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Model-guided Lagrangian observation and simulation
of mountain polar stratospheric clouds

M. Wirth,! A. Tsias,? A. Dérnbrack,® V. WeiB,! K. S. Carslaw,2* M. Leutbecher,?
W. Renger,! H. Volkert,® and T. Peter®

Abstract. Gravity-wave-induced polar stratospheric clouds (PSCs) were observed over
the Scandinavian mountains by airborne lidar on January 9, 1997. Guided by the forecasts
of a mesoscale dynamical model, a flight path was chosen to lead through the coldest
predicted region parallel to the wind at the expected PSC level (23-26 km). Because of the
nearly stationary nature of the wave-induced PSC the individual filaments visible in the
backscatter data of the clouds can be interpreted as air parcel trajectories. Assuming dry
adiabatic behavior and fixing the absolute temperature to the ice frost point in the ice part
of the cloud enables detailed microphysical simulations of the whole life cycle of the cloud
particles. Optical calculations are used to adjust open parameters in the m1crophy51cal
model by optimizing the agreement with the multichannel lidar data. This case is compared
with former work from the Arctic winter 1994/1995. The influence of the stratospheric
H,SO, content and the cooling rate on the type of cloud particles (liquid ternary solution

droplets or solid nitric acid hydrates) released from the ice part of the cloud is evaluated.

1. Introduction

It is now well recognized that heterogeneous chemical re-
actions on polar stratospheric cloud (PSC) particles play a
key role in the activation of catalytically active halogen rad-
icals from relatively inert reservoir compounds [World Met-
eorological Organization (WMO), 1992, 1994]. 1t is this ac-
tivation process that leads to the photo catalytic reaction cy-
cles that produce the so-called ozone hole. At present, we
have a fairly detailed qualitative picture of these processes,
but an accurate quantitative understanding is still lacking.
Especially our ability to predict the number density, surface
area, composition, and phase of particles, which will be gen-
erated in an atmosphere of given composition and tempera-
ture history, is still insufficient [Tolbert, 1994, Peter, 1997;
Koop et al., 1997].

Carslaw et al. [1998a,b] showed that in the Arctic, meso-
scale temperature fluctuations induced by mountain waves
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are one source of PSC formation not covered by synoptic
scale analyses, as for example that carried out by Pawson et
al. [1995]. These wave-induced PSCs provide an outstand-
ing opportunity to study the microphysics of particles by air-
borne (lidar) measurements. The small scale and quasi sta-
tionarity of these clouds allow a quasi-Lagrangian measure-
ment strategy to be applied which covers the whole life cycle
of a PSC particle. Besides the microphysical aspects these
mesoscale PSCs cause air to be processed by heterogeneous
chemical reactions to an extent that may have a significant
impact on global ozone chemistry. It should be noted that

such wave-induced PSCs have been frequently documented
for a long time [Stdrmer, 1929] and were previously termed
mother-of-pearl or nacreous clouds.

Carslaw et al. [1998b] applied the quasi-Lagrangian ap-
proach to older observational material from the Second Eu-
ropean Stratospheric Arctic amd Mid-latitude Experiment
(SESAME, 1995) where only small portions of the flight
track were accidentally aligned along the wind direction at
PSC level. During the Airborne Polar Experiment (APE) we
were able to plan the flight tracks of the aircraft more accu-
rately in advance by employing a forecast system based on
a mesoscale model driven by global forecasts [Dérnbrack et
al., 1998].

This study focuses on a PSC encounter over the Scandi-
navian mountains on January 9, 1997. We show results of
airborne lidar measurements, the mesoscale meteorological
simulations that guided them, and compare the results of a
microphysical and optical modeling against the lidar data.
Section 4.3 will also compare these results with those of the
first study from the winter of 1995 [Carslaw et al., 1998b].
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2. Mesoscale Dynamics

In recent years it became increasingly recognized that
mesoscale features (horizontal scales between 2 and
2000 km) have to be taken into account also at stratospheric
levels [e.g., Appenzeller and Davies, 1992]. Mesoscale wave
motions in the stratosphere, which were excited by airflow
over an underlying mountain range, have been documented
[e.g., by Shutts et al., 1988].

2.1. Modeling System

In the work of Leutbecher and Volkert [1996] the fifth gen-
eration Pennsylvania State University / National Center for
Atmospheric Research mesoscale model (MMYS) [see Dud-
hia, 1993; Grell et al., 1994] was used for the simulation
of wave propagation up to 30 km. Using the same model-
ing system, Ddrnbrack et al. [1998] presented mesoscale
forecast and hindcast runs for the wave event on January 9,
1997. For the more detailed analyses presented here, we
run a simulation with a twofold grid refinement (nested do-
mains; see Figure 1) to better resolve the fine scale features
of the Scandinavian mountain range. The coarsest computa-
tional domain with 36 km horizontal resolution is the same
as described by Dérnbrack et al. [1998] (their Figure 1).
The two nested domains provide high-resolution data inside
the operational area of APE. The boundary and initial con-
ditions for the model run were prescribed by global analyses
of the European Centre for Medium-Range Weather Fore-
casts (ECMWF) with a spatial resolution of 2.5° in latitude
and longitude and on 14 standard pressure levels from the
surface to 10 hPa. The model setup of the numerical simula-
tions is the same as in the work of Dornbrack et al. [1998].

2.2. Wave Event, January 9, 1997

2.2.1. Synoptic situation. Stratospheric analyses from
ECMWEF data around January 9, 1997, suggest a minimum
temperature of 188-193K in the center of the polar vortex
near the pole. The edge of the polar vortex was located above
the mountains of northern Scandinavia and the synoptic tem-
peratures ranged from 196 to 198 K at the 550K isentropic
surface (= 23 km) (Figure 2). ‘

Thus temperatures upstream of the Scandinavian moun-
tains at PSC levels were about 3—4 K too high for the pres-
ence of PSC type 1. In the troposphere a fast moving frontal
system was approaching Scandinavia from northwest. Early
in the morning of January 9, the cold front increased the
near-surface wind speed up to 20 m/s and changed the wind
direction below 5 km toward northwest leading to conditions
with almost no directional shear with height. Simultane-
ously, a jet stream at 10 km reached maximum wind speeds
of more than 50m/s. The air masses at the mountain crest
levels became more stable as a reaction to the front passage
in the first half of January 9, 1997.

The Froude number F =U/(NNhg) characterizes the flow
regime, where U and N are the mean wind speed and
the buoyancy frequency of the low-level flow upstream of
the orography, and hg is its crest height. For F > 1,
the oncoming flow has enough kinetic energy to pass over
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Figure 1. Subdomains of the mesoscale model: (a) 12km
resolution, 106 x 106 meshes and 1272km subdomain
length, and (b) 4km resolution, 106 x 106 meshes and
424 km subdomain length. The model orography is given
in increments of 400m. The flight path of the DLR-Falcon
aircraft on January 9, 1997, is thickened in the parts where
PSC clouds were observed by the lidar (numbers I to III).
Locations mentioned in the text are marked by B, Bodg; K,
Kiruna; S, Sodankyla.
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the mountain. For F < 1, the flow is partially or to-
tally blocked and is diverted around the mountains [Pierre-
humbert and Wyman, 1985; Baines, 1995]. The mountain
range represented by the model orography hds a maximum
elevation of about 1500m. The simulated Froude num-
ber F =20ms~1/(0.014s7 hy) = 1430m/hy is close to 1.
Therefore most of the air is passing over the mountain ridge.

Altogether, the high near-surface winds, the uniformity
of wind direction with height, the thermally stabilized air
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Figure 2. (a) Potential vorticity in units of uK m? kg
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and (b) temperature in Kelvins on the 550 K

isentropic surface for January 9, 1997. Data were taken from the European Centre for Medium-Range -
Weather Forecasts (ECMWF) 1200 UTC analyses. On this day, high PV is collocated with low tempera-
ture. Northern Scandinavia was located at the vortex boundary.

masses at mountain crest level, and the strong jet stream at
the edge of the polar vortex favored the excitation and verti-
cal propagation of mountain waves into the stratosphere.

2.2.2. Temperature at PSC levels. The numerical sim-
ulation of the flow allows to quantify the mesoscale tempera-
ture anomalies induced by the mountain waves in the strato-
sphere. Plate 1 shows the horizontal temperature structure at
the 600K isentropic surface for both nested domains of the
mesoscale model, and Figure 3 depicts the vertical section
above the first flight leg of the Falcon aircraft at about 1630
UTC.

A mesoscale temperature anomaly is visible above the
mountain ridge as an isolated, elongated, and coherent cold
spot of about 125km east-west extension with minimum
temperatures of less than 185K (Plate 1). The north-south
extension of this temperature minimum amounts to approxi-
mately 450 km. The maximum temperature decrease of 13 K
(related to upstream temperatures at the same isentropic sur-
face) results from the adiabatic expansion of the ascending
air. In the coldest region the 600 K isentropic surface is lifted
by nearly 1300 m. Although the steepening of the isentropic
surfaces is rather large, the wave amplitude is not sufficient
to result in overturning. This indicates that there was no
wave breaking on the scales resolved, neither in the strato-
sphere nor in the troposphere.

Farther to the east a warm region is followed by a second
cold region which is located 300 km downstream and west of
the Kola peninsula. This second cooling is caused by slant
propagation of internal gravity waves under the action of the
Coriolis force [Queney, 1948].

In the vertical section the region of lowest temperatures
(I'" <185K) is located between 18°E and 19°E, directly
above the highest peaks of the orography in the mesoscale

model (see Figure 3b). Its horizontal widths of 20 km is well
correlated with the typical width of the peaks of model orog-
raphy underneath. The temperature gradient at an altitude of
25 km between the temperature minimum (at 18.7° E) and
the maximum (at 21° E) amounts to 20 K within 150 km.

2.2.3. Radiosondes: Bodg, Kiruna, and Sodankyli.
To estimate the accuracy of the mesoscale model simula-
tions, we compare the calculated stratospheric temperature
structure with soundings of radiosondes launched on the af-
ternoon of January 9 (Figure 4).

The Bodg sonde sampled the southern end of the cold
spot above the mountain range at an altitude of about 22 km,
and the Sodankyld sounding passed the easterly tempera-
ture minimum downstream at heights between 23 and 25 km.
Both cold spots are reproduced by the MMS5 soundings
which follow the balloon trajectories. Unfortunately, the ra-
diosondes give no information for regions where PSCs were
actually observed by the lidar as the Bodg sonde missed this
region by passing south and the other sondes are launched
downstream of the westerly cold spot. Thus the only di-
rect indicator of a stratospheric temperature minimum above
the mountain ridge is located south of the Kebnekajse mas-
sif with T' =192.9K at 25.5km from the Bodg sonde at
1200UTC. The Bodg sonde launched 12 hours later mea-
sured a minimum temperature of 189.9K at 22km. The
MMS5 temperatures following the Bodg and the Sodankyld
sondes are about 3K too warm when compared with the
measurements at PSC levels (23-26km).

Thus we conclude that the minimum temperatures in the
coldest regions derived from the mesoscale model simula-
tions are in the range of 18443 K. Differences between the
simulated and the real temperature fields may arise from a
poor vertical resolution of the lateral boundary conditions
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Figure 3. (a) Vertical section of temperature in Kelvins
along the flight leg shown in Plate 1b. Data are taken from
the innermost nest at 1630 UTC. The dashed line shows the
altitude of the ©=600K isentropic surface (compare Plate 1).
(b) Terrain heights along the baseline of the flight legs:
MMS5 orography in the finest domain (solid black), and 20"
orographic data set orography provided by the Geophysical
Data Center in Boulder for the first east to west flight leg of
the Falcon (dotted).

in the stratosphere and from the presence of shorter waves
not resolved by the model. The lidar measurements shown
later suggest an additional temperature fluctuation of about
+2K at a wavelength smaller than 20 km which cannot be
resolved by the simulation (compare the discussion in sec-
tion 4.2).

WIRTHET AL.: MOUNTAIN POLAR STRATOSPHERIC CLOUDS

3. Quasi-Lagrangian Lidar Measurements
3.1. Lidar System

A multiwavelength aerosol and ozone lidar called OLEX
(Ozone Lidar Experiment) was flown onboard the Falcon
F-20 aircraft. A precursor of this lidar system had been op-
erated during several Arctic campaigns onboard the Transall
aircraft, [see Wirth and Renger, 1996; Carslaw et al.,
1998b]. For the detection of PSCs the OLEX supports three
aerosol detection channels; two different polarizations at
532 nm laser wavelength and one UV channel at 355 nm.
Table 1 shows the relevant system parameters. The lidar data
are presented as total backscatter ratio (S) and aerosol depo-
larization Ja at 532 nm wavelength and the color ratio. In
terms of the backscatter coefficient 3, these optical proper-
ties are defined as

S = (/Baerosol + ﬂair)/ﬁair (la)
color ratio = B2%et / Basroney (1b)
oa = ﬂaerosol,J./ﬁaerosol,[[ (1c)

The backscatter coefficient of clear air (i, is proportional
to the molecular number density of the air and was calculated
from the pressure and temperature data of the mesoscale
model. In the region of strong wave excitation there is still
about 3 K difference between the model results and the tem-
perature estimated from the frost point (compare section 4.2)
or taken from radiosondes (see section 2.2.3). A first-order
estimation shows that this results in an error of about £1%
in Bair Which can be neglected for our purposes.

To preserve the high resolution of the lidar data, we did
not correct for aerosol extinction. However, from the shadow
cast by the thickest ice cloud in Plate 2 on the clear air above,
an optical thickness of about 0.1 can be estimated. Thus
the maximum error in the backscatter ratio due to aerosol
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Figure 4. Vertical temperature soundings by radiosondes (marked by symbols) and MMS5 temperature
profiles following the balloon trajectory on the afternoon of January 9, 1997. (a) Sounding Bodg at
1200 UTC. Data are on standard pressure levels and at significant levels. The trajectory of the balloon
is calculated by assuming a constant ascent rate of 4.5m/s. (b) Sounding Kiruna at 1400 UTC. Data
(including ascent rate and position) are available every 10s up to 1800m, every 30s up to 6800 m and
every minute up to the bursting level. (c) Sounding Sodankylid at 1800 UTC. Data (including ascent rate
and position) are available every 2 s for the whole ascent.
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filamentary structure trails the type II cloud. For the most
part this cloud tail backscatters significantly in the perpen-
dicular polarized channel, indicating the presence of solid
(nonspherical) particles. In the lower-most part of the out-
flow region of the ice cloud (at 90 km distance and 23.5 km
altitude in Plate 2) the particles show no significant aerosol
depolarization but a medium backscatter ratio (~3), typical
for the spherical particles of liquid ternary solutions.

The mesoscale dynamical simulation predicted also a cold
spot over Finland and the Kola peninsula not directly cor-
related to any significant underlying orographical obstacle.
Plate 3 shows the backscatter ratio S measured by the OLEX
lidar in section III of the flight track near Sodankyld. The
peak values of 80 at 28 km altitude show the presence of wa-
ter ice at synoptic temperatures about 14 K above the frost
point. So even 300 km away from the mountains, wave-
induced PSC can be formed. For the microphysical simula-
tions we will concentrate on the cloud detected in section I
the cloud in section II (not shown here) is much smaller, and
section IIT is not aligned with the wind).

4. Microphysical and Optical Simulations
4.1. Microphysical Model

As in the work of Carslaw et al. [1998b], we have com-
bined the lidar observations with microphysical and optical
model simulations in an iterative process (Figure 5) to deter-
mine the size of the particles along an air parcel trajectory.

Q)

lidar
observation

N O)

trajectory Comparison
new model \
arameters \
4
microphysical particle size light scattering
model distributions model

® ®

Figure 5. Schematic of the iterative process used to derive
PSC characteristics using lidar observations, microphysical
model simulations, and optical calculations. The lidar ob-
servations (number 1) were used to determine an air parcel
trajectory along clear bands of aerosol. This yields the alti-
tude and thus the ambient air pressure. With this information
and an initial first guess of the particle number densities the
microphysical model (number 2) was used to calculate the
time development of liquid, ice, and NAT (or NAD) parti-
cle size distributions along the trajectory. The optical model
(number 3) was then used to calculate a simulated lidar sig-
nal along the trajectory for the three optical properties total
backscatter ratio, perpendicular backscatter ratio and color
ratio. The simulated and observed lidar signals were then
compared and the assumptions in the microphysical model
refined. This process was then repeated in the order of 2,
3, 4, 2 until the agreement between the simulated and the
observed lidar signals was optimal.
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A T-matrix light-scattering algorithm [Mishchenko, 1991]
suitable for nonspherical (axis symmetrical) particles was
adopted. Size distributions calculated in the microphysi-
cal model were used as input to the optical code. The
time development of particle composition and size was sim-
ulated using a fully kinetic microphysical Lagrangian box
model. The model includes growth and evaporation of
ternary HNO3g/H3SO4/HoO (STS) droplets as well as the
solid particles ice, nitric acid trihydrate (NAT), nitric acid di-
hydrate (NAD), and frozen sulfuric acid aerosols composed
of sulfuric acid tetrahydrate (SAT). Equilibrium vapor pres-
sures of ice and NAT particles were taken from Hanson and
Mauersberger [1988] and the NAD vapor pressure accord-
ing to Worsnop et al. [1993]. The liquid-only component of
the model has been used in earlier simulations of nonequilib-
rium stratospheric liquid aerosol growth in mountain waves
[Meilinger et al., 1995]. Tsias et al. [1997] examined the
nucleation of NAD and NAT from nonequilibrium droplets,
and later Carslaw et al. [1998b] investigated ice and NAT
PSC growth in mountain waves over Scandinavia.

In detail the microphysical model proceeds as follows:
When a droplet freezes, an initial ice crystal is assumed to
form instantaneously from the water molecules available in
the droplet, until equilibrium is reached between the remain-
ing liquid and the ice. The ionic concentration of this re-
maining liquid is of course greater than in the droplet before
freezing and can be calculated from thermodynamic equilib-
rium considerations. The ice crystal then continues to grow
by gas phase vapor diffusion. The ice particle is assumed
to be at equilibrium with the surrounding liquid layer dur-
ing the ice particle growth process, which can be justified
given the quasi-instantaneous equilibration between liquid
and ice. The water vapor pressure over the ice/liquid par-
ticle is therefore that of pure ice, and it is this vapor pres-
sure that is used in the ice growth equation. The calculated
composition of the liquid layer in equilibrium with the ice
particle determines the HNOg3 vapor pressure, which is used
to calculate HNO3; mass transfer between the gas phase and
the liquid layer. This HNOs transfer leads to a change in
the mass of the liquid layer with time, but the ionic con-
centration at any moment is always determined by equilib-
rium between the liquid layer and the ice. Note that the con-
centration of HNOj reached in the liquid layers surrounding
ice particles is considerably lower than calculated to exist in
nonequilibrium supercooled ternary solution (STS) droplets
[Meilinger et al., 1996; Tsias et al., 1997] during similarly
rapid cooling events. This is because of the requirement of
liquid/ice equilibrium, which restricts the ionic concentra-
tions to thermodynamic equilibrium values. The supersat-
uration with respect to NAT (or NAD) can be calculated in
the normal way by examining the HNO3 and H,O partial
pressures at any moment in time. Formation of NAT may
occur either from within the liquid layer itself (freezing nu-
cleation, possibly assisted by heterogeneous contact with the
ice surface) or from HNO; vapor deposition on any exposed
ice surface (deposition nucleation). Our analysis of the ice
cloud in Plate 2 suggests that deposition nucleation of NAT
may be the favored process.
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To avoid numerical diffusion, particle growth was calcu-
lated using a Lagrangian scheme in radial space; that is,
growth of individual size classes is followed rather than dis-
tributing mass changes between fixed radius bins. The size
distributions of liquid and solid particles are each repre-
sented by 26 radius classes. Solidification of droplets, for
example to ice or NAT, in a given radius class is assumed
to be instantaneous and to occur only during a single time
step of the model (that is, we do not consider an activation
rate that would lead to the number of unfrozen particles in
a given size class varying exponentially with time). How-
ever, the fraction of particles that solidify can be freely var-
ied [see Tsias et al., 1997]. After solidification or partial
solidification of particles in a given size class, the diffusive
growth and evaporation of the liquid and solid particles is
then separately followed. Such a purely Lagrangian treat-
ment of particle growth would have limitations if ice parti-
cle nucleation were a slow process. However, as shown by
Carslaw et al. [1998b], there is evidence that nucleation is
rather rapid, as evidenced by the sharp changes in color ratio
in their Plate 2. These peaks would have been considerably
smoothed out had the nucleation of ice been a gradual pro-
cess throughout the cloud. Such effects are also apparent in
the lidar images shown here.

4.2. Selection of Trajectory

The most critical step for a successful microphysical sim-
ulation is the proper selection of the temperature history of
the air parcel. In contrast to the case of January 15, 1995
[Carslaw et al., 1998a,b], it was not possible to read off the
trajectory of an air parcel that covers the whole range of mi-
crophysical simulation from the lidar measurements alone.
Since there is no sign of aerosol particles above the detection
limit of the lidar on the inflow side of the cloud, we com-
bined trajectories obtained from the mesoscale model runs
with the finer scale signatures from the lidar (where they are
available).

To get an overview of possible thermal histories, sev-
eral trajectories were calculated within the mesoscale model
runs. Figure 6 shows the temperature and the corresponding
cooling/heating rates along trajectories that started at about
20hPa (24km) in the finest nested domain. The starting
points are selected in such a way that the air parcels cross
the western cold spot at about the time of the lidar measure-
ment at 1630 UTC (see Plate 1b for the ground tracks).

Generally, the air parcels spend less than 5 min at tem-
peratures below T' =185K, whereas on average, they stay
about 20 min below T' =190K. Because of the perturbation
of the flow by the mountain wave the mean horizontal wind
speed of 42 m/s (~150km/h) is modulated with lower val-
ues of 30-35 m/s in regions of ascending motion and higher
ones (50-60m/s) in regions of descent. Therefore the heat-
ing rates generally reach higher absolute values (>100K/h)
than the cooling rates (=<70K/h). As the orography is bet-
ter resolved than in the work of Ddornbrack et al. [1998],
smaller-scale mountain waves are excited, which produce
lower temperatures (minimum 183.6 K). However, as can be
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Figure 6. (a) Histories of temperature and (b) cool-
ing/heating rates along individual trajectories of air parcels
started in the innermost nest at 1500 UTC on January 9,
1997, at about 24km. The trajectories terminate at
1700 UTC. Line coding from south to north: solid line, 1;
dotted, 2; dashed, 3; dashed-dotted, 4; dashed-triple dot-
ted, 5.

seen from the terrain heights along the baseline of the Falcon
flight leg (Figure 3b), there is still a considerable difference
in the top height and shape between the fine scale orography
used by the mesoscale model and the best available digital
data set (the real orography is even finer structured). So we
expect that the simulated wave amplitudes would increase
even further if the model resolution could be increased. This
may improve the agreement between the dynamical calcula-
tions and the radiosonde and lidar observations.

Figure 7 shows the synthesized temperature history which
was actually used for the microphysical simulations for the
range of the lidar measurements in Plate 2 along with the
result from the mesoscale model for trajectory 2 from Fig-
ure 6. This temperature history corresponds to the air parcel
trajectory indicated by the white line in Plates 2a-2¢c. Within
the cloud the absolute temperature along the trajectory is
determined by reference to the ice frost point level, which
we fix as indicated in Plate 2a, midway between the peak in
backscatter ratio and the point of ice disappearance [Carslaw
et al., 1998b]. Temperatures at other points are then calcu-
lated by assuming dry adiabatic behavior. Outside of the
PSC the temperature is smoothly adjusted to the mesoscale
model results. Taking into account that the modeled temper-
atures seem to be about 3 K to warm, as compared to radio
soundings (see section 2.2.3), and do not include small-scale
waves (A < 20km), there is a good agreement of the shape
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Figure 7. Microphysical box model simulation of the PSC
eventin Plate 2: (a) temperature; (b) particle radii (thin lines,
NAT; thick line, ice; dashed lines, liquid); (c) particle vol-
ume. The initial aerosol size distribution of liquid particles
was assumed to be lognormal and represented by 26 size bins
(Bo-Bss) with a total of 10 particles cm ™3, an initial width
of ¢ = 1.8 and mode radius of 0.03 pm at 230 K (equivalent
to a total amount of HySOy in the air parcel of 0.05 ppbv).
The air contains total mixing ratios of 5 ppmv H2O and 10
ppbv HNOj3. For the simulation run shown here, virtually
all droplets were assumed to freeze as ice 4.0 K below the
ice frost point and were then allowed to grow as ice/liquid
mixtures. For reference an “infinitesimal” fraction of 0.1%
in all bins was kept in the liquid state. Nucleation of NAT
was assumed to occur on ice particles belonging to bins 0 to
12 (60% of the particles), leading to release of NAT upon ice
evaporation. The remaining 40% of the ice particles were as-
sumed to release liquid droplets after ice evaporation. These
droplets need about 12 min to fall back to the size of liquid
particles that never had been frozen, which shows up in a bi-
furcation of the dashed lines for the bins By5—Bss in Figure
7b. The ice and NAT equilibrium temperatures are plotted as
dotted lines in Figure 7a. '

and the heating/cooling rates in the region where the temper-
ature history can be read off from the lidar data.

4.3. Results of Microphysical Simulations

4.3.1. Nucleation of ice. The apparent absence of any
particles upwind of the ice cloud is in contrast to the cases
studied by Carslaw et al. [1998b] where well developed
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liquid aerosol clouds were clearly visible. This difference
probably arises due to the much more rapid cooling rate in
the mountain wave in the case shown in Plate 2 than for
the PSCs studied by Carslaw et al. [1998b]. As shown in
Figure 6, simulations using the MM5 model indicate a peak
cooling rate of up to 70 K h™! upwind of the cloud, with
the air cooling from a temperature of about 200 K to 184 K
within 40 min. Thus the background aerosols are cooled
from well above liquid PSC conditions in a time that is in-
sufficient to allow for any significant HNOg uptake by the
aerosols. This lack of aerosol growth is well reproduced
in the microphysical simulation shown in Figure 7 and the
corresponding optical calculations in Plate 4. In contrast,
in the cases analyzed by Carslaw et al. [1998b], tempera-
tures were below liquid PSC formation conditions for much
longer (a3 hours) before ice formed.

One free parameter of the microphysical simulation is the
fraction of particles on which ice (resp. NAT) nucleates. Op-
timum agreement between the observed and the calculated
optical properties in the cloud was achieved by assuming
that between 50% and 100% of the droplets upwind of the
cloud nucleated to form ice and that the smallest 60% of the
ice particles then served as sites for NAT nucleation (bins
0-12 in the model). The essentially complete ice nucleation
is the same as in the earlier mountain wave PSCs studied by
Carslaw et al. [1998b]. Also, as in the earlier observations,
it was necessary to apply a super cooling of 4 K below the
ice frost point (Tost) in order to accurately reproduce the
timing of initial ice formation.

4.3.2. Nucleation of hydrates. The greatest difference
between these observations and those studied by Carslaw et
al. [1998b] is that solid type I PSCs appear in close prox-
imity to the ice cloud rather than appearing only 200 km
downwind. This reflects the much higher number of hydrate
particles nucleated, which in turn affects their size and the
rate at which they grow by diffusive vapor transfer. Carslaw
et al. [1998b] suggested that the low number density of NAT
particles nucleated on ice in the case they studied (about 2%
of all ice crystals) might be explained by the comparative
rates of deposition (gas to solid) and freezing nucleation of
NAT on the ice surfaces. We now reexamine this hypothesis
in the light of these new observations.

Carslaw et al. [1998b] argued that NAT formation prob-
ably occurs via deposition nucleation on ice surfaces that
become exposed to the gas phase, while NAT nucleation by
freezing nucleation is too slow on those ice particles that re-
main enclosed within an unbroken liquid layer. Hence NAT
nucleation occurs on those ice particles that grow from the
smallest droplets, since the liquid layer preferentially breaks
on these particles (see Figure 8). Given the broadly sim-
ilar altitude, ice surface area, and temperatures in the two
cases, it might be expected that hydrate formation would
proceed with similar efficiency. According to the Carslaw
et al. mechanism, the much higher NAT number densities
in this case would therefore imply smaller amounts of liquid
aerosol prior to ice formation and hence a larger number of
ice particles that become exposed to the gas phase. There
are two reasons that could explain the low levels of STS we
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Figure 8. Calculated minimum liquid layer thicknesses on
spherical ice particles for two radius size classes By and Bis
as shown in Figure 7. Thick solid lines, using the same con-
ditions as in Plate 2 and Figure 7; thin solid lines, using the
trajectory in Plate 2 with different initial cooling rates and
different HoSO,4 amounts; dashed lines, the case studied by
Carslaw et al. [1998b]. In the process of particle growth this
minimum liquid layer thickness is reached shortly before the
ice particle radius reaches a maximum. We show results for
bin Bjs since our simulations reveal that all droplets from
the smaller size classes Bo—Bi12 must be nucleated to NAT
in order to explain the lidar observations.

observed on January 9. Firstly, as described above, the more
rapid cooling rate on the upwind side of the wave in this case
prevents significant aerosol growth due to HNO; uptake.
Secondly, the amount of HoSO4 aerosol in the stratosphere
may-have been still decaying after the Mount Pinatubo erup-
tion in 1991 during winter 1994-1995 to winter 1996-1997
(S. Borrmann private communication, 1998). In combina-
tion, the lower amount of H,SO4 and/or the lack of growth
due to HNO3 uptake mean that initial ice formation occurs
in much smaller droplets than in the case studied by Carslaw
et al. [1998b].

Figure 8 shows the results of a sensitivity calculation test-
ing the effect of cooling rate and HySO4 amount on the
thickness of liquid layers on ice along the trajectory indi-
cated in Plate 2. This comparison reveals that the liquid lay-
ers were as much as a factor of 2 thinner in this case (thick
solid lines) compared with the Carslaw et al. [1998b] case
(dashed lines). The calculations are consistent with NAT or
NAD nucleation occurring on those ice particles whose lig-
uid film thickness was less than about 6 nm (equivalent to
~10-20 monolayers of liquid coverage). These liquid layer
thicknesses are considerably greater than a monolayer. How-
ever, we have not accounted for the tendency for liquids to
form islands due to the surface tension. In addition, it is pos-
sible that the ice surface area may have been considerably
greater than by assuming spherical ice particles [Keyser and
Leu, 1993], thus making the liquid layers even thinner.

The calculations in Figure 8 reveal that a doubling of the
cooling rate leads to at most a 25% decrease in minimum
layer thickness, while a factor of 10 decrease in HySOy4

WIRTH ET AL.: MOUNTAIN POLAR STRATOSPHERIC CLOUDS

amount leads to a 50% decrease. Very large increases in
H,SO, amount, such as were present in the stratosphere in
the first years after the eruption of Mount Pinatubo, might
therefore be expected to reduce the number density of NAT
particles produced in mountain wave clouds. For the dif-
ference between the measurements presented here and the
Carslaw et al. [1998b] case (January 15, 1995) the amount
of H,SO4 may have played a minor role, because there are
midlatitude observations which show no further decay in
aerosol amount after the year 1995 [Barnes and Hofmann,
1997], and in both cases, the PSCs were observed at an alti-
tude (23-26km) well above the upper boundary of the back-
ground aerosol layer within the Arctic vortex [Wirth and
Renger, 1996]. For typical background H>SO,4 amounts, as
can be assumed here, the cooling rate has by far the largest
influence on NAT nucleation. This suggests that NAT clouds
forming downwind of mountains may have a wide range
of particle number densities and therefore growth rates, de-
pending on fine scale details of the flow dynamics.

We like to stress that the sensitivity calculations in Fig-
ure 8 show how cooling rate and H,SO,4 amount can influ-
ence the number of NAT particles nucleated. However, given
the uncertainties in these parameters in this observation, it is
not possible to conclusively state that this mechanism gov-
erned the NAT formation and produced the different number
densities compared with Carslaw et al. [1998b].

4.3.3. Liquid particles. As explained in section 3.2,
there is also a region within the cloud system of Plate 2
which shows backscatter properties of liquid aerosols only.
Common to all air parcel trajectories that lead into this re-
gion is the short time within the ice cloud (=5 min). Solid
type I particles appear to be formed only in air parcels which
spend about 15 min in the ice cloud. This is consistent with
the observation that the small aerosol tail following the ice
cloud measured at 1900 UTC (Plate 2d) shows no depolar-
ization (data not shown here). So it seems that even if ice is
formed, the nucleation of solids takes longer than 10 min (at
least for the larger particles visible to the lidar).

5. Summary

We presented airborne lidar measurements of mountain-
wave-induced polar stratospheric clouds guided by forecasts
of a mesoscale dynamical model. Ice clouds (PSC type II)
were detected in the coldest regions predicted by the MM5
model directly above the mountain range and 300 km down-
stream. The dynamical simulations therefore appear to pro-
vide reliable estimations for the spatial and temporal extent
of mesoscale temperature fluctuations. The model resolu-
tion proved not to be sufficient to reproduce the fine scale
waves apparent in the lidar data (=12 km wavelength). The
resulting underestimation of the minimum temperatures was
found to be about 3-4 K. It is concluded that the MMS5-model
calculations can serve to “renormalize” the results of simpler
linearized dynamical models that tend to overestimate the
mesoscale temperature fluctuations [Bacmeister et al., 1994]
but which are computationally efficient enough to carry out
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global analyses of temperature anomalies induced by moun-
tain waves.

The quasi-Lagrangian lidar measurements enabled us to
carry out a detailed microphysical simulation. We found
nearly full activation of the'available liquid aerosol droplets
to ice particles. To start this process, a super cooling of 4 K
with respect to ice is needed. This is in line with the result
of our first study of this kind [Carslaw et al., 1998b], al-
though in the earlier case the cooling rates reached only half
the values and large ternary solution droplets were present
at the inflow side of the'_ice cloud. Therefore this relatively
high supercooling seems to be a general feature of ice cloud
formation in mountain wave PSCs.

In contrast to measurements of January 1995 here we
found direct formation of solid hydrate particles within the
ice cloud for a large number of nuclei but only in parts of the
cloud where the ice phase lasted at least 10-15 min.

Different microphysical model runs showed that there is
no significant dependence of the optical parameters mea-
sured by the lidar on the type of hydrate formed (NAD or
NAT). Such a distinction seems to be not possible by optical
remote sensing in the visible (where no strong wavelength
dependence of the refractive index is present).
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