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ABSTRACT

In presenting an overview of the cirrus clouds comprehensively studied by ground-based and airborne sensors

from Coffeyville. Kansas. during the 5-6 December 1992 Project FIRE IFO It case study period, evidence is
provided that volcanic aerosols from the June 1991 Pinatubo eruptions may have significantly influenced the

formation and maintenance of the cirrus. Following the local appearance of a spur of stratospheric volcanic
debris from the subtropics, a series of jet streaks subsequently conditioned the troposphere through tropopause

foldings with sulfur-based particles that became effective cloud-forming nuclei in cirrus clouds. Aerosol and

ozone measurements suggest a complicated history of stratospheric-tropospheric exchanges embedded within

the upper-level flow. and cirrus cloud formation was noted to occur locally at the boundaries of stratospheric

aerosol-enriched layers that became humidified through diffusion, precipitation, or advective processes. Apparent

cirrus cloud alterations include abnormally high ice crystal concentrations t' up to _600 L -_ ), complex radial
ice crystal types, and relatively large haze particles in cirrus uncinus cell heads at temperatures between -40*

and -50°C. Implications for volcanic-cirrus cloud climate effects and usual (nonvolcanic aerosol )jet stream
cirrus cloud formation are discussed.

1. Introduction

A major focus of climate research is, of necessity,
the climatological characterization of the current state

of the cloudy atmosphere. Such knowledge is requisite
in order to assess the validity of cloud predictions from
global general circulation models and also, in general,
to better understand the effects of cloud radiative forc-

ing and feedbacks on climate, present or future. The
essentially continuous observations provided by earth-
orbiting satellites obviously have significant advan-
tages in this endeavor, and the International Satellite

Cloud Climatology Project (ISCCP) represents a long-
term program to employ satellite data to gain knowl-
edge of the amounts and types of cloud cover ( Schiffer
and Rossow 1983). Unfortunately, whereas cirrus
clouds are certainly an important component of this

Corresponding author address: Dr. Kenneth Sassen. Department

of Meteorology. University of Utah. 819 William C. Browning Build-
ing. Salt Lake City. LIT 84112.

dataset, it is recognized that they represent a particu-
larly difficult cloud category to detect and categorize.
This is because cirrus clouds are composed of relatively
dilute assemblies (i.e., in comparison to water clouds )
of complexly shaped ice crystals that are by definition
optically thin in the visible and greybody emitters in
the infrared spectral regions (Piatt et al. 1987).

To help overcome the deficiencies in our basic
knowledge of cirrus clouds and improve our ability to
characterize them from satellite radiance measure-

ments, the First ISCCP Region Experiment (FIRE)
has been established (Cox et al. 1987). The initial
Intensive Fields Observation (IFO) program was con-
ducted over central and southern Wisconsin in Octo-
ber-November 1986 and utilized three research air-

craft and an array of four ground-based lidar systems.
(For a description of prior case study findings based
on aircraft, lidar, and satellite studies, see the Novem-

ber 1990 special issue of Monthly Weather Review. )
The IFO II program recently took place during No-
vember-December 1991 and brought together an
even greater collection of state of the art in situ and

© 1995 American Meteorological Society
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T^BL_ I.Specificationsof the FIRE IFO IIremote sensing systems, as configured during the experiment atCoffeyville,Kansas.

Entriesv, h,and c referto vertical,horizontal,and circularpolarizationproperties.

University of Utah NOAA NASA NASA PSU W-band

PDL WPLDL RAMAN ER-2 CALS radar

Transmitter

Type NdYAG CO2 XeF NdYAG Clystron
Wavelength (_am) 0.532 I0.6 0.351 0.532 3.2 x I04

Peak energy (J) 0.5 1.0 0.045 0.04 200

Pulse length (ns) 7 300 20 5.0 500

Maximum PRF (Hz) I0 I0 400 5.0 20 × IO_

Beamwidth (mrad) 0.45 0.05 _0.5 1.0 4.36

Polarization v c -- v v
Receiver

Diameter (m) 0.35 0.25 0.76 0.15 0.91

Beamwidth (mrad) 0.3-4.0 0.05 2 1.4 4.36

Polarization v + h -- -- v + h v

Detectors 2 I 8 2 I

Scanning (° s-_) (Manual) 30 (Fixed) (Fixed) (Fixed)
Data handling

Range resolution (m)" 6.0 75 75 7.5 75

Number of channels 2 i 8 2 1

Samples per channel 2048 20 600 3072 506

Pulses averaged 1 - I0 I - 10 23200 1 1000 - 20000

Data quantities b P, 6 P,/_., V P,/_,,, a., w P, 6 Z,

• Effective minimum resolution.

b Relative returned power P; back,scaRer cross section/5,; linear depolarization ratio 6_ radial Doppler velocity V; extinction cross section

a,; water vapor mixing ratio w: equivalent radar reflcctivity factor Z,.

TAnLE 2. Special aerosol, ozone, and microphysical apparatus

deployed on the indicated Project FIRE aircraft, providing data used

in this study.

University of North Dakota Citation

Ozone

Manufacturer/model Scientlex/LOZ3

Type Chemiluminescent

Range 0.2 to 400 ppb

Resolution 0.1 ppb

Accuracy 4-10%

Response 1 s
Condensation Nuclei

Manufacturer/model TSI/3760

Type Alcohol condensing

Range 0-10 4 cm -3

Resolution 1 cm -J

Accuracy ±6%
Response 2 s

Replicator

Manufacturer/model Desert Research Institute

Type Continuous Formvar

Range _ 10-1000 _m

NCAR Saberliner

Tandem electric aerosol classifiers

Manufacturer UMR

Range 0.01-0.5 _m
Resolution ± 5 %

Accuracy ± 5 %

Response 2 min

remote sensing instruments for studying cirrus clouds
over Coffeyville, Kansas.

It is the early results from an interesting IFO H cirrus
cloud case study involving a significant departure from
the conditions encountered during the IFO I that are

reported here. The global atmospheric effects created
by the explosive June 1991 eruptions of the Philippine

volcano Pinatubo presented an opportunity to investi-

gate the possible effects on cirrus cloud formation of

stratospherically derived volcanic aerosols (Sassen and

Horel 1990; Mohnen 1990; Sassen 1992). Beginning

on the evening and dawn of 4 December 1991, spec-

tacular twilight effects indicative of a sudden increase

in volcanic aerosols were noted by IFO observers.

These kinds of events accompanied the latitudinal re-

distribution of the Pinatubo debris as spurs of strato-

spheric aerosols were lifted from the tropical zonal belt,

aided by jet stream circulations in both hemispheres

(GVN Bulletins 1991-1993). The series of jet streak

cirrus cloud systems that were subsequently studied

over southeastern Kansas yielded indications of un-

usual cloud properties, suggesting a link between the

volcanic aerosols, tropopause-folding effects, and cir-

rus cloud formation. In this paper we focus attention

on the connections between the observed vertical at-

mospheric structure, stratospheric-tropospheric aero-
sol content, and the resultant cirrus cloud properties. At
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FIG."1.300-mb analyses constructed using conventional radiosonde data for (a) 1200 3 December, (b) 1200 4 December, (c) 0000 5
December, and (d) 0000 6 December. Solid lines are geopotential heights in 240-m intervals, thin stippled lines are isotherms at 5°C inlervals.
and light- and heavy-shaded areascorrespond to 35-55 m s -_ and >75 m s -_ wind speeds, respectively. The thick solid lines in (a) and (d)
denote the cross sections in Figs. 2 and 5, respectively.

the same time, the unique IFO II observing capabilities
are highlighted. More detailed experimental and model
findings will be given in subsequent case study papers.

2. The Intensive Field Observation II experiment

Unlike the IFO I that featured a mesoscale (_100
km) array of four lidar ground stations and often wide-
ranging aircraft operations, the second field experiment
emphasized aircraft missions that were closely coor-
dinated with an extensively instrumented central Hub
site at the Coffeyville airport (37.10°N, 95.58°W),
along with two nearby (_20 km) remote sensing sta-
tions positioned along the expected mean cirrus cloud
wind direction. This change in emphasis reflected the
attitude that the benefits accrued by overlapping the
instrument cloud coverage to yield synergistic multi-

wavelength, multitechnique datasets outweighed any
advantages of a more dispersed deployment, even

given the spatial variability of cirrus cloud systems. A
primary reason for the choice of this midwestem site
was the availability of data from the initial installations

of the developing National Weather Service (NWS)

wind profiler network. These measurements provide
highly useful dynamical information related to meso-

scale cirrus cloud formation and were supplemented
by special project wind profilers and rawinsonde
(CLASS) soundings, as well as enhanced western to

central regional NWS rawinsonde operations. A sec-
ondary purpose was to allow for the possible investi-
gation of different types of cirrus than were studied
during IFO I, including late-season convective anvil

outbreaks and cirrus associated with subtropical jet
streams.

The participating instrumentation supporting the
Hub scientific objectives can be characterized as a

model of modern research capabilities: three cloud mi-
crophysical-radiation aircraft, plus an overflying ER-
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2 remote-sensingplatform; four lidar systems encom-
passing polarization diversity, Raman, high spectral

resolution, and infrared Doppler techniques; special
sondes to measure vertical atmospheric structure,
ozone, and ice crystal types; dedicated microwave wind
and RASS temperature profilers; and an unparalleled
variety of passive remote sensors, including the initial

Spectral Radiation Experiment (SPECTRE) deploy-
ment (Ellingson et al. 1993). Since the full extent of
these research capabilities will be illuminated in fol-

lowing IFO-II case study papers, only the specifications
of the major instruments yielding available datasets
pertinent to this research are outlined here.

The specifications and data quantities gathered by
the Coffeyville Hub and ER-2 active remote sensors
utilized here are listed in Table 1. These include the

University of Utah Polarization Diversity Lidar (PDL),

the NOAA Wave Propagation Laboratory COs Doppler
lidar (Post et al. 1992), the NASA Goddard Space
Flight Center water vapor/nitrogen Raman (Whiteman
et al. 1992) and downward-looking ER-2 polarization

cloud lidar (CLS) systems, and the Pennsylvania State
University W-band radar. A coaligned (PRT-5 type)
narrowbeam (0.14 °) midinfrared ( 9.5-11.5 #m) radi-
ometer was also operated with the PDL unit to measure

the effective atmospheric window brightness tempera-
ture of the clouds plus atmosphere. Also stationed at
the Hub site was a developmental high spectral reso-
lution lidar (HSRL) from the University of Wisconsin
at Madison. The lidar systems at the two nearby ground
sites were the University of Wisconsin volume imaging
lidar (VIL--see Eloranta and Forrest 1992) and the

NASA Langley Research Center polarization scanning
lidar. In addition to the standard parameters of state and
cloud microphysical instrumentation aboard the NCAR

King Air and Saberliner and the University of North
Dakota Citation aircraft, special cloud microphysical
and aerosol sensors were deployed in order to focus
attention on the nucleation mechanisms and the shapes
of the cirrus particles (see Table 2).

3. Vertical atmospheric and aerosol structures

Over the case study period from 0000 (all times
UTC) 5 December to 2400 6 December 1991, three

separate occurrences of cirrus clouds were comprehen-
sively studied from the Hub site. However, for the cur-

rent purposes it is useful to begin our examination of
the local atmospheric and aerosol vertical structures at

0000 3 December, just prior to the spectacular twilight
observations on the evening of 3 December and dawn
of 4 December. During the early portion of the case
study period (0000 3 December-0000 5 December),
the upper-tropospheric flow pattern over North Amer-
ica was dominated by a single high-amplitude trough-
ridge system. As shown in Fig. la, at 1200 3 December
a deep trough at 300 mb extended from a low near
Hudson Bay though the central United States and into

northern Mexico. A southwesterly jet stream with a
speed maximum of 75 m s -_ extended from central

Mexico into the Canadian Maritime Provinces, and a
northwesterly jet (60 m s -_ maximum) reached from
the Gulf of Alaska to the desert Southwest of the United

States. Locally in southeastern Kansas, 3 December be-

gan as a cold dreary day, with frozen precipitation of
various kinds giving way to a broken low-level cloud
deck that dissipated before sunset.

Analysis of this system has been performed by com-
positing NWS rawinsonde data (processed at full ver-
tical resolution), Project FIRE CLASS rawinsonde
data, and NWS Wind Profiler Demonstration Network

(WPDN) horizontal wind data. Figure 2 shows the

thermodynamic and wind structure of the system along
a cross section "folded" across the trough axis roughly
normal to the axis of the jet stream (see Fig. la). An
elevated frontal zone associated with the most intense

region of cyclonic shear vorticity in the northwesterly
jet extended from the trough axis southwestward. Is-
entropic potential vorticity (IPV) in this cross section
exhibits a large discontinuity near the frontal interface
extending down to near the 500-rob level. This feature

13.0

9.0

7.0

5.0

3.0

1.0

107" 98" 88"

Longitude

RG. 2. Verticalcrosssectionalongthesolidline segmentsin the
mapbelowandinFig. la for i200UTC 3 December,centeredaround
the upper-leveltroughaxis. Contoursate horizontalwind speed
(heavydashedlines)in m s-I with an intervalof 5 ms-', potential
temperature(thinsolidlines)at2 K intervals,andisentropicpotential
vorticity(light solid lines),wherethe outerandinnercontoursate
100 and600 (X 10-7 K mb-I s-I).
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FIG.3.Time-height crosssectionsof (a)horizontalwind velocityand Co)potentialtemperature

over Coffeyville, Kansas, from 1200 3 December to 1800 6 December. (Rectangular blocks rep-

resent areas lacking sufficient data to complete the displays.) Stippling depicts the approximate

cirrus cloud boundaries measured by the Hub remote sensors over the entire period.

has been shown to be indicative of an intrusion of

stratospheric air into the middle and upper troposphere,
otherwise known as a tropopause fold (Danielson
1968; Shapiro 1976), in association with intense upper-
tropospheric baroclinic zones. Among other things, tro-
popause folds have been documented as a mechanism
for injecting stratospheric aerosols of volcanic origin
into the troposphere (Shapiro et al. 1984). Assuming
that widespread enhanced aerosol loading existed in the
lower stratosphere as a result of the Pinatubo eruptions
(see below), it is not unlikely that stratospheric aero-
sols could have been deposited into the middle and up-
per troposphere over a large portion of the western and
southwestern United States by this active fold event.

The spatial extent of the elevated frontal surface be-
comes evident in light of Fig. 3. These time-height
cross sections of potential temperature and horizontal
wind over Coffeyville show the elevated frontal surface
in the northwesterly flow upstream of the trough axis

for a 78-h period beginning 1200 3 December. The
layer of enhanced static stability, defined by the 294
and 306 K isentropes, was continuously observed at
lower levels with the passage of time and could still be
recognized as a distinct entity 36 h later. Given a mean
advective speed of 20 m s -_ , the longevity of this fea-
ture suggests an along-trajectory length scale of more
than 2500 km. This illustrates the large geographical
extent of this feature. Note that the boundaries of all

cirrus clouds observed over this 4-day period by the
Hub lidar and radar systems (see next section) are also
shown as the stippled areas in these figures.

By 4 December (Fig. lh), the jet-trough system had
propagated eastward, resulting in a more zonal flow
pattern over much of western North America. This pro-
cess is also evident in the time-height cross sections
shown in Fig. 3. Winds over Coffeyville veered from
westerly to northwesterly from 1200 3 December to
1200 4 December, while the tropopause heights cor-
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b

FIC. 4. Large-scale GOES satellite infrarcd imagery for (a) 0600 5 December and (b) 0000 6 December.

The × symbol locates the Coffeyville site in southeastern Kansas. (Images courtesy of P. Minnis.)

respondingly increased from about 8 to 12 km. How-

ever, a closed low pressure system, which appears to
have played a role in moisturizing the upper-tropo-
spheric flow and the subsequent production of cirrus
clouds over the southern Great Plains, began intensi-
fying to the west of the Baja peninsula.

By 0000 5 December, a subtropical jet stream ex-
tended from the Four Comers region eastward along
the Kansas-Oklahoma border (Fig. lc). As depicted
schematically in Fig. 3 and as shown in the satellite

imagery of Fig. 4, cirrus clouds existed locally at and
below the level of maximum wind along the anticy-
clonic shear side of the jet axis. The position of the
cirrus relative to the upper-tropospheric flow is quali-
tatively in line with theoretical expectations of reduced
static stability and upward motion below the level of
maximum wind in the right-rear quadrant (i.e., entrance
region) of a jet streak (Mattocks and Bleck 1986). Al-
though the corresponding vertical cross-sectional anal-

ysis (not shown) failed to reveal local near-tropopause
baroclinic zones or a "classic" fold event associated

with this cirrus-generating feature (e.g., see Keyser and
Shapiro 1986), there is a suggestion of a layer of en-
hanced static stability defined by the 318 and 326 K
isentropes (Fig. 3) corresponding to the cirrus cloud-
base region.

The thermodynamic and wind structure of the next
jet streak (centered at 2000 5 December and 12.0 km

over Coffeyville; Fig. 3a) was considerably more in-
tense and better defined. The vertical cross section nor-

mal to the upper-tropospheric air flow at 0000 6 De-
cember (Fig. 5) reveals a weak elevated frontal zone

bounded by the 320 and 328 K isentropes that is well
correlated with the region of largest cyclonic shear vor-

ticity associated with the jet streak. Corresponding val-
ues of isentropic potential vorticity depict a disconti-
nuity from tropospheric to stratospheric values along
the frontal interface that is strongly suggestive of a
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FIG. 5. As in Fig. 2 except for 0000 6 December

along the heavy solid line segment depicted in Fig. Id.

folded tropopause over central and northern Kansas.
Satellite imagery (Fig. 4b) shows that the cirrus clouds
observed during this period (see also Fig. 3) were pan
of an elongated shield of cirrus that extended eastward
from the closed low near southern California (Fig. ld),
which appears to have been orographically enhanced

over central Colorado. The base of the cirrus clouds

observed over Coffeyville (_37°N) at this time was at
8.5 km with tops near 13 km. The lower cirrus layer
height corresponds to the upper portion of the elevated
frontal zone and the southern extent of the stratospheric
potential vorticity in the cross section. Additionally,
data from an ozonesonde launched at about this time

(Fig. 6c) reveals a well-defined spike in the ozone pro-
file centered at 8.75 km. Based on this analysis, we
conclude that the cirrus observed over Coffeyville on
the night of 6 December, and likely on 5 December as
well, existed within a layer bounded from below by the
elevated frontal surface and above by the tropopanse,
such that the cirrus clouds were in direct contact both

with stratospheric air at the tropopause and with a layer
of midtropospheric air of very recent stratospheric or-
igin.

The layer of enhanced static stability attributed to
this upper front continues to be evident in the potential
temperature cross sections at 1200 6 December and
1800 6 December (not shown), although the frontal
zone appears to be disconnected from the tropopause,
and the IPV discontinuity is no longer clearly evident.
This 6-hour period roughly brackets the third cirrus
event of this case study.

Views of the changes in the stratospheric-volcanic
aerosol scattering properties derived from the nocturnal
Raman lidar measurements over the corresponding pe-
riod are given in Figs. 7a-d (see also Ferrare et al.
1992). This data sequence reveals that the main body
of the aerosol layer was present close to the bottom of
the stratosphere over the period and also illustrates the
relatively rapid height increase in the lower aerosol
boundary over the night of 4 December in connection
with the local deamplification of the upper-level pat-
tern. The presence of upper-tropospheric cirrus clouds,
which are at times only narrowly separated from the

14
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FIG. 6. Sequence of vertical ozone profiles (in parts per billion by volume) measured by ozone-

sondes launched daily at about 0000 on (a) 4, (b) 5, and (c) 6 December from Coffeyville, Kansas.

Curves (b) and (c) are each shifted to the right by 30 ppb.
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stratospheric volcanic aerosol layer, are also indicated
in b and c. For comparison, time-averaged aerosol
backscattering profiles derived from both day and night
CO2-1idar measurements bracketing the case study pe-

riod are provided in Fig. 8. Although the backscattering
properties of atmospheric aerosols at the laser wave-
lengths of 0.531 and 10.6/zm can differ, both lidars
indicate similar temporal variations in the stratospheric
aerosol. In addition, the CO2-1idar data clearly show

the major post-Pinatubo enhancement of tropospheric
aerosols (Post et al. 1992), where the day to day aero-
sol variations between 8.0 and 13.0 km (i.e., in the

cirrus cloud developmental region) are particularly sig-
nificant. Finally, the 3-day sequence of local vertical

ozone profiles in Fig. 6 also provides evidence for vari-
able regions of enhanced ozone concentrations within
the troposphere. These direct indications of strato-
spheric-tropospheric air exchanges suggest that a va-
riety of upwind mixing processes were active in the
upper air flow pattern that swept over the IFO II project
area, even through only two tropopause folds were
identified locally in our previous analyses.

In the following section, detailed cloud remote sens-

ing and supporting in sire data are examined to inves-
tigate the possible effects of the jet streak dynamical
processes on cirrus cloud formation and structure.

4. Remote sensing and in situ cloud haeasurements

a. 000(9-1000 5 December cirrus clouds

As can be seen schematically in Fig. 3, although thin

scattered cirrus clouds began to make their initial ap-
pearance by midday on 4 December, it was not until
the arrival of the jet streak after sunset that local cirrus
cloud development became significant (Fig. 4). The
passage of this cirrus streak is illustrated in Fig. 9, with
PDL time-height displays of range-normalized re-
turned power (P) and linear depolarization ratio (6, the
ratio of the cross to parallel polarized signals returned
from the vertically polarized laser pulse) and co-
aligned narrowbeam midinfrared radiometer atmo-
spheric brightness temperature Ten. As is also apparent
in the lower-resolution Raman lidar data (Fig. 7b), the
most long-lived feature of this cloud system was a dif-
fuse tropopause-topped cirrus layer, which sporadically
increased in vertical extent through the action of fall-
streaks, only to subsequently fade back to near the tro-
popause. During its most active precipitating stage at
_0600, however, this layer appears to have spawned a
convective cirrus cloud layer ranging in height from
8.5 to 9.5 kin. Prior cirrus research suggests that a con-

25

• 10

5

0 I I I I I I I I I

04) 10-710-5

Bockscottor CrossSection,Bx (kin-st)

I0-9 10"5

FIG. 8. Aerosol backseatter cross sections through the troposphere

and lower stratosphere obtained at the lO.6-_m CO2 lidar wavelength

at the indicated day/time, illustrating the considerable extend and

variability of volcanic aerosol content during the case study period

(compare with the long-term average pre-Pinatubo profile obtained

from Boulder, Colorado. at extreme right). (Note that the peaks near
11.5 km at 0034 and 1553 5 December are due to diffuse cirrus

clouds.) Starting from the left, each profile is shifted by one division

to the right.

ditioning of subcloud air through precipitation and
evaporation processes can lead to this result (Starr and
Cox 1985; Sassen et al. 1990). The NASA Raman wa-
ter vapor data in this case (Fig. 10) confirm a gradual
downward sloping moistening of a dry layer from about
7.0-9.0 km (possibly representing an elevated frontal
zone ).

The lower cirrus layer, on the other hand, produced
considerably stronger laser backscattering, which was
at times highly depolarized, and can be associated with
the highest measured values of Ten. As shown in the
top panel of Fig. 9, Ten gradually increased from the
atmospheric background temperature of -70"C to
-60"C at about 0600 (i.e., until the lower cirrus layer
started to become established). Thereafter, even as the
upper layer diminished in thickness, Tar approached
-40*C on two occasions ( _0750 and 0850) when rel-

atively deep and strongly scattering fallstreaks devel-
oped in the trailing cirrus layer. Higher-resolution de-
tails of the lower cloud structures are provided in Fig.
11, where a series of convective ice-phase uncinus cells
(6 _ 0.45) with trailing crystal fallstreaks are found in
(a), a stronglyscattering region displaying a fine struc-
ture of mammatns-like protrusions and a highly depo-
larizing (/5 = 0.6-0.7) cloud-top region in (b), and in
(c) is shown a highly supercooled (_ -35"C) liquid-
phase altocumulus cloud (6 _ 0.05 ) that developed just
below the cirrus cloud trailing edge (apparently in re-

FIG. 7. Raman lidar height-time displays of volume back,scatter cross sections (km st)-' in the 0.351-_tm aerosol channel, collected over

the indicated times on the consecutive nights of 4-7 December [(a)-(d). respectively]. The logarithmic backscatter scale (inserted at bottom)

was chosen to characterize both the volcanic aerosol content and the generally diffuse upper-u,opospheric cirrus clouds present on the nights

of 5 and 6 December. Note that the vertical stripes above the cirrus clouds in (b) are due to detector noise associated with the strong signal

attenuation produced by regions of the cloud layer.
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Considerable boundary-layer water vapor structure is present.
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FiG. I I. High resolution height-time PDL displays of relative returned energy and depolarization (right of each pair) illustrating the highly

structured convective lower cirrus layer at the indicated times on 5 December. Shown in (a) are numerous sheared fallstreaks emanating from

two layers of uncinus cells, (b) a dense and highly depolarizing region above mammatus-like structures, and (c) the brief appearance of a
highly supercooled altocumulus (6 _ 0.05) cloud just below the trailing edge of the cirrus cloud base.

sponse to the humidification caused by prior cirrus par-
ticle evaporation), only to be disrupted by plumes of
ice crystals resulting from cirrus particle-seeding ef-
fects. Note that values of T_ are relatively high in the
deep fallstreaks of (a) and (b) and much lower in the

dissipating cirrus cloud trail in (c), although the pas-
sage of the supercooled altocumulus cloud seems to

have caused a small increase in effective temperature.
Views such as these illustrate that it is the accumulation
of cirrus uncinus fallstreaks that often defines the base

of a cirrus cloud layer (see Sassen et al. !990).
A Citation aircraft mission, involving racetrack pat-

terns 10-15 km long and an Eulerian spiral descent
was conducted in close support of the Hub site from

0612-0847. (The excellent aircraft navigation was
confirmed by the sighting of the green PDL laser beam
at one point just offthe wing tip over the Hub! ) Figure
12, which superimposes the corrected aircraft altitude
flight pattern on an expanded PDL lidar returned

power display, reveals that the platform sampled both
the tenuous upper and denser lower layers. The cor-
responding time plots of aircraft air T and dewpoint
Td temperatures, 2D-C probe ice particle mean size d
and concentration Ni, and condensation nuclei CN and

ozone concentrations are provided in the panels below
the lidar display. Note that the cirrus precipitation-
induced humidification of the subcloud region shown
by the Raman water vapor profiles (Fig. I0) is also
indicated by the differences in the dewpoint measure-
ments at _9.0 km obtained during the ascent and later
descent legs through the developing lower cirrus cloud

layer. The in situ and remote cloud measurements are

generally in quite good agreement in defining the cir-
rus cloud boundaries, although strong optical attenu-
ation in the developing lower layer partially blocked
the probing of the upper layer at those times corre-

sponding to the highest observed Tefr values (see top
panel of Fig. 1 lb). The combined evidence shows that
the two cloud layers have dissimilar microstructures,

with the higher cirrus displaying much lower ice crys-
tal concentrations and different crystal shapes (ac-
cording to the lidar 6 values). In addition, at cloud top
at 075 I, FSSP particle concentrations (not shown ) of
_0.2 cm -3 are found without any indications of ice

crystals at a temperature of -64°C, indicating quite
small ice or haze particles. The 2D-C probe ice crystal
concentrations in the lower cloud often reach 200 L -_

and actually peak at _600 L - _ ( 2-s averages are given
in Fig. 12), which represents the highest value by far
measured by any aircraft during the campaign (or
elsewhere to the best of our knowledge). The photo-
micrograph examples of ice particles captured by a
Formvar replicator device from 0800 to 0815 given in
Fig. 13 indicate complicated radial particle shapes
(that were generally too fragile to survive impaction
intact), which can be said to be in keeping with the
strong laser depolarization (6 _ 0.65) noted at this
time and altitude (see Fig. 1 lb).

The variations in CN counts and ozone concentra-

tions in the bottom panel of Fig. 12 have important
implications for these unusual cirrus cloud properties.
We provide these data in Fig. 14 in terms of vertical
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profiles obtained during the ascent (0612-0750) and
descent (0751-0847) portions of the flight. It is ap-
parent that CN counts are significantly enhanced in the
height interval 7.0-l 1.0 km encompassing the lower
cirrus cloud layer, with offscale counts of > 1000 cm -3
at -9.0 km present during the descent spiral. Figure 15
more directly illustrates the association of the high ice
crystal concentrations with the upper portion of the
aerosol layer. The ozone profiles (Fig. 14) tend to dip
in the layer containing the greatest CN counts, but they
also show increased concentrations of >20 ppb toward

the top of the elevated aerosol layer. While the ascent
and descent ozone profiles are similar, and are com-
parable to Fig. 6b data, those for the CN are sufficiently
different to suggest considerable spatial variability in
the aerosol distribution. (Note also the significant CN
variations along the nearly level flight segment in Fig.
12 from 0805-0830.) In summary, the evidence pre-
sented here and in section 3 indicates an association
between the formation and maintenance of the lower

cirrus layer with the cirrus particle evaporation-induced
humidification of a region containing elevated ozone
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and aerosol concentrations of probable stratospheric
origin.

b. 1800 5 December-0800 6 December cirrus clouds

A number of airborne missions in the vicinity of the
Hub were conducted early during this period as thin
cirrus clouds initially made their appearance, but gen-
erally the missions were performed prior to the local
occurrence of the deep jet streak cirrus cloud band (see
Figs. 3 and 4). We again utilize Citation measurements
from a mission featuring a step pattern between the Hub
and Parsons (30 km to the northeast) sites from 1756

to 2023 5 December. In addition, downward-looking
lidar data from the ER-2 platform obtained during a
transit from Coffeyville to the Texas Gulf region are
presented, since this dataset uniquely portrays the
large-scale geographical distribution of volcanic aero-
sols (below the 20-km flight altitude) at _2000 cor-
responding to the approximate time of the local jet
maximum. Specialized aerosol measurements collected
by the NCAR Saberliner are also given to further ex-

plore the issue of the nature of the aerosol.
The Citation data plots in Fig. 16 provide the same

information as in Fig. 14, showing the height depen-
dencies in CN and ozone concentrations during the as-
cent and descent legs. (Since zenith-pointing lidar data
for this mission are incomplete, a combined display as
in Fig. 12 is not available.) As in the previous Citation
mission, greatly enhanced CN counts are found in the
altitude interval 7.5-10.0 km, and Fig. 17 shows that
the cirrus cloud region is again associated with the top
of the aerosol-enriched layer. Moreover, thin strongly
enriched aerosol layers between 10.2 and 12.2 km are
embedded in the upper cirrus. Ozone concentrations

(Fig. 16) display peaks near the main aerosol layer base
and top, as well as near the Citation ceiling altitude,
where it appears that ozone just above the tropopause
was sampled. Additional aerosol information derived
from the University of Missouri/Rolla mobile aerosol

sampling system (as described in Hagen et al. 1992)
during overlapping Saberliner missions is included in
Table 3. These samples were taken below the cirrus
cloud base in relatively dry air with relative humidities
of _25%: the average aerosol total mass (derived from
four size distribution measurements and assuming unit
density) was 0.1 /zg m -3. Of the three measurements
of aerosol-soluble mass fraction (assuming the pres-
ence of either ammonium sulfate RAMs or sulfuric acid

RH2so,) obtained within the aerosol layer (compare
sample heights with Fig. 16), one is significantly ele-

vated (RAMs = 0.22) above the usual tropospheric val-
ues of a few percent or less. The lower soluble mass
fractions are consistent with previous measurements
made in the altitude range 7.0- 10.0 km over the central
United States using bag samples processed in a labo-
ratory-based continuous flow thermal diffusion cham-
ber facility (Hagen et al. 1990). The measurement ex-

hibiting the highest soluble mass fraction may suggest
aerosols resulting from volcanic activity, or perhaps
may be of aircraft exhaust origin.

The ER-2 CLS height-distance display of Fig. 18

covers 640 km of lower stratospheric and tropospheric
aerosol and cloud returns along a north-south flight
track at _95°W latitude from Coffeyville (left) to near

Houston, Texas. Note that the atmospheric cross sec-
tion in Fig. 5 corresponds to a portion of this flight track
and reveals the relationship between the high altitude
aerosols and clouds (colored blue and white, respec-
tively) and the vigorous jet streak defined by the 0000
6 December synoptic analysis. The lidar aerosol back-
scatter (at 0.53-/zm wavelength) illustrates the enrich-

ment of aerosols at the base of the stratosphere caused
by the jet stream circulation. This is a powerful repre-
sentation of the vertical and latitudinal redistribution of

volcanic aerosols from the tropical belt into which the
debris were originally injected. The wedged-shaped re-
gion of enhanced aerosols extending just above the
gradually lowering surface of the tropopause (from
17.0 to 15.5 km, center to left) appears to be tenuously
connected to the higher stratospheric aerosol layer at a
distance of _500 km (not shown) and also appears to
slope downward toward the cirrus cloud tops ("over-
exposed" white regions in this image to highlight aero-
sol scattering) about 150km north of Coffeyville.

The subsequent local development of the jet streak
cirrus band (see Fig. 4b for satellite view) is traced in

the PDL height-time returned power and 6 displays of
Fig. 19. Based on a 6-year lidar record of Project FIRE
Extended Time Observations (ETO) of cirrus clouds

collected at Salt Lake City, Utah, such complex cirrus
structures containing an abundance of generating fea-
tures within swirling layers are quite unusual. Effective
infrared window brightness temperatures (top panel)
are correspondingly variable in response to the varia-
tions in total physical cloud thickness and the accu-
mulations of fallstreak particles. Sometimes T_n

-35"C are encountered. Also, in contrast to the dis-
plays of Fig. 9, unusually high 6 values are now some-

times found in generating areas in the usually diffuse
upper cirrus regions. Moreover, the sporadic occur-
rence of low 6 (_0.15) values in association with the

FIG. 12. Combined PDL lidar and University of North Dakota Citation aircraft data displays from the mission in

support of the Hub remote sensors on the night of 5 December. At top is a height-time display of returned energy,

with the Citation flight track shown superimposed in white, in situ data panels of air T and dewpoint temperature Ta
(dashed), ice crystal mean diameter d and concentration N, (derived from the 2D-C probe), and condensation nuclei

CN and ozone (dashed, in parts per billion by volume) concentrations.
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lower cin'us generating regions tat and below about
10.5 kin) indicate the effects ef spherical scatterers that

appear to be intimately involved in the generation of
the cirrus panicle fallstreaks defining the cirrus cloud
base. Given in Fig. 20 are higher-resolution displays of
three such regions, which clearly identify the Mie scat-
tering effects of rapidly growing haze particles in gen-

erating cell heads (Sassen 1992 ), despite the extremely
low temperatures approaching -500C (see figure cap-
tion). Although in the infrared window region the ver-

niers of haze particles do not appear to have provided
T, tf signatures (Fig. 20c), certainly the accumulations
of ice crystals nucleated from them are associated
with sufficient mass to significantly increase the Teff

produced by the entire depth of the cloud layer
(Figs. 20a-b).

It is interesting to note that supercooled sulfuric acid
droplets at temperatures as low as -48°C have been
reported on the basis of in situ measurements in regions
of the upper troposphere likely affected by tropopause
folds (Yamato and Ono 1989). Comparison with the
in situ CN profiles obtained earlier strongly suggest that
these cirrus cloud features are the result of contami-

nation from relatively large cloud-forming nuclei of
volcanic origin. Although the low 6-value cell-top gen-
erating structures were not consistently observed, their
association with crystal fallstreaks, which are long-
lived, suggest their great importance 'to the formation
and maintenance of the lower cirrus layer.

c. 1200-1700 6 December cirrus clouds

The properties of the final cirrus cloud system of the
case study period differ sharply from those described
above, although Fig. 3 suggests that this relatively low-
level cirrus (or altostratus) cloud mass represents a
continuation of the precipitating cloud trail of the cirrus
described above. The structure of this cirrus mass is

best represented in the W-band (3.2-mm wavelength)
PSU radar height-time display of Fig. 21, because this
optically thick cloud, along with some lower stratus
clouds, often produced strong optical attenuation of the
lidar signals. This radar cloud image shows a succes-
sion of ice crystal fallstreaks emanating from generat-
ing cells at an altitude _9.0 kin, generally producing
echoes significantly stronger and lower than those mea-
sured earlier.

Although the radar echo cloud-top heights lie close
to the peak of enhanced CN counts measured -20 h
earlier by the Citation, more contemporaneous aerosol

data are available from the NCAR Saberliner Hub mis-
sion from 1430 to 1630, in which CCN concentrations

were measured by the University of Missouri/Rolla
CCN counter. CCN counts in excess of 300 cm -3 were

obtained throughout the cloud layer from 6.0 to 9.0 kin,
but at an altitude of _7 km the number exceeded

I000 cm -3 . The significance to cloud formation of this
great concentration of cloud-forming particles was sub-
sequently revealed by the volume imager lidar (VIL)
scans given in Fig. 22. Although these west-east VIL

scans portray the cloud conditions only in the vicinity
of the Hub ( _ 11 km to the northeast of the VIL site),

the scans reveal the presence of strongly attenuating
cirrus or altostratus (Fig. 22a, left) and supercooled
liquid altocumulus cloud layers, which were initially
found embedded in the ice clouds (Fig. 22a, right) and

later, alone, produced streaks of ice virga (Fig. 22b,
right). Polarization lidar and aircraft measurements
over the Hub confirm the predominantly liquid cloud
phase of the altocumulus, which at an altitude of --7.0
km corresponds to the peak in the CCN concentration
profile measured by the Saberliner.

5. Discussion

We have provided indirect evidence for cirrus cloud

formation and maintenance processes contaminated by
relatively abundant volcanic cloud-forming nuclei, but
fundamental questions must be addressed to justify this
linkage between sulfur-based aerosols of stratospheric
origin and cirrus cloud microphysics. Fortunately, re-
cent research has already produced the framework to
evaluate this interplay of rather exotic cloud processes.
These studies include polarization iidar measurements
of lower stratospheric volcanic aerosols and tropo-
pause-topped corona-producing cirrus clouds, labora-
tory aerosol scattering simulations, and numerical
model findings concerning the basic nature of cirrus
particle nucleation at temperatures typical of the upper
troposphere.

Two pathways from sulfuric acid droplet aerosol to
cirrus cloud ice crystal have recently received experi-
mental and theoretical attention. Although in either
case it is unknown whether the stratospheric aerosol
can serve as an efficient heterogeneous ice nuclei, cloud
modeling evidence (Heymsfield and Sabin 1989; Sas-

sen and Dodd 1989) has illustrated that at temperatures
colder than -35 ° to -40*(2 the homogeneous freezing
of solution droplets growing in updrafts likely repre-
sents an effective process to generate ice crystals. In

FIG. i 3. Sequence of photomicrographs of Formvar-preserved ice crystals obtained from the Citation

during the traverse of the lower cirrus cloud layer (see Fig. 12). The crystals at left were collected at a

temperature of - -40"C from 0800-0802 as the aircraft first penetrated the cloud top. while those at right

at -37.7*(2 from 0818-0820 during a leg at 9.45 kin. These complex column/sector radial crystals generated

the unusually strong laser depolarization shown in Fig. lib. The cause of the unusual impacted-particle

ringed structures, particularly evident at right, is uncertain. A 100-_m scale is inserted at top left for reference.
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40

dealing with an aerosol of stratospheric origin either
under background (e.g., see Friend et al. 1973; Bigg
1975 ) or volcanically perturbed conditions, the sulfuric

acid droplets can either directly or indirectly participate
in the ice nucleation process after tropospheric altera-

tion. Evidence for the direct homogeneous freezing of
sulfuric acid droplets, following a dilution in solution

strength from water vapor diffusional growth in the vi-
cinity of the tropopause, comes from polarization lidar

Condensation Nuclei. CN (cm 3)

8

6
t-

G)
"t- 4

.o ,., ,  ioo
,0L --

-
o I I I I l l I I I f I I l I i

2o 40 so so 1oo 120 140 tso

Ice CrystalConcentration. N i(I-!)

FIG. 15. Vertical profiles of 2D-C probe ice crystal (dashed) and
condensation nuclei concentrations obtained during the Citation de-

scent spiral over the Hub from 0753-0804 5 December. illustrating
the connection between the cirrus particles'and the elevated CN

counts near the top of the aerosol layer.

studies of corona-producing cirrus clouds (Sassen

1991 ). These high cold clouds of relatively small ( 10-
30 #m) particles produce relatively strong (6 = 0.55-

0.75) laser depolarization, indicative of complexly
shaped ice crystals. Presumably these are radial parti-
cles that have a polycrystalline structure due to the ef-
fects of the coating of liquid sulfuric acid. which is

excluded to the surface of the ice germ during drop
freezing under the observed environmental conditions

(Th. Peter 1992, personal communication).

The indirect path from sulfuric acid droplet to ice
crystal involves the homogeneous freezing of haze par-
ticles formed on ammonium sulfate cloud condensation

nuclei CCN that were derived from acid droplets. The
chemistry of this process leading to the neutralization
of the acid solution readily follows when droplets, es-

pecially if they are evaporating, are exposed to am-
monia gas to produce ammonium sulfate crystals (e.g.,
see Rubel and Gentry 1985). Since ammonia gas is
generated at the earth's surface primarily through bio-
logical activity (Georgii and MiJller 1974) and is con-

sumed photochemically in the stratosphere, this CCN
creation process could become significant within tro-

popause folds where the ammonia gas enhancement of
stratospheric air would favor ammonium sulfate CCN

production. In support of this view, polarization lidar

studies of an unusual lower-stratospheric volcanic
aerosol plume affected by tropopause folding activity
(Sassen and Horel 1990) yielded depolarization values
consistent with partially crystallized sulfuric acid drop-
lets created in the laboratory (Sassen et al. 1989).

However, since sufficient time and ammonia gas con-
centrations may not be available to completely neu-
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tralize the acid droplet population, it remains ambigu-
ous which solution droplet freezing process would
dominate cirrus cloud particle production following the
type of stratospheric-tropospheric exchanges indicated
here.

Although the distinction between these two nuclea-
tion processes is not of great significance to the current
study in relation to the documentation of the appropri-
ate atmospheric structures and the resultant effects on
cirrus cloud properties, the lidar depolarization data
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FIG. 17. Vertical profiles of ice crystal (dashed) and CN concen-

trations, as in Fig. 15, measured from 1915-2021 5 December during
the spiral descent of the Citation.

suggest that both ice nucleation mechanisms may have
been active at times. If we equate the atypically high 6
values with a dominance of the complicated ice crystal
shapes generated from the homogeneous freezing of
sulfuric acid droplets, and the unusually low 6 values
with haze particles derived from relatively large am-
monium sulfate CCN particles to yield the variety of
crystal shapes commonly observed in cirrus, then the
PDL depolarization data could be applied to discrimi-
nating the two particle-forming mechanisms at temper-
atures _< -40"C. We note that (5_> 0.55 were measured

only occasionally but predominantly within generating
regions near the tops of the lower and upper cirrus
cloud layers on the nights of 5 and 6 December, re-
spectively, whereas the strongly scattering 6 _< 0.1 cell
heads were found only on 6 December at the tops of
the fallstreaks forming the lower layer. This great di-
versity in lidar depolarization suggests that the strato-
spheric aerosol content within the cirrus cloud altitude
range was variable in time and space.

TABLE 3. Soluble mass fraction analysis of aerosol samples

collected in situ on 5 December by the NCAR Saberliner assuming

the presence of ammonium sulfate (R^us) or sulfuric acid (R.,so,)
solutions; N denotes the total CN concentration as measured with a
TSi CN counter.

Time Altitude N

(UTC) (m) (cm-3) RAMS RH,SO,

1544 8300 1100 0.10 0.072

1604 9100 1100 0.041 0.030

2028 8850 1800 0.22 0.160
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respectively.

In terms of the time-height analysis of Fig. 3, it is
obvious that opportunities for stratospheric-tropo-
spheric exchanges were provided locally by the passage
of jet streaks. A question must be addressed, however,
before these changes in atmospheric structure can be
related to the formation of cirrus clouds--that is, how
are the relatively dry mixed parcels humidified suffi-

ciently to bring about the aerosol growth and ice crystal
nucleation processes involved in cirrus generation? We
believe that a variety of mixing processes were in-
volved in preparing the stratospheric aerosol for their
role as cirrus cloud nuclei. Most notably, the obvious
connection between cirrus cloud generation and the
boundaries of the elevated frontal zones, as well as the
tropopause itself, shows that turbulent and diffusion

processes were effective in activating some of the aero-
sol particles. The local humidification of the mixed

stratospheric-tropospheric layers caused by cirrus pre-
cipitation and evaporation processes is also clearly in-
dicated and may have aided in the formation of

altocumulus at the trailing edges of the cirrus cloud
masses. However, since not all of the observed clouds

can be linked to identifiable atmospheric structures of
recent stratospheric origin, despite the presence at times

of greatly elevated CN concentrations, it would appear
that advective processes acting on more mixed parcels
contained enriched aerosol levels were also prevalent.
The in situ aerosol data suggest that considerable spa-
tial inhomogeneity in the aerosol field was present,
while at the same time the CO2-1idar observations dem-

onstrate that the upper troposphere contained a greatly

enhanced aerosol content over typical pre-Pinatubo

conditions throughout the case study period. This sug-
gests that prolonged stratospheric- tropospheric mixing
had taken place in the upstream flow that subsequently
swept over the Hub. A long fetch of modified strato-

spheric air would have had opportunities to become
moisturized. For example, according to satellite im-
agery, large-scale cirrus generation in this case was fa-

cilitated by an upwind closed low pressure system over
the Baja Peninsula and by orography in the western
United States (see Fig. 4).

6. Conclusions

This intensively studied case study from the Project
FIRE IFO II campaign has provided an opportunity to
examine the effects of a series of jet streaks on the

formation of cirrus clouds at midlatitudes. The linkage
between jet stream dynamics and citrus clouds has long

been recognized on the basis of satellite imagery
(Whitney et al. 1966), and the characteristics of the
cirrus have recently been the subject of numerical stud-
ies (Dun'an and Weber 1988).

In this case, however, remote and in situ aerosol
and ozone measurements have illustrated that the mi-
crophysical processes involved in the formation and
maintenance of jet stream cirrus clouds could have
been significantly altered by contamination from de-
caying volcanic debris within six months of the mas-
sive Mt. Pinatubo eruptions. Indicated cirrus cloud al-

terations include abnormally high ice crystal concen-
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trations (up to _600 L-'), perhaps unique radial ice
crystal shapes, and relatively large haze particles in
cirrus uncinus cell heads at temperatures approaching
-50°C. These unusual cloud microphysical properties
appear to have resulted both from the previous mod-
ification of the middle and upper troposphere caused
by upwind tropopause foldings and from direct con-
tact with the tropopause and elevated frontal zones. In
essence, the local jet streak dynamical processes acted
on an atmospheric environment already altered by
stratospheric-tropospheric exchanges embedded in
the upper-level flow. Although previous lidar research
has suggested that the locally observed vertical distil-

bution of volcanic aerosols was influenced by up-
stream tropopause foldings (Post 1986; Sassen and
Horel 1990), it can now be concluded that the contin-

ued mixing and dynamical processes experienced by
such regions can serve to humidify and condition the
aerosol, particularly at the mixed tropospheric-strato-
spheric interfaces, to make them effective cirrus par-
ticle-forming nuclei. The in situ data further suggest
that relatively small (on the order of tens of kilome-
ters) aerosol-contaminated parcels were contained
within the advecting air flow, presumably the result of
the breakup of aging elevated frontal zones that could

not be satisfactorily resolved in the available synoptic
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Fro. 21. Height-time radar-reflectivity greyscale display (in dBZ. see key at top) of the cirrus over the Hub

during the indicated period on 6 December, as measured by the Pennsylvania State University 94-GHz radar.

data. Interestingly, aircraft ozone concentrations in
these parcels tend to be inversely related to CN counts,
except at the aerosol-layer boundaries where ozone

enhancement was observed, which is suggestive of
possible ozone depletion via interactions with the
aerosols of stratospheric origin (Hofmann and Solo-
mon 1989; Rodriguez et al. 1994). Basically, these
atmospheric conditions were fortuitously observed
over the Hub site due to the relative consistency in the
upper-level flow over the project area during the case
study period.

These findings have implications for "normal" cir-
rus clouds that form in association with jet streams, and
also perhaps for deep tropospheric storm systems that
develop along upper-level fronts (Martin et al. 1993).
Cirrus cloud-stratospheric aerosol effects need not oc-

cur solely in connection with jet streams, however, a
fact that has major implications for cirrus cloud for-
mation models ranging from the cloud to GCM scales.
Even though the background (i.e., volcanically unper-
turbed) lower-stratospheric aerosol content is consid-

erably more innocuous, mixing processes provide the
upper troposphere with a steady source of aerosols
from above (Reiter 1972; Kent et al. 1991 ). There is
already evidence from pre-Pinatubo lidar studies that

those midlatitude cirrus with cloud tops extending just
above the tropopause have unusual cloud properties,
including the generation of corona displays and strong
backscattering and depolarization (Sassen 1991 ). The

data presented here from the morning hours of 5 De-
cember show what appears to be an analogous occur-
rence, except that this cirrus layer formed well below
the tropopause (and possible corona effects could not
be assessed). Cirrus ice particle nucleation from the
homogeneous freezing of diluted sulfuric acid droplets

of stratospheric origin is indicated to yield a polariza-
tion lidar scattering signature when such particles pre-
dominate in the cloud (although their presence may go
unnoticed when mixed with other particles). The ice

crystal photomicrographs in Fig. 13 provide tantalizing
indications of the complex nature of the particles that
result from the acid droplet freezing process.

It is clear that the apparently distinct nucleation
mechanisms involved in the formation of tropopause-
topped and some jet stream cirrus clouds from sulfur-

based particles have climatic implications, as shown
schematically in Fig. 23. In this flow chart the aerosol
mixing may be due to gradual turbulence-diffusion
or relatively rapid tropopause folding effects, and the
moisturizing process to create cirrus particles can in-
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FIG. 22. Volume imager lidar range-height scan displays of the cirrus and altocumulus clouds in the vicinity of the Hub site, collected at
(a) 1608 and (b) 1731 6 December. These clouds often produced strong optical attenuation that restricted the depth of lidar probing. This is

evident in the left side of the top display, where only the cloud-base region with mammatus-like protrusions was penetrated by the laser.

volve aerosol sedimentation through the hydropause
or uplift in connection with jet streaks or other dy-
namical processes, such as in closed low pressure sys-
tems. The key to understanding the climatic effects of
volcanically altered cirrus, however, lies in the exact
changes that occur in cloud microphysical properties.
Although radiative transfer simulations have generally
indicated that optically thin cirrus clouds in the upper

troposphere contribute to the greenhouse warming ef-
fect (e.g., see Liou 1986), the opposite effect, a cool-
ing from increased cirrus cloud solar scattering, could
reinforce the albedo increase caused by volcanic aero-
sols in the stratosphere (Minnis et al. 1993). Assum-

ing, for example, that larger and more abundant CCN
are introduced into cirrus cloud altitudes, one might
expect from modeling studies that the cirrus would be
produced more readily (i.e., at lower relative humid-
ities) and be longer lasting (i.e., drawing from an en-
larged CCN population to replenish losses from crys-
tal precipitation). Alternatively, greatly increased

CCN concentrations could lead to more gravitation-
ally stable cirrus clouds composed of more numerous
small crystals with quite different radiative properties.
A further complication is the unusually complex shape
of these cirrus crystals, which, according to previous
research (Sassen 1991), tends to produce relatively
small and highly depolarizing particles near cloud tops
until additional diffusional or aggregational growth
with other particles causes a change in cloud-scatter-
ing properties. Detailed cloud microphysical-radia-
tive simulations tailored to the haze and ice cloud al-

terations induced by sulfur-based aerosols, using rea-
sonable size distributions, are required to solve this

problem, and it is encouraging that first steps in this
direction have already been made (Jensen and Toon
1992).

Finally, we note from Fig. 23 that the fate of the
stratospheric aerosol in the middle and upper tropo-
sphere is likely to be a relatively rapid removal through

precipitation processes. In situ measurements have
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FIG. 23. Schematic representation of the possible climatic effects (right) produced by an influx

of volcanic stratospheric aerosols into the troposphere.

shown the significant decline in the sulfuric acid aero-
sol that occurs in the midtroposphere ( Yamato and Ono
1989), a phenomenon that is also suggested by satellite
studies (Kent et al. 1991 ). Although the stratospheric
CCN introduced into lower tropospheric clouds may be
overwhelmed by the abundant background CCN pop-
ulation derived from the surface, and thus be of little

consequence to climate, it is possible that precipitation
could be enhanced from cirrus particle seeding effects,
thereby affecting the hydrological cycle. This lies

clearly outside the scope of this paper, but we can point
out that a similar hypothesis was suggested many years
ago in connection with the fallout of meteoric dust in-
troduced into the upper atmosphere following major
meteor showers (Bowen 1956).
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