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Abstract. Mountain wave-induced ice clouds in the stratosphere are known to cause the

formation of nitric acid-hydrate particles downwind. Understanding the microphysical properties of

these solid particles is important because they may contribute to a general background of solid PSCs

that is observed, but whose origin is not understood. Based on the limited set of observations of

PSCs directly attributable to mountain waves, it has not been possible to determine their general

microphysical properties. Here we analyze lidar observations from the SOLVE/THESEO-2000

campaign. Between December 1999 and March 2000 seven of the twelve flights of the DC-8 aircraft

showed clear signs of mountain wave-induced clouds, with nitric acid hydrate clouds often extending

many hundreds of kilometers downwind of mountains. Based on T-matrix calculations, we have

developed a technique to estimate the microphysical properties of spherical and non-spherical particles

from multi-wavelength backscatter and depolarization data from the GSFC/LaRC Aerosol lidar. The

technique allows particle radius, condensed mass, and number densities of ice, nitric acid trihydrate and

liquid PSCs to be estimated. Ice clouds were found to contain approximately 1 to 3 ppmv of condensed

water with a number density from 1 to 10 cm−3, and a narrow size distribution width with mode radii

from 1 to 1.5 µm. Nitric acid hydrate particles downwind of the ice clouds were consistent with 1 to 5

ppbv condensed HNO3, a number density from 0.5 to 2 cm−3, and mode radius around 0.5 µm. These

hydrate clouds are characterised by high aerosol backscatter and depolarization and are distinct from

type 1a clouds that are observed away from mountains, which have low aerosol backscatter.
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1. Introduction

Between December 1999 and March 2000 the NASA DC-8 made 12 flights in the Arctic vortex as

part of the SAGE III Ozone Loss and Validation Experiment and the Third European Stratospheric

Experiment on Ozone (SOLVE/THESEO-2000). Polar stratospheric clouds (PSCs) were observed by

lidar on numerous occasions. Several flights were designed to probe wave-cloud PSCs that had been

forecast to occur over the East Greenland and Scandinavian mountains. Several flights were also made

by the European Falcon aircraft employing the OLEX lidar system. These flights provide a rich dataset

with which to study the formation regions of different PSCs. The wave cloud flights were made possible

by operational forecasts of stratospheric mountain waves over the whole Arctic region, as described by

Eckermann et al. [2001]. In this paper, we use data from the Goddard Space Flight Center/Langley

Research Center (GSFC/LaRC) lidar system, providing observations of aerosol backscatter ratio at

three wavelengths (354, 532 and 1064 nm) and depolarization at one wavelength (532 nm).

Polar stratospheric wave clouds form in regions of strong adiabatic temperature perturbation. The

most common cause of such localized cooling in the Arctic stratosphere is gravity waves produced by

surface topography [Peter et al., 1997; Carslaw et al., 1998; Wirth et al., 1999; Eckermann and Preusse,

1999; Riviere et al., 2000; Dörnbrack et al., 2001a,b], although adiabatic cooling may also occur in the

vicinity of jet streams [Wu and Waters, 1996].

Observations of Arctic wave clouds using airborne lidar have shown that the strong adiabatic

cooling and warming over mountains can lead to the formation of a wide range of different PSCs in

close proximity [Carslaw et al., 1998; Wirth et al., 1999]. These studies also suggest that the wave

clouds may have an effect on PSCs distant from the mountains. For example, PSCs containing solid

particles (most likely nitric acid hydrates) have been observed to extend several hundred kilometers

downwind of the Scandinavian mountains [Carslaw et al., 1998; Riviere et al., 2000] . Carslaw et al.

[1999] used a simple parameterization of mountain wave cooling to show that the net effect of many

such events in the Arctic would be to increase the fraction of the polar stratosphere containing nitric

acid hydrate PSCs.
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The formation mechanisms of nitric acid hydrate clouds are still not clear. Recent observations

[Biele et al., 2001] suggest that as much as 50% of PSCs contain solid hydrate particles, as revealed

by extensive lidar observations from the Ny Ålesund ground-based station, which is representative of

the deep polar vortex. Analysis of the 1989 DC-8 lidar observations in the Arctic [Toon et al., 2000]

suggests that at least 70% of the PSCs contained solid particles.

The contribution of mountain wave events to this general background of hydrate clouds needs to

be considered. To establish what contribution mountain waves make to solid PSCs in the Arctic vortex

it is necessary to understand both the climatological occurrence of the wave clouds [Carslaw et al.,

1999] as well as the microphysical properties of the clouds that form. Previous studies have provided

a highly detailed analysis of the microphysical properties of several clouds over the Scandinavian

mountains [Carslaw et al., 1998; Wirth et al., 1999; Riviere et al., 2000]. These studies showed a clear

transition from liquid PSC on the upwind side of the mountains to nitric acid hydrates downwind,

with ice clouds in between and provided the first evidence for nitric acid hydrate formation in the

clouds. The most important conclusion of these detailed studies, in the context of solid PSCs on the

synoptic scale, was that the clouds downwind of the mountains contain > 0.2 hydrate particles cm−3,

and often much higher number densities were found. This number concentration is greater than occurs

in the more widely observed type 1a clouds. (Two optical modelling studies have recently estimated

the number concentration of hydrate particles in type 1a clouds. Tsias et al. [1999] suggest an upper

limit of about 0.01 hydrate particles cm−3, while Toon et al. [2000] estimate an upper limit of 1% of

the available nuclei, or typically less than 0.1 cm−3.) Here, we extend previous studies of mountain

wave clouds by examining the microphysical properties of several clouds observed by the DC-8 aircraft

during SOLVE/THESEO-2000 in December 1999 and January 2000.

2. Lidar measurement technique

The GSFC/LaRC aerosol lidar system measures profiles of aerosol and cloud backscatter at 355,

532 and 1064 nm and aerosol/cloud depolarization at 532 nm.
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The LaRC Aerosol Lidar is a piggy-back instrument on the GSFC Airborne Raman Ozone and

Temperature Lidar (AROTEL) lidar [McGee et al., 1995; and Burris, 1996; Burris et al., 1998]. The

light source for the aerosol measurements is a Continuum 9050 Nd:YAG laser operating at 50 shots per

second. The laser transmits approximately 600 mJ at 1064 nm, 250 mJ at 532 nm, and 350 mJ at

355 nm. AROTEL also employs an excimer laser transmitting at 308 nm and uses the molecular and

Raman backscatter from the 355 and 308 beams to measure ozone and temperature. Backscattered

light at all wavelengths is collected by a 16-inch diameter Newtonian telescope with a selectable field

stop.

The signals measured by the instrument are composed of backscatter from both air molecules and

aerosol/cloud particles. The aerosol/cloud component of the signal is estimated using density profiles

derived from Data Assimilation Office (DAO) assimilation model results.

The archived products are produced over an altitude range extending from approximately 5 km

to 20 km above the aircraft. Data are acquired at nominal resolutions of 15 m vertical and 500 m

horizontal (2 s integration).

In terms of the backscatter coefficient, the total backscatter ratio and the aerosol depolarization

are defined as

S =
βaerosol

βair
(1)

δ =
βaerosol,⊥

βaerosol,‖
(2)

where βaerosol is the backscatter coefficient of aerosol particles and its components βaerosol,⊥ and

βaerosol,‖ are for perpendicular and parallel polarized radiation. βair is the backscatter coefficient of the

air molecules.

3. Retrieval technique

Multi-wavelength lidar measurements provide an approximate measure of particle size through the

wavelength dependence of the backscatter ratio. In addition, the depolarization of a plane polarized
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lidar beam can be used as a sensitive indicator of the presence of non-spherical (solid) particles.[e.g.,

Poole and McCormick, 1988; Browell et al., 1990; Toon et al., 1990; McCormick et al., 1990; David et

al., 1998; Gobbi et al., 1998; Carslaw et al., 1998; Tsias et al., 1999; Toon et al., 2000].

Most investigations of PSCs using lidar focus on understanding the occurrence of different PSC

‘types’; that is, whether the clouds are composed of non-depolarizing particles (indicative of liquid

aerosols), depolarizing particles with moderate backscatter ratio (indicative of nitric acid hydrate

particles), or depolarizing particles with high backscatter (indicative of ice particles). The aim of these

studies is often to understand what controls the phase of the particles.

Recently, a few studies have attempted to quantify the microphysical properties of clouds based on

lidar observations. We have previously used aircraft lidar observations of mountain wave-induced clouds

together with microphysical and optical models to derive particle sizes along air parcel trajectories

through the waves [Carslaw et al., 1998; Wirth et al., 1999]. In those studies, good agreement between

the multi-wavelength lidar observations and the modeled optical properties of liquid, nitric acid

hydrate, and ice clouds was obtained, allowing particle size distributions to be determined from the

microphysical model. The technique of combined microphysical/optical modeling of wave clouds was

particularly successful because the microphysical model provided a tight physical constraint on the size

distribution of the particles at any point in the cloud. Tsias et al. [1999] used a similar technique to

constrain the microphysical properties of a nitric acid hydrate cloud observed over the North Atlantic.

Again, a microphysical model was used to constrain what microphysical properties a cloud could have,

based on various assumptions.

A free retrieval of cloud microphysical properties is more difficult. A free retrieval means attempting

to derive the microphysical properties of a cloud based on lidar data without the additional constraint

of a microphysical model. Toon et al. [2000] used the calculated scattering properties of spherical and

non-spherical PSC particles to infer likely sizes and number concentrations of the particles in clouds

observed from the DC-8 in 1989 [Browell et al., 1990]. More recently, Luo et al. [2001] used a look-up

table of scattering properties to derive typical microphysical properties of clouds observed during the
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SOLVE campaign. They were able to identify several quasi-distinct PSC types and estimate the sizes

and number densities of the particles. Li and Mishchenko [2001] have also used the T-matrix technique

to determine possible particle sizes in PSCs in a similar way, and also examined the effect of assuming

cylindrical particles.

Here, we attempt to derive the microphysical properties of the clouds from the lidar observations

alone. To retrieve aerosol properties from multi-wavelength scattered light intensities is a notoriously

under-determined problem [Twomey, 1977a,b]. The ill-posedness and the associated solution ambiguity

have hampered the inversion problem. Many kinds of inversion methods have been developed to try

to overcome these difficulties, such as the constrained linear inversion method [King, 1982], statistical

methods [Rodgers, 1976; 1990], relaxation methods [Chahine, 1972] or the neural networks approach

[Ishimaru et al., 1990]. Moreover, the positive smoothing constraint regularization combined with the

least square fitting procedure has been developed for improving the constrained linear inversion method

[Liu et al., 1999; Amato et al., 1996].

Aside from these inversion methods, the look-up table (LUT) approach, which we use here, is

an attractive alternative [Tanre et al., 1996, Higurashi and Nakajima, 1999; Luo et al., 2001; Li and

Mishchenko, 2001]. In the LUT method, a precalculated dataset of many values of aerosol scattering

properties (such as backscatter ratio, depolarization, etc.) are compared with measurements until the

best fit is obtained. The scattering properties in the LUT must be calculated for all desired parameters

of the aerosol population that are to be retrieved.

3.1. Method

The T-Matrix light scattering algorithm [Mishchenko, 1993] has been used for calculating scattering

by non-spherical stratospheric particles, with some success [Carslaw et al., 1998; Wirth et al., 1999;

Luo et al., 2001; Li and Mishchenko, 2001]. In this technique, the particles are assumed to have shapes

that allow an exact calculation of scattering efficiency. In the context of analyzing lidar measurements,

spheroidal, cylindrical, and Chebyshev particles have been assumed [e.g., Mishchenko and Sassen, 1998;
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Carslaw et al., 1998; Li and Mishchenko, 2001].

Here, we assume the PSC particles to be spheroidal. Oblate-like particles are described by an

aspect ratio ε > 1 and prolate particles by ε < 1. The good agreement between the observed and

modeled PSC optical properties in our previous studies gives us confidence that the representation

of non-spherical particles as spheroidal scatterers (and the use of T-matrix codes to calculate the

backscattering ratio) is realistic. Here, we use look-up tables for the particle backscatter ratio at 354,

532, and 1064 nm and the aerosol depolarization at 532 nm for radii between 0.01 and 5 µm (∆r = 0.05

µm) and spheroidal aspect ratios between 0.5 and 1.5 (∆ε = 0.05) [Trautmann et al., 2001; Luo et al.,

2001].

The aerosol and cloud particle populations are assumed to be composed of lognormal modes,

described by

dN(r)
dr

=
N√

2πr lnσ
exp

(
− ln2(r/rm)

2 ln2 σ

)
, (3)

for which the parameters to be retrieved from the lidar data are the particle number concentration

(N), the (spherical-equivalent) mode radius (rm), and the width of the lognormal mode (σ), with the

refractive index defined for different types of PSC. The aspect ratio (shape) of the spheroidal particle

(ε) must either be defined or taken as a further unknown. Here, we assume it to be a fourth unknown

to be determined from the retrieval. The mass concentration m (particle mass per mass of air) depends

on N , rm, and σ according to

m =
4
3
πρr3

mNe
9
2 ln2 σ, (4)

where ρ is the mass density of the particle.

There are therefore 4 unknown parameters of the aerosol distribution to be derived for each particle

type (N , rm, σ, and ε) and 4 scattering properties on which to base the retrieval (we use here 354, 532

and 1064 nm total backscatter ratio and 532 nm depolarization). The PSC type (nitric acid hydrate,

liquid, or ice) is also, strictly speaking, an unknown. However, solid nitric acid hydrate clouds and

liquid clouds are readily distinguished simply in terms of the aerosol depolarization (essentially zero for

liquids), while ice and hydrate particles are distinguishable due to the normally very high backscatter
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resulting from the much greater condensed mass of ice.

PSCs almost always contain several particle types within the same cloud element (pixel of a lidar

image). For example, liquid HNO3/H2SO4/H2O droplets may be present along with nitric acid hydrate

particles, and both will contribute to the aerosol backscatter. Clearly, it is not possible to retrieve

the full complexity of such mixed aerosol populations with just 4 scattering parameters. However, as

we show in section 3.2 the retrieved microphysical properties are reasonably robust for the particular

types of cloud that are found in mountain waves. Liquid (non depolarizing) clouds are likely to be

well retrieved since it can be assumed that they are composed of a single particle type, although it is

necessary to assume that the droplet size distribution is mono-modal. Ice clouds are also likely to be

well retrieved since the scattering efficiency of the ice particles will dominate that of any interstitial

hydrate or liquid particles. The problem arises with mixed hydrate/liquid clouds in which the total

scattering efficiency of the droplets and crystals may be comparable. We discuss the problem of

externally mixed particle populations in section 3.2.

The following steps were used to convert lidar images of scattering properties into equivalent

images of microphysical properties.

Step 1: Firstly, we spatially averaged the lidar data to a resolution of 300 m vertical × 3 minutes

horizontal (approximately 40 km) in order to produce a manageable number of pixels for the retrieval.

For the 532 nm and 1064 nm channels, approximately 12 pixels of the original data were averaged to

produce a single pixel, amounting to about 3000 averaged pixels in each of the images shown here. For

the 354 nm channel, which has a lower resolution, the averaging is over 6 original pixels.

The mean value and variance of backscatter ratio and depolarization for n pixels are

Sλ =
∑n
i=1 Sλ
n

(5)

σSλ =

√∑n
i=1(Sλ − Sλ)2

n− 1
, (6)
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δ =
∑n
i=1 δ

n
(7)

σδ =

√∑n
i=1(δ − δ)2

n− 1
(8)

where Sλ and σSλ are the mean value and variance of backscatter ratio at a wavelength λ; δ and σδ are

the mean value and variance of the aerosol depolarization.

Step 2: The second step is to distinguish the three different PSC types (liquid, nitric acid

hydrate, and ice) according to their optical properties. This identification is necessary since different

refractive indices are used for the different particle types in the retrieval. Table 1 shows the criteria

that were used to distinguish these PSC types as well as the refractive indices used in the retrieval.

Liquid and ice clouds were retrieved as single size modes. Nitric acid hydrate clouds were assumed

to be composed of nitric acid trihydrate (NAT) and to be externally mixed with liquid aerosols having

10 particles cm−3 and a mode radius of 0.1 µm. As we show in section 3.2 the retrieved properties

of the NAT particles in externally mixed liquid/NAT clouds are relatively insensitive to the assumed

properties of the liquid aerosol.

Step 3: The lookup tables of S354, S532, S1064 and δ532 were searched using all possible

combinations of particle number concentration (N), condensed mass (m), width of lognormal

distribution (σ) and spheroidal aspect ratio (ε). Combinations of these four particle properties were

identified such that the calculated optical properties were within the limits

Sλ − σSλ < Smodel
λ < Sλ + σSλ (9)

δ − σδ < δmodel < δ + σδ (10)

where Smodel
λ and δmodel are the values in the look-up table. Physically reasonable upper and lower

limits were put on N , m, σ and ε as follows:



12

0.01 < N /cm−3 < 20

0.01 < m /ppbv HNO3 < 15

0.1 < m /ppmv H2O < 10

1.05 < σ < 1.8

0.5 < ε < 1.5 (11)

The particle mode radius was then determined from N , m, and σ. The range of aspect ratios used in

the retrievals is defined by the range that can be calculated with the T-matrix model. Smaller and

larger values cause convergence problems in the numerical solution of the equations. There are no

observations that allow ε for stratospheric particles to be constrained.

Note that we do not attempt to accurately retrieve the properties of the clouds with very low

backscatter and moderate depolarization (type 1a clouds), which we expect to have hydrate particle

number densities less than 0.01 cm−3. These clouds have been studied in detail by Luo et al. [2001].

Here, we focus on the highly backscattering solid and liquid wave clouds.

The uncertainty in the aerosol depolarization becomes large for values of depolarization less than

about 0.1. In such cases, the perpendicular backscatter ratio was used in the retrieval instead.

The look-up table searching procedure results in one or more sets of N , rm, σ and ε that satisfy

equations 9 and 10 for each pixel. In the case of multiple solutions, we selected the most likely solution

by finding the minimum of the quantity

χ2 =
∑
λ

(
Sλ − Smodel

λ,j

σSλ

)2

+

(
δ − δmodel

j

σδ

)2

(12)

for the j possible solutions satisfying 9 and 10. A similar method has also been used by Martonchik et

al. [1998] in the retrieval of aerosol properties from satellite. In many cases, we found that the solutions
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were clustered around a single combination of N , rm, σ and ε, suggesting that a robust determination

of the particle properties had been obtained. In other cases, the solution clustered around two different

sets of N , rm, σ and ε. In such cases, while it is possible to find the solution that is the minimum of

equation 12, the retrieved particle properties are likely to be genuinely ambiguous. In the following

retrieved lidar images we have not attempted to extract such highly probable alternate solutions, but

plot only the solution that produced the minimum χ2. In such cases, the existence of alternate solutions

is revealed by spatially patchy retrieved microphysical properties in what might be expected to be a

rather uniform cloud.

3.2. Test of the method

Several factors contribute to the uncertainty in the retrieved microphysical properties, such as the

assumption that the particles are spheroids and the possible presence of more than one size mode. It

is therefore important to test the retrieval method. Unfortunately there were no colocated ER-2 and

DC-8 flights inside the clouds that we are examining here, so a comparison of in situ measurements and

our retrieved size distributions is not possible. However, if we assume that the particles are spheroidal,

we can test the reliability of the retrieval on a synthetic size distribution, which may be composed of a

single particle type or be an external mixture of two types.

We have constructed a bimodal size distribution comprised of liquid aerosols with a fixed mode

radius of either 0.05 or 0.15 µm and various larger modes composed either of ice or NAT. The lidar

quantities S532, S1064, and δ532nm were then computed and these values used to retrieve the particle

distribution using the procedure outlined above. The uncertainty of the input scattering properties was

assumed to be ±10%, which is typical of the standard deviation of grouped pixels used in the actual

retrievals (see Step 1 above). For solid particles, the spheroidal aspect ratio was assumed to be 0.9 for

the calculation of the lidar properties but was a free parameter in the retrieval.

Figure 1a shows the retrieval result for pure liquid aerosols with N = 10 cm−3and rm = 0.05

or 0.15 µm. The retrieved aerosol microphysical properties are in close agreement with the synthetic



14

input size distribution. For the synthetic size distribution with rm = 0.05 µm our retrieval produces

N = 9.2 cm−3 and rm = 0.06 µm. With rm = 0.15 µm the retrieval produces N = 11.9 cm−3 and rm =

0.13 µm. The width of the synthetic lognormal size distribution used here was 1.4. The first retrieval

suggests σ = 1.38 and the second σ = 1.42.

Figure 1b shows the results for a mixed liquid and NAT particle population assuming a NAT

mode with three different mode radii, but in each case with the same total condensed HNO3 of 1 ppbv.

In this calculation, the liquid aerosol distribution was assumed to have the properties N = 6 cm−3

and rm = 0.11 µm. The unknown parameters in the retrieval are the NAT number density, mode

radius, width of the mode, and the spheroidal aspect ratio. Three wavelengths (354, 532, and 1064

nm) and one depolarization (532 nm) were used. The retrieved NAT particle size distributions are in

rather close agreement with the input synthetic distributions. The input/output mode radii of the

NAT particles are as follows: 0.5/0.45 µm, 1.5/1.46 µm, and 3.0/2.73 µm, and the input/output NAT

number densities are 0.43/0.63 cm−3, 0.016/0.017 cm−3, and 0.002/0.003 cm−3. The input asphericity

was 0.9, and the retrieved value was 0.85. The retrieved condensed masses of NAT are within 15% of

the input values. Much of the uncertainty in the retrieved particle properties arises from the unknown

particle asphericity.

The results for ice particles are better than for NAT particles because the light scattering by the

liquid aerosols becomes insignificant, and therefore the retrieval becomes less ambiguous. We assumed

1 ppmv condensed water, a number density 10 cm−3, and an ice particle mode radius of 1.5 µm for the

synthetic size distribution. The retrieved results were m = 0.98 ppmv, N = 9.7 cm−3 and rm = 1.45

µm.

We have also examined the sensitivity of the retrieved NAT particle properties to varying amounts

of liquid aerosol. As stated previously, the liquid aerosol is likely to be present in most air masses in

which NAT particles exist, but with an unknown and probably highly variable mass. Figure 1c shows

the effect of varying the amount of liquid that is assumed to be present when doing the NAT particle

retrieval. Two liquid distributions were used, one with a mode radius of 0.05 µm and one with 0.15
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µm. The effect on the retrieved properties of the NAT mode is small. This result suggests that realistic

uncertainties in the amount of liquid aerosol that accompanies the NAT particles is unlikely to have a

significant effect on the properties of the NAT particles that are retrieved.

4. Retrieved Microphysical Properties

In this section we show retrieved microphysical properties of four mountain wave-induced clouds:

January 14, 2000 (a small wave cloud over E. Greenland during the transfer flight); January 25, 2000

(ice, hydrate, and liquid clouds over the Scandinavian mountains); January 23, 2000 (extensive ice

and hydrate clouds over E. Greenland and N. Atlantic); December 10, 1999 (a small cloud without

ice). Plate 1 shows the flight paths and the latitude and longitude versus time so that the geographical

location of the various clouds can be determined from the flight time.

4.1. January 14, 2000

On January 14, 2000, the DC-8 flew a transit flight from Dryden Airbase in the United States to

Kiruna, Sweden, across the Atlantic Ocean and Greenland. A distinct wave-structured PSC is apparent

over the east coast of Greenland, as shown in Plate 2. A strong backscattering feature between 22 and

24 km from 7.38 to 7.41 UT, with a backscatter ratio S > 100 at 1064 nm and strong depolarization

> 0.4 at 532 nm, is indicative of water ice particles [Toon et al., 1990; Carslaw et al., 1998]. The

existence of the ice cloud indicates strong localized cooling at this altitude. A non-depolarizing cloud is

apparent upwind of the ice, which is most likely composed of HNO3/H2SO4/H2O droplets. Downwind

of the ice is a tail of depolarizing particles with much lower backscatter (typically S < 20 at 1064 nm),

which is indicative of a nitric acid hydrate cloud, as seen in close colocation with ice clouds in several

other similar observations [Carslaw et al., 1998; Wirth et al., 1999].

Using the lidar data, we have attempted to retrieve the microphysical properties of this cloud using

the backscatter ratio of three wavelengths and depolarization at one wavelength. The microphysical

results are shown in Plate 3 and the different particle types referred to can be identified in Plate 3e.
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The liquid aerosol cloud (7-7.3 UT) upwind of the ice cloud has a peak mass density equivalent to

3 ppbv of HNO3 condensation into the H2SO4 aerosols, with a number density of approximately 10

cm−3, a small mode radius of 0.15 µm and width, σ, between 1.4 and 1.8. These retrieved properties

are entirely consistent with expectations for a HNO3/H2SO4/H2O aerosol population.

The condensed mass of water ice in the middle of the cloud varies from 1.2 to 1.37 ppmv. The size

distribution of ice particles is represented by a lognormal distribution with a total of 4-6 particles cm−3,

a narrow mode width, σ, of 1.3, and a mode radius of 1.5-2 µm. The shape of particles is represented

by slightly non-spherical value of aspect ratio ε. The number density of ice particles is a significant

fraction of the available liquid aerosols upwind, implying efficient freezing nucleation in the wave cloud,

as found in earlier studies [Carslaw et al., 1998; Wirth et al., 1999].

The peak mass density of NAT particles is equivalent to 3 ppbv HNO3 condensation as NAT and

is rather uniform through the NAT cloud. The retrieved size and number density of the particles, in

contrast, are more variable. Given that all elements of the NAT cloud are likely to have undergone very

similar thermal histories, it is unlikely that this variability is real. Rather, it is likely to be a result of

ambiguous retrieval. Some patches of the NAT cloud contain approximately 0.4 particles cm−3, while

others contain approximately 5 particles cm−3. These variations are reflected also in the retrieved mode

radius, which varies between about 0.2 and 0.7 µm. In all cases, a narrow width of the NAT mode,

σ ∼ 1.1, is indicated (not shown). Although the retrieved properties of the NAT cloud are uncertain,

the results do indicate that the number density is rather high compared with typical type 1a clouds.

4.2. January 25, 2000

On January 25, 2000, the DC-8 flew from Norway to Spitzbergen, then returned near the coast of

Norway, and finally flew two short legs across the Scandinavia mountains. One aim of this flight was to

investigate PSC processes through mountain waves that had been forecast (see Eckermann et al., 2001

for a summary of the mesoscale forecasts for this flight).

Plate 4 shows the lidar observations during the two consecutive flight legs over the Scandinavian
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mountains (note the reversal of flight direction, which can be seen in Plate 1). The two optically thick

ice clouds were present directly over the mountains, with the hydrate clouds occurring downwind (east

of the mountains). There is a very clear association between the ice clouds and the hydrate clouds,

which strongly suggests that the hydrate particles were formed heterogeneously on ice.

Our retrieval results (Plate 5) are consistent with an ice cloud containing about 2 ppmv water, with

a number density of 5-10 cm−3 and a mode radius of approximately 1.6 µm. The hydrate PSCs are

consistent with an average 3 ppbv condensed HNO3. Again, the optical properties of the hydrate cloud

are consistent with a NAT particle number densities of either 0.3 cm−3 or about 2 cm−3. The lognormal

width, σ, is about 1.2. Such a narrow width is consistent with the microphysical model simulations of

NAT particles evolving downwind of a mountain wave ice cloud [Tsias et al., 1999]. The liquid cloud is

composed of small spherical particles with 1-3 ppbv HNO3 condensed as HNO3/H2SO4/H2O droplets

with a number density from 10-15 cm−3 and a mode radius < 0.3 µm. The other derived microphysical

properties are summarized in Table 2.

As in previous studies [Carslaw et al., 1998; Wirth et al., 1999] we find that the number density

of hydrate particles is less than that of the ice particles. Thus, not all ice particles are effective as

nucleation sites for nitric acid hydrates, the reason for which was explored by Wirth et al. [1999].

4.3. January 23, 2000

On January 23, the DC-8 first flew over the Scandinavian mountains to eastern Greenland, and

finally back to Kiruna, Sweden. One aim of this flight was to probe the wave clouds over the Greenland

mountains that had been forecast by the MWFM mesoscale forecast model [Eckermann et al., 2001].

Plate 6 shows the lidar observations for a short period of the flight during which DC-8 flew

eastwards from the east Greenland coast over the Atlantic Ocean. Both hydrate and liquid PSCs are

apparent in this image. We do not show the optically very dense ice cloud which occurred just to the

west and immediately upwind of this cloud. Again, the three principal PSC types ice, NAT and liquid

were present in close proximity. There are large amplitude wave-like structures apparent in the aerosol
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and cloud layers.

Our retrieval results (Plate 7) are consistent with a PSC containing NAT particles with 1-5 ppbv

HNO3, a number density from 0.5-5 particles cm−3, a very narrow width of log-normal size distribution,

and mode radius 0.5-1 µm. Again, the range of retrieved properties is due to solution ambiguity rather

than real variations within the cloud and, as before, the retrieved quantities cluster about two main

values. The liquid cloud is composed of small droplets with 1-3 ppbv HNO3 in the HNO3/H2SO4/H2O

solutions, with the number density from 10-15 particles cm−3, and a small mode radius less than 0.3

µm.

4.4. December 10, 1999

Each of the wave clouds described so far was associated with ice cloud formation and identifiable

mountain wave-driven localized cooling. A second type of solid nitric acid wave cloud was also apparent

during a flight over Spitzbergen on December 5, 1999 and over Franz Josef Land [82 ◦N, 60 ◦E] on

December 10, 1999. On December 10, 1999, the DC-8 flew from Kiruna, Sweden towards eastern

Greenland, passed Spitzbergen, then returned to Kiruna. A PSC was observed between 13.5 and 14.5

UT, poleward of about 82 ◦N, between 18 to 22 km altitude (Plate 8).

The cloud shown in Plate 8 has a backscatter ratio at 1064 nm approximately a factor 10 lower

than the clouds on January 23 and 25, and a depolarization at 532 nm approximately a factor of 5

lower. The temperature on the 50 hPa surface in this area was greater than 190.5 K. There is no

evidence for ice formation as in the previous clouds, although neither can an ice-mediated formation

mechanism for the solid nitric acid particles be excluded from the data. The cloud has a clear wave-like

structure, which may indicate a localized gravity wave-driven cooling and formation of nitric acid

hydrate particles.

Our retrieval results (Plate 9) indicate that this PSC is consistent with a condensed HNO3 amount

of 0.5 ppbv, but with a rather poorly defined number density and size of the NAT particles. As was

the case for the January 14 PSC, the NAT number density appears to be either around 0.03 cm−3 or
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around 0.4 cm−3, with a mode radius of either 1-1.5 µm or 0.4 µm, respectively.

5. Summary and discussion

Lidar observations during SOLVE have been used to examine the microphysical properties of

PSCs formed by adiabatic cooling in mountain-induced gravity waves. Patterns of cloud occurrence are

similar to those found in previous aircraft observations of mountain waves; namely, liquid PSCs upwind

of the mountains, ice clouds directly over the mountains, and predominantly nitric acid hydrate clouds

downwind of the mountains. The wave clouds observed during the January deployment of the DC-8

were less clear in their structure than earlier observations [Carslaw et al., 1998; Wirth et al., 1999],

making it difficult to construct air parcel trajectories based on visible wave features. Our approach has

therefore been to attempt a retrieval of cloud microphysical properties using the optical information

alone.

Our technique of retrieving PSC microphysical properties from multi-wavelength lidar data (see

also Luo et al. [2001]) has been tested and shown to be effective for the types of clouds that form

in mountain waves. The wave clouds contain relatively high number densities of particles with sizes

comparable to the lidar wavelength. However, as shown by Luo et al. [2001] the retrieval technique can

only be used to define particle size limits in cases where the particles are very much larger than the

lidar wavelength. Even for the wave clouds, we have shown that the retrieved microphysical properties

can be quite variable throughout a cloud that appears to have rather uniform aerosol backscatter. Such

solution ambiguity is apparent as the speckled regions of the clouds in Plates 3, 5, 7 and 9. We plan to

undertake a similar study using additional lidar wavelengths to see if a the retrieval can be improved.

Comparisons of our retrieved particle sizes with in situ particle size distribution measurements from

balloons or aircraft would also be useful.

A clear picture of the types of clouds produced by mountain wave cooling is now emerging. The

optical properties of the different wave-induced clouds observed during SOLVE were similar to previous

observations of clouds that were attributed to mountain waves [Carslaw et al., 1998; Wirth et al.,
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1998]. Ice clouds were observed in the coldest parts of the gravity waves and contain high number

densities (typically 5-10 cm−3) of ice particles (see Table 2), which is consistent with rapid homogeneous

nucleation of ice from liquid aerosols at low temperatures [Koop et al., 2000]. The nitric acid hydrate

clouds downwind of the ice, which we assume to be composed of NAT particles, have a comparatively

high backscatter ratio (S = 2 at 532 nm) and high aerosol depolarization (δ = 0.1 − 0.2 at 532 nm),

which contrasts markedly with the very low backscatter ratio of the more ubiquitous type 1a hydrate

clouds [Toon et al., 1990; Biele et al., 2001] that are not obviously associated with mountain-wave

effects. The optical properties of the wave-induced hydrate clouds are consistent with a high number

density (0.3-5 cm−3) of small (radii < 1 µm) hydrate particles (see Table 2), compared with less than

0.01 cm−3 and radii > 3 µm that are likely to be present in type 1a clouds [Tsias et al., 1999]. Earlier

studies [Carslaw et al., 1998; Wirth et al., 1999] have shown that the high number densities of hydrate

particles is consistent with heterogeneous nucleation on ice in the waves, although we have not been

able to confirm this mechanism here.

It has been suggested that the action of many mountain waves in the Arctic polar vortex could

be a significant source of NAT particles [Carslaw et al., 1999]. An important question is whether

these particles could contribute to a general background of large particles [Fahey et al., 2001] that are

responsible for denitrification. Particles with a radius of 0.5-1.0 µm (the mode radius of our retrieved

distribution) have a fall velocity of approximately 0.1 mm s−1, which is too low to be of importance:

such particles fall less than 10 m in a day. We see no evidence for particles much larger than 0.5-1.0

µm in the wave clouds we have analyzed. The only way that mountain wave-generated hydrate clouds

could produce much larger particles is if the air below the cloud were supersaturated with respect to

the hydrate. If this were the case, particles could sediment and then grow at a much increased rate

since the gas phase HNO3 would not reduced by the presence of a high number density of hydrate

particles. We explore this possibility in Füglistaler et al. [2002].
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Table 1. Classification of PSC particle types, based on 1064 nm lidar backscatter ratio and 532

nm aerosol depolarization

Particle type Backscatter ratio (S) Aerosol depolarization (δ) Refractive index

Background aerosol S < 0.1 δ< 0.03 1.42

Liquid PSC S > 0.1 δ< 0.03 1.42

NAT 0.1 < S < 50 δ> 0.03 1.48

ice S > 50 δ > 0.03 1.32
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Table 2. Summary of retrieved microphysical properties of ice and nitric acid trihydrate wave clouds

ice NAT

N m rm N m rm

(cm−3) (ppm) (µm) (cm−3) (ppb) (µm)

December 10, 1999 0.03-0.4 0.4-1.0 0.4-1.5

January 14, 2000 4.0-6.0 1.2− 1.4 1.5-2.0 0.4-5.0 2.5-4.0 0.2-0.7

January 23, 2000 5.0-10.0 1.0− 2.0 1.7-2.0 0.5-5.0 1.0-5.0 0.5-1.0

January 25, 2000 5.0-10.0 2.0− 5.0 1.6-2.0 0.3-2.0 1.0-3.5 0.4-1.0

Note that the stated ranges do not imply positive correlation between the different retrieved quantities.
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Figure 1. Retrieval of particle size distributions for synthetic particle distributions. (a) Liquid aerosols

only, with mode radii of 0.05 and 0.15 µm; (b) mixed liquid/NAT particles, assuming a liquid mode

radius of 0.11 µm and NAT mode radii of 0.5, 1.5 and 3.0 µm, each with a total mass of 1 ppbv

condensed HNO3; (c) the effect of varying the liquid aerosol mass assumed to be present when retrieving

the properties of the solid particles. Solid line – the input synthetic size distribution; dashed line – the

retrieved size distribution.
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Plate 1. Flight paths of the DC-8 aircraft analysed in this paper. January 25, 2000 (black line); January

23, 2000 (red line); January 14, 2000 (green line); December 10, 1999 (blue line).
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Plate 2. Lidar observations of polar stratospheric clouds during a flight on January 14, 2000. (a)

backscatter ratio S at 354 nm laser wavelength; (b) backscatter ratio at 532 nm laser wavelength; (c)

backscatter ratio at 1064 nm laser wavelength; (d) aerosol depolarization δ at 532 nm; (e) particle type

assumed in the retrieval: background aerosol (blue), liquid PSC (green), NAT (red), ice (black).
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Plate 3. Retrieved aerosol properties from lidar measurements on January 14, 2000. (a) Condensed

mass; (b) number density; (c) spheroidal aspect ratio; (d) mode radius. The speckled regions in (b),

(c) and (d) indicate solution ambiguity. Non-speckled regions of the cloud indicate regions where the

retrieved properties are most reliable.
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Plate 4. Lidar measurements of polar stratospheric clouds during a flight on January 25, 2000. (a)

backscatter ratio S at 355 nm laser wavelength; (b) backscatter ratio at 532 nm laser wavelength; (c)

backscatter ratio at 1064 nm laser wavelength; (d) aerosol depolarization δ at 532 nm; (e) particle type

assumed in the retrieval: background aerosol (blue), liquid PSC (green), NAT (red), ice (black).
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Plate 5. Retrieved aerosol properties from lidar measurements on January 25, 2000. (a) Condensed

mass; (b) number density; (c) aspect ratio; (d) mode radius. The speckled regions in (b), (c) and

(d) indicate solution ambiguity. Non-speckled regions of the cloud indicate regions where the retrieved

properties are most reliable.
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Plate 6. Lidar measurements of polar stratospheric clouds during a flight on January 23, 2000. (a)

backscatter ratio S at 355 nm laser wavelength; (b) backscatter ratio at 532 nm laser wavelength; (c)

backscatter ratio at 1064 nm laser wavelength; (d) aerosol depolarization δ at 532 nm; (e) particle type

assumed in the retrieval: background aerosol (blue), liquid PSC (green), NAT (red), ice (black).
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Plate 7. Retrieved aerosol properties from lidar measurements on January 23, 2000. (a) Condensed

mass; (b) number density; (c) aspect ratio; (d) mode radius.
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Plate 8. Lidar measurements of polar stratospheric clouds during a flight on December 10, 1999. (a)

backscatter ratio S at 1064 nm laser wavelength; (b) aerosol depolarization δ at 532 nm; (c) particle

type assumed in the retrieval: background aerosol (blue), liquid PSC (green), NAT (red), ice (black).
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Plate 9. Retrieved aerosol properties from lidar measurements on December 10, 1999. (a) Condensed

mass; (b) number density; (c) aspect ratio; (d) mode radius.


