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Abstract. Subvisible cirrus (SVC) clouds are often observed served at midlatitudes (Sassen and Campbell, 2001; Immler
within the tropical tropopause layer (TTL). Some studiesand Schrems, 2002). The TTL is the region of the tropi-
suggest that SVC has a significant impact on the earth raeal atmosphere that lies between the top of the main cumu-
diation budget. The Costa Rica Aura Validation Experimentlus outflow layer and the thermal tropopause (Folkins et al.,
(CR-AVE) sponsored by the National Aeronautics and Spacel999). This layer is a transition layer between dynamical
Administration (NASA) took place near San Jose, Costa Ricacontrol of the vertical mass flux by tropospheric convection,
from 14 January—15 February 2006. The NASA WB-57F and by the stratospheric Brewer-Dobson circulation, and is
sampled SVC in the TTL from-75°C to —90°C with an  crucial to understanding the dehydration of air entering the
improved set of cloud particle probes. The first digital im- stratosphere.

ages of ice particles in the TTL are compared with replicator ~ Although the radiative forcing of optically thin SVC is
images of ice particles collected in 1973 by a WB-57F in relatively small, the clouds are generally thought to cover
the TTL. The newer measurements reveal larger particles, om large horizontal extent and some calculations suggest that
the order of 10em compared with<50m from the ear-  they are radiatively significant. For example, McFarquhar
lier measurements, and also different particle shapes. Thet al. (2000) used a nadir-pointing Nd:YAG lidar on a Lear-
1973 particles were mainly columnar and trigonal, whereaget and found that a spatially thin layer of cirrus, with base
the newer measurements are quasi-spherical and hexagorabove 15 km and a mean thickness of 0.47 km, was observed
plates. The WB-57F also measured very high water vapoin the central Pacific tropics 29% of the time. Based on ver-
contents with some instruments, up to 4 ppmv, and aerosolfical profiles and a radiative transfer model, they calculate
with mixed organics and sulfates. It is unknown whether observed heating rates of up to 1.0 K day principally in
these ambient conditions were present in the 1973 studieshe infrared, and cloud radiative forcing of up to 1.2 W

and whether such conditions have an influence on particleSVC clouds are occasionally observed above the tropopause
shape and the development of the large particles. A comat midlatitudes (Goldfarb et al., 2001) and in Polar Regions
panion paper (Jensen et al., 2008) presents crystal growt{Lelieveld et al., 1999; Krcher and Solomon, 1999).
calculations that suggest that the high water vapor measure- Supersaturation with respect to ice has been observed in
ments are required to grow ice particles to the observed sizeghe upper troposphere and lowermost stratosphere (Murphy
of 100um and larger. etal., 1990; Gierens et al., 1999; Ovarlez et al., 2000; Jensen
et al., 1999, 2001, 2005; Peter et al., 2006). Brewer (1949)
showed that air entering the stratosphere is freeze dried as
it crosses the cold tropical tropopause. Jensen et al. (1996)
suggested that SVC can effectively freeze-dry air crossing

Subvisible cirrus (SVC) clouds appear mostly in the tropi- the tropical tropopause to the observed lower stratospheric

cal tropopause layer (TTL) up to the tropopause (Wang etvater vapor C(_)n(_:entrations, which may significantly affect
al., 1996; Beyerle et al., 1998; McFarquhar et al., 2000;the Earth’s radiation budget (Comstock et al., 2002).

Comstock et al., 2002; Clark, 2005), but have also been ob- SVC clouds were studied with the NASA WB-57F re-
search aircraft in January— February 2006 during the Costa
Correspondence tdR. P. Lawson Rica — Aura Validation Experiment (CR-AVEttp://cloudl.

(plawson@specinc.com) arc.nasa.gov/ave-costarigaZigure 1 shows a photograph
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2 Instrumentation and data

subvisible cirrus layer

A highlight of CR-AVE field campaign was the full comple-
ment of state-of-the art microphysical probes used to exten-
sively investigate SVC. The combination of particle probes,
CPI, 2D-S and CAPS, provided extensive overlap in particle
size distributions and high-resolution (CPI) digital images of
the particles in SVC. The CAPS probe was mounted on a
pylon above the right wing and the CPI and 2D-S probes
i were mounted on individual pylons that hung below the right
L i wing. Data for this paper were extracted from the CR-AVE
archives. Before being placed in the archives, 2D-S data
Fig. 1. Photograph of Subvisible Cirrus (SVC) layer taken from the were averaged over 1s, CPI data were averaged over 10s
COCkpit of the NASA WB-57F during the transit ﬂlght from Hous- and CAPS data were averaged over 30s. In order to gener-
ton, Texas for the Costa Rica Aura Validation Experiment (CR- 5ta 1-Hz CAPS data that could be combined with 2D-S data,
AVE). See acknowledgements for photo credit. each 30-s averaged CAPS value was repeated 30 times. Both
2D-S and CAPS data were then used to generate a combined
particle size distribution (PSD) and derived parameters on a

of an SVC layer taken from the cockpit of the WB-57F dur- 1Hz basis.

ing the transit flight from Houston to San Jose, Costa Rica. The subject ofice particles shattermg on the |.nlets of par_tl-
cle probes has been recently discussed in the literature (Field

While there have been several studies of SVC using air- t al., 2003; Korolev and Isaac, 2005: Field et al., 2006).

borne, satellite and ground-based lidar, there has been a r “ield et al. (2003) found that the minimum ice particle size

ative dearth of in situ microphysical measurements. Heyms- ; 35
field (1986) and McFarquhar et al. (2000) discuss measuret—halt produced shattering on an FSSP was abou 0

ments made by a WB-57F in a SVC cloud-a84°C over Since ice particles did not exceed 168 in this study, parti-

the Marshall Islands on 17 December 1973. Based on acle shattering on probe inlets is unlikely. To further ascertain

examination of replicator data, they concluded that particlethat particle shattering was insignificant in our SVC data set,

; : we examined 2D-S and CPI images and found no visual evi-
sizes ranged from about 5 to pon and particle shapes were . > ; o

. . dence of shattered particles, which can often be identified as

mostly columnar and trigonal plates, with some hexagonal

; ) . articles that appear to have “burst”. In addition, we elim-

plates. The only other microphysical measurements in SV . . . .
. . inated closely-spaced 2D-S particles using the arrival time
that we are aware of have been made with scattering probeiI

such as the forward scattering spectrometer probe (FSSP (?c_hmqug descnbgd n F|.e|d etal. (2006)’ and fpund no sig
. nificant difference in particle concentration. This combina-
For example, Thomas et al. (2002) found a modal peak in,. . .
. A tion of tests leads us to the conclusion that particle shatter-
the size distribution between about 2 anduii, and Peter et ina was not a factor in this SVC data set. The possibilit
al. (2003) found a model peak of 10 to Atn, both studies 9 X P y

s an FSSP-300 (Baumgarcne e al. 1952),which me )24 SO i he 20. ot set was et
sured particles from 0.4 to 28m in size. y y 9 P g

strip. The results of this study showed that the contribution
The microphysical measurements collected in SVC by theof particle coincidence was negligible.
WB-57F research platform include, for the first time, digital The CAPS contains two particle probes, a cloud and
images of particles from a cloud particle imager (CPI) probeaerosol spectrometer (CAS), which measures forward and
(Lawson et al., 2001), a cloud and aerosol particle spectrombackward scattered light to count and size particles from 0.5
eter (CAPS) probe (Baumgardner et al., 2001) and a new deto 50um, and a cloud imaging probe that images particles
vice, the 2D-S probe (Lawson et al., 2006). Data from thefrom 75 to 160Qwm with 25um pixels.
CPI, CAPS and 2D-S are analyzed from four WB-57F mis- The CPI has 2.2m pixels, which provides high-
sions when all three instruments were functioning. Temper+esolution digital images of ice particles in SVC. The particle
ature, pressure and true airspeed measurements come frotetection sample volume of the CPlis 0.711@t 180 m s,
the WB-57F meteorological measurement system (Scott etvhich is a typical true airspeed of the WB-57F. Measure-
al., 1990) and water vapor measurements are from the Haments of airspeed using a miniature pitot tube in the sample
vard Integrated Cavity Output Spectroscopy (ICOS) instru-volume of a CPI installed on a Learjet showed that the air-
ment (Sayres, 2006). The data presented here represent agpeed equaled the ambient airspeed. The particle detection
proximately 1800 km of WB-57F flight in SVC during the system in the CPI operates continuously and detects cloud
CR-AVE project. The CPI recorded 8524 images and theparticles with sizes 10m and larger. While particle co-
2D-S probe recorded over 100 000 images of ice particles irincidence can occur when particle concentrations are high
SVC. (e.g., >10cnT3), examination of the CPI data set showed
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no occurrences of particle coincidence in the relatively low 2D SVemcalArray |mages 18: “ 09 18 51 09
particle concentrations found in SVC. The CPI sample vol-
ume is relatively small compared with optical array probes, *. . P e, % AT . g g,
which are preferred for measurements of the large end of the - .0 o T e
particle size distribution. N A P

The 2D-S is a new imaging probe that has trug:h®per T e S L Y
pixel resolution at jet aircraft airspeeds, whereastheresponst~ .., "~ .. ° " GRS N W
of the older 2-D imaging probes is degraded with airspeed. - * * .- % e ,-°' R )
At the true airspeed of the WB-57F at 55000 ft), the older 2- . =+ o . - =" w000 0 g e
D imaging probes do not detect particles with sizes lessthan™ -~ © o T TS
50 to 100um (Lawson et al., 2006). Determination of the R - R
2D-S sample volume is described in Lawson et al. (2006), = .- -. .. /\ %
and for particles<100xm it is a function of effective depth R .
of field (DOFs). The DORg of the 2D-S is determined il i
from the relationship DO&s = plus and minus eight times Image Size Onglnal

X ! L 7 using Korolev . G

particle radius squared divided by the wavelength of inci- Correction
dent laser light. The sample volume is equal to true airspeed
times DORy (until the distance between the probe arms isgig. 2. 2D-S particle images from the vertical (V) channel of the
reached), times 1.28 mm. For example, for.40 diameter  2p-S probe and an example of size correction of a donut image
spherical particles and an airspeed of 170 ghe 2D-S  using the Korolev (2007) resizing scheme.
sample volume is 2.8 '8, and for particles-100um , the
sample volume is 12 L8

The true 1Qum resolution of the 2D-S facilitates resizing a variety of techniques. This discrepancy was particularly
of out-of-focus images, which has otherwise been a source oflaring under the very dry tropopause conditions sampled
error that has hampered older 2-D imaging probes (Korolewduring CR-AVE, with the frostpoint and JLH measurements
etal., 1998). Examples of 2D-S images in SVC and re-sizingtypically reporting 1-2 ppmv whereas the ICOS and Harvard
using an algorithm developed by Korolev (2007) are shownWater Vapor instruments report 3—4 ppmv. This discrepancy
in Fig. 2. The algorithm is based on theoretical diffraction in water vapor measurements is germane to this paper, be-
and has been evaluated using images of glass beads in tlrause calculations shown in Jensen et al. (2008) suggest that
laboratory. Results of the Korolev algorithm were comparedwater vapor limits the maximum size to which ice particles
with several sets of bead sizes, and it performed better oran grow before they fall out of the upper region of the TTL.
some bead sizes than it did on others. We examined the data
sets to see if there were obvious physical explanations or sys-
tematic trends that would account for the discrepancies an@ Characteristics of subvisible cirrus
found none. Later in this paper (Fig. 9) we show results of
a PSD that has been resized using the Korolev (2007) algo3.1 Spatial and vertical extent
rithm compared with a PSD computed using only in-focus
2D-S images. Figure 3 shows the WB-57F flight track on the transit flight

Water vapor was measured with multiple instruments on(TF 1) to San Jose, Costa Rica on 14 January 2006, and flight
the WB-57F during the CRAVE flights. The Harvard wa- tracks for five research flights: RF 1 (17 January 2006), RF 5
ter vapor instrument photodissociates@Hmolecules with (25 January 2006), RF 8 (1 February 2006), RF 9 (2 February
121.6 nm (Lymarx) radiation and detects the resulting OH 2006) and RF 11 (7 February 2006). These are flights when
photofragment fluorescence at 315nm (Weinstock et al.there were CPI data available. CPI data were used to iden-
1994). The Harvard ICOS instrument uses a mid-infraredtify regions when the WB-57F was in SVC, because out of
quantum cascade laser at 1484¢rto obtain measurements  all the particle probes, it had the lowest percentage of down
of H20, as well water vapor isotopes, with an effective pathtime and was the most reliable indicator of SVC. Note that,
length of nearly 4km (Sayres, 2006). The Jet Propulsionas described in Section 2, the CPI particle detection system
Laboratory Laser Hygrometer (JLH) is a tunable-diode laseroperates continuously and is sensitive to particlegi0and
focused that operates by harmonic wavelength modulatiodarger. CPI data were also used to determine the shape of
spectroscopy (May 1998). For over 50 years measurementge particles, because of its high-resolution imagery. Both
of water vapor concentration in the TTL have been con-CAPS and 2D-S data were available for TF 1, RF 5, RF 8
ducted using balloon-borne instrumentation, typically frost-and RF 9, and data from these missions were used to com-
point chilled mirrors (Oltmans et al., 2000). A long-standing pute the mean PSD’s and average bulk parameters computed
discrepancy has persisted between the frostpop@ khea-  in SVC. Also shown in Fig. 3 are vertical profiles of the tran-
surements and aircraft-borne® measurements made using sit flight and research flights where the CPI observed SVC.

www.atmos-chem-phys.net/8/1609/2008/ Atmos. Chem. Phys., 8, 1688-2008



1612 R. P. Lawson et al.,: Microphysical properties of subvisible cirrus

Flight Tracks and Position of SVC 200
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Elaiiéad Tis fasoondal Figure 5 shows examples of CPI images in SVC that have

been sorted into particles65um and particles=65um in

Fig. 3. (Top) WB-57F flight tracks during CR-AVE showing (in maXImu.m dllmensm?. Th(; Qﬂnddtlwi?ﬁlonhwas C??ﬁencgﬁ_.
blue) regions where SVC was encountered and (Bottom) vertical(@YS€ V|§ua InSpection showe a. e,s ape ot the Im-
profile showing location of SVC. The color code in the lower panel ages typically changed at about this size. Imagésum

corresponds with the research flight (RF) number shown in the leg2PP€ar to be mostly quas_i-spherical and there is little light
end. transmission through the images. Image85u,m start to

appear disk shaped, with distinctive edges that are not ap-

parent in the smaller spheroidal images. Also, several of the
The data in Fig. 3 show that SVC was frequently observedmages>65um start to take on a plate-like shape. This can
and that it was consistently found between about 53 000 foe seen more clearly in panel a) in Fig. 6, which shows ex-
(16.2km) and 58 000 ft (17.7 km) m.s.l., which correspondspanded views of several of the hexagonal particles. Panel b)
to a temperature range from aboeuf5 to —85°C. in Fig. 6 shows irregular ice particles that appear to have dis-

As suggested in Fig. 3, the WB-57F was generally in andtinctive edges on their basal faces. Panel c) in Fig. 6 shows

out of SVC clouds during its mission profile, and sometimesexamples of CPI images of glass beads taken in the labora-
porpoised from the top to the bottom of the cloud layer. Can-tory, shown here for the sake of comparison. Several of 2D-S
didate regions of SVC were selected when the CPI particldmages of ice particles observed in S¥@00.m are shown
concentration was-0.1 L~1 for >1 km. Once these general inthe companion paper by Jensen et al. (2008).
regions of SVC were selected using CPI data, the general re- The CPlimages in Figs. 5 and 6 are in sharp contrast to the
gions were further subdivided to avoid averaging regions ofonly other known images of ice particles in the TTL, which
clear air with SVC cloud. This was accomplished by divid- were collected on 17 December 1973 using a replicator in-
ing the general SVC regions into flight legs that were choserstalled on a WB-57F research aircraft flying between 16.2
when the average 2D-S particle concentration wad 1 and 16.7 km £83°C to —84°C) over the Marshall Islands
for 5-km or greater without containing a continuous period (Heymsfield, 1986; McFarquhar et al., 2000). Heymsfield
of clear air (2D-S concentratior0.01 L~1) that was 1-km  (1986) shows a few images where the shapes of the ice par-
or greater. This resulted in 19 flight legs that were about 25ticles are mostly columnar and trigonal (with some plates),
to 200 km in length, with one very long leg that extended for ranging in size from about 5 to 50m. The differences
2400 km. Figure 4 shows an example of flight legs that werein particle size and shapes observed in the 1973 Kwajalein
used for making PSD’s from a time series of 2D-S particle and 2006 CR-AVE field campaigns cannot be explained, but

Atmos. Chem. Phys., 8, 160962(Q 2008 www.atmos-chem-phys.net/8/1609/2008/



R. P. Lawson et al.,: Microphysical properties of subvisible cirrus 1613

CPI Images in SVC > 65 um a) .
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a column). However, if it is a tilted plate, it will actually have
a slightly larger aspect ratio. Also, if the prism face is signif-
icantly blurred due to diffraction and optical aberrations, the
dimension of the prism face will be artificially lengthened,
and the aspect ratio will be erroneously decreased.

The aspect ratio of these larger crystals is germane to the
these differences could potentially have a significant impactcrystal growth calculations and relative humidity measure-
on cloud radiative forcing (Stephens et al., 1990; Macke etments presented in a companion paper (Jensen et al., 2008).
al., 1998; Wendisch et al., 2007). The effects of shape orin this paper we choose not to offer an estimate of the largest
particle growth, fall velocity and lifetime are examined in likely aspect ratio of these crystals, since any estimate will
the particle growth model presented in Jensen et al. (2008).contain some degree of ambiguity and will be a subjective

In order to be certain that the CPI images have disk-likeanalysis of thickness of the image edge.
edges that are not an optical aberration, we captured im- Figure 7 shows histograms of particle habits classified by
ages of 8Qum glass beads using the CR-AVE CPI in the a trained analyst for all of the CPI images collected in SVC
laboratory and examined images on all locations in the CPland from only those images65um. The histograms com-
viewing volume. A few images of glass beads that comeparison between particles65um and those>65um shows
the closest to producing what appears to be an edge are alswnsiderably fewer quasi-spheroids in the larger particle his-
shown in Fig. 6. It is apparent from comparing the ice parti- togram and a significant increase in plate-like and edged ir-
cle images in SVC with the images of spherical glass beadsegulars (also note that the “columns” may be plates viewed
that, most likely, the edges are not an optical aberration ofon edge).

a (glass) sphere. Also, we could not find any evidence of The CR-AVE data in SVC observed near Costa Rica con-
disk-like edges upon examining quasi-spherical images of 5Qained a few particles that were significantly larger (by about
to 100um ice particles in anvil cirrus observed during CR- 100xm) and markedly different crystal habits than the ob-
AVE, further suggesting that the disk-like and plate-like SVC servations reported by Heymsfield (1986) over the Marshall
ice particles are real. Islands. The lack of trigonal ice in the CR-AVE SVC data

A geometric analysis of a CPl image (Appendix A) sug- set is curious. The replicator images shown in Heymsfield
gests that the aspect ratio (basal to prism faces) is on the ord¢t986) are clearly trigonal. The CPI images are not quite as
of 6:1. However, it is not possible from this crystal image to sharp as the replicator images, but once particles are larger
determine if the aspect ratio is actually larger than 6:1, be-than about 3@m, trigonal shapes will be clearly identifi-
cause of the amount of blur in the image due to diffractionable, if they exist. Thus, the differences in particle habits
and optical aberrations. For example, the CPIl image in thebetween the Heymsfield (1986) case and the CR-AVE data
lower left frame of the plate-like images in Fig. 6 appears set cannot be attributed to instrumental effects. The data set
to have an aspect ratio of 6:1, assuming it is a plate beingollected in 1973 is 33 years previous to the CR-AVE data,
viewed orthogonal to the prism face (and 1:6 if it is actually and the possibility exists that differences in the moisture field

Fig. 5. Examples of CPI images in subvisible cirrus (SVC) of (top)
ice particles>65um and (bottom)<65 m.
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decades; however, moisture and chemistry instrumentatior T 1
was not installed on the WB-57F for the 1973 flights. =) 10°F
= ] E
3.3 Particle size distributions (PSD’s) and bulk properties ‘5 sl Mass
Distribution
Figure 8 shows PSD’s as a function of number, area and &
mass, based 011800 km of WB-57F flight in SVC during % 10° . .
the four missions discussed in Sect. 3.1. Compared withthe & "~ 4 10 100 300
2D-S mean PSD, there is a sharp drop in the CAPS (CAS) =

Maximum Dimension (um)

mean concentration atgm. The CAS data applies Mie

scattering theory to size particles, and implicit in Mie the- ¢y g psp's of (top) number concentration, (middle) area and
ory is the assumption that the particles are perfect spheregpottom) mass based on1800km of WB-57F 2D-S and CAPS
Since the CAS is sizing ice that is not perfectly spherical, measurements collected in SVC. Green trace is interpolated be-
the sizing uncertainty is unknown. Also, it uses three stagesween 5um CAS and 1Qum 2D-S size bins.

of gain amplifiers, and the transition from one of the stages

to another occurs at/m (where the dip starts in the CAPS

PSD). We chose to use the 2D-S PSD in the size region fronparticles>100um in the CR-AVE data set and only a few
10 to 30um region and interpolate between CAS and 2D- of these were in focus, so a comparison using the CR-AVE
S between 5 and 10m. Figure 8 shows that, compared data set would not produce adequate statistics. Instead, a
with the 2D-S, the CAPS indicates a higher concentrationvery large data set (137 222 total 2D-S images with 5601 im-
in the size range from 50 to 1%0m, and that it recorded ages>100um) collected in drizzle during the 2005 Rain in
particles as large as 226n, while the largest 2D-S particle Cumulus over the Ocean (RICO) experiment was processed.
was 165um. Both the CAPS and 2D-S data were processedlhe RICO drizzle images appear very similar in shape to the
using image-resizing schemes based on Korolev (2007). Ajuasi-spherical SVC images.

check on 2D-S resizing was accomplished by comparing a Figure 9 shows the results of comparing PSD’s using only
PSD of infocus images with resized images using the Ko-infocus 2D-S images with all images processed using stan-
rolev (2007) technique. However, there were only 18 2D-Sdard 2-D technique (i.e., the maximum image dimension

Atmos. Chem. Phys., 8, 160962(Q 2008 www.atmos-chem-phys.net/8/1609/2008/
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Table 1. Bulk properties of SVC observed by the WB-57F on 4 missions. Means and standard deviatians §én average of 8738 1-Hz
averaged measurements collected by WB-57F from 19 legs in SVC. Max and Min are leg-averaged maximums and minimums of the 19 legs.

Mean o Max Min
Particle Concentration (No. 66.0 30.8 188.8 225
L1
Particle Concentration 0.004 0.017 0.08 0.00
>65um (No. L™ 1)
Reff (xm) 8.82 2.44 16.7 5.51
Extinction (knt1) 0.009 0.011 0.063 0.002
IWC (mg m~3) 0.055 0.098 0.503 0.012

across the array) and images resized using the Korolevh1045
(2007) scheme. Appendix B discusses sizing errors using~, 3
only infocus images, which will usually resultin a PSD with 5
the smallest particle sizes. In Fig. 8, using infocus images = 10°;

does produce the smallest PSD, while the PSD producec'!

based on the Korolev (2007) algorithm falls between the in- ;_cp’ 2

focus and standard processing PSD. Based on the compal":' 10 ﬁfl

isons shown in Figs. 8 and 9, it appears that the 2D-S pro- ,©

duces more reliable information in from 10 to 166 (the E 107:

largest 2D-S particle size observed), and therefore the 2D-S & ] Standard 2D

data are used in that size range. 8 . 1Only Infoc us/ :I-| Processing
McFarquhar et al. (2000) show data in SVC from a Par- S ® Images /

ticle Measuring Systems (PMS) axially scattering spectrom- (&’, 1

eter probe (ASSP) with a size range from 2 to30, and o 107

PMS 1-D probe that is intended to size particles from 20 to £ KorGley (2007)/

300um. However, recent studies (Lawson et al., 2006) sug- n“.: ; Gl

gest that the slow time response of the 1-D probe, whichuses 1077 ""/a™ "~ "J667 ' 500

a diode array and front-end amplifier comparable to the 2D- Maximum Particle Dimension (um)
C, limit its response to particles larger than about L@0at
the Learjet airspeeds used in that study. The PSD shown it 9. Comparison of PSD’s from drizzle observed in the RICO
Fig. 1 in McFarquhar et al. (2000) extends from 2 tq.ds, project using (green) standard 2-D processing technique, (red) only
with some 1-D probe activity in the 20 to pn size range. in-focus 2D-S images and (blue) images that have been resized
However, these are likely to be much larger particles that aréased on the Korolev (2007) algorithm.
undersized due to limitations imposed by the time response
of the 1-D probe. Interestingly, the ASSP PSD that extends
from 2 to 15um shown by McFarquhar et al. (2000) is sim- ticles are spherical and the density of ice is 0.918 gem
ilar to the composite CR-AVE PSD shown in Fig. 8, (but it Effective radius is computed by dividing particle mass by
is not similar to the CAS PSD alone). Figure 8 also showsparticle projected area. Particle projected area is simply the
average composite PSD’s as a function of particle area andumber of shaded pixels and particle mass is computed us-
particle mass. The particle area size distribution strongly in-ing the particle area-to-mass relationship found in Baker and
fluences optical cloud properties, such as extinction and opt.awson (2006).
tical depth. The particle mass size distribution has an impact The average particle concentration (664, extinction
on ice water content (IWC) and ice water path. coefficient (0.009km?'), effective radius (8.82m) and

The average bulk properties shown in Table 1 were derivedWC (0.055 mg n73) are very close to values derived from
by computing a time-weighted average from each of the 19graphs shown in McFarquhar et al. (2000). McFarquhar et al.
WB-57F legs in SVC (i.e., the sum of the number of 1-Hz measured IWC values from 0.001 to 0.1 mgiand show
data points in each leg times the leg average divided by totahn average value of about 0.05 during a descent through SVC
number of data points in all legs). Extinction is computed in their Fig. 2. They measured a value of abougd1 for ef-
from 2D-S projected particle image area and the geometric$ective radius on the same flight. Based on cloud lidar system
optics assumption. IWC is computed assuming that the parCLS) measurements from the NASA ER-2 research aircraft,
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While the larger particles occasionally observed during

250 T T T
< 22 January 2006 o CR-AVE do not have a significant impact on bulk microphys-
200}032 £ et S ical properties, they do raise the question of how such rela-
_ g < & tively large particles can exist near the tropopause. Jensen et
® 150024 & 2 col300 & al. (2008) use back trajectory analysis to show that the crys-
1.3 g § § tals did not originate in convection. The large-scale vertical
O g ascent velocity in the TTL has been estimated to be low, on
8 g G} & the order of a cmst or less (Heymsfield, 1986). Growth-
i & | - % sedimentation calculations suggest the crystals cannot grow
g ‘ o to these sizes before falling out of the supersaturated TTL
ol ‘ L . _j \ & Tk layer unless the ice supersaturations are on the order of 100%
70000 71000 72000 73000 or more (Jensen et al., 2008). This gives rise to discussions
Time ({seconds from Midnight) of discrepancies in results from different water vapor mea-

surement technologies that are used in the TTL.

Fig. 10. Example of time series of 2D-S particle concentration, Ball b ts of frostooint t ¢ .
temperature and ICOS Rid. alloon-borne measurements of frostpoint temperature in

the TTL began in 1949 (Barrett et al., 1950) and have been
. considered the only reliable technology until the recent de-
McFarquhar et al. show a mean valuesi0.045 for opti- velopment of tunable diode and quantum cavity lasers (May,

cal depﬂl’ ?%Szg kon EET _ave\rEgBeSSIES clou_d_thickness meal'998; Sayres, 2006) The growth of large ice particles and
surement of ©. m. Using i POTpOISING MANCUVETS, \; 41iq process is affected by measurements of water vapor

tobeszlrg:;tet SYE thlclﬁpesst n CIRI'AVE yields zti_ ra:nge ftrhomfin the TTL is the subject of a companion paper (Jensen et
about Lo 1o Lkm, which transiates to an oplical depth o al., 2008). In this paper we consider some relationships be-

0.045100.09. . . . . tween ice particle size and water vapor measurements from
Jensen and Pfister (2004) simulated formation of TTL cir- the 1COS

rus along trajectory curtains throughout the tropics using a

detailed cloud model. Temperature profiles in the model Figure 10 shows a time series with REl temperature,
were taken from meteorological analyses with wave-driventotal particle concentration and total particle surface area
perturbations superimposed. The model tracks the growtlon 22 January 2006 where appreciable ice is only found at
and sedimentation of thousands of individual ice crystalsRHice>150%, and even higher values of R¥correspond
within each column of air (see Jensen and Pfister, 2004, fowith the lowest values of both total particle concentration
details). The simulated mean ice concentration (55land  and total particle surface area. Extensive measurements of
effective radius (7.m) agree remarkably well with CR- water vapor in mid-latitude cirrus at temperatures40°C

AVE measurements (Table 1). Note that if we do not in- in both the Northern and Southern Hemispheres show that
clude gravity wave-driven temperature perturbations in themore than 75% of the measurements in both hemispheres
model, then the simulated ice concentrations (18Lare range between 90%RHi.<110% (Ovarlez et al., 2002).

much lower than the observed values (66 The authors suggest that the predominance of&H 00%
measurements is a result of an equilibrium condition in these
3.4 Large particles cirrus clouds. In contrast, Fig. 11 shows that more than

half of the CR-AVE ICOS Rk} measurements in SVC
The ice particles observed in SVC during CR-AVE extend t0 exceeded 160%, which Koop et al. (2000) suggests is the
larger sizes than previously reported by Heymsfield (1986)yalue at which homogeneous nucleation occurs. Murphy
McFarquhar et al. (2000) and Thomas et al. (2002). Theregt a1, (2006) and Murphy (2007, personal communication)
were 35 measurements out of a total of 8738 1-Hz 2D-Sreport that TTL aerosols are composed mainly of sulfates
measurements that contained ice partictd90.m, and the  mixed with organics. The obvious differences between the
maximum infocus particle size observed is 166. The  mijd-latitude cirrus data and our observations are the colder
maximum length of the largest CPl image is 3. How-  temperatures and aerosol chemistry in the upper TTL. How-
ever, the previous investigations were incapable of properlyever, there are no obvious physical mechanisms that explain

measuring these larger particles (with the possible excepthe observed SVC particle sizes and shapes.
tion of the replicator used by Heymsfield, 1986). McFar-

quhar et al. do mention that collateral studies in 1973 with

the Aeromet Learjet near Kwajalein in the Marshall Islands

using PMS probes report ice particles up to 140 in thin LA workshop that focused on discrepancies between balloon-
cirrus between 14 and 15 km (45 000 and 49 000 ft), but thes@orne frostpoint and laser-based measurements of water vapor and
clouds are much lower than the SVC that exists at the base dfther aspects of the TTL was convened by NASA in November
the tropopause. 2006.
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Fig. 11. Histogram of 8560 ICOS Rjg measurements in SVC
when RHge exceeded 100%.

Fig. Al. Zoomed view of CPI image of ice particle shown in Fig. 6.

See text for explanation of lines and numbers.
4  Summary

During the 2006 CR-AVE project staged from Costa Rica, et al. (2008) show that, for crystals with aspect ratios of 6:1
the NASA WB-57F often observed SVC in the tempera- or less, 3 to 4 ppmv water vapor (i.e., about 200% to 250%
ture range from-75° to —85°C within about 1km of the  RH. at—85°C) is necessary to grow ice particles with sizes
tropopause between about 0 and W0 atitude. The average on the order of 10m within about 500 m of the tropopause.
ice particle number concentration (661), extinction coef-  Also, chemistry measurements near Costa Rica in 2004 and
ficient (0.009 knt?), ice water content (0.055mgm), ef-  during CR-AVE suggest that the TTL is composed mainly of
fective radius (8.82zm) and optical depth (0.045 to 0.09) are sulfates mixed with organics (Murphy et al., 2006; Murphy,
similar to values computed from in situ measurements ovelpersonal communication, 2007). Nucleation and growth of
the Marshall Islands by McFarquhar et al. (2000). However,ice particles at-85°C in the presence of sulfates mixed with
CPI images of the ice particles observed in CR-AVE weregrganics and very high relative humidity are mechanisms that
markedly different, with 84% of the particles being quasi- need to be investigated more thoroughly.
spherical, and particles larger than aboutu®® exhibiting
disk-shaped and hexplate characteristics. In comparison,
McFarquhar et al. (2000) report a 50% mixture of columns pAppendix A
and trigonal plates (based on Heymsfield, 1986, replicator
data collected in 1973). Calculation of particle aspect ratio from CPI images
Also, the size of CR-AVE patrticles extended to 1a%,
while McFarquhar et al. (2000) found the largest particles inTwo-dimensional particle imagery (e.g., CPI images) lim-
TTL SVC were 5Qum, in both the 1973 WB-57F study and its the amount of three-dimensional information retrievable
an investigation in 1993 using a Learjet. While the CR-AVE from any given image. However, the aspect ratio (an essen-
measurements covered a large region around Costa Rica, neially two-dimensional quantity) can be estimated from some
ther the CR-AVE measurements nor the 1973 measuremeniSPI images that view the crystal from a fortuitous angle. Es-
near Kwajalein should be considered representative of SVGimates of particle aspect ratio (i.e., ratio of dimensions of
in general, since SVC occurs in several places around th@asal to prism faces) based on a CPlimage from the CR-AVE
globe and more data need to be collected. data set that reveals three-dimensional qualities are discussed
The apparent difference in particle size between thein this Appendix.
Heymsfield (1986) data and recent CR-AVE measurements Figure Al shows a magnified and rotated view of the crys-
may be due to limitations of the PMS 1-D probe used in thetal third from the left in the top row of images in Fig. 6. The
earlier studies (Lawson et al., 2006). However, the differencecrystal appears to be a hexagonal plate viewed from such an
in the shape of the particles appears to be real and is not rea@dngle that a basal face and at least two prism faces are seen.
ily explained. One possible difference is that very high rela- Assuming hexagonal symmetry an estimate of the view di-
tive humidity (in excess of 200%) observed by the WB-57F rection and thus of the aspect ratio can be made. Drawn over
during CR-AVE was not present in the 1973 case reportedhe image in Fig. Al are yellow lines approximating the lo-
by Heymsfield (1986). Based on a nhumerical model, Jensemations of the six edges of the basal face. The relative (i.e.
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Table B1. Dy, is the observed size along the arrdy, is the smallest possible image size (i.e., the actual particle when in focu),aAti0
is the largest possible image size given errors discussed in the text.

Dm Du—=10  Ds/(Dp—10) Z; (D—10)D, D, Dy +10
50.000 40.000 0.375 2.420 1.166 34.299 60.000
75.000 65.000 0.231 1.810 1.412 46.030  85.000
100.000 90.000 0.167 1.058 1.142 78.800 110.000
125.000 115.000 0.130 0.900 1.238 92.894 135.000
150.000 140.000 0.107 0.709 1.191 117.570 160.000
175.000 165.000 0.091 0.580 1.143 144.403 185.000

arbitrary units) lengths of these lines are indicated in yellow 1.

as well. Opposite edges of the basal face are similar in lengt
as expected by symmetry.

Uncertainty due to the effective pixel size of the photo
diodes in the sample volume. For the 2D-S the effective
pixel size is 1Qum.

h

Let A represent the average length of the shortest pair of

basal edges (i.e. 39.5B represent the average of the mid-
length pair (i.e. 86.5), and the average of the longest pair
of edges (i.e. 99.5). Leb represent the angle between the

normal to the crystal’s basal face (i.e. the c-axis) and the view

direction and? the angle between the red line in the plane of

the basal face and the projection of the viewing direction onto 3

the same plane. Ldt represent the true length of the edges

(in the same arbitrary units). Basic trigopnometry assuming a

hexagonal plate yields:

AZ/L2 — co(®) co2(0) + Sirk(O)

B? / L% = co(®) co2(60 — ©) + sin?(60 — ©)
CZ/LZ — co2(d) co2(60+ O) + SirA(60 + ©)

Solving these equations for the valuesqfB, andC speci-
fied, yields:L~106,0~8°, andd~70°.

The pink line represents the thickness of the plate from

the view angle. It's length (36), in the same arbitrary units,
must be divided by sir#) to obtain an estimate of the actual
thickness TH). The aspect ratio is then the ratio ot/ AH

2. Uncertainty in the calibration of effective pixel size
due to uncertainty in the laboratory calibration of glass
beads used to determine effective pixel size. Based on
discussion with the bead manufacturer, Duke Scientific,
this uncertainty is about 5% of the image size.

An image can be somewhat out of focus, thus enlarged,
and still appear in- focus (all image pixels are black;
no white pixels in the center). Using the tables found
in Korolev (2007), the result depends on the size of the
image rather than being a fixed value, or fixed percent-
age as discussed above in items 1 and 2. Estimates of
the maximum error are shown as function of image size
in Table B1, based on the following discussion.

Table B1 shows calculations of actual image siz&s)(

for six apparent image size®f,=50, 75, 100, 125, 150,
175um) that are slightly out of focus, but not sufficiently
to produce a white (Poisson) spot in the middle of the im-
age. For item iii, the error is always in the direction of an
overestimation of the size. Therefore we find the maximum
overestimation, minimum size, possible by first assuming the
effect of (1) above has caused a i overestimate of the

or about 5.5:1. The largest uncertainty is in the choice of2PParent size, and then assuming it is also out of focus as

the thickness (pink line). Figure 6 shows that the CPI optics

can blur edges making them look thicker than they are. If

much as possible and still not have a spot. The 3rd column

in Table 1 is the ratio of the spot sizd]()] to apparent size,

this is causing an exaggeration of the thickness then we mafffom Korolev, 2007). Using); of 15.m yields az, (nor-

be underestimating the aspect ratio. Therefore, we conclud
that the aspect ratio of this crystal is on the order of 6:1.

Appendix B

Uncertainty in the size of ice particle images

B1 2D-SImages

Malized distance from the focal plane from Korolev, 2007;

Table B1 column 1) and the ratio of apparent size to actual
size (from Korolev, 2007; Table B1 column 2, our column 5),

from which D, is computed. The maximum underestima-

tion, or maximum possible size, is estimated gsHDO.

B2 CPlimages

Unlike the 2D-S probe, the CPI is designed to maximize de-
tection and imaging of only infocus images. It is, however,

For 2D-S images that appear to be in focus (i.e., all pixels argossible for CPI images to be out of focus, but unlike the 2D-
black; there are no white pixels in the center), there are thre& probe that has only one gray level (i.e., black), the CPI im-

sources of uncertainty. Each are considered in turn below:

Atmos. Chem. Phys., 8, 160962(Q 2008

ages particles with 256 gray levels. This significant increase
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in shading allows the eye to readily identify CPl images thatField, P. R., Wood, R., Brown, P. R. A., Kaye, P. H., Hirst, E.,
are infocus, especially when the images have relatively sharp Greenaway, R., and Smith, J. A.: Ice particle interarrival times
corners and regular structures, such as the plates shown in measured with afast FSSP, J. Atmos. Oceanic Technol., 20, 249—
Fig. 6 in the text. Thus, uncertainty in the size of infocus CPI _ 261, 2003. , _ .
images reduces to the pixel size (zﬁm) plUS the amount of Field, P R., Heymsflelq, A. J., and Bansemer_, A.: Shatterlng and
blur that results from optical aberrations. Based on labora- Particle Interarrival Times Measured by Optical Array Probes in

t luati th t of blur i fi ) ated to be equiva- Ice Clouds, J. Atmos. Oceanic Technol., 23, 1357-1371, 2006.
ory evaluation, e.amoun orbluris es !m .QUIV- Folkins, I., Loewenstein, M., Podolske, J., Oltmans, S. J., and Prof-
lent to about one pixel, so the total maximum uncertainty in

; ; - . fitt, M.: A 14 km mixing barrier in the tropics: Evidence from
CPlimages that are in focus is estimated to be abguh5 ozonesondes and aircraft measurements, J. Geophys. Res., 104,

22095-22102, 1999.
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