainband) consists of an ascent positioned along
the cold front, with weaker velocity. Most associated precipitation evaporates under the updraught
corresponding to the WCFR, activating a low-level downdraft. In the warm sector, an large ascent
(around 300 km wide) is simulated. The WSWR is positionned 450 km ahead the surface cold front,
in producing stratiform cloud with small precipitation amount at this time. Associated upward
motion is generated in this region on a 350 km horizontal extent and between 3 and 10 km altitude.
The along-front wind (Fig 9a) shows the low-level jet around 1 km, and the upper level jet.

T 14

| ! n ! | i
P"}gure 9: Vertical c)lgc(Jskserections of ﬁelllgogredmted by NH (IOP7 case) a:t <Y= 780 }c?fz] and
at t= UTC 12h00 for: (a) y-component wind (contour interval 2 m s71), (b) vertical
velocity (contour interval 1 cm s~1), (c) cloud water content (contour interval of .02 g
/kg) and (d) rainwater content (contour interval of .005 g /kg). (from Cailly et al. 1994)

0
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These preliminary results indicates that starting from the knowledge of large scale flow, NH is
able to reproduce some features of the observed banded structure, as previously shown in a two-
dimensional framework for the IOP2 case. The horizontal resolution is however not sufficient to
predict correct intensity and horizontal extent of the NCFR.

6 HEAT, MOISTURE & MOMENTUM BUDGETS

One of the problems for large-scale numerical models is the parameterization of subgrid-scale pre-
cipitating cloud processes, which have a large impact on the large-scale fields of heat, moisture and
momentum (e.g. Frank 1983; Johnson 1984; Browning 1990). These parameterizations are generally
conceptualized and fitted from observations. The use of cloud-resolving models is another way to
investigate the vertical distribution of precipitating cloud effects. Moreover, these models are able to
diagnose and to explain the convective eddy transport. In the past, such works have been performed
for squall lines (Lafore et al. 1988; Tao and Simpson 1989; Tao et al. 1993; Caniaux et al. 1994a
and b), showing the full potential of this approach. Such work on frontal systems have not yet been
done, for the simple reason that cloud-scale simulations were not available. In this section, the heat,
moisture and momentum sources/sinks due to frontal rainbands will be presented and discussed, for
the simulation of IOP2 case (section 4).

Four zones have been chosen to perform the budget calculations on the control experiment with
5km horizontal resolution (see Fig. 4c for their position). The zone labeled ZT covers the most
intense part of the frontal system (500 km wide). This region ZT is subdivided in 2 regions ZA (200
km wide) and ZB (300 km wide), surrounding the cold front and in the warm sector, respectively.
The v-scale region Z (30 km wide) documents the NCFR activity.
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Figure 10: Vertical profiles of latent heating budget for control experiment (IOP2 case), and
for the ZT, Z, ZA and ZB zones (see text and Fig. 4) (from Redelsperger and Lafore
1994)
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The different contributions to the latent heating @ for the main part ZT of the frontal system are
shown in Fig. 10a. The net latent heating indicates a warming due to condensation throughout the
troposphere, except below level 600 m, where rain evaporation leads to a cooling maximum of 0.45
°K h~? close to the ground. The analysis of the profiles in the different sub-regions Z, ZA and ZB
(Figs. 10b, ¢, and d) allows the following conclusions:

¢ The NCFR represents the main contribution (Fig. 10b) to the region ZA(Fig. 10c), up to 4
km.

e In region ZB (Fig. 10d), the WSWR mainly contribute to heating the middle and upper
troposphere. However, the secondary frontal discontinuity located in the warm sector also
induces a heating at low levels.

¢ The intense cooling by rain and cloud evaporation mainly results from the trailing precipitation
of wide bands, and occurs up to altitudes of 5 km in the cold frontal zone.

6b  Apparent heat and moisture sources

In terms of convective parameterization, it is customary to define the apparent heat source Q; and
the apparent moisture sink @, which are usually calculated from diagnostic analysis of observations.
The equations of the present model can be simply related to these quantities by horizontally averaging
the tendenciy equations for the potential temperature 6 and mixing ratio of water vapor g over the
considered region:

TR

_ (LD&? (1) e
Q=-F 5 o e te+ D, (10)

where Q is the latent heating, Dg, and D, are the subgrid scale diffusion, overbars denote horizontal
averaging over the considered zone Z and double quotes the deviations from this average (hereafter
called eddy part).

The vertical transport of heat and moisture by all rainbands can be important for some parts of
the frontal system (Figs. 11 and 12). In the planetary boundary layer (PBL), the contribution by
the subgrid-scale terms is important for all the system and decreases the cloud diabatic effect. This
stresses the importance of having a good representation of the PBL in large scale models, which
should be coupled with the convection parameterization scheme. The transports by the NCFR
(Figs. 11b and 12b) are intense and clearly seen on the scale of the zone ZA (Figs. 11c and 12¢).
They contribute to heat and reduce the drying at mid-troposphere around 3.5 km, with opposite
effects below 2.5 km. They are responsible for the double-peak structure of Q; detected in the zone
ZA. In the warm sector (Figs. 11d and 12d), the band linked to the secondary frontal discontinuity
shows similar effects to the NCFR but on a shallower layer (2.5 km instead of 4.5 km). The impact
of transports by bands on the system scale ZT (Figs. 11a and 12a) is less important although not
negligible.

These results compare with those obtained for squall line systems (e.g. Lafore et al. 1988), for
which the eddy transport was found to be more important for Q5 than 1. As a consequence, the
Q2 profile was not well approximated by the latent heating profile Q. Also the ()2 double-peak
structure was found for squall line systems.

Some other similarities with tropical cases are striking. The NCFR effects look like the effects of
the convective part of a squall line (Lafore et al. 1988), but occur over a shallower depth (4.5 km).
The main difference is the absence of double peak structure in the @ profile at this scale.
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Figure 11: As Fig. 10 but for the apparent heat source Q; (in °K h~!). (from Redelsperger
and Lafore 1994)
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Figure 12: As Fig. 10 but for the apparent moisture sink @, (in °K h™!). (from Redelsperger
and Lafore 1994)
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The profiles due to the WCFR resemble those of the squall line stratiform part (Caniaux et
al. 1993a), with cooling/moistening by cloud and rain evaporation occuring at low levels, and
heating/drying above. Nevertheless, due to the weakness of precipitation associated with the WCFR,
~ its cooling/moistening layer is much weaker. As suggested by Clough and Franks (1991), the ice
phase may be important for enhancing the evaporation beneath the WCFR and for intensifying
it. At the system scale (region ZT), the similarities with squall line systems are weaker. Indeed,
contrasting with the tropical cases, the net cooling/moistening due to wide bands dominates in the
low levels. The (); double peak structure is also weaker for the frontal case, due to the difference of
altitude between activity core of narrow and wide bands.

Sensitivity of these results to the model horizontal resolution have been also studied. At the
system scale (not shown), no major differences in the Q; and @, profiles were obtained for a same
experiment but with a 20 km horizontal resolution, in contrast with smaller scales, as the NCFR is
not correctly simulated. As seen previously, the 20 km resolution simulation also produced almost
the same rainfall rate as the 5 km one (control experiment).

6c  Apparent horizontal momentum sources
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Momentum transports by convection remain a difficult and poorly understood part of cloud effects
on atmospheric motions at all scales. In this section, the effective contribution by frontal rainbands

is computed from the present simulations and discussed. As for heat and moisture, it is possible to
define apparent source of cross— and along—front momentum, as follows:

0 _mz _ 1 B(p)w”u”z

w5 o TP (11)
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JR— 4 ——7
DV 1 0

where Dg, and Dg, represent the subgrid scale diffusion.

Figures 13a and b show the resulting momentum sources as seen at the system scale (ZT). On
average, along—front sources are about 2 to 3 times stronger than the cross—front ones, in particular
for the subgrid scale contribution. It is in agreement with recent results (Gueths 1993) obtained
from single Doppler radar measurements for four frontal systems, observed during FRONTS87. The
subgrid scale contribution is concentrated in the PBL and is rather horizontally homogeneous. It
mainly decelerates the along—front flow up to 750 m (maximum of 5.5 m s ~! h™!) and slightly
accelerates it above.

The most striking feature occurs below 5 km, and is due to intense transports of vertical mo-
mentum in the vicinity of the NCFR. This is confirmed by the @, and @, profiles computed over a
box Z* of 100 km width (Fig. 4c), surrounding the NCFR (Figs. 13c and d). Due to a positive cor-
relation between the vertical velocity w and the cross—front velocity u fields (see the NCFR outline
superposion Fig. 4e ), the vertical flux of cross-front momentum by eddies (Fig. 14c) is significant
and positive up to 4.5 km, with a maximum of 0.55 kg m~?! s™2 at 2.9 km. The resulting Q, apparent
source by resolved eddies (Figs. 13a and c), is thus characterized by deceleration and acceleration
below and above 2.9 km, with significant intensity (-0.36 and 0.42 m s~! h™?, respectively at a scale
of 500 km). An intensification of the along—front vorticity (cross—front vertical shear), and a decrease
of the along~front component of the moist potential vorticity (MPV) results.
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The behaviour of the along~front momentum is similar to the crossfront, but of opposite sign with
about a double magnitude. In the NCFR, the w and v fields are negatively correlated (see the NCFR
outline superposed on Fig. 4d), and lead to an intense downward flux of along—front momentum
(Fig. 14c), with a minimum of -1.2 kg m~" s72 at 3.2 km. The resulting effects (Figs. 13b and d)
are thus acceleration and deceleration below and above the level 3.2 km, respectively (0.75 and -1.06
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m s~ h~! respectively at a scale of 500 km). As a consequence, the cross-front vorticity as well
the cross—front component of the MPV increase. In fact, the vertical redistribution of horizontal
momentum by the NCFR occurs in such that the loss of MPV in the along—front direction is partially
compensated by the gain of MPV in the cross—front direction. This is in agreement with the MPV
conservation, as verified by Bénard et al. (1992b) in a budget analysis. This suggests that the
antisymmetric structure of the ), and @, profiles is related to MPV conservation.

In contrast with the @1 and @, profiles, the Q, and @, are more sensitive to the horizontal
resolution. As shown on Figs. 15, the simulation with a 20 km horizontal resolution reproduces a
Q. profile similar to the control experiment ( 5 km horizontal resolution) owing to the subgrid scale
parameterization, as the NCFR is not explicitly resolved. The former experiment fails to simulate
the @, profile due to the NCFR, as given by the control experiment.
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18 \|Figure 15: Vertical profiles of apparent cross—
| front (a), and along-front (b) momentum
sources (@, and @, respectively) for the
Total I0OP2 case with a 20 km horizontal resolu-
a.t tion and for the ZT zone. Units are in ms~?
, ] h~! (from Redelsperger and Lafore 1994)
SubgriZ’ Eddies
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Concerning the effect of the NCFR on the cross—front momentum field, a dynamical basis for
its understanding is provided by the two-dimensional nonlinear and stationary theory of organized
convection (Moncrieff 1992). Though this theory does not include the Coriolis parameter, it gives
a guideline for understanding this band, which is narrow compared with the Rossby radius of de-
formation (Moncrieff 1989). The present case is characterized by intense cross—front shear, where
the overturning updraught is an important branch of the system, whereas the jump updraught is
almost non existent. The simulated positive cross—front momentum flux suggests a downshear-tilted
structure for the NCFR, which is in agreement with the simulated overturning updraught.

7 CONCLUSIONS

This study has shown that two-dimensional and three-dimensional nonhydrostatic cloud models
can produce detailed and realistic simulations of frontal systems and their sub-structure. Three
different cases were simulated: the FEady problem, IOP2 and IOP7 cases of FRONTS87 experiment,
In all cases, the model has indeed the ability to reproduce a large variety of observed frontal bands,
starting from only the knowledge of mesoa scale fields.

Good Doppler radar observations obtained during the IOP2 of FRONTSS87 allowed us to validate
the simulations performed in this case. The Narrow Cold-Frontal Rainband (NCFR) was identified
as the surface cold front with a maximum of vertical velocity of 1.45 m s~!, Two classes of wide
bands were also observed: a wide cold—frontal rainband (WCFR) and warm sector wide rainbands
(WSWR) producing precipitation rates weaker than the NCFR, and with weak vertical velocities
around .2 m s~1. The results are promising because the simulated structures show strong similarities
to the observed one. Particularly, the vertical velocity fields exhibit similar banded features to those
of Doppler radar observations. The location, intensity and width of different observed bands were
reproduced by the model. The precipitation associated with the NCFR and WSWRs was also close
to the observed values. However the present simulation of IOP?2 fails to reproduce the precipitation

313




REDELSPERGER J.L.  MODELLING FRONTAL CLOUDS ...

associated with the WCFR, although this band exists in cloud water content and vertical velocity
fields. The underestimation of downdraught underneath this band may be due to the omission of
an ice phase parameterization.

An important consequence of the agreement between the control simulation and the observations
for the IOP2 case is the possibility of using the simulation to compute heat and moisture budgets.
The analysis of the latent heating budget has shown that the NCFR represented the main contri-
bution of heating in the low levels of the frontal region. The wide bands contribute to middle and
upper troposphere heating. Important cooling is observed up to 5 km altitude, resulting from cloud
evaporation and from the trailing precipitation of wide bands (mainly the WCFR). The budgets of
the apparent heat and moisture sources have stressed the importance of the eddy transport, par-
ticularly for the apparent moisture source transport. This result was also found in previous studies
of squall lines.The eddy transport also induces a double-peak structure in the apparent moisture
source.

The analysis of the apparent sources of momentum suggests that the NCFR can significantly
affect the large scale flow. This band is tilted downshear and transports positive cross—front momen-
tum upward, leading to an intensification of the along-front vorticity and an overturning updraught.
The apparent source of along—front momentum @, profile presents an antisymmetric structure to the
one of @, but with about the double intensity, which may be qualitatively explained by the prop-
erty of conservation of MPV. Using dual Doppler radar techniques, Chong et al. (1991) have shown
that in the NCFR region, a three-dimensional circulation is superposed to the basic cross—front
two-dimensional one. Further studies are thus needed on the vertical transport of momentum by the
NCFR, through budget analysis of fields issued from Doppler radar analysis and three-dimensional
simulations. As suggested by Moncrieff (1989), the theory of momentum transport for squall lines
is relevant to narrow cold frontal rainbands, because the relative flow structure is similar in both.

Two shortcomings of these IOP2 simulations are the absence of the ice phase representation and
the two-dimensional framework. As recently outlined by Clough and Franks (1991), evaporation
of precipitation is important in frontal systems with the ice phase during the FRONTS 87 exper-
iment. For this reason, the ice phase parameterization should be activated in our future frontal
simulations, as for the squall line simulations (Caniaux et al. 1994a). As shown in Redelsperger
and Lafore (1994), the two—dimensional framework is very convenient for studying the relationships
between rainbands and along—front large scale gradients. However, to increase the realism of these
experiments, three-dimensional simulations with high horizontal resolution in the frontal region are
necessary. Preliminary results of three-dimensional simulations of IOP7 case of FRONTS87 were
presented, in emphazing on the initialization and coupling problems. From the present results of two-
dimensional and three-dimensional experiments, it seems that such three-dimensional experiments
have the ability to forecast the occurence of rainbands and other significant mesoscale features (e.g.
sharp thermal temperature contrasts, strong surface-level winds and high precipitation rates).

Fine horizontal resolution is necessary to describe the NCFR and its associated sharp peak of
precipitation. Nevertheless, crude resolution (say 30 km) appears sufficient to simulate the WSWR,
the total precipitation and the profiles of the apparent heat and moisture sources at the system
scale. The importance of large scale forcings on convection, which is independent on the horizontal
resolution, may explain this rather surprising result. In contrast, the profiles of apparent horizontal
momentum sources are less correctly predicted at 20 km resolution (IOP2 case), as they mainly
result from intense vertical transports occurring in the NCFR. This was particularly true in our
I0P2 simulations for the along-front momentum transport. The cross—front momentum transport
was similar, as the subgrid turbulence scheme enabled to well parameterize the eddy term in the
simulation with a 20 km resolution, directly resolved in the one with a 5 km resolution.
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