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ABSTRACT 

Airborne lidar measurements of Arctic polar stratospheric clouds 

(PSCs) in January 1984 and January 1986 are reported. The locales and 

altitudes of the clouds coincided in both years with very cold ambient 

temperatures. During the 1984 e;..:periment, PSCs were observed on three 

flights north of Thule, Greenland; peak backscatter occurred near 20 \00 

(at temperatures below 193 K). A single PSC formation was seen between 

Iceland and Scotland dur·ing the 1986 e::-.:periment, with peak backscatter 

occurring near 22 km (at temperatures from 188-191 K). A sequence of 

observations in this same area by the SAM II satellite sensor depicts 

the history of cloud development and dissipation. 

Enhancements in aerosol backscattering in excess of a factor of 

100 were measured during the 1984 ex~riment at latitudes near the Pole 

where 50-mb temperatures approached the frost point. Depolarization in 

the backscattered signal was estimated as 30-40%, similar to that meas

ured in cirrus clouds. Farther south, with 50-mb temperatures several 

degrees warmer, backscatter enhancement factors ranged from 20-30, and 

little or no depolarization was observed. Results similar to the latter 

were found during the 1986 experiment - enhancement factors near 50 (at 

the 30-mb level, with temperatures 3-5 K above the frost point), and 

little depolarization. 

The contrast in observations suggested the existence of distinct 

cloud growth regimes delineated by temperature, as proposed in recent 

articles addressing Antarctic ozone depletion. A theoretical model was 

xvi 



developed which interposes a stage of nitric acid trihydrate deposition 

between the two stages of cloud formation and gro~~h assumed in earlier 

models (aerosol droplet precursors and ice particles). The calculated 

temperature dependence of backscatter and extinction agreed "l-:ell h'i th 

experimentally observed values, except for small systematic errors at 

the 30-mb level which may be due to poor characterization of the temper-

ature field there. A companion theoretical study of PSC formation at 

70 mb in the Antarctic showed that about 80% and 30% of the nitric acid 

and water vapor supplies, respectively, may be sequestered in relatively 

large (4-Um radius) cloud particles at a temperature near 189 K. Such 

-1 
large particles would fall at a rate of about 2 km wk , suggesting that 

PSCs may act as a sink for these stratospheric trace gases. 



CHAPI'ER 1 

INTRODUCTION 

Four decades of measurements of the water vapor content of the 

stratosphere have established that stratospheric air is very dry, near

ing water vapor saturation (i.e., classical conditions for tropospheric 

cloud formation) only at very cold temperatures. It is thus no surprise 

that sightings of clouds formed in the stratosphere have been rare, with 

only three hundred or so reported during the century from 1870 to 1972. 

With few exceptions these sightings occurred during local winter in high 

latitude regions, the only locales where climatological average strato

spheric temperatures approach the necessary extremes. Most reports were 

of a class of stratospheric clouds known as nacreous, or mother-of-pearl 

clouds (MPCs), whose name is derived from their brilliant iridescent 

coloration. These clouds are thought to form due to adiabatic cooling 

of air parcels in orographically induced waves; they in fact exhibit 

many of the characteristics of altocumulus lenticularis clouds which are 

often seen in the troposphere downwind of mountains. 

Remote sensing measurements made from satellite platforms since 

the late 1970s have shown that stratospheric clouds occur in both winter 

polar regions more frequently than had been reckoned from earlier visual 

sightings. The locations of these so-called polar stratospheric clouds 

(PSCs) are not confined to the downwind side of ffiOlllltains (as is the 

case with MPCs), but instead are strongly associated with synoptic-scale 

1 
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regions of very cold stratospheric temperatures. Initial correlations 

between satellite measurements and theoretical PSC optical properties 

indicated that the clouds likely form by the deposition of water vapor 

onto frozen stratospheric aerosol droplets at temperatures below the 

frost point (the temperature at which the ambient water vapor pressure 

equals the saturation vapor pressure over ice). If such a process were 

indeed the case, there would likely be perturbations in the l-oater vapor 

budget and thermal radiative balance of the stratosphere, especially in 

Antarctica where the clouds occur most frequently. More recent theoret

ical studies have proposed that PSCs form by the coupled deposition of 

nitric acid and water vapors rather than the deposition of water vapor 

alone. This scenario suggests a possible chemical link between PSCs and 

the recently discovered year-to-year springtime loss of ozone in the 

Antarctic (the "ozone hole"). 

This uncertainty in the mechanism by which PSCs form, and the 

roles they might play in stratospheric processes, is primarily a reflec

tion of the limited experimental data base. The hostile environment of 

the polar winter leads to great difficulties in obtaining in situ data 

in the stratosphere; even direct measurements of temperature are few, 

and sampling and recovery of particles from PSCs would be virtually 

impossible. Remote sensing observations from satellite, nearly all made 

using solar occultation techniques, have certainly been of great value 

in establishing the correlation of PSC formation with very cold strato

spheric temperatures and in estimating the frequency with which the 

clouds occur in both polar regions. Solar occultation measurements are 
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confined, however, to the edge of the region of polar night; thus, no 

information is available on cloud conditions well inside the polar night 

region where stratospheric temperatures are normally lowest. The data 

are also rather coarse in a spatial sense, with a vertical resolution of 

about 1 Ian and a horizontal resolution of 200-300 lcm, and thus can pro

vide only limited information on the detailed structure of the clouds. 

These restrictions in coverage and resolution are not so severe with the 

use of an airborne lidar (light getection ~d !:anging) system, in which 

a pulsed laser beam is transmitted into the atmosphere and the energy 

optically scattered back to the receiver is measured as a function of 

time to provide an indirect measure of the characteristics of the scat

tering medium. 'vithin the operating limits of the aircraft, such a sys

tem can be flown into the polar night region to obtain a high resolution 

map of optical backscattering along the flight path. 

The main focus of the current work is to present data on the 

characteristics of polar stratospheric clouds derived from two research 

missions to the Arctic employing the NASA Langley Research Center (LaRC) 

airborne lidar system. The first mission was conducted in January 1984, 

aboard the NASA Wallops Flight Facility (WFF) Electra aircraft; PSCs 

were encountered on three separate flights between northern Greenland 

and the North Pole. A second mission was conducted in January 1986, 

aboard the WFF P-3 Orion aircraft, during which an isolated PSC forma

tion was observed in the corridor between Iceland and Scotland. This 

second mission benefited from correlative measurements made in the same 

vicinity by the Stratospheric Aerosol Measurement II (SAM II) instrument 

onboard the Nimbus 7 satellite. Before addressing the lidar experiments 



themselves, I will present three background chapters on clouds in the 

stratosphere. The first addresses mother-of-pearl clouds, including a 

brief perspective of conditions favorable for their formation in the 

winter polar stratosphere and discussions of historical sightings ru1d 

theoretical efforts to explain their unusual characteristics. A synop

sis follows of earlier experimental observations of PSCs, including 

visual sightings and ground-based lidar soundings in Antarctica and 

satelli te measurements over both polar regions. Finally, the theoreti

cal groundwork on PSCs is addressed at some length, with discussions of 

possible formation mechanisms and the implications for radiative and 

chemical budgets of the .~tarctic stratosphere. Following these back

ground chapters, I describe the LaRC airborne lidar system and the pro

cedures used for data analysis, and present and discuss in detail the 

remote sensing measurements and supporting meteorological data for the 

two Arctic missions. A new three-stage theoretical model of PSC forma

tion and growth is developed and validated by comparison OI results with 

experimental measurements; the model is then used to investigate the 

implications of cloud formation in the Antarctic. A final chapter sum

marizes the conclusions reached in this hork and makes recommendations 

for future experimental and theoretical research. 



CHAPTER 2 

MaI'HER-QF-PEARL CLOL'DS 

The aridity of the stratosphere has been a subject of interest 

since the first measurements of water vapor above the tropopause were 

made during the 1940s (Dobson, Brewer, and Cwilong, 1946). The H20 mass 

mixing ratio (the ratio of the mass of water vapor in an air parcel to 

the total mass of the parcel) was found to decrease rapidly with height 

just above the tropopause, with a decline by a factor of about twenty in 

the first kilometer of the stratosphere alone. Measurements made at 

many sites around the globe during the ensuing decades have corroborated 

the earlier observations to a great extent; excellent tutorial reviews 

can be found in Harries (1976), Robinson (1980), and Elsaesser (1983). 

Recent advances toward definition of the global distribution of strato

spheric H20 have come from satellite observations by the Limb Infrared 

~onitor of the Stratosphere (LIMB) (Remsberg et al., 1984) and the 

Stratospheric Aerosol and Gas Experiment II (SAGE II) (Larsen et al., 

1986) instruments. Even though there is considerable variation among 

the respective measurements, it can be stated with certainty that the 

stratosphere is very dry when measured by tropospheric standards. A 

typical H20 mixing ratio of 3 parts per million by mass (3 ppmrn) implies 

that cloud formation by water vapor condensation (at a relative humidity 

of 100%) is possible only when stratospheric temperatures are unusually 

cold. Figure 1 shows the saturation water vapor pressure over water and 
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ice as a function of temperature; the curves are calculated using for-

mulae given by List (1951) and McDonald (1965), respectively. ioJith a 

mixing ratio of 3 ppmm, one can see that temperatures colder than -85 C 

and -88 C are required for saturation (in this case, over ice) at the 

50-mb and 30-mb pressure levels, respectively, as was stated earlier by 

a Stanford (1973 ). 

Inspection of stratospheric temperatures shows that such extreme 

values are approached only in several locations on the globe. Figure 2 

(from Labitzke, 1980) gives vertical meridional sections of zonal mean 

7 

temperatures for January in the Northern Hemisphere (part a) and July in 

the Southern Hemisphere (part b). A cold center with mean temperatures 

at or below -75 C lies near the tropical tropopause (100-mb level) in 

both charts. Although not an issue to be addressed in this paper, this 

region is typified by intense convective activity and the formation of 

cumulonimbus clouds whose turrets and anvils often penetrate into the 

lower stratosphere. The tropical tropopause region is thought to playa 

najor role in troposphere-stratosphere exchange processes (Holton, 1984) 

and dehydration of the stratosphere (Brewer, 19-1-9; Danielson, 1982). 

The areas of major concern in this work are the cold cores over 

the winter polar regions: one with zonal mean temperatures below -70 C 

posi tioned between 20 and 25 Ion near the North Pole in January, and an 

analogous region with temperatures below -80 C at altitudes above 15 km 

near the South Pole in July. Although these temperatures (particularly 

in the northern polar region) are somewhat warmer than the cold extremes 

discussed by Stanford as a requirement for water cloud formation, one 

must remember that they are zonal mean values based on several years of 
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data. Temperatures cold enough for cloud formation do occur from time 

to time, especially in the Antarctic where the mean values are coldest. 

Vertical meridional sections of zonal mean \.·:inds corresponding to the 

previous temperature charts are shown in Figure 3 (from Labit~(e, 1980). 

At high latitudes in the winter hemispheres one notes regions of lower 

stratospheric Hesterlies (the polar vortices) bounded by cores of maxi

mum winds at about the 25-30 km level near the 60th parallel (the polar 

night jets). A stable polar vortex usually forms by late autumn in each 

hemisphere, and the Antarctic version nearly always is a fixture until 

early spring. The Arctic vortex often lasts through the winter also, 

although every few years sudden stratospheric warmings triggered by wave 

disturbances propagating upward from the troposphere occur in midwinter, 

distorting and disrupting the vortex within a few days (Holton, 1979). 

Recent analyses of remote sensing data have identified unique 

characteristics associated with the winter polar vortices. Airborne 

lidar measurements in the vicinity of the Arctic polar night jet stream 

(McCormick, Trepte, and Kent, 1983) showed a very sharp change in the 

stratospheric aerosol distribution across this boundary. Calculated 

values of the optical depth between 18 and 26 lun were smaller by about 

an order of magnitude within the polar vortex than those values outside. 

Kent et al. (1985) used satellite measurements of aerosol extinction 

coefficient to demonstrate that the Arctic polar night jet stream acts 

as a semi-porous barrier separating air masses inside and outside the 

polar vortex. In addition, the air mass within the vortex slowly sub

sides during winter (a total of about 5 km at an altitude of 20 km) to 

produce the observed horizontal gradient in aerosol characteristics 
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across the jet stream. This subsidence not only lowers the aerosol 

concentration at a given stratospheric altitude, but also modifies the 

local aerosol size distribution as smaller particles are brought dot.n 

from above. Satellite measurements of aerosol extinction and trace gas 

levels in the Antarctic (McCormick and Trepte, 1986; ~lcCormick and 

Larsen, 1986) have confirmed that the southern polar vortex exhibits 

very similar characteristics. 

There have been infrequent visual sightings of short-lived 

stratospheric clouds in these winter high latitude regions, most of 

which occurred in the more populated Northern Hemisphere. The first 

reported sightings of so-called mother-of-pearl clouds (MPCs) were in 

Scandinavia around 1870 (Stanford and Davis, 1974). These clouds are 

also lcrlO~n as nacreous clouds, after the French word nacre, meaning 

mother-of-pearl. The name is derived from the brilliant iridescent 

coloration seen in, and taking the same shape as the clouds. An example 

of an MPC formation is shown in Figure 4, a photograph Ull{en at Kiruna, 
o 0 

Sweden (67.84 N, 20.42 E) on 24 January 1981 (used with the permission 

of P.H.G. Dickinson, Rutherford Appleton Laboratory). ~other-of-pearl 

typically persist for periods of time on the oruer of hours, are len-

ticular in shape, and display color less trailing t.;akes, very much like 

the altocumulus lenticularis clouds often seen in the troposphere down-

wind of mountains. They also often exhi bi t a marked asymmetry in opac-

Ity from the leading to the trailing edge of the cloud. Sightings of 

mother-of-pearl are indeed rare: Hesstvedt (1959) lists sixty-nine such 

events in Norway for the period from 1926 to 1957, and Stanford and 



Figure 4. Mother-of-pearl at Kiruna, Sweden, 24 January 1981 
(photograph courtesy of P.H. G. Dickinson). 
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Davis cite a total of only three hundred or so in both hemispheres 

during the century from 1870 to 1972. 

The first reliable measurement of the al ti tude of ."lPCs t·;as made 

13 

by St¢nner (1929), Hho took simultaneous cloud photographs at two 

Nonv-egian stations in December 1926. St¢nner derived altitudes which 

ranged from 26 to 30 lun, clearly placing the cloud formation in the 

stratosphere. Along with his compilation of MPC sightings in NOrh"ay, 

Hesstvedt (1959) systematically investigated the synoptic meteorological 

conditions reported at the times of the events. He found that very low 

stratospheric temperatures had always been observed, thus increasing the 

likelihood of local water vapor saturation. He also established the 

prevalence of winds from the west-to-north sector with no change of 

direction with altitude, possibly allowing the crests of mountain lee 

waves to reach the observed cloud heights of 20 to 30 lrrn. A theoretical 

study by Palm and Foldvik (1960) on the trajectories of air parcels in 

mountain lee waves indicated that large amplitudes were possible, a 

finding confinned in an experimental study of t.Ja,ve motion leeward of the 

Rocky Mountains by Lilly (1971) and later discussed in the context of 

MPC formation by Stanford (1973a ). 

Based on his earlier synoptic study and the t.:ork of Palm and 

Foldvik, Hesstvedt (1960) developed a theoretical model of particle 

growth by water vapor diffusion in MPCs. Hesstvedt considered three 

different particle growth scenarios, each assuming preexistent nuclei of 

ter.·restrial origin with number densities ranging from O. 1 to 1.0 cm -3. 

The first scenario assumed the cloud particles to be solution droplets 

(nucleus matter dissolved in water) which remain in a supercooled liquid 
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state and grow due to H20 condensation. The second approach assumed ~wc 

particles to be ice spheres which form on solid nuclei and gro~ due to 

H20 deposition, and the third assumed supercooled solution droplets 

which freeze when the necessary degree of dilution is reached and then 

grow by deposition. Hesstvedt's results indicated that MPC particles 

are nearly equal in size, with a mode radius of 1 to 2 Urn. The angular 

dependence of diffraction by a nearly monodispersed particle population 

such as this, as shown by the scattering theory of Hie (1908), ~ould 

account in part for the variation in color seen in mother-of-pearl. 

Results also showed that the maximum particle size would be reached not 

at the crest of the mountain lee wave, but near the saturation level on 

the descending side of the wave, corroborating observations of asymmetry 

in the opacity of the clouds. No conclusion could be made as to the 

phase of the cloud particles since the results were quite insensitive to 

the growth scenario chosen. Hesstvedt (1962) later extended his theo

retical model to two dimensions, with one coordinate in the vertical and 

the other in the direction of the horizontal wind. In this paper he set 

the growth scenario to be that of supercooled solution droplets growing 

by H20 condensation up to a radius of 0.15 Urn, at which point they would 

spontaneously freeze and continue to grow by vapor deposition. Results 

from this two-dimensional model suggested that the irin8scence of MPCs 

is due primarily to variations in particle size across the cloud, with 

the smallest sizes being found toward the outer edges. Such a spatial 

distribution could possibly explain why the colors in MPCs take the same 

shape ~s the clouds themselves. 
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Hallett and Lewis (1967) discussed MPC formation and gro~~h from 

a somewhat different perspective, their work stimulated by the first 

direct sampling of stratospheric aerosols from a balloon platform by 

Junge, Chagnon, and Manson (1961), who found the predominant element to 

be sulfur. Junge et al. suggested the sulfur originates from hydrogen 

sulfide (H2S) and sulfur dioxide (S02) produced in the troposphere and 

transported by diffusion to the stratosphere. These gases would be 

oxidized there by ozone (03) to form sulfur trioxide (S03)' which would 

combine with H20 vapor to form sulfuric acid (H
2
S04 ), Hallett and Lewis 

examined the equilibrium phase relationships for the H2S04-H20 system 

(from Gable, Betz, and Maron; 1950) and found that several crystalline 

hydrates of sulfuric acid could nucleate from supercooled H2S04-H20 

solution droplets in the temperature range typical of mother-of-pearl 

formation. This led them to suggest that MPCs form by the deposition of 

H20 vapor onto frozen aerosol droplets, with the solidified droplet 

ultimately consisting of water ice and various H2S04 hydrates. Since 

the saturation H
2
0 vapor pressure over hydrates is less than that over 

stoichiometrically equivalent supercooled solutions, solidified droplets 

could persist on the descending side of lee waves to a lower altitude 

than that at which the supercoooled solution droplets formed on the 

ascending side - possibly explaining the observations of faint colorless 

trails in the wake of MPCs. 



CHAPTER 3 

POLAR STRATOSPHERIC CLOUDS: EARLIER OBSERVATIONS 

Stratospheric clouds of a form unlike mother-of-pearl were 

sighted during the winters of 1950 and 1951 at the Swedish Maudheim base 
.J 0 

in .4ntarctica (near 71 S, 11 W) (Liljequist, 1956). Observers there 

noted a class of thin veil-like clouds which were likely situated in the 

lower stratosphere and appeared to cover the entire sky. These clouds, 

which were dubbed "stratospheric cist," were first seen near the middle 

of June 1950 with the Sun about five degrees below the horizon. They 

were commonly present until the middle of August of that year and disap-

peared in early October. The clouds were again sighted near the begin-

ning of July 1951, were commonly present through the end of August, and 

again were last seen in early October. Similar sightings of veil-like 

clouds in the stratosphere apparently occurred during the 1957-1960 

expedition to Norway Station in Antarctica, but no published reports 

exist. 

Stanford (1977) analyzed previously unpublished daily logs of 

cloud observations and upper air temperature and pressure data at the 

Maudheim base during the 1950 and 1951 Antarctic winters. He found that 

very low values of saturation water vapor mixing ratio with respect to 

ice had been characteristic of the lower stratosphere over the Maudheim 

base during much of August in both years. A contour plot of Stanford's 

calculations for August 1950 (Fig. 5) shows that saturation mixing 
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ratios as low as 0.5 ppmm may have been present at times during that 

month. Assuming that the ambient stratospheric water vapor content in 

1950 was similar to the value of 2.5 ppmm generally accepted at the time 

of his publication, Stanford concluded that the veil clouds sighted by 

the Norwegians at Maudheim had indeed most likely been ice clouds 

lying in the lower stratosphere. 

Satellite Observations 

A heightened interest in stratospheric clouds has arisen from 

satellite observations during the last decade, particularly those made 

by the SAM II instrument aboard the Nimbus 7 satellite launched into 

Sun-sJTIchronous orbit in October 1978. The SAM II instrument is a 
a 

scanning solar photometer having a narrow field-of-view (0.01 ) and a 

single channel centered at a wavelength of 1.0 Urn (McCormick et al., 

1979). During each sunrise and sunset encountered by the satellite (as 

it moves from, or into the shadow of the Earth) the photometer rapidly 

scans up and down the solar disk, measuring the intensity of sunlight 

passing through differing thicknesses of the atmosphere. The radiance 

data are converted to profiles of atmospheric transmittance, which are 

then inverted using the method of Chu and NcConnick (1979) to give 

profiles of aerosol extinction coefficient with a vertical resolution of 

1 kIn. 

McCormick et al. (1982) reported that layers of enhanced extinc-

tion had been observed by the SAM II instrument in both the Arctic and 

Antarctic stratospheres during the winters of 1978 and 1979. Measured 

extinction coefficients in these layers, which the authors called polar 
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stratospheric clouds (PSCs) , were from one to t~o orders of magnitude 

greater than that of the background stratospheric aerosol. For example, 

Figure 6a shows a SAM II extinction coefficient profile and the nccom-

panying temperature profile (from the NOAA Climate Analysis Center) in a 
.J 0 

PSC formation on 11 January 1979 near Hudson Bay (67 N, 80 W); for com-
o 

parison, zonal mean profiles for that entire month (at 67.1 ~) are sho\~n 

in Figure 6b. McCormick et al. reported a total of t\.felve PSC sightings 

for the Arctic (one in November 1978 and eleven in January 1979), at 

altitudes ranging from 15 to 23 kID; no clouds ~ere observed after the 

first 1979 stratospheric warming pulse which occurred around 25 January 

(Quiroz, 1979). In contrast, hundreds of sightings were reported for 

the Antarctic from June to October 1979, at altitudes ranging from the 

tropopause (11 Ian or less) to about 23 lan. By analyzing temperature 

profiles at the locations of all SAM II measurements, the authors ~ere 

able to establish a clear negative correlation bet~een the occurrence of 

PSCs and temperature. Clouds were reported in more than 90% of cases 

for which the minimum temperature in the stratosphere (at an altitude at 

least 3 km above the tropopause) was 185 K or less. The frequency of 

occurrence dropped to about 45% for cases in which the minimum strato-

spheric temperature was at or below 193 K, and to less than 10% for 

minimum temperatures greater than 196 K. 

Further documentation of the occurrence and temperature depend-

ence of Arctic PSCs was provided by the LIMS instrument, an Earth limb 

scanning radiometer having six channels centered at wavelengths between 

6.2 and 15.0 Urn in the infrared (Gille and Russell, 1984). The LIMS 

instrument operated aboard the Nimbus 7 satellite from October 1978 
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until the end of May 1979, with the purpose of measuring the global 

distributions of stratospheric and mesospheric temperature and trace 

gases. Since more than 7000 profiles were measured along the orbital 

track of the satellite on a typical day, one would expect that many 

obtained during the northern polar winter of 1978-79 would be contam-

inated by the presence of PSCs. Remsberg et al. (1986) reported that 

such is indeed the case, listing a total of thirty-nine days between 

November 27, 1978, and January 23, 1979, on which PSC signatures were 

apparent in Northern Hemisphere maps of LIMS ozone measurements at the 

30-mb level. The authors also attempted to estimate and remove the 

positive bias induced in local LIMS temperature measurements by the 

presence of PSCs. Their results indicated that the average minimum 

temperature at the 30-mb level in the vicinity of the clouds was 

approximately 190 K for the period from December 25 to January 16. 

The SAGE satellite sensor (McCormick et al., 1979) is a four-

channel solar photometer which operated from February 1979 to November 

1981. The viewing mode of SAGE was analogous to that of SAM II, but the 

Applications Explorer Mission .~-B satellite carrying the SAGE instru-

ment was positioned in an orbit inclined at 55 degrees from the equator, 
o 0 

restricting the maximum viewing latitudes to 72 N and 72 S, with these 

maxima being reached in local summer. Consequently there were very few 

SAGE measurements made near polar latitudes during the local winter. 

Nevertheless, two distinct occurrences of PSCs have been identified in 

the SAGE data set - on September 15 and 16, 1979, at an altitude of 19 
o 

1un near 60 S (Rami 11 and McMaster, 1984). 
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Farrukh (1985) extended the documentation of PSC sightings by the 

SAM II instrument to include all events up through the 1981-82 ~Jorthern 

Hemisphere winter. In establishing criteria for identifying PSC signa

tures in the SAM II data archive, FarrlliU1 accounted for changes in the 

background (non-PSC) aerosol extinction levels caused. by the injection 

of material into the stratosphere by major volcanic eruptions between 

1979 and 1981 (Kent and ~cCormick, 1984). His analyses confirmed that 

PSCs are much more prevalent in the Southern Hemisphere than in the 

Northern Hemisphere (some 1900 events over three winters, as compared to 

165 events over four winters), a reflection of the colder stratospheric 

temperatures in the Antarctic winter. Farrukh found the statistical 

relationship between temperature and cloud sightings to be quite similar 

to that reported by McCormick et al. (1982): a 95% frequency of PSC 

occurrence for minimum temperatures in the range 180-185 K, falling to 

50% at a temperature of 192 K, and to less than 5% for temperatures 

between 197 K and 200 K. 

In their recent paper, McCormick and Trepte (1986) discuss~ 

SAM II observations of PSCs during the Antarctic winters of 1980, 1982, 

and 1984. They compared, in a weekly averaged format, contour plots of 

the extinction ratio (the ratio of the sum of aerosol and molecular 

extinction coefficients to the molecular extinction coefficient alone) 

at the 1.0-Urn wavelength with contours of stratospheric temperatu~e 

obtained from the NOAP. National Meteorological Center (NMC). Figure 7 

shows the authors' comparative contours for 1982 as an example. The 

authors found that enhanced extinction levels, indicating the presence 

of PSCs, were regular features of the austral winter season under both 
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Figure 7. Contours of SAM II extinction ratio and temperature in the 
Antarctic, 1982 (from McCormick and Trepte, 1986). 
(a) Extinction ratio. (b) Temperature. 
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non-volcanic (prior to late 1982) and volcanically perturbed strato-

spheric conditions, and that a high degree of correlation existed 

betl-ieen the PSC episodes and low stratospheric temperatures «200 K). 

The tops of the PSCs lay between 20-25 km in early winter and then 

descended over the course of the season to altitudes near 15 Ion in mid 

September, a pattern also evident in the vertical motion of the coldest 

temperature region. The clouds t~~ically persisted at altitudes from 

15 Ion do~nward through September before evaporating during the period of 

rapid ~"8.nning in October. McConnick and Trepte also noted that PSCs 

were not observed above 25 Ion during any period. of winter nor above 

18 Ion during mid and late September, even though temperatures at these 

levels were often colder than 200 K. The authors conjectured that this 

absence of PSCs might signify limited quantities of the ingredients 

thought to be necessary for the formation of the clouds, such as aerosol 

nuclei or ambient water vapor. 

Lidar Observations 

Ground-based lidar obsen'ations of stratospheric aerosols were 

begun by the Japanese in Antarctica in March 1983 at the Syowa Station 
o 0 

located at 69 OO'S, 39 35'E (Iwasrum, 1985). This system employs a ruby 

laser capable of operating in a linearly polarized mode at both the 

fundamental (0.6943 Urn) and frequency-doubled (0.3472 urn) wavelengths, 

and aerosol measurements with a vertical resolution of 0.5 km can be 

obtained at a pulse rate of 0.5 Hz. Complementing the lidar observa-

tions are radiosonde temperature measurements and occasional direct 

collection of aerosols using a balloon-borne particle sampler. Ear ly in 
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June 1983 the Syowa lidar (Iwasaka, Hirasaw"8., and Fulnmishi, 1985) 

showed the beginning of an increase in scattering ratio (the ratio of 

aerosol plus molecular backscattering to molecular bacl{scattering alone) 

occurring in layers over the altitude range from 12 to 25 kill (Fig. 8). 

Enhancement strengthened throughout the month, and by June 30 values for 

the scattering ratio had increased by a factor of about three at 12 kill 

and by an order of magnitude at 20 kIn, relative to values which had been 

recorded in late May. The top frame of Figure 8 shows IllinimUlll strato

spheric temperatures were below -80 C (193 K) when the enhanced scatter

ing ratios were recorded, but the altitudes of minimUlll temperature and 

maximUlll scattering ratio did not always coincide. 

Iwasalra et al. also calculated values of the linear depolariza

tion ratio, defined as follows: the backscattered signal received in a 

polarization plane orthogonal to that of the transmitted laser beam, 

divided by the signal received in a polarization plane parallel to that 

of the transmitted beam. Schotland, Sassen, and Stone (1971) and many 

other investigators since have shown that for the case of optically thin 

clouds, significant increases in this ratio above that usually attri

butable to the molecular atmosphere alone (around 0.015) indicate the 

presence of non-spherical ice particles in the clouds. For example, 

values in the range of 0.3 to 0.5 seem to be tJ~ical of tropospheric 

cirrus clouds. Iwasal{a et al. found values around 0.5 in the fully 

developed PSCs present near the end of June, as compared to smaller 

values (0.1 or less) in the clouds occurring at the beginning of the 

enhancement period. Based on theoretical studies by Steele and Hamill 

( 1981) and Yue and Deepak (1982), the authors interpreted these smaller 
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Antarctica, May-July 1983 (from lwasaka et al., 1985). 
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values as indicators of the growth by H20 vapor condensation of existing 

spherical aerosols accompanied by the nucleation of additional small 

particles, both taking place at the onset of cold temperatures in the 

early portion of the measurement period. The larger values seen toward 

the end of June ~ere taken as evidence of frozen non-spherical particles 

in the fully developed PSCs. 

In a recent paper I~asaka (1986) considered other aspects of the 

lidar measurements obtained at the Syowa Station during the late fall 

and ~inter of 1983. He calculated and compared histories of three 

parameters: the thickness of the aerosol layer, encompassing all values 

of scattering ratio greater than one; the integral between layer bound

aries of the aerosol backscattering coefficient, a parameter which is 

proportional to the total aerosol content of the stratosphere (including 

any PSCs present); and the height of the center of the layer, which he 

defined as the ratio of the altitude-weighted integral of the aerosol 

backscattering coefficient to the integral of the backscattering coeffi

cient itself. Iwasaka found that all three parameters increased stead

ily throughout the month of May leading into austral winter (Fig. 9). 

The integrated backscattering coefficient (part a) reached a maximum in 

early June and remained quite steady before beginning to decrease near 

the end of July. On the other hand, the height of the layer center and 

the layer thickness (parts b and c, respectively) increased throughout 

the month of June and did not begin to decline until early July. Spring 

minimum values for all three parameters were reached in early September. 

A distribution of temperatures measured by radiosonde during this period 

(Fig. 10) shows that the coldest temperature region (values at or below 
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Figure 9. Analyses of lidar measurements at Syowa Station during the 
winter of 1983 (from Iwasaka, 1986). (a) Integrated back
scatter coefficient. (b) Height of the center of the aerosol 
layer. (c) Aerosol layer thickness. 
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-80 G) first appeared at an altitude near 25 100 in early June. After 

the middle of June the altitude of this region began to descend at a 

-1 rate of about 0.9 mm sec ; it was centered between 15 and 20 IillI just 

before disappearing near the end of August. 

lwasru{a interpreted his results as evidence that the winter 
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enhancement occurs in two stages. During the early stage (from late May 

to June) increases in aerosol loading and the height and thickness of 

the aerosol layer are caused by the condensational growth of existing 

aerosols and the nucleation of new ones with the onset of cold tempera-

tures at high altitude, as had been concluded by lwasaka et al. (1985). 

This conclusion is corroborated by direct measurements of the number 

density and size distribution of stratospheric particles made at Syowa 

-3 on June 3 in which a surprisingly large number (about 15 cm ) of par-

ticles having diameters greater than 0.3 lJm was found. The second stage 

of enhancement (July and August) is marked by a decline in both the 

thiclcness and height of the center of the aerosol layer, essentially in 

phase with the descending motion of the region of coldest temperatures. 

As mentioned in the previous section, McCormick and Trepte (1986) found 

a similar temporal relationship between Antarctic PSG extinction ratio 

as observed by the SAM II satellite sensor and temperature. Descent of 

the layer is likely due to a combination of subsidence within the winter 

polar vortex (discussed in Gh. 2) and sedimentation of the growing PSG 

particles themselves. Enhancements similar to those seen at Syowa in 

1983 were also observed there during the winter of 1985 (Iwasaka et al., 

1986), corroborating the findings of McCormick and Trepte that Antarctic 

PSGs are indeed recurring phenomena. 



CHAPI'ER 4 

POLAR STRATOSPHERIC CLOUDS: THEORETICAL FR~1EWORK 

As mentioned in the previous chapter, Stanford (1977) suspected 

that the persistent "stratospheric cist" seen in Antarctica some twenty 

years earlier by the Swedish had formed by deposition of H20 vapor at 

temperatures below the frost point. Several theoretical studies of the 

role played by these clouds in the H
2
0 vapor budget of the stratosphere 

were to follow, all using very simplified models of the cloud particle 

formation process. It was only after satellite observations (beginning 

in late 1978) showed that such clouds (now known as PSCs) were indeed 

recurring phenomena that detailed theoretical studies of their forma

tion, growth, and potential impact on other stratospheric processes were 

undertaken. This chapter presents a review of the theoretical litera

ture to date in fot~ sections. The first section deals with models for 

PSC formation and growth and is followed by sections discussing the 

influence of PSCs on the stratospheric H20 vapor budget and on thermal 

radiation in the winter polar stratosphere. The final section addresses 

a subject which is of special current interest - the role played by PSCs 

in chemical processes that may cause the recently discovered springtime 

Antarctic "ozone hole." 

Formation Models 

Steele et al. (1983) conducted the first detailed study of the 

formation of PSCs, approaching the problem from a thermodynamic point of 

31 
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view with a goal of establishing the theoretical correlation betheen 

temperature and extinction coefficient as measured by the SAM II satel-

lite sensor. Previous calculations by Hoppel (1975) and Hamill (1975) 

sho~,ed that when stratospheric aerosol droplets groh by the binary con-

densation of H20 and H2SO4 vapors, the equilibrium H20 vapor pressure 

over the droplets is equal to the partial pressure of H20 vapor in the 

environment. Changes in temperature will thus affect the composition of 

the droplets, as illustrated in Figure 11 (from Steele et al.), hhere 

the equilibrium H20 vapor pressures over ice, supercooled water, and 

various supercooled solutions of H20 and H
2
S04 are shown as a function 

of temperature. The dashed line ADB illustrates the change in solution 

-4 composition for an ambient H20 partial pressure of 5x10 mb (5 parts 

per million by volume, or 5 ppmv, at the 100-mb pressure level) as the 

temperature decreases. At a temperature of 220 K, a 72% supercooled 

solution (by weight H2S04) is in equilibrium, while a much more dilute 

solution (10% to 30%) is the rule near 190 K. As the droplet is diluted 

over this temperature range, its density also decreases slightly; the 

overall result is about a factor of two increase in droplet radius. For 

the sake of simplicity, Steele et al. ignored the possibility of sul-

furic acid hydrate formation (Hallett and Lewis, 1967) and assumed that 

the aerosol droplets remain in supercooled solution until the tempera-

ture decreases to a limiting value. Under one scenario, the authors 

assumed the limit to be the frost-point temperature (point D, Fig. 11) 

and that upon reaching the limit, all droplets would quickly freeze to 

form spherical pure ice cloud particles. Heymsfield (1986) has sug-

gested that only a few "favored" droplets freeze instead; these frozen 
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droplets would then flourish at the expense of their still-liquid 

counterparts. Under an alternate scenario, Steele et al. assumed the 

lower limit to be the dew-point temperature (point B, Fig. 11, some 5 K 

colder than the corresponding frost point); at this limit PSC particles 

would fonn as pure supercooled water droplets. With further temperature 

decreases below the respective limiting values, the ambient H20 vapor 

pressure would fall along either curve DE (saturation over ice) or curve 

BC (saturation over supercooled water), with the surplus vapor being 

deposited (or condensed) onto the PSC particles. In either case, the 

added water vapor would result in marked cloud particle growth (as a 

function of individllal size) and potentially large increases in the 

optical extinction of the PSC formation as a whole. 

To test their proposed scenarios, Steele et al. computed the 

theoretical variation in aerosol extinction coefficient at the 1.0-Urn 

SAM II ~-avelength over a temperature range from 180 K to 240 K. For 

initial conditions, they assumed that the background (non-PSC) aerosol 

popUlation could be represented by a log-normal size distribution typi

cal of non-volcanic stratospheric conditions and chose ranges of ambient 

H
2
0 vapor mixing ratio and aerosol number density which spanned values 

commonly observed at the 100-mb pressure level. After detennining the 

aerosol (or PSC particle) size distribution as a function of temperature 

under both of their formation scenarios, the authors used Mie scattering 

theory to COlflpute the resultant variation in extinction coefficient. 

They then compared their theoretical results with SAM II measurements 

made during the Arctic and Antarctic winters of 1978-79 to establish 

best estimates of the appropriate H20 vapor mixing ratio and aerosol 
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number density. Steele et al. found that the scenario assuming nuclea-

tion of pure ice particles at the frost-point temperature has the more 

plausible of the two they had proposed, in concurrence with the accepted 

norm that supercooled water droplets cannot exist at temperatures below 

about -40 C (Fletcher, 1970). The most favorable comparison between 

measured and computed extinction coefficients w~s obtained assuming an 

-3 aerosol number density of 6-7 cm and an H
2
0 mixing ratio of 5-6 ppmv 

(Fig. 12), both well within observed ranges for these quanti ties. 

Stimulated by the discovery of the Antarctic ozone hole, other 

authors have recently taken an alternate approach which suggests that 

PSCs are formed primarily by deposition of nitric acid (HN03 ) vapor onto 

preexistent aerosol nuclei. There is some disagreement among the auth-

ors concerning the form of the deposited solid phase and the temperature 

range at which the process would begin. All agree, however, that the 

process could remove from the Antarctic stratosphere a large fraction of 

the gaseous odd nitrogen (NO) compounds which under normal conditions 
x 

serve to inhibit the destruction of ozone. A detailed discussion of the 

possible impact of PSCs on chemical processes in the Antarctic strato-

sphere will be given later in this chapter. 

In developing their proposed PSC formation scenarios, Crutzen and 

Arnold (1986) and Toon et al. (1986) independently examined partial 

pressure data for HN03-H20 solutions which they extrapolated to tem

peratures characteristic of the winter polar stratosphere using the 

Clausius-Clapeyron equation. Both groups expressed some uncertainty in 

estimating the vapor pressure over the solid phase; to allow for this 

uncertainty, Toon et al. used latent heats of fusion for both the pure 
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substance (either H20 or HN03 ) and hydrates (HN03 'H
2
0 or HN0

3
,3H

2
0) l~hen 

al tering the slopes of vapor pressure versus temperature plots of near 1:.

equivalent solutions (Fig. 13). Despite these uncertainties, both 

groups found that current estimates of the stratospheric abundance of 

H20 and HN03 vapors ~ere sufficient to cause deposition during the polar 

night of a roughly 50% HN03 solid mixture, one very close in composition 

to the trihydrate. The process would begin at a temperature above the 

local frost point: Toon et al. suggest 195 K at an altitude of 20 \un, 

compared to a frost point of approximately 188 K; Crutzen and Arnold 

suggest a range from 200-210 K at 17 km, compared to a frost point of 

approximately 195 K. For temperatures between the point at which depo

sition begins and the frost point, equilibrium between the binary solid 

and the ambient H20 vapor would be maintained by deposition of a large 

fraction of the ambient HN03 vapor. (Crutzen and Arnold suggest that 

the ambient HN03 supply is augmented by ion-catalyzed conversion of 

dinitrogen pentoxide, N205 , and chlorine nitrate, ClN03.) Both groups 

estimated that the nitric acid deposition process would produce PSC 

extinction coefficients more closely in agreement with SAM II measure

ments than corresponding estimates assuming PSCs to be nearly pure ice 

clouds. Toon et al. speculated that hydrochloric acid (HCl) would also 

be present in minor quantities in the primarily HN03 cloud particles, 

but Crutzen and Arnold felt that inclusion of such trace gases would be 

of interest only at temperatures below the frost point. 

McElroy, Salawitch, and Wofsy (1986a ) also examined the thermody

namics of HN03-H20 mixtures at low temperatures, giving special consid

eration to impure forms of the associated solid phases. As had been 
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done by the authors cited in the precedins ~phs, McElroy et ale 

extrapolated "20 and IiN03 vapor pressures to the freezing point for ee.ch 

mixture. At this stage, however, they superimposed the envelopa of equi

librium freezing points for the HN03-"20 system to define what they 

termed the vapor pressure/temperature stability field for the associated 

solid phases (Fig. 14). The freezing point envelopas for pure ice and 

the monohydrate and trihydrate solid phases ware then extrapolated to 

lower temperatW"es to estimate partial pressures. The authors stat.ed 

that a version of the monohydrate which they denoted as HN03'"20C-), to 

signify a HN0
3
-depleted hydrate, would become saturated with respect to 

both "apors at a temperature near 190 K (point a, Fig. 14). At tempera

tures below 190 K, this monohydrate would be deposited onto the surfaces 

of preexistent frozen particles and the ambient concentration of HND3 

would decline sharply. Noting that the "20 vapor pressure over pure ice 

is nearly equal to that over the monohydrate, McElroy et a1. suggested 

that the deposition of ice may occur concurrently onto the PSC particle. 

Stratospheric Water Vapor Budget 

Suspecting that persistent clouds like the "stratospheric cist" 

seen at Maudheim during the early 19505 might fonn quite frequently 

during Antarctic winter, Stanford (1973b ) examined monthly averaged 

temperatures in the lower stratosphere over the Amundsen-Scott base at 

the South Pole for five different years from the 1960s. Based on an 

average stratospheric "20 vapor mix ina ratio for the North~rn Hemisphere 

of 3 ppnm reported by Mastenbroolt C 1971), Stanford suggested that H
2
0 

vapor saturation with respect to ice could occur persistently and on a 
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vapor. As a data base for computations the authors used dnUy 5-degree 

spatial resolution grids of temperature at standard pressure levels 

derived from satellite measurements in the Antarctic from July to 

Septemter 1973. They also accessed daily records of tropopause height 

from radiosonde launches at three Antarctic stations for the same time 

period. The authors chose initial stratospheric H20 vapor mixing ratios 

of 2.7 and 3.0 ppnm (independent of al ti tude) and an ambient aerosol 

number dem~ity of 1 cm -3 (also constant with height), yielding cloltd 

particle radii in the range of 5-10 Urn. Winds were neglected in initial 

calculations, but subsequent results considered the effects of mean 

vertical and meridional motion& as well as the influence of horizontal 

waves. Even though their results were sensitive to the initial mixing 

ratio, the authors concluded that the annual magnitude of the potential 

Antarctic H20 va.por sinlt is small, ['cpresenting at most about 2% of the 

total stratospheric H20 vapor burden. 

Thermal Radiation in the Winter Polar Stratosphere 

Pollack and McKay (1985) and Blanchet (1986) ha.ve conducted theo

retical studies concerning the effects of PSCs on the thermal radiation 

budget of the winter polar stratosphere. Both studies were based on the 

PSC formation scenarios proposed by Steele et al. (1983), i.e., deposi

tion of H20 vapor onto aerosol nuclei at temperatures below the frost 

(or dew) point. Direct radiative perturbations should be expected since 

PSC formation significantly increases that portion of the atmospheric 

opacity due to stratospheric aerosol. One might also expect, following 

the Steele et a1. approach, an indirect perturbation due to a reduction 
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in the opacity attributable to stratospheric H
2
0 vapor since much of the 

available vapor would be consumed by the cloud particles. Any reduction 

in local temperature induced by the fonnatior. of PSCs could provide a

posith'e feedback mechanism for stimulating furthcr cloud growth. On 

the other hand, an induced "'1U'Illing might serve to inhibit growth or pos

sibly stop the PSC formation process altogether. The two studies cited 

found the issue to be a complicated one, in that details of the thermal 

perturb..'itions are sensitive to PSC particle properties as well as tropo

spheric temperature and cloud structure, and uncertainties in H
2
0 vapor 

absorptiQn cross-sections in the infrared window region. 

Pollack and McKay used a two-stream approximate radiative trans

fer model developed by Sagan and Pollack (1967) for thermal calculations 

over the spectral range from 4 to 200 lJm. For standard conditions, they 

chose a "cold extreme" atmospheric profile, based on winter radiosonde 

soundings at the South Pole, which featured a very cold, dry troposphere 

and a strong temperature inversion at the surface. TIley also assumed as 

a standard that the PSC particles were l.O-Urn radius ice spheres and 

fixed the profile of cloud extinction coefficient at a 1.0-Urn wavelength 

equal to that observed by S~~ II over Antarctica on 1 September 1979 

(McCormick et al., 1982). Pollacl{ and :-1cKay also perfonned calculations 

for "non-standard" cases "''bich considered plausible variations in the 

temperature structure, the H
2
0 vapor profile, and the properties of the 

PSC particles. The authors concluded that regardless of assumed parame

ters, the direct effect of PSC formation due to an increase in aerosol 

opacity was always enhanced cooling. On the other hand, they found that 

the indirect effect due to decreases in H20 vapor content in the region 
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of cloud formation always was local waI1l1ing. A sample of Pollack and 

~1cKay's results is shm·,n in Figure 15, where the frame labeled "indirect 

effect" shows the change in radiative heating rate l.Jhen allowance is 

made for the depletion of H20 vapor throughout the PSC layer (11-21 lillll. 

The ma.ximlllll lies near 12.5 100 because the change in vapor abundance is 

greatest there. The frame labeled "direct effect" illustrates the 

differences in heating rate between a situation with no PSCs and PSCs 

having particle radii of 0.1, 1.0, and 10 Urn. The maxima here lie just 

above the layer of ma.ximlllll extinction coefficient between 11 and 13 100. 

Pollack and McKay sUI1l1ised that the net effect (the Slllll of the direct 

and indirect effects) would likely be enhanced cooling under all condi

tions, but it would be an important positive feedback for cloud growth 

only in optically thick PSCs. Based on frequency of occurrence statis

tics derived from SAM II observations, they speculated that such opti

cally thick clouds might occur frequently during Antarctic (but not 

Arctic) winter, and hence, could have a significant impact on the winter 

Antarctic radiative budget. 

Blanchet (1986) performed approximate radiative transfer calcula

tions over the spectral range from 1.06 to 40 Urn for PSC particles which 

were asSllllled to fOI1l1 and grow as supercooled h~ter droplets (the alter

nate scenario of Steele et al.). Blanchet justified his asslllllption of 

liquid particles by tests performed by Pollack and ~cKay (1985), which 

indicated that thermal calculations were rather insensitive to particle 

composition or phase. The ambient stratospheric H20 vapor mixing ratio 

was assllllled to be 5 ppmv, and profiles of temperature and 1.0-Urn extinc

tion coefficient in the stratosphere were taken from Antarctic SAM II 
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data on 28 July and 1 September 1979. The author found the local ther

mal influence of PSCs to be quite sensitive to the tropospheric tempera

ture structure, as Hell as to the vertical distribution of tropospheric 

clouds. For a case with a cloudless, warm troposphere characterized b~' 

the subarctic winter standard atmosphere (McClatchey et al., 1972), his 

results showed a slightly enhanced cooling above and in the top portion 

of the PSC, but radiative heating through the bulk of the cloud layer, 

especially for the more intense PSC formation of 1 September (Fig. 16). 

Blanchet's results for 1 September, using the standard tropospheric tem

perature profile from Pollack and McKay (1985), supported the conclusion 

reached in that paper that PSC formation would lead to enhanced radia

ti ve cooling (Fig. 17, curve "1"). The author also performed calcula

tions using observed temperatures over the Antarctic Weddell Sea from 

the FGGE (First Global Atmospheric Research Program Global Experiment) 

data base for 1 September and three conditions of tropospheric clouds: 

cloud-free, stratus (tops up to 888 mb), and cirrus (tops up to 207 mb). 

Blanchet based these cloud cases on his analyses of s~TIoptic conditions 

associated with PSC sightings, noting a typical poleward flow of warm 

and moist air in the troposphere in the vicinity of the sightings. His 

results showed net radiative cooling (positive feedback to PSC groh~h) 

for the cirrus case (Fig. 17, curve "2"), but net radiative heating 

(negative feedback) for the stratus cloud case (Fig. 17, curve "3") and 

cloud-free case. Given the synoptic pattern typical of PSC formation, 

namely a warm and moist troposphere in which low stratus clouds could be 

expected, the author suggested that self-induced radiative warming may 

be the ultimate limiting factor in PSC growth. 
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Chemical Processes in the Antarctic Stratosphere 

As mentioned at the beginning of this chapter, a subject of espe

cially keen interest at the present time is the influence PSCs may have 

on stratospheric chemistry in the Antarctic where temporal and geograph

ical coverage of the clouds appear to be highest. Much of the current 

interest has been kindled by the recent discovery of a springtime loss 

in total ozone (03) which has recurred yearly in the southern polar 

region (Farman, Gardiner, and Shanldin, 1985; Stolarsld et a1., 1986). 

October satellite observations for 1981 and 1985 (McCormick and Larsen, 

1986) show 03 depletion inside the Antarctic polar vortex over an alti

tude range from the tropopause up to 60 km, while balloonsonde data from 

October-November 1985 (Hofmann et al., 1986) showed depletion to 30 km 

(a typical maximum altitude for these balloons). Balloonsonde data from 

late August to early November 1986 (Hofmann et al., 1987) showed that 

the depletion was largely confined to the 12-20 km region. 

Among those touting a chemical explanation for this so-called 

ozone hole, it is commonly believed that the reason for its only recent 

discovery and its apparent year-to-year growth is related to an increase 

in the stratospheric concentrations of the trace halogen gases chlorine 

and bromine. These gases stem primarily from anthropogenically produced 

compounds which are quite inert in the troposphere but are photodissoci

ated by sunlight when they diffuse upward into the stratosphere, releas

ing halogen atoms and compotmds to serve as active catalysts in chemical 

cycles which destroy ozone. During early spring in the lower Antarctic 
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stratosphere, the net reaction of these cycles is most likely a reaction 

of ozone with itself (~lcElroy et al., 1986 b) : 

+ .. [4. 1) 

This reaction can proceed along several indirect paths, catalyzed by the 

presence of halogens and other trace species such as the hydroxyl (OH) 

and hydroperoxyl (H02 ) radicals. Ordinarily the catalytic cycles are 

strongly inhibited by the presence in the gas phase of odd nitrogen 

(NO) and nitric acid (HN0
3

). Gaseous NO serves tHO primary functions 
x x 

by combining Hith halogens in the lower stratosphere to form "reservoir" 

species Hhich are inert to ozone and by catalyzing competing reactions 

Hhich deplete the supply of OH and H02 radicals. To a somewhat lesser 

degree, gaseous HN0
3 

can also catalyze the removal of these radicals. 

Since the Antarctic ozone hole has defied explanation to date by 

the conventional approach of gas phase chemistry, several recent papers 

have suggested that PSCs foster its development by providing favorable 

surfaces for heterogeneous (mixed-phase) reactions which alter the usual 

chemical balance through the removal of halogen reservoir species or NO 
x 

from the gas phase. Solomon et al. (1986) introduced two su~h reactions 

which would reduce the concentrations of chlorine nitrate (ClN0
3

) and 

hydrochloric acid (HCl), the normal lower stratospheric reservoirs for 

chlorine: 

+ HCl 

+ 

het .. 
het .. 

+ 

+ 

[4.2h) 

[4.3h) 



The reaction products C1 2 and HOCI would be rapidly photolyzed in the 

sunlit springtime Antarctic stratosphere (releasing Cl and OH), hhile 

production of NO by photodissociation of HN0
3 

hould proceed at a much x 
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slower rate. Solomon et al. speculated that the supply of the catalysts 

CI and OH would be sufficient to offset the potential iru1ibiting effects 

of NO and HN03 and allow ozone to be depleted through the following x 

reaction chain: 

CI + °3 .. ClO + °2 [4.4) 

OH + °3 .. H02 + °2 [4.5] 

CIO + H02 .. HOCI + °2 [4.6] 

HOCI + h'J .. Cl + OH [4.7] 

a cycle whose net reaction is equivalent to reaction [4.1]. 

McElroy et al. (1986b ) also suggested that heterogeneous reac-

tions on PSC particle surfaces may modify the stratospheric chemical 

balance in the Antarctic. They offered as a candidate the following 

reaction sequence, which had been proposed earlier by Evans, McElroy, 

and Galbally (1985): 

N02 + °3 
.. N03 + °2 [·LS] 

M + N02 + N03 
.. N20S + M [4.9] 

N20S + H2O het 2 HN03 [L lOh] .. 

where N205 is the normal reservoir species for NO in the absence of x 

sunlight (e.g., during polar night) and M is a neutral third body atom 

or molecule required for conservation of momentum. The authors also 

considered reaction [4.3h] introduced by Solomon et al. (1986) to be a 
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viable candidate, but they deemed reaction [4.2h] (from Solomon et al.) 

to be unlikely since both HCl and ClN03 gases are present in such small 

concentrations in the lOher stratosphere. Removal of the NO through 
x 

these heterogeneous reactions hould circUffi\'ent the conversion of halo-

gens to their reservoir species and allow the ozone hole to develop \'ia 

the following halogen-catalyzed reaction chain: 

ClO + BrO .. Cl + Br + [4.11] 

.. [4.12) 

.. [4.13] 

a cycle whose net yield is again equivalent to reaction [4.1]. 

Considering the distinct possibility that nitric acid is a major 

constituent of the cloud particles themselves (as discussed earlier in 

this chapter), the suggestion that PSCs playa major role in the devel-

opment of the Antarctic ozone hole may be plausible. Additional support 

to this idea w~s given by Hamill, Toon, and Turco (1986), hho suggested 

a causal relationship between PSC evaporation and 03 depletion from 

their analysis of temporal trends in measurements of aerosol extinction 

and ozone in the southern polar region. Incorporation of HN03 into the 

PSC particles through the combined effects of deposition and heteroge-

neous reactions [4.2h], [4.3h], and [4.10h] could succeed in removing a 

large fraction of the gaseous NO from the lower . .:\ntarctic stratosphere. x 

The first of these would be even more significant if HCl were present in 

the cloud particles as proposed by Toon et al. (1986). Quantities of 

NO would be scarce until the release of HN03 with PSC sublimation in 
x 

early spring. The catalytic reaction chains attacking 03 could flourish 
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in such an environment I particularly if the scarcity of NO I,ere at the 
x 

same time to enhance formation of OH radicals as suggested by Crutzen 

and Arnold (1986). Only I.:hen the concentration of gaseous :\0:-,;: (produced. 

by a relatively slow photodissociation of the released HN03 ) reached a 

level sufficient to inhibit the catalytic reactions I.:ould the ozone 

depletion process cease. 



CHAPTER 5 

AIRBORNE LIDAR SYSTEM 

The NASA LaRC airborne lidar system was constructed. in the late 

1970s primarily for making correlative measurements of stratospheric 

aerosol in support of satellite remote sensing experiments. Results 

given by Russell et al. (1981) illustrate one such correlative measure

ment exercise involving the SAM II sensor conducted. in November 1978 

near Sondrestrom, Greenland. The airborne system has also proved. to be 

invaluable in mapping the distribution of aerosol injected. into the 

stratosphere by volcanic eruptions (McCormick, 1982; McCormick et al. , 

1984) and in studying the aerosol properties of the Arctic winter polar 

vortex (McCormick et al., 1983). 

The transmitter portion of the lidar system consists of upward

directed ruby and Nd:YAG lasers, although only the ruby laser was used 

during the PSC experiments described. in this work. At the fundamental 

0.6943-Um wavelength, this laser emits an energy of about 1 J per pulse 

at a repetition rate of 0.5 Hz. The transmitted. beam has a divergence 

of 1.0 mrad and exits the top of the aircraft through a 40.6-cm diameter 

quartz window. The signal returning from the atmosphere enters through 

an identical window separated. from the first by 1 meter and is collected. 

by a 35.6-cm diameter Cassegrainian-configured. telescope with a 2.0-mrad 

field-of-view. With this arrangement, the cone of the transmitted. beam 

is fully enclosed by that of the telescope field-of-view (the "crossover 

54 
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function" of the system becomes unity) at an altitude about 1.5 lilll above 

the aircraft. 

The receiver system can be tailored for measurements in either an 

unpolarized mode (i.e., of the total signal), or in a mode which allows 

discrimination of signals polarized in planes parallel and perpendicular 

to the principal plane of the transmitted laser beam. The polarization 

planes will be denoted here as 2, from the German word parallel, and §, 

from the German ~ord senkrecht (perpendicular). During the 1984 PSC 

experiment, the receiver system was capable of measurements in only one 

polarization plane at a time (Fig. 18), with a manual rotation of the 

polarizing beamsplitter cube required to switch between planes. The 

system was modified for the January 1986 experiment (Fig. 19) to allow 

simultaneous measurements in both polarization planes. All signals are 

detected by a photomultiplier tube (FMr) pach:age, whose output is pro

cessed with an analog-to-digital converter and microcomputer, displayed 

on an interactive terminal, and stored on magnetic tape. System band

width limits vertical resolution of the data to 150 m, while horizontal 

resolution is controlled by the degree of averaging (over consecutive 

laser firings) selected to reduce the effects of random signal fluctua

tions and minimize physical tape usage. 

The goal of the data analysis will be to estimate (in an unbiased 

fashion if possible) profiles of the bacltscatter ratio R, defined as the 

ratio of the total (molecular plus aerosol and/or cloud) backscattering 

coefficient to the molecular backscattering coefficient alone, and the 

depolarization ratio 0, defined as the ratio of the backscattering coef

ficient in the g polarization plane to that in the 2 plane. For a given 
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Figure 18. Airborne lidar configuration for January 1984 experiment. 
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data profile, an estimate of R is formed by assuming a theoretical rela-

tionship (Rayleigh, 1871) between the molecular backscattering component 

and atmospheric density. The estimated profile is then calibrated by 

normalizing to a suitable value (often 1.0) in an altitude region where 

R reaches a minimum and where the atmosphere (especially the molecular 

backscattering component) can be characterized with sufficient accuracy 

(Russell, HcCormick, and Swissler, 1979). Defining the correct density 

profile can pose a problem at high latitudes, where balloon measurements 

of pressure and temperature are rare or nonexistent. One must then rely 

on gridded temperature data at significant pressure levels, with the 

resulting uncertainty in the density profile affecting the accuracy of 

the lidar data analysis to some degree. A thorough discussion of this 

problem and other common sources of potential error in the ratioing 

approach can be found in Russell et al. (1979). 

Estimates of R using single-channel measurements, denoted here as 

R (unpolarized), R (~-polarized), and R (§-polarized), are all biased ups 

in a systematic way from the "true" value, in the former case due to an 

alteration (usually slight) of the polarization properties of the 

backscattered signal by the lidar receiver system itself. The ratios R 
p 

and R are obviously biased since both the measured signals and corres
s 

ponding estimates of their molecular values suffer from the absence of 

the missing polarization component. One can, however, compute a crude 

estimate of ~ by a proper combination of R and R , provided the meas
p s 

urements are made near the same locale within a reasonable time span. 

Unbiased estimates of both R and 8 can be calculated from simultaneous 

measurements in both polarization planes (as in the 1986 experiment). 
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To do so, as well as to quantify the use of single-channel measurements 

for estimating R and 8, we must first discuss the characteristics of 

polarized light and its interaction with the atmosphere and the lidar 

receiver system. 

Polarization Characteristics 

In discussing the polarization characteristics of the atmosphere 

and the lidar system, it will be convenient to use the Stokes vector 

notation (Stokes, 1852) to describe the polarization state of light and 

the Mueller matrix approach (Mueller, 1948) to describe the interaction 

of the transmitted laser beam with the atmospheric backscattering volume 

and the interaction of the returning signal with the various components 

of the receiver system. For ease in relating mathematics to measured 

quantities, the Stokes vector system (I , I , U, V) will be used, where 
p s 

I and I are the light intensities in the 2 and § planes, and U and V 
p s 

describe the orientation of the plane of polarization and the elliptic-

ity of the polarization (Chandrasekhar, 1960). Using this system, the 

signal from altitude z detected at altitude zL by the airborne lidar 

system (and corrected for background noise) can be ex 'Pressed formally as 

a vector analog of the "lidar" equation given by Russell et a1. (1979) 

as follows: 

(5.1 ) 

.. .. 
II and. Id are the Stokes vectors of the transmitted laser beam 

and the detected signal, respectively, and Q(z,zl) is the atmospheric 

transmittance between altitudes z and zl (assumed equal for all Stokes 
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parameters). Band Mt are 4 X 4 Mueller matrices defining the backscat

tering characteristics of the atmosphere and the optical throughput of 

the lidar receiver system, respectively, and D is (formally) a 4 X 4 g 

diagonal matrix of gain (or amplification) factors, assuming that the 

lidar system measures each of the four Stokes parameters independently. 

The LaRC airborne system measures only intensities (I and/or I ), a 
p s 

fact which, with certain assumptions to be made in following paragraphs, 

will reduce the dimensionality of the problem from four to two. 

Transmitted Laser Beam 

The transmitted laser beam is assumed in general to be a mixture 

of linearly polarized (in the I? plane) light of intensity 10 and an 

unpolarized component whose intensity can be expressed as a constant 

small fraction (D) of 10 , With this assumption, the Stokes vector of 

the transmitted beam can be written as follows: 

10 (1 + D/2) 

... 10 (D/2) 
II = ( 5.2) 

0 

0 

Atmospheric Backscattering 

It is assumed that the atmospheric scattering volume contains 

randomly oriented particles having an internal plane of symmetry. When 

coupled with the form of vector (5.2), this assumption in effect reduces 

the atmospheric scattering matrix (for any general direction) to a 2 X 2 

symmetric version (Bohren and Huffman, 1983, pp. 381-382) whose elements 

are those of the upper left-hand block of the matrix in its most general 
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form. Furthermore, theoretical calculations by Asano and Sato (1980) 

for randomly oriented oblate and prolate spheroids show that the diago-

nal elements of the reduced matrix are approximately equal in the baclt-
a 

scattering direction (8 = 180). Thus, the atmospheric backscattering 

matrix B can be approximated as follows: 

B = [ ~,p + BA,p 

R_ + B 
-M,s A,s 

~,s + :A,S 1 
A,p 

(5.3a) 

~,p + 

where B denotes backscattering coefficient, the subscript "M" denotes 

the contribution due to the molecular atmosphere, and the subscript "A" 

denotes the contribution due to aerosol and/or clouds. It will be con-

venient in later calculations to rewrite the matrix B in terms of the 

depolarization ratio ~ (defined earlier in this chapter) as follows: 

B = (R_ + BA ) 
~,p ,p [~1 ~ll (5.3b) 

Receiver System Components 

The Mueller matrix Mt describing the optical throughput of the 

lidar receiver system can be formed by serially multiplying the Mueller 

matrices of the receiver system components (Bohren and Huffman, 1983, 

pp. 53-56). Although the system configurations for the 1984 and 1986 

PSC experiments differed markedly (Figs. 18-19), the components used in 
o 

the earlier experiment (telescope, 45 forward mirror, collimating lens, 

and polarizing bearnsplitter cube) were common to both. These components 

will be treated first, with simplifying assumptions made regarding the 
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optical properties of each, followed by a discussion of properties of 

additional components used in the 1986 experiment. 

First, it is assumed that signals strih:e the telescope and the 

collimating lens at near-normal incidence, i.e., that the polarization 

state of the incident signal is not affected by interaction with these 

components. With this assumption, the Mueller matrices of the telescope 

and lens are each (implicitly) the identity matrix. By now referring to 

the assumed form of the transmitted laser beam (5.2), and that of the 

atmospheric backscattering matrix (5.3a or b), one can see that Stokes 
o 

components U and V of the signal incident on the 45 forward mirror are 

zero. If the receiver system is aligned such that the 2 component of 

the collected signal lies in its plane of incidence on the forward mir-
o 

ror (as is true to an accuracy of 0.2 ), the mirror induces no rotation 

in the polarization state of the incident signal, but does reflect the 2 

and ~ components with (theoretically) unequal efficiency. The preceding 

series of assumptions in effect reduces the Mueller matrix of the mirror 

M to the following 2 X 2 diagonal matrix: 
m 

(5.4 ) 

where r and r are the mirror reflectivities for the 2 and ~ com-
m,p m,s 

ponents of the incident light, respectively. 

According to the manufacturer (CVI Lasers), the polarizing beam-

splitter cube (Model 15-69) performs in a nearly ideal fashion in the 

transmission mode, i.e., the portion of the incident signal which passes 

through the cube for detection can be assumed linearly polarized in a 
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plane parallel to the plane of incidence. The plane of incidence can be 

either the 2 or § plane (as defined here) depending on the orientation 

of the cube. One can then infer that the Mueller transmission matrix 

for the cube is a 2 X 2 matrix having only one non-zero element, that 

element being equal to the scalar transmittance t (not necessarily 
c 

equal to 1.0). With the cube oriented to transmit the 2 [§] component 

of the incident signal, t lies in the (1,1) [(2,2)] element of the 
c 

Mueller matrix as follows: 

T = [ otc c,p (5.5a) 

[ 

0 
T -c,s - 0 (5.5b) 

To discuss the processing of dual-channel measurements, we must 

also consider the behavior of the polarizing beamsplitter cube in the 
o 

90 reflection mode. When oriented to transmi t the 2 component, as was 

the case for dual-channel measurements made during the 1986 PSC ex~ri-

ment, the cube can be assumed to reflect 100% of the § component toward 

the orthogonal cube face (the upper channel in Fig. 19). In addition, 

the cube unfortunately reflects a fraction r (~1 - t ) of the 2 com-e c 

ponent of the incident signal toward that channel. The result is a 

2 X 2 diagonal Mueller matrix R as follows: c 

[
r 0 1 R - c 

cOl 
(5.6) 

The optical properties of two additional components must be spec-

ified to describe the throughput of signals measured simultaneously in 
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both 2 and ~ polarization planes (1986 configuration, Fig. 19). One is 

the half-wave retarding plate (Virgo Optics, Part No. \{P-2-150-6943-2l, 

which ideally divides a given incident electric field vector into tl-<O 

linearly polarized components (parallel and perpendicular to the optic 

axis of the plate) and introduces a 1/2 phase difference between them, 

wi th no change in irradiance. The half -wave retarder was added to the 

system for the purpose of obtaining a relative calibration between the 

upper and lower channels, as \~ill be explained later in this chapter. 

The Mueller matrix for an ideal retarder is given by Bohren and Huffman 

(1983, p.55) in the (I, Q, V, V) Stokes vector system and can be con-

verted to the present (I , I , U, V) system using the relationships 
p s 

given on page 382 of the same book. We also need to consider only the 

upper left-hand 2 X 2 block of the matrix, since earlier assumptions 

have reduced the dimensionality of the present problem. The result is 

as follows: 

(5.7) 

The angle ¢ is that between the 2 plane and the optic axis of the half-

wave retarding plate. 
o 

The final component to be considered is the 45 beamsplitter disk 

positioned ahead of the upper-channel PMT section in Figure 19, which 

was installed in the system to allow for dual-PMT measurements in the 

upper channel (for dynamic range enhancement). Since only one PMT was 

used there for the measurements described in this work, we must specify 

only the effect of the disk in transmitting H and ~ components of the 
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incident signal (5.6) through to the PMT. .~ has been the custom in 

this section, the behavior of the disk is assumed ideal, i.e., no rota-

tion is induced in the polarization state of the incident signal, but 

the two components are transmitted with unequal efficiency. Thus, the 

~ueller matrix for the beamsplitter disk can be written as follows: 

[ 

~,p 

o 
( 5.8) 

where L and L are the transmittances of the beamsplitter disk for -b,p -b,s 

the 12 and § components of the incident signal, respectively. 

Estimates of R and 0 

We are now in a position to develop scalar equations for estimat-

ing R and 0 using measurements made in various receiver system modes 

during the two PSC experiments, as well as to establish bounds on the 

systematic bias present in single-channel estimates of R. For the srute 

of brevity, much of the algebra will be presented descriptively, with 

only products of interest given in final equation form, and the altitude 

dependence of pertinent quantities [e.g., R(z)] will be implicit. It 

will be assumed in all cases that the total atmospheric backscattering 

coefficient is equal to its molecular counterpart at some normalization 

altitude zO' and that the variation of the molecular component with 

altitude away from this point can be computed without error using the 

atmospheric density profile. In the paragraphs to follow, it will be 

convenient to express R in terms of both its basic definition (p. 53) 
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and the total (~) and molecular (~M = 
as follows: 

R. I R1 ) depolarization ratios -M, s -j\ , p 

~d:2 + ~IS + BAd~ + B
A,s 

R = ~,p + ~,s 
(5.9al 

(~,p + BAd:2) ( 1 + ~) 
or, R = 1\ ( 1 + ~M) .1, p 

(5.9b) 

Unpolarized Mode 

To review briefly, measurements made in this mode used a single 

channel (Fig. 18, and the lower channel in Fig. 19), with the polarizing 

beamsplitter cube removed from the system altogether, its Mueller matrix 

replaced in a formal sense by the identity matrix. The Stokes vector of 

the signal reaching the PMT in this mode is formed by the matrix product 

of equations (5.4), (5.3a or b), and (5.2); the signal detected is the 

total intensity, or the Stnn of Stokes components I and I , multiplied 
p s 

by a single gain factor G. Since the backscattered molecular signal 
u 

has this exact same form, dividing the total signal by its molecular 

counterpart to form the ratio R will result in cancellation of the 
u 

explicit scalar factor in equation (5.1) and, in this case, the common 

gain factor G also. By using R as defined in equation (5.9b), the 
u 

following expression for R can be derived (with some effort): 
u 

R = R u 

1 + (1 + ~)D/2 + [(1 + ~)D/2 + ~] ~ 
m (5.10) 

where ~ is the ratio of forward mirror reflectivities r ! r . m m,s m,p 
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The factors multiplying R in equation (5.11) represent the bias 

in estimating the true backscatter ratio using a single-channel unpolar-

ized measurement. Two special cases giving unbiased estimates of Rare 

apparent upon close inspection of equation (5.11): when t = I, i.e., m 

when the forward mirror reflects the Q and § components of the incident 

signal with equal efficiency; and when the atmosphere is purely molec-

ular, i.e., R = 1 and 8 = 8~1 by definition. To establish an upper bound 

estimate of the bias in other cases, the following values of the perti-

nent parameters can be used: ~ = 1.09 (the theoretical value for a 
m 

o 
perfect aluminum mirror at an incidence angle of 45 ); 8 = 0.5, from 

labora tory observations of ice crystals by Sassen (1977); 8M = o. 015, 

an average of values from Cohen, NE:i.ml8n, and Low (1969) and Goad (1982); 

and D = 0.075, an upper bound estimate (for the 1984 system) from Kent, 

Poole, and McCormick (1986). (It should be noted that a second polariz-

ing be~nsplitter cube was added at the exit aperture of the laser for 

the 1986 experiment to rid the transmitted beam of the unpolarized com-

ponent; i.e., D = a for that configuration.) Based on these numbers, we 

can see that R systematically overestimates R, but by about 3% at most. 
u 

Single-Channel Polarized Mode 

Again in brief review, measurements were nade in this mode during 

the 1984 experiment, with the polarizing beamsplitter cube oriented to 

transmit either the Q or the § component of the incident signal to the 

lower PMT section. The Stokes vector of the detected signal is then 

proportional to the product of Dg (now a 2 X 2 matrix), the appropriate 

form of T (5.5a or b), and matrices (5.4), (5.3a or b), and (5.2) as in c 
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the previous section. The backscattered molecular signal in both Q 3l1d 

§. planes will again have the same form as the total bacl{scattered signal 

in those planes. Dividing each of the total signals by its molecular 

counterpart (to form R and R ) will cancel the e",--plici t scalar factors 
p s 

in equation (5.1), as well as the comnlon mirror reflectivities and gain 

factors, leading to the following e",-~ressions for R and R in terms of 
p s 

R and bias factors: 

( 1 + oM) 1 + (1 + o)D/2 
R = R ( 1 ° ) 1 + (1 + 0M)D/2 P + 

(5.1ll 

(1 + oM) 0 + ( 1 + o)D/2 
R = R (1 ° ) oM + (1 °M)D/2 s + + 

(5.12 ) 

The special case of molecular backscattering alone (where R = 1 

and 0 = oM by definition) gives an unbiased (but moot) estimate of R. 

Using the same values for the other parameters chosen in the previous 

section, we see that when there is considerable atmospheric depolariza-

tion, 

tions 

R can underestimate R by as much as 30%. Under the same condi
p 

R can overestimate R by as much as a factor of 7; this is not 
s 

surprising if one remembers that R is computed by dividing the total 
s 

backscattered signal in the §. plane by the very small (1.5%) §. component 

of the backscattered molecular signal. 

As mentioned earlier in this chapter, the ratios R and R can be 
p s 

combined to form a crude estimate of 0 if one uses data obtained in 

the same geographic locale within a reasonable time span. We see by 

inspection that equations (5.11) and (5.12) can be combined and solved 

for 0 if OM and D are specified (as in estimating the bias above). By 
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dropping terms of lo~er order as appropriate, the following approximate 

expression can be derived: 

R (1 + 0) - R (0/2)(¢M + 0/2) 
p s ."1 

R (¢M + 0/2) - R (0/2) 
s l P (5.13) 

Dual-Channel Polarized Mode 

To review this mode briefly, measurements were made in upper and 

lower channels (Fig. 19) simultaneously, with the incident signal being 

split by the polarizing beamsplitter cube. The signal transmitted 

through the cube to the lo~er PMT is assumed to be 100% polarized in the 

p plane; the signal reflected to the upper channel has both p and § 

components, which are transmitted to the upper PMT (through the beam-

splitter disk) with unequal efficiency. Although the configuration is 

complicated (to a large degree by the quirks of the polarizing cube), 

the problem is simplified greatly by the fact that D = 0 for the 1986 

experiment configuration, as discussed in the previous section. We can 

derive unbiased estimates of both ¢ and R in this measurement mode if we 

again assume that the molecular backscattering profile can be character-

ized without error and if we have at our disposal a sequence of relative 

calibration measurements using the half-wave retarding plate. Equations 

for the signals detected in the two channels will be derived first. 

Since it has only a p component, the signal reaching the lower 

PMT is the simpler of the two. Its Stokes vector can be found by the 

matrix product (in order) of (5.5a), (5.7), (5.4), (5.3a or b), and 

(5.2); the sum of I and I (only I here, since I = 0) is multiplied 
p s p s 

by a single gain factor for detection. In the interest of simplicity, 
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the resulting expression for I~ is given in proportional form (omitting 

scalar factors which will cancel in later operations) as follows: 

(5.14 ) 

By the same toh:en, we can compute the Stokes vector of the signal 

reaching the PMT in the upper channel by the matrix product (in order) 

of (5.8), (5.6), (5.7), (5.4), (5.3a or b), and (5.2). Again the sum 

I + I is multiplied by a single gain factor G for detection; the 
p s u 

resulting proportional eA~ression is as follows: 

(5.15 ) 

where 6b denotes the ratio tb / tb . ,s ,p 

Since common scalar factors have been omitted from proportions 

(5.14) and (5.15), if we now divide the latter by the former, we obtain 

an equation expressing the ratio of measured signals as a function of 

the ratio (tog) of gain factors, 0, <:P, and various optical system 

constants as follows: 

= /). F( 5, ~, t , 
g c 

(. 
m' (5.16 ) 

Given a precise orientation of the half-wave retarder and exact 

optical constants (either measured in the laboratory or calculable from 

theory), as well as noise-free signal measurements, equation (5.16) 

could be solved directly for tg at an altitude where the atmosphere is 

Imown to be purely molecular (i. e., ° = oM)' Since none of these are 

actually attainable, we need instead backscatter profiles measured at 
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several orientations (¢J
j

; j = 1,J) of the half-wave retarder with fixed 

gain factors (i.e., constant ~g)' If we now form the ratio Iu / 1£ for 

each profile over a range of altitudes (~; II: = 1,K) where the atmos

phere can be assLmled molecular, we have a system of (J x K) equations 

e~~ressing the uruG10wn ratio ~g in terms of noisy and/or imprecise 

quantities. This suggests that the system be solved using an iterative 

least-squares approach in Hhich final estimates of ~g and bothersome 

optical constants (those which are difficult to measure, such as r ) are 
c 

found Hhen the estimated depolarization ratio d converges to d:t' 

\oJith :lg in hand and imprecise optical constants resolved, the 

functional relationship (5.16) can now be solved for d in general. 

During the 1986 e~~riment, all non-calibration measurements were made 

with the optic axis of the half-wave retarder parallel to the 2 plane 

(t' = 0). This fact simplifies to some extent the algebra and the 

resulting equation for d, which follows: 

t I 
d = ( ~) -1 _c_ ---.!:! 

~g m ~,s I~ (5.17 ) 

The second term in this equation can be interpreted as a factor compen-

sating for partial reflection of the 2 component of the incident signal 

into the upper channel. At a glance, the term appears to be dimensioned 

improperly, but it includes implicitly (in the denominator) the polariz-

ing beamsplitter cube's reflectivity of the § component of the incident 

signal, which is assumed equal to 1.0. 
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\-lith the half-I .... ave retarder oriented such that t = 0, I~ as 

measured here is exactl~- equal to the signal I measured in the single
p 

channel polarized mode during the 1984 e~~eriment. Thus, if we divide 

I £ by its molecular component to form the ratio R£, ~·;e can im"ert equa

tion (5.11) (~.,rith D = 0) and use the value of 8 from equation (5.17) to 

compute an unbiased estimate of R \-ery simpl~- as follows: 

1 + 8 
1 + 8~ 

(5.18) 

where 8
M 

is assumed constant and equal to its measured value (~ 0.015). 



CHAPI'ER 6 

JA."JUARY 1984 PSC EXPERI~lENl' 

The data to be presented in this chapter ~ere obtained using the 

~ASA LaRC airborne lidar system during a January 198~ flight series to 

the Arctic aboard the NASA WFF Electra research aircraft. One objective 

of the flight series was to map the spread of aerosol injected into the 

stratosphere by the March-April 1982 eruption of the El Chichon volcano. 

By January 1984 this volcanic aerosol had been well distributed around 

the globe and the total stratospheric mass loading, although lower than 

the peak value of about 12 X 1012 g (12 Tg) observed in late 1982, h"aS 

still much larger than the prevolcanic total of about 0.5 Tg (McCDrmick 

et al., 1984; Kent and McCormick, 1984). In addition to the increased 

mass loading, the stratospheric aerosol size distribution was modified 

by the injection of volcanic material. The mean particle radius of 

approximately 0.2 Urn inferred from a log-normal fit to data obtained in 

October 1983 (Hofmann and Rosen, 1984) is about a factor of three larger 

than the value commonly assumed (0.07 Urn) for the background prevolcanic 

aerosol (Russell et al., 1981). Since these ambient aerosol droplets 

likely serve as nucleation sites for PSC particles, any changes in the 

aerosol size spectrum and number density could affect the course of PSC 

formation and growth. 

A second objective of the flight series was to obtain correlative 

measurements with the SAM II satellite sensor, whose observation points 
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(in the sunrise model were near 69 ~ during the time period of interest. 

One such experiment ~, .. as conducted successfully on 23 Januar7>' during a 
,) 1 

mission west-northwest of Sondrestrom, Greenland (68.7 ~, 52.8 Wl in un 

area where aerosol condi tions \,;ere likely typical of ambient (non-PSC) 

conditions within the winter polar vortex. Lidar measurements obtained 

during this correlative e:-;periment will provide a reference for compari-

son of measurements obtained in other, colder temperature locales. The 

final objective of the flight series was to observe PSCs should strato-

spheric temperatures be low enough to permit their formation in an area 

within range of the Electra aircraft. This latter objective was met by 

three missions conducted on 24-25 and 27 January in the corridor from 
o 0 

Thule, Greenland (76.5 N, 68.7 W) to the North Pole. These PSC missions 

and the mission conducted on 23 January form the subject of the current 

chapter; abbreviated discussions can be found in earlier papers by 

McCormick, Hamill, and Farrwdh (1985); Kent et al. (1986); and Poole and 

Kent (1986). 

The four missions are treated in chronological order in sections 

to follow, with a discussion of aircraft flight tracks, stratospheric 

meteorological conditions, and post-flight estimates of the backscatter 

and (if applicable) depolarization ratios and the backscatter enhance-

ment factor G. This factor is defined here as the ratio of the aerosol 

backscattering coefficient for any given profile to that at the same 

altitude for the reference profile (i.e., the molecular backscattering 

component has been removed from each). To illustrate the rapidity at 

which PSC structure can change, there will be some discussion of high 
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spatial resolution data obtained during the 24 January mission. The 

data presentation will be focused, however, on the variation in observed 

backscattering properties with temperature; to highlight this variation, 

the data will be averaged spatially over flight segments of 1-2 hours, 

during which time several degrees of latitude may have been covered. 

The criterion for grouping data in this manner h'as mainly geographical, 

and where the flight covered the same path on the outward and return 

journeys, data for the same latitudes but different flight directions 

were combined in many instances. Table 1 lists the specifics of each 

flight segment to be discussed in this chapter, including the identifi-

cation code, date, times, and latitude coverage. Also listed are the 

mean temperature at the 50-mb pressure level (the significant level at 

which temperatures were coldest during the present experiment), the 

receiver system polarization mode, and the set of medium-resolution 

records (~ 10-minute averaging interval) presented in Appendix A which 

I.·ere combined to form the segment in question. 

January 23 ~ission 

The primary objective of this mission again ~.;as to obtain correl-

ative measurements with the SAM II sensor during its sunrise observation 
o 0 

centered near 68.7 N, 66.1 W. Figure 20 shows the aircraft flight track 

and pertinent features of the NOAA NMC 50-mb meteorological analysis map 

for 1200 GMT on 23 January. Geopotential heights on this pressure sur-

face ranged from 18.5 to 19 km in the area of interest. One feature of 
o 0 

note in Figure 20 is the polar cyclonic vortex, centered near 79 N, 90 W 
o 

and bounded by the jet stream near 60 N, whose location was estimated 
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Table 1. Averaged flight segments for January 1984 PSC e: .. :periment. 

Code Date Time Latitudes 50-mb Polarization Fig. ~os. 
ry 

(AV) ( 1984) (GMT) ( ~) temperature mode Appendix 

(K) A 

23A 23 Jan 1214--1506 67.2-70.4 197.5 Unpolarized Al (a-It) 
23B 23 Jan 1552-1630 74.5-76.3 191.0 Unpolarized A2(a-c) 

24A 24 Jan 1319-1356 77.2-80.3 190.5 Unpolarized A3(a-d) 
24B 24 Jan 1818-1920 81.1-77.3 190.5 Unpolarized A4(a-f) 
24C 24 Jan 1721-1756 85.3-82.6 188.5 l2-polarized A5(a-c) 
24D 24 Jan 1529-1553 87.9-89.9 188.0 l2-polarized A6 (a-f) 

1617-1656 89.2-86.9 
24S-1 24 Jan 1500-1526 85.6-87.6 188.5 §.-polarized A7(a-b) 
24P-1 24 Jan 1646-1734 87.5-84.3 188.5 l2-polarized A8(a-b) 
24S-2 24 Jan 1802-1815 82.1-81. 3 190.0 §.-polarized * 24P-2 24 Jan 1359-1411 80.6-81. 5 190.0 l2-polarized * 
25A 25 Jan 1327-1416 77.4-81.4 192.0 l2-polarized A9(a-c) 
25B 25 Jan 1416-1505 81. 4-85.4 191. 5 l2-polarized A10(a-d) 

27A 27 Jan 1350-1425 78.7-80.2 190.5 Unpolarized All (a-e) 
1725-1756 81.3-79.2 

27B 27 Jan 1426-1515 81. 6-85.7 190.0 C'npolarized A12(a-h) 
1625-1722 85.5-81.6 

27C 27 Jan 1515-1625 85.7-87.0 189.5 Unpolarized A13(a-g) 
87.0-85.5 

* Single medium-resolution record, presented in the text. 
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Figure 20. Flight map and temperatures at the 50-mb level for 
23 January 1984 airborne lidar mission. 
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from the position of maximum density of geopotential height contours on 

the NMC 50-mb map. It should be noted that the entire mission occurred 

on the cyclonic side of the jet stream and also that very cold tempera-

tures (188 K-193 K) were prevalent on the 50-mb surface at latitudes 
c 

north of 75. The receiver system was operated in the unpolarized mode 

during the entire mission; thus, the data were analyzed in terms of R 
u 

only (which, as discussed in Chap. 5, is a very good estimate of the 

true backscatter ratio R). For presentation, data records were divided 

into two segments, the first of which (denoted as AV23A) comprises all 

data obtained during the ferry flight from Sondrestrom to the SAM II 

measurement site and during the correlative exercise itself. The second 

segment (AV23B) comprises data obtained over an approximately 40-minute 

period as the aircraft approached Thule at the end of the mission. 

Figure 21 shows R (z) for segment AV23A (with bars denoting the 
u 

error in estimating the mean), along with a crude temperature profile 

formed by drawing straight lines between the 1200 GMT NMC temperatures 

at significant pressure levels (100, 70, 50, 30, and 10 mb) at the aver-

age segment latitude/longitude. As mentioned earlier, segment AV23A is 

thought to be typical of background aerosol condi tiO).-lS Hi thin the polar 

vortex during the current time period, and it is assumed that backscat-

ter ratio profiles obtained at other locales within the vortex during 

this mission or any of the PSC missions to follow would resemble that of 

AV23A if at its ambient temperature. Temperatures at all altitudes in 

the area of AV23A were above those values (f 193 Ie) at which appreciable 

increase in backscatter could be expected, and the measured R (z) is 
u 

quite similar in shape to backscatter and extinction profiles observed 
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Figure 21. Backscatter ratio and temperature profiles for flight 
segment AV23A. 
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previously inside the polar vortex under non-PSC conditions (:1cCormick 

et al., 1983; Kent et al. 1985). Most large-scale inhomogeneities in-

troduced by the EI Chichon eruption would have disappeared in the time 

span between that event and the current flight series. The polar vortex 

study by Kent et al. (1985) furthermore shm.:s that the ambient aerosol 

would likely have been isolated ~"ithin the polar vortex since vortex 

formation in September 1983, and should have reached a high degree of 

uniformity by the time of the current missions. 

Analogous profiles of R (z) and average 1200 GMT temperature for 
u 

segment AV23B are shown in Figure 22. Temperatures from 15 to 20 kIn 

were colder in this locale than in the area of AV23A, and there was a 

concomitant small increase in R (z) relative to that of the reference 
u 

profile. The effect of temperature on aerosol backscattering is illus-

trated more vividly in the profile of G shown in Figure 23, where we see 

that the aerosol bacl{scattering coefficient increased by as much as a 

factor of 2 between 15 and 20 kIn, relative to that of AV23A. 

January 24 Mission 
o 

With stratospheric temperature conditions north of i5 favorable 

for the development of PSCs, a 6-hour mission from Thule to the Pole and 

back was conducted on 24 January. The aircraft flight track on that day 

is shown in Figure 24, again with selected features taken from the 50-mb 

NMC map for 1200 GMT (which is very similar to that from the previous 

day). The lidar receiver system was operated in the unpolarized mode 

during the initial and final legs of the mission, and those data were 

grouped accordingly into flight segments AV24A and AV24B. The receiver 
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Figure 22. Backscatter ratio and temperature profiles for flight 
segment AV23B. 
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Figure 23. Enhancement factor profile for flight segment AV23B. 
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Fj.gure 24. Flight map and temperatures at the "'O-mb level for 
24 January 1984 airborne lidar mission. 
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system was operated in the 2-polarization mode for the middle portion of 

the flight; data from this leg were grouped by latitude into segments 

AV24C and AV24D. Other short segments (100-200 laser shots 1 ,,"ere flown 

with the system in the §-polarization mode; data from these segments 

t-;ill be combined t-;i th data collected in the 2-polarization mode over 

nearly the same latitude bands (but at different times) to compute crude 

estimates of 8. 

As hinted earlier in this chapter, there was considerable fluctu-

ation at times during this mission (and also during the PSC missions of 

25 and 27 January) in sequences of high resolution profiles formed by 

averaging the backscattered signal over 10 laser firings. (These were 

the highest resolution data recorded during the four missions, and were 

archived on a temporary basis only.) The fluctuations indicate a highly 

variable PSC structure, with thin layers (1-2 Ian) often observed in the 

altitude range from 15 to 23 km, the characteristics of which changed 

rather quickly along the course of the flight. An example is given in 

Figure 25(a), an intensity modulated display of the backscatter ratio R 
p 

obtained (in the 2-polarization mode) on the return flight from the Pole 

during the present mission. Values of R greater than 10 are indicated 
p 

by the dark bands, which clearly show the multiple layer nature of the 

cloud formations. Rxamples of the fine detail in the profiles and the 

changing nature of these are given in Figure 25(b), which is a sequence 
o 0 

of la-shot average profiles of R for the leg between 84.8 and 83.6 N. 
P 

The variations between 21 and 23 km, where two very thin layers merged 

to form a single layer, and the sharpening and intensification of the 

layer near the 20-km level are of particular interest. The causes of 
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Figure 25. High spatial resolution lidar data obtained during 
24 January 1984 mission. (a) Intensity modulated 
record of backscatter ratio. (b) Successive 10-shot 
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such structure and its variation are open to speculation; Kent et al. 

(1986) suggested perturbations in the local structure of temperature 

and/or water vapor, as well as wind shear. 

To focus on larger-scale variations, Figure 26 shows profiles of 

R (z) and the common average 1200 GMT temperature profile for flight u 

segments AV24A and AV24B, respectively, segments which covered virtually 

the same geographic area but were separated by 5 to 6 hours flight time. 

The average temperature between 16 and 19 kIn was about 5 K colder than 

that in the locale of AV23A, and corresponding values of R ranged from 
u 

5 to 8, as compared to values between 1.0 and 1.5 in the reference pro-. 

file AV23A. The high degree of similarity in R (z) for segments AV24A . 
u 

and AV24B attests to the stationarity of meteorological conditions with-

in the polar vortex during the mission. Figures 27 and 28 show profiles 

of R and the average 1200 GMT temperature for the northernmost flight 
p 

segments AV24C and AV24D, respectively. A note of caution should be 

added: R, as discussed in Chapter 5, underestimates the true backscat
p 

ter ratio R (by about 30% when 8 = 0.5), with the actual level of bias 

varying with 8, which of course is an unknown. However, there was a 

systematic increase in R with colder temperature between the two pro
p 

files in the 17-21 krn altitude range. The increase is dramatic when 

viewed in terms of G(z), graphs of which are presented in Figure 29 for 

all four segments of the 24 January mission. Values of G shown for 

segments AV24B and AV24C are, of course, conservative estimates of the 

total backscattering enhancement. Even so, factors of 100 or more were 

seen at the northernmost latitudes near the 20-krn level. 
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Figure 26. Backscatter ratio and temperature profiles for flight 
segments AV24A and AV24B. 
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Figure 27. Backscatter ratio and temperature profiles for flight 
segment AV24C. 
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Figure 28. Backscatter ratio and temperature profiles for flight 
segment AV24D. 
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Figure 29. Backscatter enhancement factor profiles for flight 
segments AV24A, AV24B, AV24C, and AV24D. 
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Depolarization Characteristics 

On the northbound flight leg, the lidar receiver system was con-

figured for measurements in the §-polarization mode (for a total of 180 
o Q 

laser firings) between the latitudes 85.6 Nand 87.6 N (1500-1526 G~). 
o Q 

Measurements over nearly the same latitude band (87.5 -84.3 :-J) were made 

in the p-polarization mode (190 laser firings) during the southbound 

flight leg (1646-1734 GMT). The high degree of correlation seen earlier 

beth"een R (z) for segments AV2-lA and AV24B suggests that local meteoro
u 

logical conditions were stationary, at least on a crude vertical scale, 

during the 2-hour time lag between these polarized measurement sequences 

(denoted as AV24S-1 and AV24P-1, respectively). Hence, it was assumed 

then that they could be paired to form an estimate of the depolarization 

ratio. Figure 30 shows R (z) for segment AV24S-1, R (z) for segment s p 

AV24P-l, and the (common) average 1200 GMT temperature profile. Sharp 

backscattering fluctuations on a vertical scale from 0.5 to 1.0 km are 

evident, indicating that a slight offset between the two profiles could 

result in grossly distorted estimates of 8(z). To reduce such effects, 

R and R were smoothed by convolution wi th a l-}oo rectangular window 
p s 

before being combined to compute 8(z) by using equation (5.13). The 

resulting estimate of 8(z) is shown in Figure 31, where the uncertainty 

bars represent estimated bounds on the fractional depolarized component 

of the transmitted laser beam, which were taken as 0.05 and 0.1 after 

Kent et al. (1986). In light of inherent uncertainties, it would be 

unwise to make conclusions with regard to small-scale structure seen in 

the graph of 8(z). However, there appears to be a systematic difference 

between the depolarization ratio below 17 lGTI (where 8 ~ 0) and that seen 
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Figure 30. Backscatter ratio and temperature profiles for flight 
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Figure 31. Depolarization ratio profile for flight segments AV24S-1 
and AV24P-1. 
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in the 17-23 km range (where 8 lies between 0.2 and 0.4), a result which 

is similar to that found by Kent et al. (1986) using 2-polarized data 

averaged over a somewhat broader latitude region. The layer of enhanced 

depolarization extends over an altitude range consistent with the zone 

of extremely cold temperatures « 190 K) and enhanced aerosol backscat-

tering in this latitude band (Figs. 26-28), and suggests that frozen, 

non-spherical particles may be present in the PSC formation. 

An additional ~-polarization measurement sequence (110 laser fir-
o 0 

ings) ~as conducted between the latitudes 82.1 N and 81.3 N during the 

southbound flight leg (1802-1815 GMT). Data had been collected earlier 

(from 1359-1411 GMT, also for 110 laser firings) in the 2-polarization 
o 0 

mode during coverage of a similar latitude band (80.6 N - 81.5 N) on the 

northbound flight leg. Again, it was assumed that meteorological condi-

tions were stationary and that the data segments (AV24S-2 and AV24P-2) 

could be paired to estimate the depolarization ratio. Figure 32 shows 

R (z) for AV24S-2, R (z) for AV24P-2, and the common average 1200 GMT s p 

temperature profile. To minimize any effects of offset between the two 

profiles, each was again smoothed by convolution with a 1-km rectangular 

window before being combined to compute 8(z) (Fig. 33). The sharply 

enhanced depolarization seen in the altitude region from 17-23 km at the 

more northern latitudes (Fig. 31) is not repeated, with 8 ranging only 

from 0.05 to 0.1. Temperatures between 17 and 23 km in this latitude 

zone were 2-3 K warmer than the corresponding values to the north, but 

were cold enough for aerosol backscattering enhancement by a factor of 

perhaps 20-30 (that seen in profiles AV24A and AV24B, Fig. 29). Even 
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Figure 32. Backscatter ratio and temperature profiles for flight 
segments AV24S-2 and AV24P-2. 
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Figure 33. Depolarization ratio profile for flight segments AV24S-2 
and AV24P-2. 
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though these data are sketchy at best, this result supports the suggest-

ion offered by Kent et al. (1986) of a transitional PSC growth regime in 

which particle grow-th is significant, but limited, and is accompanied by 

little or no depolarization. 

January 25 Mission 

The intent of this mission was to study further the polarization 

characteristics of PSCs along the ground track which had been covered on 

the previous day. The lidar receiver system was configured for measure-

ments in the Q (§) polarization plane on the outward (return) leg of the 

flight, whose track is shown in Figure 34, along with (by now) customary 

features from the 1200 GMl' NMC 50-mb map. Although the 188 K ternpera-

ture contour present near the Pole in the maps on the previous two days 

is not seen here, temperatures in the area of this mission were below 

193 K. Post-flight data verification indicated that only those measure-

ments made in the Q-polarization mode (1327-1505 GMl') were of acceptable 

quality, all others being contaminated by non-linear receiver response. 

The acceptable data were divided by latitude into flight segments AV25A 

and AV25B; figures 35 and 36 show profiles of R and the mean 1200 GMl' 
p 

temperature for these segments. 'fuile noting again that R is a biased 
p 

estimate of R, we see that this ratio increased in a systematic manner 

wi th colder temperature between the two segments in the 17-21 inn range, 

a repeat of the trend seen in data from the previous day. The increase 

is emphasized when viewed in terms of the enhancement factor G(z) in 
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Figure 34. Flight map and temperatures at the 50-mb level for 
25 January 1984 airborne lidar mission. 

98 



30 

25 

20 

s 
~ 15 

.. 
N 

10 

5 

200 
T, K 

220 

Figure 35. Backscatter ratio and temperature profiles for flight 
segment AV25A. 
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Figure 36. Backscatter ratio and temperature profiles for flight 
segment AV25B. 
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Figure 37 (which again is a conservative estimate of the total backscat-

tering enhancement), wnere maxima can be seen ranging in value from 20 

to 50 around the 20-km level. 

January 27 Mission 

After a mandatory day of flight crew rest, a third and final PSC 

mission was conducted on 27 January in the corridor north of Thule. The 

aircraft flight track and features from the 1200 GMT NMC 50-mb map are 

shown in Figure 38. The entire mission occurred in an area whose 50-mb 

temperatures were below 193 K and was conducted with the lidar receiver 

system in the unpolarized mode. Post-flight data verification indicated 

the presence of excessive system noise, which was estimated and removed 

using a least-squares statistical approach wnich constrained the back-

scattering coefficient at altitudes above the normalization altitude 

(22-23 Ian) to be equal to the molecular component (Kent et al., 1986). 

For presentation, the data were divided geographically into segments 

AV27A, AV27B, and AV27C; profiles of R and the mean 1200 GMT tempera
u 

ture are shown for the three segments in Figures 39-41. Note that the 

error in estimating the mean value of R is significantly greater than 
u 

that seen in previous figures, reflecting the fact that unlmown levels 

of noise have been estimated and removed from the current profiles. As 

seen in the data from the missions of 24 and 25 January, a systematic 

increase with colder temperature is evident from 15 to 20 km, a trend 

highlighted in the graphs of G(z) shown in Figure 42. 
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Figure 37. Backscatter enhancement factor profiles for flight 
segments AV25A and AV25B. 
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Figure 38. Flight map and temperatures at the 50-mb level for 
27 January 1984 airborne lidar mission. 

103 



30 

25 

20 

s 
,.!:4 15 

.. 
N 

10 

5 

200 
T, K 

220 

Figure 39. Backscatter ratio and temperature profiles for flight 
segment AV27A. 
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Figure 40. Backscatter ratio and temperature profiles for flight 
segment AV27B. 

105 



30 

25 

20 

~ 15 
.. 

N 

10 

5 

200 
T, K 

220 

Figure 41. Backscatter ratio and temperature profiles for flight 
segment AV27C. 
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Figure 42. Backscatter enhancement factor profiles for flight 
segments AV27A, AV27B, and AV27C. 
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Summary of Observations 

In compar~~g the profiles of backscatter ratio and enhancement 

factor presente<": ~'or the missions of 23-27 January, a number of corrunon 

features can be noted as follows. 

(1) ~imum enhancement occurred in the altitude range where the 

coldest temperatures were observed (near 20 100 for these experiments). 

Enhancement factors at times exceeded 100, even for the rather coarse 

spatially averaged profiles presented in the text. 

(2) The magnitude of enhancement increased in a systematic manner 

toward the colder regions to the north. 

(3) Enhancement factors were near unity below 15 100, hnich could 

be expected since temperatures in this altitude region were ~ 198 K. 

(4) Enhancement appeared to decrease above 20 100, although the 

levels of uncertainty in this altitude region are very large due to the 

small aerosol baclrscattering component in the reference profile AV23A. 

Several additional observations can be noted with regard to the 

24 January estimates of depolarization ratio as follows. 

(5) The depolarization ratio (0) at altitudes below 17 100 was 

small, and probably not distinguishable from molecular depolarization. 

(6) Over the 17-23 100 altitude range, 0 ranged from 0.05 to 0.1 
o 0 

in the 80 N-82 N latitude region, with backscattering enhancement by a 

factor of perhaps 20 to 30. 
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(7) Over this same altitude range, estimates of 8 were markedly 
o .J 

higher (0.2-0.4' ~ the 84 N-87 N latitude region, as was the level of 

backscattering (,ancement (a factor of 50 to 100, or more). 

(8) The contrast in depolarization ratio appears to be connected 

in a systematic fashion with temperature, with enhanced levels of 8 

associated with very cold conditions (~ 188 K). 

(9) Although the data are sketchy, there is a suggestion of two 

distinct PSC growth regimes. At warmer temperatures, there may be a 

transitional regime of limited, but significant growth of particles that 

interact with radiation in a fashion much akin to spheres. There may be 

a second regime at colder temperatures in which the particles grow much 

more markedly and depolarize incident radiation in a fashion similar to 

ice crystals. 



CHAPrER 7 

JANUARY 1986 PSC EXPERIMEN"T 

The data to be presented in this chapter were obtained using the 

NASA LaRC airborne lidar system during a January 1986 flight series to 

the _~ctic aboard the NASA wrF P-3 Orion research aircraft. As had been 

the case two years earlier, the flight series was conducted in part to 

map the distribution of volcanic aerosol in the stratosphere, this time 

nearly 4 years after the eruption of El Chichon. Correlative measure-

ment experiments were also conducted, with both SAM II (near Frobisher 

Bay, ~~, Canada) and SAGE II (off the coast of Nova Scotia) satellite 

sensors. The final objective of the series, of course, was to observe 

PSCs if meteorological conditions were favorable for their formation. 

Conditions in the Arctic stratosphere during mid January 1986 

were quite different and changed much more rapidly than conditions two 

years earlier. The polar vortex was quite ovate, in contrast to having 

been nearly circular in January 1984, and the orientation of its major 

axis shifted by some 90 degrees during the time period of the present 

flight series. Although the center of the vortex was positioned near 

the North Pole, the region of very cold temperatures was displaced from 

the Pole by some 30-40 degrees in latitude. As a consequence, the air-

borne lidar system encountered a highly localized PSC formation near 
o 

60 N in the Iceland/Scotland corridor during an 18 January flight from 

Thule Air Base, Greenland, to Prestwick, Scotland. Measurements were 
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conducted in the dual-channel polarization mode (Chap. 5) to permit more 

accurate estima t of the PSC depolarization ratio, and data records 

were archived f, malysis at the 50-shot average level to monitor more 

closely any spatial variability in the PSC structure. Measurements made 

during the earlier portion of the 18 January flight (in an unpolarized 

receiver model and during a 19 January flight off the Norwegian coast 

from the temporary aircraft base in Scotland (in the dual-polarized 

mode) indicated the presence of background aerosol only. The data set 

collected during this latter mission will be used as a reference for 

comparing measurements made in the PSC locale on the previous day. An 

added benefit is derived from daily SAM II aerosol extinction measure

ments made between 15-19 January in the vicinity of the airborne lidar 

experiment, a sequence which provides a history of the development and 

dissipation of the PSC formation probed by the lidar system. 

Discussion will begin with this series of SAM II measurements and 

accompanying (spatially interpolated) temperature profiles provided by 

the NOAJ\ Climate Analysis Center. A discussion of the lidar missions of 

18 and 19 January will follow, including flight maps, stratospheric 

meteorological conditions, and post-flight estimates of the backscatter 

and depolarization ratios. As was done in the previous chapter, data 

are grouped into flight segments and averaged spatially to highlight the 

variation in backscattering characteristics with temperature. For data 

obtained on 18 January in the locale of the PSC formation, the averaging 

interval was restricted to 20-30 minutes. Measurements obtained under 

background aerosol conditions on both 18 and 19 January, however, showed 

little variation with time; thus data for those two periods were grouped 
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into single flight segments of 2-hour and 4.5-hour length, respectively. 

Profiles of the backscattering enhancement factor G are presented for 

segments in the PSC locale, with G defined as the ratio of the aerosol 

backscattering coefficient at any altitude to the aerosol bac\{scattering 

coefficient at the same altitude in the 19 January reference profile. 

Table 2 gives the particulars of each flight segment, including the 

identification code, date, times, latitude and longitude coverage, and 

the mean temperature at the 30-mb pressure level (the significant level 

at which temperatures were coldest on these two days). Table 2 also 

lists the set of 50-shot average records shown in Appendix B which were 

combined to form the averaged segments. 

SAM II Observations 

Profiles of aerosol extinction coefficient in the vicinity of the 

lidar experiment were obtained by SAM II from 15-19 January at the sites 

shown in Figure 43. Measurements made on consecutive satellite orbits 

are separated by approximately 26 in longitude; thus only one profile 

per day was obtained near the experiment locale. The profile measured 
Q a 

on 15 January at 66.97 N, 4.06 E (shohn in Fig. 44 along with the NOAA 

temperature profile) exhibits a monotonic decrease in aerosol extinction 

coefficient with altitude, a trend characteristic of bacl\ground aerosol 

conditions. Lower stratospheric temperatures in this locale decreased 

from 201 K near 15 km to a minimum of 192 K at 22 km. (As a matter of 

interest, Kent et al., 1986, estimated the frost point at these two 

altitudes to be about 194 K and 188 K, respectively.) The profile meas-
a a 

ured at 67.15 N, 0.55 W a day later (Fig. 45) shows enhanced extinction 
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Table 2. Averaged flight segments for January 1986 PSC e:-.:periment. 

Code Date Time Latitudes Longitudes 30-mb Fig. ~os. 
0 0 

(AV) (1986) (GMT) ( N) ( ) temperature Appendix 

(K) B 

18Au 18 Jan 1441-1638 74.0-68.5 44. 5 \~·-2·1. 1 W 200.0 B1(a-g) 
18B 18 Jan 1805-1834 62.9-60.8 13.5 W-10.5 W 191.0 B2(a-d) 
18C 18 Jan 1834-1855 60.8-59.2 10.5 w- 8.7 \oJ 190.0 B3(a-c) 
18D 18 Jan 1855-1922 59.2-57.0 8.7 W- 6.7 W 188.5 B4(a-d) 

19 19 Jan 1746-2221 58.5-65.0 2.0 w- 4.0 E 193.0 B5(a-u) 
87.0-85.5 

u Unpolarized receiver mode. All others are dual polarization mode. 
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Figure 43. SAM II measurement locations from 15-19 January 1986 
in the vicinity of the airborne lidar experiment. 
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Figure 44. SAM II aerosol extinction coefficient and temperature 
o 0 

profiles at 66.97 N, 4.06 W; 15 January 1986. 
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Figure 45. SAM II aerosol extinction coefficient and temperature 
o 0 

profiles at 67.15 N, 0.55 W; 16 January 1986. 
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in the altitude range from 19-23 km. The maximum extinction coefficient 

(Il$ 10-3 
kIn -1) occurred at 20 lon, where the temperature Fas near 193 K 

(about 1 K colder than the value at 20 lun in Fig. 44, but an estimated 

5 K or more above the frost point). The extinction enhancement is e\Oen 
o 0 

greater in the 17 January profile measured at 67.33 N, 5.2~ W (Fig. 46), 

-3 -1 wi th a maximum of about 6x10 ion seen at 19 Ion (temperature ~ 193 K). 
Q 0 

The profile measured at 67.54 N, 9.82 W on 18 January (Fig. 47) differs 

somewhat in shape from the previous two, with the maximum extinction 

-3 -1 coefficient (~3x10 km ) located at 22 Ion (temperature Il$ 191 Kl. In 

contrast, extinction coefficients in the 19 to 20 km range had decreased 

to levels near the background conditions seen in Figure 44. A return tp 

extinction values typical of background aerosol conditions is seen at 
J 0 

all altitudes in the profile measured at 67.76 N, 14.43 W on 19 January 

(Fig. 48). The accompanying temperature profile shows a significant 

wanning (by some 3-4 K from 19-28 Ion) relative to conditions seen on the 

previous day. 

To emphasize the change in aerosol extinction with decreased tem-

perature, the SAM II profiles for 16-18 January were recast in tenns of 

the extinction enhancement factor G (an analog to the backscattering 
e 

enhancement factor G). The profiles measured on 15 and 19 January ~.;ere 

averaged to establish a reference extinction profile representative of 

background (non-PSC) aerosol conditions. The graphs of G presented in 
e 

Figure 49 show the aerosol extinction at altitudes from 20-24 Ian to be 

enhanced by about an order of magnitude on 16 January. The enhancement 

increased to a factor of 30-50 in the 20-22 km region on 17 January, and 

to a factor of 75-100 in the 22-24 km region on 18 January. 
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Figure 46. SAM II aerosol extinction coefficient and temperature 
a a 

profiles at 67.33 N, 5.24 W; 17 January 1986. 
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Figure 47. SAM II aerosol extinction coeffici~nt and temperature 
o 0 

profiles at 67.54 N, 9.82 W; 18 January 1986. 
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measurements on 16-18 January 1986. 
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January 18 Lidar Mission 

Wi th stratospheric temperature conditions betl.Jeen 20 and 25 km 

favorable for the development of PSCs in the area southeast of Iceland, 

lidar measurements were conducted on 18 January during a six-hour flight 

from Thule Air Base, Greenland, to Prestwick, Scotland. The aircraft 

flight track and pertinent features from the l'IrlC 30-mb analysis map for 

1200 GMT are shown in Figure 50. The polar vortex on this day was cen-
o 0 

tered near 80 N, 90 E (beyond the boundaries of Fig. 50) and was quite 

ovate in shape. Its major axis t..'8.S oriented nearly parallel to the 

Greenwich meridian, as could likely be deduced from the position of the 

polar night jet stream. Geopotential heights on the 30-mb pressure 

surface ranged from 22.5 kIn over Scotland to 21.8 Ion near the vortex 

center. The feature of primary interest here is, of course, the pocket 

of very cold temperatures « 188 K) located over northern Scotland. 

~leasurements were made wi th the lidar receiver system in the 

unpolarized mode during the first part of the mission (1441-1638 GMT), 

which spanned an area from the edge of the vortex over central Greenland 

to a point just off the southeast Greenland coast. Post-flight analysis 

showed little or no variation among the individual data records obtained 

during this flight leg. Thus, all the records were grouped and averaged 

to fonn the flight segment designated as AV18A; R (z) and the average 
u 

NMC temperature profile for AV18A (constructed as were those in the 

previous chapter) are shown in Figure 51. (Recall from Chap. 5 that 

R provides a very accurate estimate of the true backscatter ratio R.) 
u 

The backscatter ratio profile shows no hint of PSCs, as could be 

expected since average temperatures were ~ 200 K from 15 to 30 Ion. 
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Figure 50. Flight map and temperatures at the 30-mb level for 

18 January 1986 airborne lidar mission. Darkened 
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..... 

circle near 10 W shows SAM II measurement location. 
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Figure 51. Backscatter ratio and temperature profiles for flight 
segment AV18A. 
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Following this sequence of measurements, the lidar recei \Oer sys-

tem h'B.S reconfigured for operations in the dual-polarization mode. A 

series of calibration measurements was made with the optic axis of the 
Q 

system half-wave retarding plate rotated by angles of 6.25 and 12.5 

with respect to the Q-polarization plane in order to deduce (using a 

constrained least-squares approach, as discussed in Chap. 5) the ratio 

of gain factors in the § and Q channels. Operational dual-polarization 

measurements were begun southeast of Iceland (1805 GMT) and continued 

until the aircraft started its descent (1922 GMT) toward landing in 

Presh-lick. Data from this sequence were grouped along geographic lines 

into three flight segments. The first of these, designated as AV18B, 
o 0 

was centered near 62 N, 12 W; R(z), 8(z), and the average NMC tempera-

ture profile are given in Figure 52. There is a layer of enhanced back-

scattering between 22 and 24 lan, corresponding to temperatures f 191 K. 

In contrast, the depolarization ratio over this altitude range hardly 

varies from the level typical of the molecular atmosphere (0.015), with 

only a slight hint of an increase near the 25-1an level. (As has been 

standard, the data will also be analyzed in terms of the backscatter 

enhancement factor G; the analysis will be postponed until the reference 

profile from the 19 January mission is introduced.) Similar graphs of 

R(z), o(z), and temperature for the second and third segments (AV18C, 
o 0 0 0 

centered near 60 N, 9.5 W; and AV18D, centered near 58 N, 7.7 W) are 

presented in Figures 53 and 54, respectively. Behavior similar to that 

seen in Fig. 52 is evident: a layer of enhanced backscattering between 

22 and 24 lan, with no concomitant increase in depolarization ratio. The 

hint of increased depolarization near 25 km is stronger, but the ratios 
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Figure 52. Profiles of backscatter ratio, depolarization ratio, 
and temperature for flight segment AV18B. 
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Figure 53. Profiles of backscatter ratio, depolarization ratio, 
and temperature for flight segment AV18C. 
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Figure 54. Profiles of backscatter ratio, depolarization ratio, 
and temperature for flight segment AV18D. 
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are less than 0.1, a level far below that characteristic of tropospheric 

cirrus clouds. 

January 19 Lidar Mission 

Based on the success of the previous day's experiment and a fore-

cast for advection of the pocltet of very cold temperatures to the north-

east, a 4.5-hour (17~6-2221 GMT) mission was conducted on 19 January 

from Prestwick to a locale off the coast of Norway and back. Figure 55 

shows the flight map and pertinent features from the NMC 30-mb analysis 

map for 1200 GMT on that day. The center of the polar vortex had moved. 
() C 

to a point near 80 N, 50 E, and the orientation of its major axis had 
o 

shifted by about 10 degrees (nearly parallel with the 10 E meridian). 

Geopotential heights were nearly the same as those on the previous day, 

but the pocket of very cold temperatures had disappeared.. Post-flight 

analysis of the extensive data set collected during this mission indi-

cated background aerosol conditions and (as had been the case wi th the 

data collected. during the earlier portion of the previous day's mission) 

very little variability among the various records. Therefore, all the 

records were grouped and averaged to form segment AV19; R(z), 8(z), and 

the average NMC temperature profile are shown in Figure 56. There is no 

indication of PSCs in the backscatter ratio profile, even though temper-

atures in the 22-24 km range were near 193 K. The depolarization ratio 

differs only slightly from its molecular value, as would be expected for 

the background aerosol (supercooled liquid droplets). 
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19 January 1986 airborne lidar mission. Darkened 
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circle near 15 W shows SAM II measurement location. 
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Figure 56. Profiles of backscatter ratio, depolarization ratio, 

and temperature for flight segment AV19. 
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Backscatter Enhancement in the PSC Locale 

To highlight changes in aerosol backscatter induced by decreased 

temperature, data from flight segments AVI8B, AV18C, and AVi8D in the 

locale of the PSC formation encountered on 18 January ~ere analyzed in 

terms of the backscatter enhancement factor G. Flight segment AV19 t-.-as 

chosen as a reference for comparison, ~ith characteristics thought to be 

t:!'Pical of background aerosol conditions near the PSC locale. Prior to 

calculation of G, the aerosol backscatter coefficient profile from ..\V19 

was smoothed using a I-Ion moving rectangular window to minimize noise 

induced by very small values of the coefficient at altitudes above 20 kin 

(i.e., t,here bacl{scatter ratios were very nearly 1.0). Profiles of G 

for the three 18 January segments are given in Figure 57 and show back

scatter enhancement by a factor of 40-60 over the altitude range in 

which the PSC formation was seen. 

Summary of Observations 

In comparing the sequence of SAM II extinction profiles measured 

from 15-19 January and the backscatter data collected in the PSC locale 

on 18 January, several points can be noted as follows. 

(1) Maximum enhancement of aerosol extinction and backscatter 

occurred in an altitude range well correlated with that of the coldest 

temperatures. Coldest temperatures were estimated, however, to be as 

much as 5 K above the local frost-point temperature. 

(2) Extinction enhancement factors on the order of 10 were seen 

in the SAM II data above 20 kin on 16 January, the first day on which the 
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PSC signature was evident. Enhancement by a factor of about 50 \.;as seen 

at 21 kIn on the follm·,ring day, and by a factor of about 100 at 23 Ian on 

18 January. Backscatter enhancement factors on the order of 50 \.;ere 

seen in the lidar data from 22-24 Ian on this latter day. 

(3) Depolarization ratios measured in the PSC locale were near 

the level typical of the molecular atmosphere itself, although there \.;as 

a hint of increased depolarization near the top of the PSC (25 kIn). All 

values \,;ere much less than those characteristic of cirrus clouds. 

(~) The extinction profiles measured on 15 January, just prior to 

PSC formation, and on 19 January, just after PSC dissipation, I-,'ere very 

similar. Although the profiles were measured at different sites, this 

apparent "relaxation" to initial conditions suggests that the physical 

process (in this particular case, not necessarily in general) may have 

been conservative t..-i th respect to the background aerosol. 

The data obtained during the January 1986 e:\.'periment lends much 

more credence to the suggestion advanced in Chapter 6 that there is a 

transi tional regime at temperatures above the frost point in h'hich PSCs 

can form. The cloud particles apparently ex~rience significant grol-,~h, 

but interact with radiation in a fashion much ru{in to spheres. Optical 

behavior such as this suggests that the particles (likely to be frozen 

at these cold temperatures) are quasi-spherical and/or are small enough 

that depolarization of incident radiation by multiple internal reflec

tions from crystal surfaces is unlikely. Based on observed extinction 

and backscattering enhancements ranging from 10 to 100, one might guess 

that the particles increase by similar factors in cross-sectional area, 



135 

or by a factor from 3 to 10 in radius. \vith an initial (background) 

aerosol radius on the order of 0.1 Urn, this I-.'ould suggest transitional 

PSC partie Ie radii smaller than 1. 0 Urn, t.lhich fi ts t~"ell t.li th the 

obscn"ations of little or no depolarization. 

The present observations appear to support the theory (Chap. el) 

that PSCs form at temperatures above the frost point by co-deposition of 

ID-l03 and H20 vapors. The following chapter will deal with this question 

at length, presenting a theoretical model for cloud formation and grot~"th 

by deposition of these vapors onto frozen background aerosol droplets. 

Bad:scattering and extinction enhancement factors calculated. using the 

model I-.'ill be compared with values observed during the 1984 and 1986 PSC 

e:-..-periments to test the plausibili ty of the theory. 



CHAPI'ER 8 

TIIEORETICAL MODEL OF PSC FOR.1I1ATION .-\.\TI GROwTH 

This chapter will outline the development of a theoretical model 

for the formation and growth of polar stratospheric clouds. The process 

is assumed to occur in three stages hhich are delineated by the ambient 

temperature and H20 and HN03 vapor pressures. During the first, or pre

cursor stage, the stratospheric aerosols are assumed to be supercooled 

liquid H2S04-H20 droplets which are diluted and grow slightly, in equi

librium with the ambient H20 vapor, as the temperature decreases toward 

the frost point (after Steele et al., 1983). We assume that PSCs form 

during a second, intermediate temperature stage by co-deposition of HN03 

and H
2
0 vapors onto frozen aerosol nuclei (as proposed by Toon et al., 

a 1986; Crutzen and Arnold, 1986; and McElroy et al., 1986). These 

vapors are assumed to deposit as nitric acid trihydrate, HN03·3H20, 

beginning at the warmest temperature (estimated to be 1-3 K above the 

frost point) at which both vapors are saturated with respect to the 

hydrate. A third and final stage begins when the ambient temperature 

reaches the frost point (estimated to be near 194 K at 100 mb, and near 

185 K at 30 mb). During this stage, the PSC particles can grow by depo-

sition of both nitric acid trihydrate and pure water ice, although the 

actual growth process is dominated by ice deposition since H20 vapor is 

much more abundant than HN03 vapor. 
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The model will be used first to calculate (using :1ie scattering 

theory and best estimates of background aerosol size distributions) the 

theoretical temperature dependence of aerosol bac\{scatter and extinction 

coefficients for the 1984 and 1986 PSC experiments. The plausibility of 

the model \~ill be tested by comparing these theoretical calculations 

t.Ji th experimentally observed quantities. ~odel results presented in the 

final section of the chapter l~ill address (for initial conditions repre

sentative of non-volcanic and volcanically perturbed states at the 70-mb 

pressure level) the evolution of the aerosol size spectrum during the 

PSC formation and growth process and the resulting potential for removal 

of HN03 and H20 vapors from the winter Antarctic stratosphere. 

Stage 1: PSC Precursor Stage 

The thermodynamic processes in effect during the PSC precursor 

stage were discussed in Chapter 4 and are addressed in detail in Steele 

et al. (1983), and Steele and Hamill (1981). In brief review, a strato

spheric aerosol droplet composed of H2S04 and H20 is in equilibrium with 

the environmental water vapor; i.e., the saturation H20 vapor pressure 

of the droplet must be equal to the ambient H20 vapor pressure. With a 

drop in temperature, the saturation vapor pressure will also decrease 

(Gmitro and Vermeulen, 1964), and the droplet will begin to absorb H20 

from the atmosphere. With this uptake of atmospheric H20, the droplet 

composition will become rarer in H2S04 , which in turn increases the 

droplet saturation H20 vapor pressure and re-establishes equilibrium 

between droplet and environment. This dilution process is accompanied 
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by a decrease in droplet density (International Critical Tables, 1928), 

with the overall result being growth of individual droplets. 

For application to actual stratospheric conditions, we must con

sider the cumulative effects of these thermodynamic processes across the 

entire aerosol size spectrum. In doing so, we will follow the lead of 

Steele et al. in adopting several simplifying assumptions. The first of 

these is to ignore the Kelyin effect, \.;hich prescribes the elevation of 

the saturation vapor pressure over a spherical droplet relative to that 

over a plane surface (Pruppacher and Klett, 1980). Steele et a1. shm.;ed 

that such an assumption ~· .. ould result in less than 1% error for droplets 

of radii greater than 0.05 Urn, and that resulting errors in calculated 

aerosol optical properties ~.;ould be completely negligible. We will 

assume also that the ambient H20 vapor pressure remains constant during 

the droplet dilution process, an assumption justified by the calculation 

of Steele et al. showing that ambient H20 pressure is reduced by only 

0.1%. With these assumptions, all droplets will have the same composi

tion, and droplet radius will change by a size-independent factor with 

changes in the temperature. In the case of a log-normal droplet size 

distribution, which will be the assumed initial form in all calculations 

to be presented in this chapter, the form of the distribution is main

tained throughout the dilution process, with the radius of the mode 

changing as a function of temperature. lve will also ignore, following 

the lead of Steele et al., the possibility of the formation of sulfuric 

acid hydrates (discussed in Chaps. 3 and 4) in the temperature range of 

the PSC precursor stage, assuming that the droplets remain in the 

supercooled liquid state until the onset of the second stage. 
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Stage 2: Deposition of Nitric Acid Trihydrate 

The issue of PSC formation by co-condensation or co-deposition of 

HN03 and H20 vapors onto pre-existent aerosol nuclei was introduced in 

Chapter -1. Recent articles by Toon et al. (1986), Crutzen and Arnold 

(1986), and McElroy et al. (1986a ) offered the scenario as a possible 

e:-.-planation for the development of the Antarctic "ozone hole," noting 

the potential for removal of gaseous odd nitrogen (in the form of HNO ) 
3 

from the Antarctic stratosphere. Concern ~~s expressed, however, in 

each of the articles about the calculation of saturation HN03 and H20 

vapor pressures at very cold temperatures, particularly with respect to 

solid HN03-H20 forms. For the present model, the vapors are assumed to 

deposit in the form of nitric acid trihydrate (HN03 ,3H20, 53.8% nitric 

acid by weight), one of two stable HN03 hydrates isolated by Pickering 

(1893). Possible deposition of the nitric acid monohydrate (HN03'H20) 

was neglected since the calculations of Toon et al. indicated that 

ambient stratospheric HN03 vapor pressures ~ere much too low for the 

monohydrate to form at temperatures typical of PSC formation. Also 

ignored ... ~s the possibility that "impure" (acid-rich or acid-poor) 

hydrates might form, as was suggested by McElroy and his co-authors. 

Saturation HN03 and H20 vapor pressures ~i th respect to a plane 

surface of HN03 '3H20 were calculated using an approach suggested by 

Toon et al. Saturation pressures with respect to a liquid HN03-H20 

solution having the same composition as the trihydrate were calculated 

at temperatures of 273 K and 323 K using the relationships given by 

Clavelin and Mirabel (1979). Assuming temperature-independent latent 

heats of vaporization, the saturation pressures were extrapolated to the 



mel ting point of HN03 ' 3H20 (254.63 K; Forsythe and Giauque, 1942) b;." 

maintaining constant slopes in ln e : liT space according to the 
s 

Clausius-Clapeyron equation written as follohs: 

d(ln e .) 
S,,) 

d(1/T) = 
L .~. 

V,,) ,) 

R 
(8.1) 

1-10 

where R is the universal gas constant, and for vapor j (either HN03 or 

H
2
0), e . is the saturation pressure over the liquid solution, L . is 

S,J V,J 

the latent heat of vaporization, and M. is the molecular weight. 
J 

At the melting point of the trihydrate, the slopes in equation 

(8.1) were modified in proportion to the latent heat of fusion of the 

trihydrate, using a value from Forsythe and Giauque (1942). Pressures 

here then extrapolated to temperatures below the melting point by main-

taining constant modified slopes in equation (8.1), which again ignores 

any temperature dependence of the latent heats. Saturation HN03 and H20 

pressures with respect to nitric acid trihydrate computed using this 

approach are shown in Figure 58, with the saturation H20 pressure over 

pure water ice (List, 1951) added for comparison purposes. The shaded 

areas in the figure show current estimates of the ambient HN03 and H20 

vapor pressures in the lower stratosphere (100-30 mb) at high northern 

latitudes during winter, taken from Russell (1986) and Remsberg et al. 

(1984). Upper limits of the ambient pressures are estimates at the 

100-mb level, while lower limits are 30-mb estimates. At 100 mb, the 

present calculated saturation pressures indicate that HN03'3HZO may 

begin to deposit at a temperature near 195 K, which is about I K above 
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the estimated 100-mb frost point. At 30 mb, formation of the trihydrate 

may begin near 188 K, some 3 K above the estimated 30-mb frost point. 

For lack of quantitative data, no attempt has been made to model 

the nucleation of freezing in the supercooled liquid H2SO~-H20 aerosol 

droplets, a transformation which is necessary in order for the aerosols 

to serve as nuclei for the deposition of HN0
3

,3H
2
0. It is assumed for 

simplicity that the transformation occurs instantly in all droplets when 

the temperature reaches the (pressure-dependent) value at which deposi

tion of the trihydrate can commence. It is well known (Pruppacher and 

Klett, 1980) that freezing nucleation occurs randomly in a population of 

liquid droplets, with the probability of a given droplet freezing in 

unit time increasing linearly with the volume of the droplet. There is 

thus a chance that a few droplets (likely larger ones) freeze before all 

others (as suggested by He~1TlSfield, 1986) and serve as "favored" sites 

for vapor deposition, a scenario with definite implications as to the 

evolution of the particle size distribution during the PSC formation 

process. Effects similar to those of preferred nucleation are included 

in the present model by adjusting the diffusive vapor flux (discussed in 

following paragraphs) to a given particle (nucleus) for the Kelvin 

effect and the Fuchs correction (Fuchs, 1964; Twomey, 1977), both of 

which favor the growth of larger nuclei at the e~~nse of smaller ones. 

Some form of the equation describing the growth of a stationary 

particle by vapor diffusion can be found in every text discussing cloud 

microphysical processes; the present development follows the approach of 

Twomey (1977). The frozen aerosol nuclei and the growing PSC particles 
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are assumed spherical for simplicity and compatibility with the calcula-

tion of optical properties using Mie scattering theory. Then the groh~h 

rate of a particle of radius r i by diffusive flux of a single vapor is 

given by the following relationship: 

(8.2) 

where p , p , and p are the condensed phase, ambient vapor, and c v,oo v,s 

saturation vapor densities, respectively. The adjusted vapor diffusion 

coefficient D' includes the Fuchs factor to prevent the diffusive flLLX 
v 

from exceeding the limit set by kinetic theory, as follows: 

D 
D' 

v (8.3) = v r. D 
1. V 

t:. + r. + IX'\)r. 
1. 1. 

where D is the ordinary vapor diffusion coefficient. The kinetic 
v 

"boundary" layer thickness t:. (Fuchs, 1964) is roughly equal to one mean 

free path for the vapor molecules in air (Miller and Young, 1979). The 

accommodation coefficient IX defines the fraction of impinging vapor mol-

ecules which become part of the condensed phase, and is assumed equal to 

1.0 in all cases in the present study. The kinetic molecular flLLx 

coefficient'\) is defined as follows: 

'\) = (2rrM (R)1/2 (8.4) 
v 

where M represents the molecular weight of the vapor. The Kelvin 
v 



effect is expressed by the exponential term in equation (8.2), h'hose 

argument is defined as follo~s: 

2M rJ 
v 

p r.T c 1 

(8.5) 

1-14 

hnere rJ is the free energy per unit area of the surface separating the 

condensed and vapor phases. Time-dependence effects were ignored in the 

derivation of equation (8.2) (Twomey, 1977), as ~ere the effects of 

latent heat release, ~hich are negligible wnen very small quantities of 

vapor are involved (Steele et al., 1983). 

The ambient vapor density p decreases wi th time by an amount v,oo 

equal to the condensed vapor mass per unit volume. A single particle of 

radius r. removes vapor by condensation at the rate: 
1 

(8.6 ) 

The total rate of vapor removal per unit volume is found by integrating 

equation (8.6) over all growing particles in a unit volume. Since the 

particle size distribution will be discretized in actual calculations, 

the integral will be approximated by a sum as follows: 

dW = 
dt 

2 d 
4rrp ~ n.r. dt(r.) c. 1 1 1 

1 

(8. 7) 

where n. is the number of particles per unit volume in radius "bin" i. 
1 

The saturation vapor density also changes, of course, if there is 

a change in the temperature of the environment to which the particle is 

exposed. The normal mechanism by which temperature change is induced in 

tropospheric cloud studies is vertical motion (convection). Since such 
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vertical motions are, in general, suppressed in the winter polar strato

sphere, calculations in the present model t.;ill assume constant pressure 

(::;: fixed altitude), and the cooling rate at that pressure level will 

also be assumed constant. A rate typical of radiative equilibrium hill 

be the lOher limit; calculations t-lill also be performed using a higher 

cooling rate to mimic more rapid processes such as advection or local 

mixing. ~vi th the time dependence of temperature (i. e., saturation vapor 

density) specified, t.:e would then solve simultaneously the set of equa

tions (8.2) (one for each bin of the particle size distribution) and 

equation (8.7), the negative of which defines the rate of change of the 

ambient vapor density. 

In our case of particle growth by deposition of HN03 ,3H20, we can 

follow an analogous procedure, but we must consider coupled diffusion of 

both HN03 and H20 vapors. For a particle of radius r i , the potential 

rate of growth due to diffusion of each of these vapors can be found 

using equation (8.2). [Note that the right-hand side of equation (8.2) 

differs by a common constant from the respective vapor mass fl~~.] To 

find the actual rate of particle growth, we must constrain the ratio of 

incoming vapor mass fluxes [HN03 :H20] to be equal to the mass ratio of 

the two constituents in the condensed phase, which is 1.165, or the 

ratio 0.538:(1-0.538), We could specify the constraint just as well in 

terms of the HN03:H20 mole ratio, which of course is 1:3. The actual 

rate of particle growth '~3 proportional (by a factor equal to the ratio 

of trihydrate-to-vapor molecular weights) to the smaller of the two 

potential growth rates for which the constraint is satisfied. The rate 
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of decrease of each of the ambient vapor densities is a negative frac-

tion (the inverse of the factor mentioned in the previous sentence) of 

the total condensation rate (8.7). In radius bins ~here the predicted 

diffusive flu.x of HN03 and H20 vapors is negative, the particle gro~th 

rate is set equal to zero to prevent sublimation of frozen H2S04-H20 

nuclei. Errors induced by this constraint hoi th regard to sublimation 

from smaller particles having a thin outer shell of HN03 ,3H20 are 

thought to be negligible. 

Constants for calculations during the trihydrate stage were esti-

mated by using data from various sources; two of the major ones were the 

International Critical Tables (1928) and The Handbook of Chemistry and 

Physics (1955). The diffusion coefficient at standard conditions for 

2 -1 H20 vapor (0.226 cm sec ) was excerpted from List (1951), ~hile that 

for ~03 (0.11 cm2sec- 1) was found by interpolation (in the form log Dv 

vs. log M , suggested privately by Dr. S. Twomey) from data for various 
v 

gases. Both ~ere adjusted to pressures and temperatures of the polar 

stratosphere as recommended by List. The density of the trihydrate was 

estimated by multiplying the density of ice at 203 K (from Kachurin and 

Morachevskii, 1966) by the specific gravity at 273 K of a 54% aqueous 

HN03 solution, which is 1.36. The surface free energy per unit area t~S 

computed by estimating 6 at 190 K for a 54% aqueous HN03 solution and 

adjusting that value by an estimate of 6 between ice and water at 190 K; 

empirical relationships suggested by Pruppacher and Klett (1980, Ch. 5) 

were used. -2 The value computed using this technique (88 ergs cm ) was 

comfortingly close to accepted values for 6 between H
2
0 vapor and ice. 



The set of simultaneous differential equations was solved numericall;v 

using a fourth-order Runge-Kutta technique with variable time steps. 

Stage 3: Deposition of Ice and !'Jitric Acid Trihydrate 

1-l7 

At temperatures below the frost point (defined as the temperature 

at which the ambient H20 vapor pressure equals the saturation H20 vapor 

pressure over a plane surface of ice), the PSC particles are assumed to 

grow by deposition of both pure water ice and nitric acid trihydrate. 

The growth process is certainly dominated by ice deposition since the 

potential mass flux of H20 vapor in this process is some three orders of 

magnitude larger than the potential cumulative flu.x of HN03 and H20 

vapors in the deposition of ~03'3H20 (l ... .-hich is limited by the small 

HN03 ambient pressure, Fig. 58). We choose to suffer the complexity of 

following the simultaneous processes because of the continued potential 

for removal of gaseous HN03 at these temperatures. 

This coupled deposition stage is described by a set of differen

tial equations as discussed in the previous section, with constants 

redefined as required for H20 vapor-ice deposition. We assume that the 

particles continue to grow as spheres, an admittedly poor assumption for 

larger frozen particles, which are likely to be crystalline and irregu

lar in shape. We feel that it is justified here, not only for compati

bility with Mie calculations, but also because the limited vapor supply 

may restrict the particles to a size at which they grow in an isotropic, 

or quasi-spherical mode. The solution of the equation set (again done 

numerically using the Runge-Kutta technique) is more complicated than 

that of the previous stage, however, since we must consider diffusive 
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fluxes to a given particle by both mechanisms and adjust the ambient H
2
0 

vapor density bJ-' the amounts of H20 deposited in both solid forms. We 

will assume that these solid forms deposit in a perfectly mixed fashion, 

for the sake of simplicity and the lack of quantitative data to perform 

the calculation otherwise. .~d as in stage 2, we l~ill forestall subli

mation of smaller particles by setting their groh~h rate to zero, again 

with the thought that error induced in cumulative results is negligible. 

Comparison of Theoretical and Experimental Results 

To test the plausibility of the theoretical model for PSC forma

tion and groh~h, a series of calculations was performed to establish the 

temperature dependence of aerosol/PSC backscatter and extinction coeffi

cients for comparison with those observed during the 1984 and 1986 PSC 

e~~riments. Before presenting these comparisons, we will discuss 

assumptions which were made in regard to the optical behavior of the 

particles during the three growth stages, and the choice of background 

aerosol size distributions used to initiate the calculations. 

For computations during the PSC precursor stage, real parts of 

the refractive index for H2S04-H20 solutions at the lidar (0.6943 Um) 

and SAM II (1.0 Urn) wavelengths were interpolated from the data of 

Palmer and Williams (1975) at a temperature of 300 K and adjusted for 

lower temperatures using the Lorentz-Lorenz relationship (Condon and 

Odishaw, 1958). Imaginary parts of the refractive index were all less 

than 3 x 10-6 and were thus set to zero (i.e., absorption was ignored). 

The proper choice for a model of the optical behavior of the particles 

during stages 2 and 3 is perhaps one of concentric spherical shells of 
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differing refractive index, a solution for which was obtained by Aden 

and Kerker (1951). \ve have chosen instead a conventional and much sim

pler route, assuming the particles to be homogeneous spheres during both 

gro~-th stages and calculating optical properties using the Mie scatter

ing computer code given in Appendix A of Bohren and Huffman (1983). He 

feel that this assumption is justified by the relative narrow (although 

uncertain) range of real parts of the refractive index under considera

tion here. Results by Tuomi (1980) showed that the optical behavior of 

inhomogeneous spheres of sizes pertinent to our problem could be approx

imated t<;ell by homogeneous spheres having the mean refractive index of 

their inhomogeneous analogs. Tuomi used real parts of the refractive 

index ranging from 1.39 (the outermost shell) to 1.62 (the core), while 

the range of values for our problem likely extends only from 1.3 to 1.4, 

encompassing the values for pure ice, pure liquid HN03 , and appropriate 

solutions of H2SO4 and H20. Thus, we feel that Tuomi's findings are 

applicable to our problem, and have taken the assumption a step farther 

by retaining the index in effect at the conclusion of stage 1 (~ 1.38) 

for all computations in stages 2 and 3. Although this assumption may 

cast some doubt on absolute values of computed optical coefficients, 

relative results and conclusions are likely to be unaffected.. 

As discussed by Kent et al. (1986), there were no direct meas

urements of aerosol size distribution available within the Arctic polar 

vortex at the time of the January 1984 PSC experiment. For their analy

ses, the authors used instead the nearest available data (in both space 

and time) from the University of Wyoming 6-channel dustsonde, measured 

on 29 December 1983, and supplied as part of the SAM II correlative 
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measurement program. These data were fitted using unimodal log-normal 

models, .. hich were then used to calculate equivalent aerosol backscatter 

coefficients. By matching calculated coefficients with values measured 

during the 23 January 1984, airborne lidar mission (allowing for subsid

ence on the order of several kilometers as e::-.-pected wi thin the vortex), 

Kent et al. were able to derive parameters for modeling the background 

size distribution within the vortex. Additional justification for such 

an approach was given recently by Hofmann, Rosen, and Harder (1987), 

whose results show a high level of consistency (with the expected 

systematic differences in altitude) between dustsonde measurements made 

in Wyoming in late July 1986 and those made inside the Antarctic polar 

vortex from August-November 1986. 

The size distribution parameters given by Kent et al. were used 

to initiate our calculations for the January 1984 PSC experiment, and we 

chose to follow the procedure outlined by those authors to derive back

ground distributions for application to the 1986 experiment. Data from 

the University of Wyoming dustsonde (obtained on 31 December 1985, and 

10 and 18 January 1986, and furnished by Dr. J. M. Rosen, Department of 

Physics and Astronomy, University of Wyoming) were approximated by 

unimodal log-normal models. Size distribution parameters computed for 

the three days were averaged and used to calculate equivalent aerosol 

bacl{scatter coefficients. Parameters for estimating the background size 

distribution within the polar vortex .. ere found by then matching these 

computed values with aerosol backscatter coefficients values measured 

during the 19 January mission (the 1986 experimental reference profile). 



Table 3. PSC Model Characteristics. 

H20 mixing ratio (ppmv) 

HN03 mixing ratio (ppbv) 

Aerosol log-normal size 

distribution parameters 

(at temperature = 240 K) 

-3 Ntunber densi ty (ern ) 

Mode radius (Urn) 

Standard deviation 

-3 Ntunber density (ern ) 

Mode radius (Urn) 

Standard deviation 

100 

6.5 

5.0 

8.63 

0.176 

1. 72 

Pressure level (mb) 

70 50 

5.5 4.5 

7.5 9.0 

1984 experiment 

5.87 5.45 

0.160 0.0957 

1.60 1.66 

1986 experiment 

12.85 

0.046 

2.45 

11.20 

0.045 

2.35 

151 

30 

·lo5 

10.0 

7.74 

0.0382 

2.01 

7.00 

0.042 

2.09 
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Parameters used at significant pressure levels in the present calcula-

tions are listed in Table 3, along with values used for ambient HNO and 
3 

H20 vapor mixing ratios from Russell (1986) and Remsberg et al. (1984), 

respectively. No values are listed for the 100-mb level for the 1986 

e~~riment because no enhancement of aerosol backscattering or extinc-

tion was observed in any measurements; thus, no calculations were 

performed for that particular case. 

The curves in Figure 59 depict the theoretical temperature varia-

tion of aerosol backscatter at ~ = 0.6943 Urn for the 1984 PSC e~~ri-

ment. Part (a) shows results for the 100-mb and 50-mb pressure levels, 

while part (b) presents those for 70 mb and 30 mb. Theoretical results 

have been normalized by appropriate values from the reference aerosol 

profile (23 January 1984), and thus are given in the form of the back-

scatter enhancement factor G. The region of cold temperatures during 

the 1984 experiment ~as near the center of the polar vortex, where wind 

-1 speeds were low (~ 5-10 m sec ). In our calculations we thus assumed 

the rate of temperature change to be dictated by radiative cooling and 

chose a typical value of -0.5 K day-1 from the analysis of LIMS results 

from January 1979 given by Kiehl and Solomon (1986). 

In all theoretical curves but the one for 100 mb, there are two 

distinct changes in slope which mark the onset of: stage 2, HN03• 3H20 

deposition, at the warmer temperature; and stage 3, deposition of ice 

and trihydrate, at the colder (frost-point) temperature. By referring 

back to Fig. 58, one can see that these temperatures differ by less than 

1 K at the 100-mb level. Thus the sharp increase in G which commences 

at the frost point begins before a "steady-state" (dG/dT ~ 0) stage of 



200 

195 

~ 
.. 190 
~ 

185 

200 

195 

~ 
.. 190 
~ 

185 

-- O 100 mb 
-<> 50 mb 

(a) 

- 070 mb 

1

~30 mb 
-- • 30 mb (FUB temperatures) 

V 30 mb (1986 experiment) 

~ --
1ao __________ __,, ____ ._._......._ ______ ........... __ L_1 ~"-"~"'~ .......... '~"-"-'" 

10-1 , 10° 101 103 103 10' 

G (A=0.6943 µrn) 

{b) 

Figure 59. Comparison of theoretical (solid and broken lines) and 
experimentally measured (symbols) backscatter enhancement 
factors. (a) 100 and 50 mb. (b) 70 and 30 mb. 

153 



154 

enhancement due to particle growth by HN03 ,3H20 deposition alone (~hich 

is apparent in the other curves) is reached, and obscures the second 

breakpoint. It is also of note that the change in G ~d th the onset of 

stage 2 at 100 mb is more subtle than the corresponding change at 70 mb, 

and that the corresponding changes at 50 and 30 mb are quite dramatic. 

To explain this behavior, we must recall t~o factors discussed in previ

ous sections: (1) the rate-limiting factor in the trihydrate deposition 

process is the scarce supply of HN03 vapor; and, (2) the process cannot 

begin until the ambient density equals or exceeds the saturation density 

for both vapors (i.e., a saturation ratio of 1.0 or greater is reached 

for both). As the temperature drops from, say, 200 K at 100 mb, H20 

vapor saturation is reached first, but deposition is delayed until HN03 

vapor saturation is reached at a slightly lower temperature. The pro

cess thus begins with the HN03 vapor at a saturation ratio of 1.0, a 

state of equilibrium which is in essence maintained with further gradual 

temperature decreases, the overall result being a gradual increase in 

particle gro~th and backscatter enhancement. The situation is reversed 

at the other pressure levels, with HN03 vapor saturation being reached 

at the higher temperature. When deposition of the trih;ydrate begins (at 

the lower H
2
0 vapor saturation temperature), the HN03 vapor supply is in 

excess of its equilibrium value (by 15% at 70 mb, by 111% at 50 mb, and 

by 200% at 30 mb), As a result, particle growth and the resultant in

crease in backscatter enhancement is rapid, with a "steady state" being 

reached only when the excess HN03 vapor has been consumed. 

Several other points of interest are to be noted in the theoreti

cal curves. The potential for backscatter increase is greatest at the 
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higher altitudes, a point also shohn by Kent et a1. (1986), and is a 

consequence of the smaller initial aerosol size (Table 3). Although 

absolute vapor concentrations are less that those at Im.;er altitudes, 

the higher altitude particles can grm.J (and backscatter l'adiation) more 

in a relative sense. As also was noted by Kent et: a1., G does not 

increase monotonically with decreasing temperature, with the departures 

from monotonicity partic'llarly evident at temperatures below the frost 

point. This behavior stems from oscillations in the Mie backscattering 

functions with increasing particle size, and (as will be discussed in 

the final section of this chapter) indicates a shift toward a more mono

disperse distribution of larger particles, which at this stage dominate 

the optical behavior of the entire particle ensemble. 

Superimposed on the theoretical curves in Fig. 59(a) are values 

of G which were observed at the 100-mb and 50-mb levels during the 1984 

ex~riment, hnere as we recall the 23 January aerosol profile was also 

tru{en as the initial condition. As was the practice in Chapter 5, the 

temperatures were determined by interpolation from NMC meteorological 

analysis maps for 1200 GMT on the partiCUlar daj' in question. In the 

interest of visual clarity, error bars (for G) are not included; the 

interested reader can consult Chapter 5 for representative values. The 

agreement between experimental measurements and theoretical curves is 

good in both quali tati ve and quanti tati ve senses. The apparent system

atic temperature bias found by Kent et al. at the 50-mb level is not 

seen in the present results, a result we attribute to the inclusion of 

the trihydrate stage of PSC formation and growth in the present model. 
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Similarly good agreement can be seen in Fig. 59(bl betl-.;een the theoreti

cal curve for 70 mb 1111d the 1981 e:-.-perimental results at that pressure 

level (the square symbols). The collage of experimental points shm.;n in 

Fig. 59(b) for the 30-mb level is more complicated and will be e:...-plained. 

in the following paragraphs. 

The open triangles in Fig. 59(bl place values of G observed at 

the 30-mb level during the 1984 e:-..-periment at points corresponding to 

interpolated ~~ temperatures (the same procedure used at other pressure 

levels l. Hi th this placement, there appears to be a systematic tempera

ture bias of some 3 K between experimental and theoretical results, a 

bias also noted by Kent et a1. (but ~ 5 K 1 in their analyses. As was 

suggested by those authors, we consulted alternative analyses of polar 

meteorological data at the 30-mb level made for the same period by the 

~eteorological Institute, Free l'ni versi ty, Berlin (FUB 1 (ldndly provided 

by Dr. K. Labitzkel, and found temperatures some 2-3 K colder than the 

corresponding ~1C values. The darkened triangles in Fig. 59 (b 1 place 

the e:-..-perimental values of G at these alternate estimates of the 30-mb 

temperature. Although not conclusive as to the possibility of bias or 

to validation of the present theoretical model, this alternative place

ment certainly aligns the experimental values ~·;ell ~.:i th the theoretical 

curve for 30 mb. As a parting comment on this question, we echo the 

comment by Kent et al., that during the 1984 experiment the most intense 

PSCs were observed at latitudes farthest removed from stations making 

direct measurements of temperature, and at the higher altitudes where 

even these stations often fail to obtain direct measurements. These 

facts mW{e the possibility of temperature bias a likely one. 
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A final note of complication is added to Fig. 59(b) by the pres-

ence of the inverted triangles. These points represent values of S 

measLrred at 30 mb in the PSC locale during the airborne lidar phase of 

the 1986 PSC e:\:periment (the 18 Jmluary mission, Ch. (), and Clre Cldded 

here for several reasons. The 30-mb le\'el I.;as the only level at \.;hich 

bacl~scattering enhancement was observed during the 1986 experiment, mld 

presenting the three applicable data points here saves insertion of a 

separate figure showing a single theoretical curve t-.:i th only those three 

points for comparison. Before doing so, hat.;ever, he performed theoreti-

cal calculations of the temperature dependence of G at the 30-mb level 

for the 1986 ex~riment using the proper initial aerosol size distribu~ 

-1 tion (Table 3) and a cooling rate of -2.5 K day , one roughly equal in 

absolute value to the rate of change observed during some sudden strat-

ospheric h"armings (HoI ton, 1979). Although this cooling rate is perhaps 

extreme, it is lil~ely more representative of conditions near the bound-

ary of the vortex hhere the PSC formation h-aS encountered on 18 January. 

The theoretical curv·e for G at 30 mb constructed using this Clpproach is 

compared h'ith the previous 30-mb theoretical curve [from Fig. 59(b)] in 

Figure 60. Computed values of G differ by a factor of tho or so in the 

"steady-state" regions of trihydrate grm·.-th (188-185 K) and predominant-

ly ice growth «185 K), but are nearly identical otherwise. This close 

correlation is a consequence primarily of the similarity betheen the 

parameters of the two size distributions used (Table 3). Since tempera-

tures for the 1986 experimental observations were at or above 188 K (and 

there was excellent agreement between NMC and alternate values, as might 

be expected since the area of interest was near stations making direct 
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Figure 60. Comparison of theoretical backscatter enhancement factors 
at 30 mb for 1984 and 1986 PSC experiments. 



159 

temperature measurements), we feel justified in including the 1986 data 

points with the ensemble of 1984 data in Fig. 59(b). 

The curves presented in Figure 61 depict the theoretical tempera-

ture variation at 70, 50, and 30 mb of aerosol extinction at ~ = 1.0 Urn 

for the 1986 PSC e~-periment. Results have been normalized by appropri-

ate values from the reference aerosol profile (19 January) and are thus 

presented in the form of the extinction enhancement factor G. A rate e 

of temperature change of -2.5 K day-1 was assumed for all calculations. 

The curves are qualitativel:r similar to the bacl{scatter curves shown in 

Fig. 59, but behave more regularly at colder temperatures since the Mie 

extinction functions are smoother than their backscatter analogs. 

Superimposed on the theoretical curves are values of G observed by 
e 

SA1\1 II from 16-18 January in the vicinity of the PSC formation. These 

values are normalized (Ch. 7) by the average of S..\.1\1 II observations made 

on 15 and 19 January in the same vicinity, both profiles being typical 

of baclrground aerosol extinction within the polar vortex. Because of 

uncertainty in 30-mb temperature at the S~~ II measurement sites, the 

experimental values of G for 30 mb are each plotted at tho temperature 
e 

values, as has done in Fig. 59(b). The ~·;armer of the t\.;o temperatures 

(open triangle) is again the 30-mb value interpolated from NMC charts, 

while the colder (darkened triangle) is the value interpolated from FL'B 

30-mb analyses. There also appears to be a systematic temperature bias 

of about 2 K at 50 mb, such as that noted by Kent et al. (1986), but we 

are aware of no alternative analyses to investigate this issue further. 

The paucity of data points and the uncertainty in temperature precludes 

a strong statement as to correlation between observations and theory, 
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but there is obvious qualitative similarity. Note in particular that 

observed maxima. in G were near 10 at 70 mb, near 25 at 50 mb, and near 
e 

100 qt 30 mb. Each of these values is very close to the lTla":imum 

theoretical value predicted by the present model for the appropriate 

pressure level during the HN03 3H20 stage of PSC formation and grol;th. 

Theoretical Study of PSC Formation in the Antarctic 

Additional calculations \.;ere performed I.:ith the three-stage theo-

retical model to address the issue of PSC formation and groh~h in the 

l-iinter Antarctic stratosphere. \ve chose to limit this study to a single 

pressure I e .... e I , that being 70 mb, t-:hich is near the center of the region 

(12-20 loo) of maximum observed 03 depletion (Hofmann et al., 1987). To 

initiate the calculations, aerosol size distributions representati ..... e of 

both non-volcanic and volcanically perturbed states t-:ere selected, the 

former as the unimodal log-normal function from Pinnick et al. (1976), 

with particle number density = 10.0 cm-3 , mode radius = 0.0725 Urn (at 

220 K), and geometric standard deviation = 1. 86. For simplicity, the 

volcanic distribution was truten as the unimodal log-normal fit to parti-

cle counter measurements at Laramie, Wyoming, on 28 January 1983, some 

ten months after the eruption of EI Chichon (Hofmann and Rosen, 1984). 

-3 This function is defined by a particle number density = 12.5 cm , mode 

radius = 0.20 lJm (assumed valid at 220 K), and geometric standard devia-

tion = 2.25. We performed calculations for each size distribution using 

-1 both cooling rates used previously (-0.5 and -2.5 K day ); the slower 

rate may be more typical, however, of conditions in the winter Antarctic 

stratosphere. 
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The theoretical results address three subjects: (1) temperature 

dependence of aerosol extinction (ke ) and backscatter (!~) coefficients, 

as I·-ould be measured by remote sensors; (2) consumption of the ini tial 

vupor supplies; and, (3) evolution of the size distribution, hoi th cmpha-

sis on the issue of whether PSC particles can grm; to sizes for ~;hich 

sedimentation rates are relatively large. Theoretical curves of k (at 
e 

>.. = 1.0 Um) and h:b (at>.. = 0.69-13 Urn) are shown respectively in Figures 

62 and 63 for all four cases considered here. Background values (those 

at temperatures above 195 K) for ke and kb under volcanic condition.s are 

roughly 100 times the same values under non-volcanic conditions, as 

could be expected from the disparity in initial size distributions (to 

be seen graphically later in this section). Background coefficients for 

the non-volcanic case are enhanced by a factor of 15-20 with progression 

through the HN03 ,3H20 deposition stage (temperatures from 194.5-191 K), 

-3 -1 -4 -1 -1 attaining ITIa-.;:ima of about 7 x 10 Ian and 1.5 x 10 lon sr for l{ 
e 

and l{b' respectively. Differences due to changing the cooling rate are 

minor (10-20%) at most temperatures. Only a slight increase in back-

ground values of ke and kb for the volcanic case occurs ... ith progression 

through this stage; differences attributable to a change in cooling rate 

are also small. At a temperature of 189 K (about 2 K below the frost 

point at 70 mb), the four curves for I~ are virtually indistinguishable 

-3 -1 -1 at a value of about 4 x 10 km sr ,or enhancement relative to back-

ground by a factor of 400-500 for the non-volcanic case, but only a 

factor of 5 for the volcanic case. Tne curves for k are more regular 
e 

and distinct, but all values at 189 K range from 0.5-1.0 x 10-1 km- 1. 

Enhancements relative to bacl~round are 200-300 for the non-volcanic 
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Figure 62. Theoretical extinction coefficient curves for volcanic 

and non-volcanic initial particle size distributions and 
-1 -1 cooling rates of -0.5 I{ day and -2.5 K day • 
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case and 3-4 for the volcanic case. Values of It on the order of those 
e 

computed at 189 K would not be measured by SAM II, whose upper detection 

-2 -1 liml ~ is 1 x 10 \rnl (McCormick et al., 1979). Computed size distri-

butions (presented momentarily) show, however, that those particles pro-

ducing high values of ke may be large enough to fall rather quickly from 

the pressure level at ~nich they are formed. 

In regard to consumption of HN03 and H
2
0 vapors during the cloud 

formation and gro~th process, computed partial pressures for the four 

cases considered were in near perfect agreement, with the exception of 

minor «10%) differences in the early stages of the HN03'3H20 deposition 

process attributable to a change in cooling rate. This indicates that a 

state of near equilibrium is maintained throughout the process, or the 

vapors are consumed almost as rapidly as they become available via the 

assumed steady drop in ambient temperature. One certainly can envision 

scenarios where this behavior would not be true (e.g., minute particles 

ex~sed to a very fast cooling rate), but it is the case for the limits 

of particle size and cooling rate used here. Because of the high degree 

of similarity in results, we show only one pair of calculated partial 

pressure curves (Figure 64), where values have been normalized by their 

respective initial values (at 200 K). The constancy of H20 partial 

pressure at temperatures above the initiation point of the trihydrate 

deposition stage (~ 195 K) is, as discussed earlier in this chapter, an 

assumption of the model. By the time the temperature has reached the 

frost point (~ 191 K), about 65% of the HN03 vapor has been consumed by 

the growing PSC particles, as opposed to only 3% of the much more pI en-

tiful H20 vapor. With a further drop in temperature of some 2 K, the 
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HN03 consumption level has increased to 80%, and that of H
2
0 vapor to 

about 30%. The potential relationship of this vapor consumption to 
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stratospheric chemical processes is tied closely to the evolution of the 

particle size distribution, which is the subject of the next paragraph. 

To avoid clutter while at the same time illustrating pertinent 

aspects of the particle growth process, we will present graphs of the 

size distribution at only three temperatures. The first is at the end 

of the PSC precursor stage (~ 195 K); the second, just prior to the end 

of the HN0
3

' 3H20 deposi tion stage (~ 191 K); and the third, roughly 2 K 

below the frost point (~ 189 K). Distributions for cases computed using 

the non-volcanic initial condition are given in Figure 65; part (a) pre

sents those for a coolir~ rate of -0.5 K day-l, and part (b), those for 

. -1 a cooling rate of -2.5 K day . One can follow growth of particles in 

the ith radius bin simply by watching the progression of the ith data 

point, the total number of points being the same for all curves. The 

distributions at the end of the precursor stage (194.62 K) remain log-

normal as assumed, the modal radius having increased to about 0.1 lIm 

from its value of 0.0725 11m at 220 K. ~ear the end of the trihydrate 

stage (~ 191 K), distinct and rather narrOh' second modes have appeared. 

In Fig. 59 (a), the second mode lies at a radius of about 0.8 Urn h'i th a 

-3 . differential particle number density of about 1 em ; In Fig. 59(b), the 

second mode lies near 0.4 11m with a differential number density of about 

5 -3 cm The differences in modal radius and particle number density are 

a consequence of the rate at which the ambient vapor is being supplied 

to the population of growing particles. With a slow rate of cooling, 

equilibrium is maintained by activation and growth of relatively few 
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larger particles (by inspection, those ha\"ing initial radii > 0.25 Urn). 

\oiith more abrupt cooling, the ambient vapor supplies increase faster 

than the rate of consumption by larger-particle growth; as a result, the 

more abundant smaller particles (those having ini tial radii > 0.1 Urn) 

become activated and grow to maintain equilibrium. In terms of the 

change in particle volume or mass, it is obvious in either case that a 

very large fraction of the consumed HN03 and H
2
0 vapor is sequestered in 

the particles in the second mode. At a temperature of 189 K, the radius 

of the second mode is near 4 urn and near 2 Urn for the slower and faster 

cooling rates, respectively, with modal differential number densities 

differing again by about a factor of five. The dramatic growth during 

this stage is due almost entirely to ice deposition (although trihydrate 

deposition is assumed to continue simultaneously), and is confined to 

those particles already residing in the second modes at 191 K. Here we 

see again that nearly all of the consumed vapor is sequestered in the 

large particles. 

Analogous size distributions computed using the volcanic initial 

condition are presented in Figure 66, where again part (a) shows those 

-1 for the cooling rate of -0.5 K day and part (b) shows those for the 

-1 cooling rate of -2.5 K day . The initial mode radius (at 194.62 I~) is 

near 0.25 Um and the distribution is much broader than its non-volcanic 

counterpart, there being a substantial number of particles here having 

initial radii on the order of 1.0 Urn. The HN03 '3H20 growth stage (at 

temperatures near 191 K) shows a slight growth in particles with initial 

radii greater than about 1.0 urn for the slower cooling rate, and those 

initially larger than 0.5 Urn in radius for the faster rate. Recall that 
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a similarly small increase was seen during the trihydrate stage in the 

curves of extinction and backscatter coefficient computed using the vol-

canic initial condition (Figs. 62 and 63). At a temperature of 189 K, 

the distributions show distinct second modes centered near ~ Urn in (a), 

and near 2 Urn in (b), t.;hich are qualita.tively very similar to those seen 

at this temperature in Figure 65. In terms of change in particle volume 

and mass, ~e can repeat the statement made describing that figure - that 

nearly all the consumed HN03 and H20 vapor is sequestered in the second 

modes of the distributions. 

To estimate teI1llinal velocities of the PSC particles residing in 

these second modes, we assumed them to be homogeneous spheres having the 

-3 density of ice (0.92 g cm ) and used relationships given in Chapter 10 

of Pruppacher and Klett (1980). The "Cunningham" correction for slip 

(non-continuum) flow was included, and adjustments from standard condi-

tions were made for atmospheric viscosity and mean free path. At 70 mb 

-1 and a temperature of 190 K, a fall rate of 0.6 km wk is characteristic 

of ice spheres with a radius of 2 urn (the final value in our results 

assuming the faster cooling rate). A fall rate of 2.0 km wk- 1 is char-

acteristic of those with a 4-lJm radius (the final value in our results 

assuming the slower radiative equilibrium cooling rate). Since slower 

cooling is likely more typical of the winter Antarctic stratosphere, it 

is possible that relatively large PSC particles fOI1ll and fall rather 

quickly, transporting the sequestered HN03 and H20 vapors (and aerosol 

nuclei) to lower altitudes in the process. The potential for removal of 

these species from the stratosphere by PSCs could be assessed more accu-

rately using a theoretical model which allows (at the very least) for 
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vertical displacement, since such displacement could perhaps e~~se the 

particles to a different grohth environment altogether and preclude (or 

enhance) the progression to larger sizes. 



CHAPTER 9 

CONCLUSIONS AND REro1MENDATIONS FDR FUTURE RESEARCH 

Airborne lidar experiments conducted in the Arctic during the 

months of January 1984 and January 1986, have shown the usefulness of 

the lidar technique for studying the characteristics of polar strato

spheric clouds, especially with regard to structural changes occurring 

over short vertical and horizontal scales. During the first e"-1Jeriment, 

PSCs were observed over a four-day period in the region between Thule, 

Greenland, and the North Pole, and at times covered an extensive area of 

the polar cap. The clouds occurred in layers, with sharp vertical gra

dients in backscatter and with a horizontal structure that often varied 

over a few tens of kilometers. An isolated PSC formation Has probed in 

the corridor between Iceland and Scotland during the second experiment. 

This cloud existed in a single, rather sharply defined vertical layer, 

but exhibited little variation in horizontal structure. Correlative 

measurements over a fi ve-day period in the same vicini ty by the SAM II 

instrument illustrated the development of the isolated formation and an 

apparent relaxation to background aerosol conditions following its 

dissipation. 

The PSCs were seen in locales and at altitudes which coincided 

with very cold ambient temperatures, and there was no apparent relation

ship between the cloud structure and any preexistent structure in the 

background aerosol. Temperatures in the observation areas ranged from 
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188-193 K (at 50 mb) during the 1984 e~~riment and from 188-191 K (at 

30 mb) for the 1986 experiment. At a given pressure level, backscatter 

and ~~xtinction properties increased. systematically ~.;i th decreasing tem

perature. Backscatter enhancement factors well in excess of 100 were 

seen at times during the first e~~riment; enhancement factors on the 

order of 50 in backscatter, and from 10 to 100 in extinction, were the 

rule for the second. Little or no enhancement was seen in observations 

outside the coldest temperature regions. 

A limited. set of single-channel (non-simultaneous) polarization 

measurements was made during the 1984 experiment; data analysis showed. 

conditions were sufficiently stable that reasonable estimates of the PSC 

depolarization ratio could be made from non-simultaneous measurements. 

Estimated. depolarization ratios in the range of those measured. in cirrus 

clouds were seen at the northernmost latitudes where temperatures at the 

50-mb level were below 190 K. Farther south, where temperatures were 

wanner by several degrees, very small depolarization ratios were found, 

even though backscatter coefficients were enhanced by a factor of 20-30 

above background levels. A complete set of simultaneous dual-channel 

polarization measurements was obtained during the 1986 PSC encounter; 

depolarization ratios were again small, while baci(scatter enhancement 

factors were on the order of 50, as mentioned. above. 

The systematic contrast in observed. parameters with temperature 

suggested. the possibility of distinct temperature-delineated. PSC growth 

regimes, such as proposed. in a series of recent articles addressing the 

issue of stratospheric ozone depletion during Antarctic spring. With 

airborne lidar (and SAM II) measurements as a benchmark for comparison, 
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a theoretical model was developed describing the formation and gro\,-t.h of 

PS('s in three stages: (1) "precursor" supercooled H')SO,-H')O aerosols 
... -t ... 

in eL;:_lilibrium with the ambient H.,O \-apor supply; (2) PSC fonnation by 
.:. 

deposition of nitric acid trihydrate [HN03,3H
2
0] onto frozen aerosol 

nuclei, beginning at temperatures some 1-3 K above the frost I~int; and 

(3) continued PSC particle grm-rth at temperatures below the frost point 

due to simultaneous deposition of ice and HN0
3

,3H
2
0. 

Backscatter and extinction enhancement factors computed using the 

theoretical model compared well wi th values observed during the tt,o psC 

e~~riments, with two exceptions. Systematic discrepancies were noted 

in backscatter at the 30-mb level for the 1984 experiment, and in 50-mb 

extinction for the 1986 experiment. Based on review of alternate mete-

orological analyses at 30 mb, the discrepancy may be due to insufficient 

knowledge of the temperature fields at these altitudes in remote areas. 

A companion theoretical study of PSC formation at the 70-mb level in the 

_~tarctic showed that at a temperature of 189 K (some 2 K below the 

frost point), about 80% and 30% of the respective ambient HN03 and H20 

vapor supplies could be sequestered in PSC particles. For cooling rates 

typical of the Antarctic stratosphere, calculated PSC particle radii at 

189 K were on the order of 4 Urn. Ice spheres of this size would have a 

-1 terminal velocity at 70 mb of about 2.0 kID wk ,indicating that PSCs 

may function as a sink in removing these vapors (particularly HN03 ) from 

the .~tarctic stratosphere. 

Although the current study is a step forward in the understanding 

of PSCs and their role in polar stratospheric processes, there are cer-

tainly many areas in which our current Imowledge can be expanded. \vith 
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regard to future airborne lidar experiments, an obvious suggestion for 

locale is the Antarctic. Although more difficult than an Arctic mission 

in u logistic sense, an Antarctic mission I,ould benefit from much higher 

probability of PSC encounter and hould address more directly the press

ing ozone depletion issue. ~ore accurate characterization of the tem

perature field in these remote areas t-lOuld be of great value in lidar 

data analysis and comparison of measurements with theory. Simultaneous 

dual-channel polarization data over a broad spectrum of PSC intensities 

would definitely yield more insight into the physical characteristics of 

the cloud particles. The particle characteristics could of course be 

studied directly with the use of a balloon-deployable sampling device 

which could be retrieved (with some difficulty, no doubt) or which could 

transmit its measurements to a ground receiving station. Many of the 

obvious gaps in PSC formation theory could be closed by laboratory meas

urements of saturation vapor pressures at temperatures characteristic of 

the winter polar stratosphere, and experimental studies of freezing nuc

leation in sulfuric acid aerosol droplets and the tendency for these 

frozen aerosols to serve as vapor deposition sites. Inclusion of such 

information into a multi-dimensional PSC model would certainly provide a 

much better tool for conducting future theoretical investigations. 



MEDILM-RESOLUTION LI~~ DATA FOR 
JM'UARY 1984 PSC EXPERIMENT 

This appendix presents medium-resolution (averaged over a nominal 

10-minute time span) vertical profiles of the backscatter ratio for the 

January 1984 airborne lidar PSC experiment. These profiles were grouped 

spatially in numbers ranging from 3 to 11 to form the averaged flight 

segments discussed in Chapter 6 of the text; numbering of the figures 

here will follow the same grouping scheme. As discussed in Chapter 6, 

the s}~bol used for the backscatter ratio denotes the polarization mode 

of the lidar system as follows: 

mode; and, R , s-polarized mode. s -

R , unpolarized mode; R , .Q-polarized u p 

Also shown in each frame are the date 

and the starting time of each medium-resolution record. 
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Figure AI. MedilUIl-resolution records [frames (a)-(k)] grouped to form 
averaged flight segment AV23A. 
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Figure A2. Medium-resolution records grouped to form averaged flight 
segment AV23B. 
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Figure A3. Medium-resolution records grouped to form averaged flight 
segment AV24A. 
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Figure A4. Medium-resolution records [frames (a)-(f)] grouped to form 
averaged flight segment AV24B. 
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Figure A5. Medium-resolution records grouped to form averaged flight 
segment AV24C. 
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Figure A6. Medium-resolution records [frames (a)-(f)] grouped to form 
averaged flight segment AV24D 
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Figure A7. Medium-resolution records grouped to form averaged flight 
segment AV24S-1. 
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Figure A8. Medium-resolution records grouped to form averaged flight 
segment AV24P-l. 
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Figure A9. Medium-resolution records grouped to form averaged flight 
segment AV25A. 
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Figure A10. Medium-resolution records grouped to form averaged flight 
segment AV25B. 
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Figure All. Medium-resolution records tframes (a)-(e)] grouped to form 
averaged flight segment AV27A. 
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Figure All. Concluded. 
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Figure A12. Medium-resolution records [frames (a)-(h)] grouped to form 
averaged flight segment AV27B. 
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Figure A12. Concluded. 
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Figure A13. Medium-resolution records [frames (a)-(g)] grouped to form 
averaged flight segment AV27C. 
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Figure A13. Concluded. 



APPENDIX B 

MEDIL~-RESOLu~ION LIDAR DATA FOR 
JANUARY 1986 PSC RXPERIMEN"T 

This appendix presents medium-resolution vertical profiles of the 

bacl{scatter ratio (averaged over a nominal time span of 8-10 minutes) 

for the January 1986 airborne lidar PSC experiment. These profiles t.;ere 

grouped spatially in numbers ranging from 3 to 21 to form the averaged 

flight segments discussed in Chapter 7 of the text; numbering of the 

figures here will follow the same grouping scheme. Each frame shows the 

date and the starting time of the medium-resolution record. The data 

shohn in Figure B1 were measured in the unpolarized lidar system receiv-

er mode; all other data were measured in the dual polarization mode. 
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Figure Bl. Medium-resolution records [frames (a)-(g)] grouped to form 
averaged flight segment AV18A. 
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Figure Bl. Concluded. 
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Figure B2. Medium-resolution records grouped to form averaged flight 
segment AV18B. 



202 

18 Jan 86 18 Jan 86 
1834 GMT 1841 GMT 

30 

~ 
30 

25 25 
~ 

S 20 f s 20 

~ 15 ~ 15 
.. .. 

N 10 N 10 

5 5 

0 0 
0 5 0 5 10 

R R 

(a) (b) 

18 Jan 86 
1848 GMT 

30 

25 

S 20 

~ 15 
.. 

N 10 

5 

0 
0 5 10 

R 

(c) 

Figure B3. MedilDll-resolution records grouped to form averaged flight 
segment AV18C. 
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Figure B4. Medilun-resolution records grouped to form averaged flight 
segment AV18D. 
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Figure B5. Medium-resolution records [frames (a)-(u)] grouped. to form 
averaged flight segment AV19. 
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Figure B5. Continued. 
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Figure B5. Continued. 



207 

19 Jan 86 19 Jan 86 
2038 GMT 2048 GMT 

30 30 

25 25 

S 20 S 20 

~ 15 ~ 15 .. .. 
N 10 N 10 

5 5 

0 0 
0 5 0 5 

R R 

(m) (n) 

19 Jan 86 19 Jan 86 
2058 GMT 2108 GMT 

30 30 

25 25 

S 20 S 20 

~ 15 ~ 15 .. .. 
1::--1 10 N 10 

5 5 

0 0 
0 5 0 5 

R R 

(0) (p) 

Figure B5. Continued. 
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Figure B5. Continued. 
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