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Abstract. The knowledge of properties of ice crystals such tions that climate could be modified through aerosol seeding
as size, shape, concavity and roughness is critical in the corto reduce cirrus cover and optical depth, as the seeding may
text of radiative properties of ice and mixed-phase clouds.result in decreased shortwave reflectivity.

Limitations of current cloud probes to measure these proper-

ties can be circumvented by acquiring two-dimensional light-

scattering patterns instead of particle images. Such patterns

were obtained in situ for the first time using the Small Ice 1  Introduction

Detector 3 (SID-3) probe during several flights in a variety

of mid-latitude mixed-phase and cirrus clouds. The pattern<Cloud feedbacks remain the largest source of uncertainty in
are analysed using several measures of pattern texture, sgelimate models. In particular, uncertainties exist concerning
lected to reveal the magnitude of particle roughness or comthe radiative forcing of clouds containing ice crystals, most
p|ex|ty The retrieved roughness is Compared to values obnotably cirrus. |ndeed, whether cirrus clouds warm or cool
tained from a range of well-characterized test particles in thehe Earth surface depends critically on ice crystal morphol-
laboratory. It is found that typical in situ roughness corre- 09y among other factors. Reducing this uncertainty requires
sponds to that found in the rougher subset of the test particleé%'eta”ed in situ characterization of cloud particles, so that the
and sometimes even extends beyond the most extreme valug§attering properties of the clouds can be correctly repre-
found in the laboratory. In this study we do not differentiate S€nted in models. Also, detailed knowledge of the scatter-
between small-scale, fine surface roughness and large-scalled properties of various cloud particle types is needed for
crystal complexity. Instead, we argue that both can have simaccurate retrieval of cloud microphysical properties from re-
ilar manifestations in terms of light-scattering properties andmMote sensing (Baran, 2012; Guignard et al., 2012). One of
also similar causes. Overall, the in situ data are consistenth® main barriers to achieving these goals is the inability of
with ice particles with highly irregular or rough surfaces be- cloud probes to determine the contribution of small ice crys-
ing dominant. Similar magnitudes of roughness were foundtals (that is crystals smaller than about 50 um) to the total dis-
in growth and sublimation zones of cirrus. The roughnesstribution. This is due to crystal breakup on the inlets of these
was found to be negatively correlated with the halo ratio, butProbes (Field et al., 2006) and their inability to resolve pre-
not with other thermodynamic or microphysical properties cisely the size and shape of small ice crystals because of the
found in situ. Slightly higher roughness was observed in cir-conflicting demands of high optical resolution and large sam-
rus forming in clean oceanic air masses than in a continentaPle volume (Ulanowski et al., 2004; Connolly et al., 2007;
polluted one. Overall, the roughness and complexity are ex<aye et al., 2008; Bailey and Hallett, 2009).

pected to lead to increased shortwave cloud reflectivity, in There is also growing evidence, most of it indirect or
comparison with cirrus composed of more regular, smooth{fom remote sensing, that atmospheric ice crystals tend to

ice crystal shapes. These findings put into question sugged1ave shapes departing from idealized geometries based on
perfect hexagonal prisms. Typically, aircraft and satellite
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measurements of cirrus radiances show featureless phadeacing with Diffraction on Facets (RTDF) model (Clarke
functions, which are not consistent with the idealized geome-et al., 2006; Kaye et al., 2008; Hesse et al., 2009, 2012). Ice
tries (Foot, 1988; Baran et al., 2001; Field et al., 2003; Baranpatrticle roughness can also be obtained, as evidenced by ex-
2004; Garrett, 2008; Baran, 2012). Korolev et al. (2000) con-perimental patterns from fluorosilicate ice analogue crystals
cluded that the majority of ice particles in mid-latitude strat- with smooth and rough surfaces, which show distinct differ-
iform clouds observed during several campaigns were of ir-ences: while the former have sharp, well-defined bright arcs
regular shape. Roughness may have been responsible for uand spots, the latter have much more random, “speckled” ap-
expectedly low values of the asymmetry parameter measuredearance (Ulanowski et al., 2006). The average size of the
in ice clouds by Garrett et al. (2001). Gayet et al. (2011)speckle spots is inversely proportional to particle size, offer-
found prevalent particles with imperfect or complex shapesing a calibration-free method for particle sizing (Ulanowski
at the trailing edge of mid-latitude frontal cirrus, while the et al., 2012).
leading edge was dominated by more regular plates that pro- Here we focus on the application of 2-D scattering pat-
duced a 22 halo signature. For one full day of PARASOL terns to retrieving the roughness of atmospheric ice parti-
data over ocean, very rough faceted particles provided amles. We use the first airborne data from the SID-3 probe, ob-
improved fit to polarized reflectances (Cole et al., 2013). Intained in mid-latitude cirrus and mixed-phase clouds during
a study by Baum et al. (2011) some space-borne depolathe UK Met Office CONSTRAIN campaign in 2010. Several
ization lidar measurements could be explained by modellingfeatures of the patterns are used to assess the roughness of
ice crystals with rough surfaces. Best fits to data obtained bythe corresponding ice particles. The features are compared to
Lampert et al. (2009) in Arctic ice cloud were consistent with those obtained from natural and artificial particles of varying
deeply rough hexagonal ice crystals. Measurements using theurface roughness and complexity. We then examine possi-
polar nephelometer indicated that the surface of Antarcticble causes of the observed roughness. In addition to growth
ice crystals was deeply rough (Shcherbakov et al., 2006) . Irprocesses we also consider sublimation, since ice surfaces
Arctic mixed-phase clouds Jourdan et al. (2010) found a mixcan become rough during rapid sublimation (Cross, 1969;
of droplets and deeply rough droxtal-shaped ice crystals; buKobayashi and Ohtake, 1974; Pfalzgraff et al., 2010). This is
the droxtal particles were considered as surrogates for smationtrary to what currently appears to be the prevailing view,
irregular ice crystals. which postulates that atmospheric ice crystals merely be-
It is important in this context that particle roughness cancome rounded (Nelson, 1998). We investigate this dilemma
dramatically alter the scattering properties of ice crystals. Foby examining in situ cloud data as well as laboratory cases of
example, it can significantly reduce the asymmetry parameerystal sublimation and dissolution.
ter (Yang et al., 2008; Ulanowski et al., 2006). Roughness Due to limitations of in situ cloud probes, little is known
may also account for the relative rarity of ice halos (Yang about the detail of surface structure of atmospheric ice crys-
and Liou, 1998; Mishchenko and Macke, 1999; Ulanowski, tals, although some attempts have been made to quantify it
2005). Therefore it is important to quantify fine detail of in the laboratory (Neshyba et al., 2013), and it has been pos-
ice crystal geometry, currently beyond the reach of imagingtulated that it may be anisotropic in nature (Shcherbakov,
cloud probes (Ulanowski et al., 2004; Connolly et al., 2007;2013). Speckle techniques for the quantitative measurement
Bailey and Hallett, 2009), although there are indications thatof roughness depend on assumptions about the vertical sur-
a new generation of probes using incoherent light may beface height distribution (roughness amplitude or variance)
able to resolve at least some of the detail (Schon et al., 2011)and autocovariance function (horizontal correlation length).
It is possible to circumvent the optical resolution limita- Moreover, particle surface roughness, as represented by pa-
tions of imaging probes by acquiring light-scattering “pat- rameters such as the amplitude of variance of surface height,
terns” instead of images. Such patterns can be obtained frors not in general related in a simple, linear manner to speckle
relatively large sample volumes, as there is no sharply deproperties, except for low roughness, smaller than the wave-
fined image plane to limit resolution. Several light-scatteringlength of light (Goodman, 2007). For these reasons, fully
cloud probes, jointly known as Small Ice Detectors (SID) quantitative measurement of roughness cannot yet be ob-
have been developed over the last decade at the Univetained with the available data. Consequently, in this work we
sity of Hertfordshire. Successive models obtain scatteringfocus on semi-quantitative, exploratory analysis and compar-
patterns with progressively higher angular resolution. Theisons between data from atmospheric ice and test particles
earlier designs rely on multi-element detectors measuringvith known geometry. Furthermore, whilst the average area
mainly the azimuthal scattering, while the most recent,of speckle spots is known to be inversely proportional to the
collectively known as SID-3, acquire high-resolution two- size of the scattering particle, the width of the intensity “en-
dimensional (2-D) scattering patterns (Kaye et al., 2008).velope” of the speckle pattern is expected to be related to
Two-dimensional scattering patterns offer high potential forthe transverse scale of surface roughness (Ulanowski et al.,
detailed particle characterization. It is possible to recover the2012). This may in the future allow the recovery of such
shape, size and orientation of small ice particles by com-scale from speckle patterns, but further research is needed
paring such patterns to scattering models such as the Raip this area. In the meantime, we limit ourselves to treating

Atmos. Chem. Phys., 14, 16494662 2014 www.atmos-chem-phys.net/14/1649/2014/



Z. Ulanowski et al.: Incidence of rough and irregular ice particles 1651

2 w y
(=3 N~

S ©

o o

zZ P4 §

o <

S Q© [

o] o

n (e}

® ®

x x

Q [0]

(8] (S

e e

> >

o o

(%] L (%)

- . -

O [ 10000 LIS Y 10000 Q

< | 9000 \ " ‘ ~, 9000 <

1% _A [}

i ~ 8000 2

Q Q

% 7000 g

= 6000 =

12 12 00 12 00 12 00 12 00 12 S(lJ 12
01/27 01/26 01/25 01/24 01/23 09/28 09/27 09/26 09/25 09/24

Fig. 1. 5-day backward air mass trajectories for cirrus flight B504 Fig. 2. As Fig. 1 but for cirrus flight B558 ending at 12:00 UTC on
ending at 12:00 UTC on 27 January 2010, computed for final alti-28 September 2010, computed for final altitudes of 8500, 9500 and
tudes of 9000, 9500 and 10 000 m. The lower panel shows the alti10 500 m.

tude above ground level in metres.

a congested, supercooled cumulus; it was profiled up to cloud
in the same way particles that may be characterized by diftop near 3 km. Most of the flights were in prevailing oceanic
ferent transverse scales of roughness. This may include finegir mass, with the exception of B558. Air mass origin was
wavelength-scale roughness at one extreme, and large-scafietermined using trajectory analysis. Five-day back trajecto-
complexity at the other extreme. ries were computed using the NOAA HYSPLIT model with

GDAS meteorological data, using vertical model velocities

(Draxler and Rolph, 2003). The trajectories for flights B504
2 Methods (oceanic air mass) and B558 (continental air mass) are shown

in Figs. 1 and 2, respectively.

The first in situ cloud data from the SID-3 probe were ob- SID-3 was flown in a PMS-style canister on the FAAM
tained during the UK Met Office CONSTRAIN campaign in research aircraft. The probe has “open” geometry similar to
Scotland in January and February 2010, with another case5ID-2 — Fig. 3. This design minimizes the incidence of ice
flight B558, in south-eastern England in September 2010particles shattered on the probe housing (Cotton et al., 2010,
Three flights in this analysis — B503 (25 January), B5042013). Specifically, during CONSTRAIN shattering was not
(27 January) and B558 (28 September) — sampled cirrusthought to be important for SID-2 (Cotton et al., 2013). Since
and two, B505 (29 January) and B509 (16 February) mixed-SID-3 has very similar geometry, it is unlikely that shattering
phase clouds. The cloud sampled was mostly mid-latitudecould have influenced the measurements significantly. Parti-
stratiform cirrus associated with fronts within cyclonic sys- cle triggering (two photomultipliers defining the sample vol-
tems. The aircraft sampling pattern consisted of a series ofime), incident illumination (532 nm wavelength laser beam)
level runs each separated in altitude by 1000 ft, and rangednd sample volume definition are also similar to SID-2 (Cot-
from near cloud top to below cloud base. The cirrus cloudton et al., 2010). However, the main detector of SID-3 is an
top temperatures were arourés0°C and the cloud base intensified CCD camera (Photek Ltd, UK) producing images
around—30°C. Observations near the cloud base included780 by 582 pixels in size. The gain of the intensifier, and
sublimating particles. The relative humidity with respect to hence the resulting image brightness, can be varied under
ice, using the General Eastern chilled mirror hygrometer wassoftware control. The camera delivers 2-D scattering patterns
mostly between 80 and 110 % throughout the depth of thefrom single particles at rates up to 30 per second, depending
cloud. The highest altitude reached during these flights wa®n configuration. Since the sampling volume for the airborne
10.9 km. Flight B509 was also in a frontal origin cloud, but instrument is typically about 50 mL$ in flight, not all par-

its base was much lower(1 km) so it was mixed phase; it ticles can be captured as 2-D patterns at higher concentra-
was profiled up to cloud top near 4.5 km. Flight B505 was in tions. However, data from the trigger channels are recorded,
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Images of ice crystals were obtained in the presence of wa-
ter vapour in the SEM chamber (presserd0 Pa) with only
residual amounts of air. lce was grown from water vapour on
a metal substrate on a Deben Ultra Peltier-cooled cold stage,
Sensing ‘ and sublimated by increasing the substrate temperature.
Image texture can be quantified using statistical measures,
e.g. the grey-level co-occurrence matrix (GLCM), which
deals with spatial relationships of pairs of grey-value pix-
els (Haralick et al., 1973). Previously, GLCM was applied to
retrieving surface roughness from laser speckle images (Lu
etal., 2006). Initially, four GLCM features were chosen: con-
trast, correlation, energy and homogeneity. They were calcu-

Imaging and 4

Image
folding d

intensifier

Camera

Jg{gggr lated for nearest neighbour pixels in four directions (Haral-
(one of two) ick et al., 1973). In addition, image entropy and two mea-

sures relating to image brightness distribution, rather than
texture, were examined: the ratio of root-mean-square bright-
Fig. 3. Schematic vi(_aw of the h(_ead_ of the SID-3 inst_rume_nt. _Oply ness (RMS) to its standard deviation (SD) (RMS/SD; Jolic
a smalllpart of the |nsFrument inside the PMS canister is V|S|bleet al., 1994), and kurtosis (defined as fourth moment about
ELoéNercggr;t)é Z?teh:?;':m?magﬁf shown is positioned 17.4mm fromthe mean divided by the 4th power of the standard devia-
' tion). We emphasize that, while the GLCM depends on spa-
tial structure of the image (relative brightness of neighbour-
ing pixels), RMS/ SD and kurtosis do not (they describe only
including amplitude histograms, allowing some reconstruc-the statistical distribution of brightness over the entirety of
tion of particle number concentrations. Receiving optics col-the image), so they express somewhat different properties
lect the scattered light over an annulus covering scatteringf speckle. To calculate the measures, only the pixels from
angles from 6 to 25 sufficient to encompass the 2Balo SID-3 image within the 6 to Z5scattering angle range were
scattering from ice prisms, but with the central low-angle used, i.e. only within the image annulus. The measures were
area obscured by a beam stop. Several instruments based calculated for SID-3 2-D patterns obtained from a range of
this principle have been constructed, including both airbornetest particles: smooth and rough ice analogues and mineral
and laboratory versions (Kaye et al., 2008). The camera im-dust grains, and correlated with a semi-quantitative measure
ages of the 2-D patterns were digitized in this study as 8-bitof particle roughness. We also examined the sensitivity of
compressed JPEG files, although the system is also capabthe same measures to potential bias sources, including image
of producing lossless 12-bit TIFF files. Since the 8-bit bright- noise, saturation, particle size, shape and orientation, and im-
ness is quite narrow in terms of dynamic range, and the in-age intensifier gain (hence image brightness). Various image
tention was to collect images from small as well as larger icenormalization and averaging schemes were compared too,
particles, the intensifier gain was switched every three secand the chosen one involved scaling mean image brightness
onds between two values differing typically by a factor of to 10 on the 0—255 scale.
10. Of the four GLCM features, energy was found to have the
In addition to in situ data, SID-3 2-D patterns were also strongest correlation with particle roughness and was most
obtained from a variety of single test particles in the labo-robust with respect to the potential bias sources. It is rele-
ratory. For these measurements, rough and smooth mineraknt that the GLCM energy also shows good correlation with
dust grains (Ulanowski et al., 2012) and ice analogue crystoughness in the context of laser speckle from flat surfaces,
tals (refractive index of 1.31) with smooth surfaces, roughand is most robust with respect to variation of “the setup con-
surfaces or complex structure were used (Ulanowski et al.figuration, the position, and the orientation of the surface to
2003, 2006). They were deposited on anti-reflection coatede measured” (Lu et al., 2006). So only this GLCM feature is
glass windows with specified reflectance < 0.2 % per surfacereported henceforth. Similar performance characterized the
Test particle size was obtained from optical microscopy im-remaining measures: entropy, RMS/SD and kurtosis; but
ages taken in the same particle orientation as in the scattedifferent measures showed sensitivity to different sources of
ing data. Most of these particles were also visualized usingoias. For example, entropy was more sensitive to gain, par-
scanning electron microscopy (SEM). Detalils of the particlesticle size and noise in the images, so it was not included
are given in Table 3. SEM images of most of the test par-in further analysis. Kurtosis on the other hand was sensi-
ticles were taken using a JEOL-5700 environmental SEM tive to detector gain (image brightness). A “combined rough-
and of dissolved ice analogues using a Camscan CS44 SEMwess” measure was also defined, composed of the most robust
All SEM images were obtained with backscattered electronmeasures, energy, RMS/SD and the base 10 logarithm of
detectors under low vacuum and without specimen coating.
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Fig. 4. Combined roughness measure of test particles plotted agains

subjective roughness (see Sect. 2). A wider range of particles tha

in Table 3 was tested. Fig. 5. Six randomly selected SID-3 patterns from ice particles seen
during CONSTRAIN cirrus (top) and mixed-phase (bottom) flights.

kurtosisk, as follows:

0.7—2E/3— (logK)/6+ (RMS/SD)/4000 (1) hygrometer, built and maintained by the UK Met Office
(Keramitsoglou et al., 2002; Fahey et al., 2009).
The signs in front of the individual terms reflect the signs = The so-called “halo ratio” (HR) is a quantitative criterion
of the correlations with roughness: negative for energy andg characterize the occurrence of the 22lo peak. It is de-
kurtosis and positive for RMS/SD. fined by the ratio of the scattered energy values measured
The combined roughness measure was weighted so thaj the scattering angles of 2and 185°. As such, it is sen-
the individual measures contributed to it approximately sjtive to the presence in ice crystals of the’ @ism angle
equally and it had bounds of 0 and 1 for most particles en-ang to the smoothness of the prismatic faces (Auriol et al.,
countered (although these bounds can be exceeded for veppo1: Gayet etal., 2011). Here it was calculated by averaging
smooth or very rough particles). The combined roughnesss|p-3 image brightness between the scattering angles from
was characterized by reduced sensitivity to image brightness1 50 to 225°, and from 18 to 19, and taking the ratio of
although it still showed sensitivity to image saturation. To re- the respective averages. To aid azimuthal averaging, the im-

duce the impact of the residual bias sensitivities, very darkages were first converted from Cartesian to polar coordinates,
or excessively saturated patterns were removed from furtheyising triangle-based linear interpolation.

analysis: minimum brightness was set at 4 and maximum
number of saturated pixels at 1000 (excluding the central
beam stop). 3 Results

The selected image features were calculated for 2-D pat-
terns from cirrus and mixed-phase cloud particles as well ag=igure 5 shows a typical selection of SID-3 scattering pat-
test particles including mineral dust grains and smooth anderns from ice particles from the CONSTRAIN flight cam-
rough ice analogues. The measures obtained from the tegaign. The roughness measures were calculated for a random
particles were correlated with a subjective measure of parselection of several hundred patterns from marine cirrus (239
ticle roughness derived from microscopy images — Fig. 4patterns) and mixed-phase (199 patterns) flights, as well as
shows the correlation with the combined roughness. We als@ne cirrus flight in a continental air mass (59 patterns). The
attempted to retrieve surface profiles of the test particles fronroughness measures are summarized in Table 1 and the fre-
stereo images taken using SEM, but these proved to be inaguency distributions are shown in Fig. 6. Statistical signifi-
curate, especially for the somewhat heterogeneous mineralance tests for differences between the roughness measures
dust grains, unless destructive specimen preparation procevere carried out using thetest method, assuming unequal
dures were used, so this route was abandoned in order teariances. The probabilities that the null hypothesis of no dif-
maintain intact test particle collection for further work. Ice ference between the measures is true are given in Table 2.
particle size was retrieved from the SID-3 patterns by de- The roughness measures were also calculated for a range
termining average speckle area, which is inversely propor-of test particles, including ice analogue crystals (Ulanowski
tional to particle size, using a method described previouslyet al., 2006) and mineral dust grains, all representing a range
(Ulanowski et al., 2012). of surface roughness —the results are given in Table 3, and the

Relative humidity with respect to ice was determined from magnitudes and range of the roughness measure values of the
water vapour concentration measured on FAAM using thetest particles are shown graphically above the frequency dis-
Fluorescent Water Vapor Sensor (FWVS) fast Lyman-alphatributions in Fig. 6. Images of the test particles from Table 3,

www.atmos-chem-phys.net/14/1649/2014/ Atmos. Chem. Phys., 14, 1648852 2014
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Table 1. Mean values and standard deviations (in brackets) of roughness measures of ice crystals in the three cloud cases shown in Fig. 6
obtained from 2-D SID-3 scattering patterns.

Case Energy lofg RMS/SD Combined roughness
Marine cirrus 0.239(0.084) 1.38(0.39) 1100 (336) 0.586 (0.175)
Continental 0.218 (0.062) 1.33(0.25) 605 (139) 0.485 (0.103)
Mixed phase  0.224 (0.0714) 1.20(0.26) 936 (228) 0.586 (0.123)
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Fig. 6. Frequency distributions of roughness measures obtained from SID-3 2-D patterns in marine air mass cirrus (top row), continental
air mass cirrus (middle row), and mixed-phase clouds (bottom row) flights. Labelled lines above the distributions show roughness measure
values for six test particles from Table 3 and Fig(&), (b), (d), (e), (g) and(j), where(a) is the smoothest an§) the roughest one. Note

that the GLCM energy and log kurtosis are anticorrelated with roughness.

together with corresponding SID-3 scattering patterns, ardo the presence of bright spots in the 2-D pattern at scattering
shown in Fig. 7. A total of 23 test patterns from 16 particles angles > 22.
were used in the comparison given here, as shown in Fig. 4. The roughness measures were examined for possible cor-
Data from some of the particles were obtained for two ori- relation with other variables measured during the flights, in-
entations and up to three different image intensifier gain val-cluding temperature, ice supersaturation, vertical velocity,
ues. For example, for particle (b) and (f) there were two gainsice particle size, ice particle number concentration and large
and two orientations, for particle (e) two orientations, and foraerosol concentration, although not all of these variables
particle (f) three gains and two orientations. The variability were available simultaneously for all flights. Generally, the
of roughness measures can be seen in Fig. 4 by looking at theorrelations were weak —an example is given in Fig. 8, which
spread of data points along the vertical axis. Different orien-shows roughness plotted against relative humidity with re-
tations were included because we had found that the speckigpect to ice. In contrast, stronger negative correlation was
measures varied with particle orientation. For example, forfound between roughness and the halo ratio determined from
the particles (b), (e) and (f) the combined roughness variedhe SID-3 patterns — see Fig. 9. The least-squares regres-
with orientation between 0.32 and 0.38, 0.34 and 0.7, andsion between the halo ratio (HR) and RMS/SD was HR
0.78 and 0.87, respectively. We interpret this variability as1.11—0.125 x 10-3RMS/SD.
originating partly or mostly from the fact that the roughness We also carried out initial investigations of possible pro-
measures depend on the presence or absence of featuresdesses that may lead to the formation of rough ice surfaces,
the 2-D scattering patterns: for smooth crystals bright spotaising ice as well as ice analogues as materials. a scanning
and arcs appear (Ulanowski et al., 2006), and their presencelectron microscopy image of ice crystals grown and then
leads to lowered roughness measures. However, the positigpartially sublimated in the presence of water vapour in the
of these features depends on crystal orientation, and in sommicroscope chamber is shown in Fig. 10. It is noticeable
orientations they may disappear entirely from the 6 té6 25 that surfaces deeper within the sample remained smooth,
scattering angle range encompassed by the SID-3 detectarhile the exposed ones become roughened, and that the pris-
For instance, the existence of the’2falo peak is equivalent matic facets showed grooves perpendicular to the crystal
¢ axis, while the roughness on the basal facets was isotropic.

Atmos. Chem. Phys., 14, 16494662 2014 www.atmos-chem-phys.net/14/1649/2014/
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Fig. 7. Upper rows: images of test particles from optical microscopy (ice analogue col@nasd(d) only) or SEM, labelled with the ID
letters from Table 3, with size scales shown in insets — note that the magnifications vary; the dug} graimown in two magnifications.
Lower rows: corresponding SID-3 scattering patterns.

Table 2. Significance tests for differences between the roughness measures of ice crystals in the three cloud cases shown in Fig. 6 (marine
cirrus, continental cirrus, mixed phase), obtained using thst method. Shown are the probabilities that the null hypothesis of no difference
between the measures is true (low probabilities correspond to more significant differences).d/al%esre given in bold to highlight
significant differences.

Energy logk RMS/SD  Combined roughness
Case A Case B (%) (%) (%) (%)
Marine Continental 3.9 18 43x 1042 50x10°6
Marine Mixed phase 4.2  47x10°7 30x10°/ 99
Continental Mixed phase 59 63x102 14x103/ 6.5x 107

Overall, we found that, while irregular growth could be pro- the resolution, was higher than for imaging cloud probes, so

duced under high supersaturation, in general fine roughneg$e latter would reveal even less detail.

was easier to obtain by sublimation than by growth. Typi-

cal SEM images of ice analogues grown from solution under

low and high supersaturation are represented by the test pa# Discussion

ticles “a” or “b”, and “g”, respectively, in Fig. 7. The former

pair shows regular hexagonal shapes with smooth, flat facetde have presented here the first, exploratory results from in

while the latter crystal is highly deformed. Regular ice ana-situ measurements using the SID-3 cloud probe, which al-

logue crystals were partially dissolved by immersing them inlows ice particle characterization through the analysis of 2-D

subsaturated sodium fluorosilicate solution, while observingscattering patterns, instead of images. We have found that the

them continuously using optical microscopy. A typical ex- scattering patterns obtained in both cirrus and mixed-phase

ample is shown in Fig. 11: following dissolution at 99 % sat- clouds during the CONSTRAIN campaign in 2010 were typ-

uration the crystal could be seen to attain oval outline, withically characterized by the presence of pronounced speckle.

only a hint of underlying fine structure. However, the higher- Qualitatively, these patterns are similar in appearance to pat-

resolution SEM image of another crystal from the same batctierns obtained from the rougher particles in the test particle

shown in Fig. 12 reveals much fine detail, including pro- selection shown in Fig. 7. Comparison of the distributions of

nounced ridges and cavities. It must be noted that the nuin situ roughness measures shown in Fig. 6 with roughness

merical aperture of the optical microscope (0.4), and hencevalues for the test particles reveals that smoother particles
corresponded to the tails of the roughness distributions. The

www.atmos-chem-phys.net/14/1649/2014/ Atmos. Chem. Phys., 14, 164852 2014
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Table 3. Ice analogue and mineral dust test particles in increasing order of subjective roughness (see Sect. 2). The size is the approximate
maximum dimension. The roughness measures are GLCM etigiigg kurtosis logk, RMS / SD and “combined roughness” (see text); the
signs in brackets indicate the sign of correlation with roughness.

ID Type Size E logKk RMS/SD Combined Subjective
m) =) ) () (+)  roughness
a Analogue column 140 0.43 2.18 683 0.22 1
b Analogue rosette 150 0.34 2.08 993 0.37 2
c Dust, smooth 65 0.32 2.15 733 0.31 4
d Analogue column 160 0.31 1.60 1059 0.49 4
e Analogue rosette 51 0.16 1.03 1107 0.70 5
f Analogue rosette 160 0.29 1.42 1171 0.56 5
g Analogue plate 30 0.22 1.08 1052 0.64 6
h Dust, rough 35 0.23 1.26 1294 0.68 8
i Dust, rough 47 0.24 1.12 1088 0.62 9
i Dust, rough 46 0.20 1.07 1298 0.71 10

distributions were better represented by the rougher or morgicles. The 2-D patterns obtained for test particles show that
irregular particles in the selection, such as the highly dis-substantial speckle can result either from small-scale, fine
torted ice analogue prisms (d and g), the “germ” or rough iceroughness or from complexity — the former example being
analogue rosettes (e and f) or the rough mineral dust grainmineral dust grains, the latter the complex, “germ rosette”
(h,iand ). The “rough” tails of the roughness measure distri-with smooth prismatic facets. This similarity is not surpris-
butions extended in some cases beyond the roughness valueg, as speckle will arise if multiple “scattering centres” —
obtained for the roughest particles tested. mutually incoherent radiating regions — are present on the
Phase functions of smooth and rough ice analogue rosettesurface of the particle (Goodman, 2007; Ulanowski et al.,
very similar to those used here was previously measured us2012). This can occur if particle surfaces are rough, or the
ing a levitation technique. It was found that the transition geometry of the particle is very complex, so that scattering
from smooth to rough geometry for these large90 um  in any given direction contains contributions from different
maximum dimension) crystals lowered the asymmetry pa-particle regions, leading to interference. The same should ap-
rameter from 0.81 to about 0.63 (Ulanowski et al., 2006). ply to hollow crystals, as additional facets would be present.
It is worth noting that such a large change corresponds to alMoreover, for speckle to occur, the wavefront delays (phase
most doubling the reflectivity of a cloud composed entirely of differences) introduced into the scattered wave by these re-
such particles. Similar lowering of the asymmetry parametergions must be comparable to or greater than the wavelength
between smooth and rough particles was found for minerabf light; but what matters is the difference between the de-
dust grains (McCall, 2011). lay and the whole number of wavelengths, rather than the
The halo ratio calculated from scattering phase functionsabsolute delays (the phase is “wrapped” modut). Zhere-
is a measure of the quality of the 2Ralo peak and as such fore, both small and large departures from surface flatness
indicates ice particle “regularity”. The halo ratio and asym- can influence scattering in similar ways. a corollary of the
metry parameter measured in situ are positively correlategpresence of such phase-delaying centres in the case of ice
(Auriol et al., 2001; Gayet et al., 2011). The halo ratios of the crystals is that parallel facets are no longer present. Parallel
sets of smooth and rough ice analogue crystals measured préacets give rise to unscattered “delta ray&fiinction trans-
viously (Ulanowski et al., 2006) were 1.40 and 0.89, respec-mission) in the large particle (geometric optics) limit (Takano
tively. We also found negative correlation between roughnessand Liou, 1989; Mishchenko and Macke, 1998) or forward-
and the halo ratio determined in cirrus (Fig. 9). The correla-scattered light in general (once diffraction has been properly
tion is statistically highly significant. Moreover, the halo ratio accounted for). So the absence of parallel facets leads to in-
was determined for single particles, each in its own orientacreased scattering at larger angles and, in turn, lower asym-
tion; as such, the ratio is subject to very wide variation duemetry parameter, due to its cosine weighting factor (Nousi-
to the orientation, which is likely to cause most of the ob- ainen et al., 2011).
served variability. Had the halo ratio been determined for an Thus overall, roughness and complexity appear to im-
ensemble of particles (as is the case for the polar nephelomegsact not just 2-D scattering but other scattering proper-
ter), the variability is likely to have been much lower. The ties in a similar manner. The reduction in the asymme-
presence of the correlation reinforces the expectation thatry parameter is shown by both measurement and mod-
negative correlation should be present between the retrievedlling studies (Ulanowski et al., 2006; Yang et al., 2008;
roughness and the asymmetry parameter of the in situ ice patdm and McFarquhar, 2011). In a manner, whatever the
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Fig. 9. Halo ratio plotted against particle roughness measure
Fig. 8. Relative humidity with respect to ice measured using the RMD/SD, both determined from SID-3 patterns obtained in cirrus
FWVS hygrometer on the FAAM aircraft during the cirrus flight formed in marine air masses. Mean halo ratio calculated for fixed
B504, plotted against ice particle roughness as represented by th@ughness intervals, and a least-squares regression line (coefficients
“combined roughness” measure (points) and mean roughness (lineyiven in the legend) are also shown. The correlation coefficient was
Average temperature during the relevant flight sectionsws’C.  _0.22, significant at the 0.1 % level, based on 239 data points.

“roughness” structure, large rough particles acquire somenon-spherical shapes like ellipsoids generally have dramat-
scattering properties that are more characteristic of small parically different scattering properties from complex, facetted
ticles, i.e. strong side-scattering and low asymmetry paramepatrticles, including larger asymmetry parameter (Ulanowski
ter (Ulanowski et al., 2006; Um and McFarquhar, 2011). et al., 2004; Connolly et al., 2007; Um and McFarquhar,

Concerning the mineral dust grains as surrogates for ic011). Thus it is very important to correctly identify such
particles, while the refractive index of mineral dust is higher, particles from in situ data and to represent their scattering
the difference in roughness that would be caused by suclproperties appropriately in models. Speckle analysis offers
change is small: if dust is substituted for ice, the same specki¢he first step in this process, and while discrimination from
pattern should be obtained if dust roughness. & n, of particles with fine roughness is not yet carried out, it may
that of ice (Ruiz Gale et al., 2007), wherg, the refractive  not be essential due to the similarity of the scattering prop-
index of mineral dust, is typicallg 1.52. So the dust parti- erties. Moreover, as the above discussion illustrates, small-
cles may represent both the scattering properties and possiblcale roughness and large-scale complexity can have similar
also the shape of atmospheric ice crystal quite well, at leastauses, for example the presence of high water vapour super-
as far as solid (as opposed to hollow), simple (as opposedaturation with respect to ice, lessening further the need for
to branched or aggregated) crystals are concerned. But weetailed categorization.
must keep in mind the caveats concerning the possible am- Possible causes of the prevalent ice crystal roughness
biguity between rough and complex particles. At the samemay be related to details of the ice crystal growth process,
time we note that the roughness magnitudes found in situ exthe level of water vapour supersaturation, ice sublimation,
ceeded those found for the roughest test particles we couldnd also the type of nucleation. Homogeneously frozen ice
procure; this suggests that both large-scale complexity and¢an contain high concentration of stacking faults, leading to
high small-scale surface roughness may have been presepartly ordered crystalline structure, neither hexagonal nor cu-
in at least some ice particles. An example of such a particlebic. Such structure can be expected to lead to poorly defined
might be a rosette or aggregate with very rough surfaces facet geometry and the emergence of rough surfaces (Malkin
the type of particle not present in our test collection. etal., 2012).

Imaging cloud particle probes have difficulty resolving not  Nelson (1998) suggests that repeated cycles of supersatu-
only fine surface roughness but also larger detail of complexation and undersaturation are likely to lead to more complex,
particles. Complex near-spherical crystals, which could po-‘exaggerated” crystal shapes, as a consequence of asym-
tentially take on a variety of possible shapes — such as, for exmetry between growth and sublimation. Therefore mixing
ample, germ rosettes (“budding Bucky balls”) — are typically and small-scale vertical motions in clouds, leading to the
classified simply as “irregulars”, and in the past were evenpresence of many growth and sublimation regions, may be
categorized as spheres. However, spheres or even compaetpossible mechanism by which roughness emerges (Korolev
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Fig. 11. Optical microscopy images of an ice analogue crystal in
subsaturated sodium fluorosilicate solution at the start of dissolv-
ing (left) and after approximately 20 min (right). Initial crystal di-
mensions were 120 by 37 um. Phase contrast was used and contrast
stretching applied to emphasize the small difference in the refractive
index of the solution (1.33) and the crystal (1.31). The numerical
aperture of the objective was 0.4.
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Fig. 10. SEM image of ice crystals sublimating at a temperature of ,
—30°C.

et al., 1999). Indeed, high-resolution modelling predicts that
ice particle trajectories in mixed-phase clouds contain mul- B RO T (TR

tiple super- and subsaturated regions (Flossmann and W@y 15 sem images of an ice analogue crystal from the same batch
brock, 2010). Thus one of the causes of the ice particless in Fig. 11, before (left) and after approximately 11 min of dis-
roughness observed in situ may be the cyclic nature of theolving (right). Initial crystal diameter was 50 pm.

growth process, at least in the case of mixed-phase clouds.
Furthermore, the same modelling shows that a broad range of
humidity values can be present, departing widely from equi-shielded and, hence, were subjected to less severe subsatura-
librium. In situ cirrus measurements too show a wide varia-tion because of lower temperature and/or higher local water
tion of humidity, up to the homogeneous freezing thresholdvapour pressure (Fig. 10). This suggests that roughness may
and sometimes slightly above (Kréamer et al., 2009). Prelim-emerge during sublimation only if ice crystals fall through
inary results from experiments in a flow diffusion chamber, relatively dry air. On the other hand, if stacking faults were
where ice crystals were grown on glass fibres and observegresent, localized sublimation might even occur at vapour
using a laboratory version of SID-3, also indicate increasepressures corresponding to supersaturation with respect to
in roughness following repeated growth cycles (Voigtlanderhexagonal ice, as cubic ice has higher vapour pressure than
etal., 2013). hexagonal ice (Shilling et al., 2006). Roughening during sub-
We observed substantial roughness on ice particles subdimation could explain the apparent roughness of ice particles
limating on a cold stage of an SEM (Fig. 10), in agree- we found in the sublimation zone of cirrus, even at low hu-
ment with other work (Cross, 1969; Pfalzgraff et al., 2010; midities (Fig. 8). However, an alternative explanation is that
Neshyba et al., 2013). The emergence of grooves on sublithe observed apparent roughness is in part due to increased
mating prismatic faces may be due to the presence of stackee particle complexity caused by high aggregation rates in
ing faults (Kobayashi and Ohtake, 1974; Kuhs et al., 2012).the sublimation zone (S6lch and Kércher, 2011).
Roughening was also seen when ice analogue crystals were The lack of correlation between ice supersaturation and
dissolved rapidly (Fig. 12), with roughness superimposed orroughness, found during the cirrus flights in this study, may
the overall ellipsoidal shape. These findings are in contrast tdbe because the presence of roughness is connected to the
the prevailing view that sublimation leads merely to crystal history of supersaturation stretching over the whole crystal
rounding (Nelson, 1998). Despite the somewhat larger scalgrowth period, rather than the instantaneous value during the
of ice analogue roughening in comparison to the real ice sammeasurement. Similarly, no correlation is reported between
ples, the analogues appeared more or less rounded in lowethe instantaneous supersaturation and the halo ratio (an indi-
resolution optical microscopy images, adding to the evidencecation of crystal “imperfection”) determined from the polar
that in situ cloud particle observations using imaging probesnephelometer measurements (Gayet et al., 2011).
(which are characterized by even lower resolution) do notre- It is interesting to observe that, while rough particles dom-
veal relevant surface detail due to resolution limitations. It isinated in all three cloud types, and marine cirrus and mixed-
also significant that smooth ice surfaces were visible on SEMphase clouds were quite similar, cirrus in a continental, pol-
images of the same samples where the crystals were partialljyted airflow showed significantly lower roughness for all
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measures apart from kurtosis. We speculate that this wabrighter if strong roughness was included, accordingly to the
due to higher concentration of inhomogeneous ice nuclelaerosol hypothesis. However, we note that other factors may
(IN) in the last case (unfortunately, comparative aerosol meaalso contribute to the discrepancy.
surements were not available for these cases during CON- It has been proposed that climate could be modified
STRAIN). through aerosol seeding to reduce cirrus cover and optical
Itis relevant in this context that high-resolution modelling depth (Mitchell et al., 2011). That such a strategy may be
indicates higher in-cloud ice supersaturation at low IN con-ineffective or even counterproductive is shown by the ap-
centrations in mixed-phase (Flossmann and Wobrock, 2010parent decrease in roughness with IN concentration and the
and cirrus clouds (Spichtinger and Gierens, 2009). Higherconsequent increase in the asymmetry parameter seen in the
supersaturations would lead to faster crystal growth, whichpresent study, as it would result in decreased shortwave re-
may in turn lead to higher incidence of structural defects, andlectivity of the modified cirrus.
hence increased roughness. Low supersaturations are known
to favour regular crystal growth, with solid, hexagonal prisms
at the lower end of the superasaturation scale; conversel{f Conclusions
shapes such as “polycrystals” or highly complex dendrites
are common at the upper one (Peterson et al., 2010; BaiThe SID-3 probe was flown on the FAAM BaE-146 air-
ley and Hallett, 2009, 2004). Incidentally, we found that this craft in mid-latitude clouds. Unlike most earlier results from
was also true of the ice analogues: slow growth, for examplecloud chambers, where SID-3 2-D scattering patterns typ-
due to very slow evaporation of the saturated growth solu-ically displayed characteristics attributable to idealized ge-
tion, produced regular, solid, prismatic crystals, while rapid ometric crystal shapes, the majority of the cloud patterns
evaporation led to dendrites. On the other hand, lower INshowed random, “speckled” appearance. Lab experiments
concentrations can also increase the contribution from hoshow that such appearance is typical of particles with rough
mogeneous nucleation (e.g. Spichtinger and Gierens, 2009%urfaces or complex structure. Quantitative comparison of
which could potentially influence crystal morphology, as the lab and cloud data was done using pattern texture measures,
starting point for growth would be a frozen droplet, so the originally developed for surface roughness analysis using
resulting crystal could become more complex — perhaps ofaser speckle. The results are consistent with the presence of
the irregular or the germ rosette type. Such crystals wouldstrong roughness in the majority of cirrus and mixed-phase
also produce strong speckle in the 2-D scattering patternscloud ice crystals, at levels similar to those found in rough
Whatever the cause, we can term this conjecture the “aerosate analogue and mineral dust particles used for reference,
hypothesis of roughness”. but some in situ roughness values were higher than for the
Cloud chamber experiments focused on inhomogeneou&oughest” test particles we could obtain. Similar roughness
nucleation tend to produce ice crystals with 2-D scatter-was found in the growth and sublimation zones of cirrus,
ing features indicative of regular geometry and smooth sursuggesting that roughness was maintained or possibly even
faces (Ulanowski et al., 2007; Kaye et al., 2008), probablyreinforced by sublimation. Slightly weaker roughness was
as a result of relatively low supersaturations present durpresent in cirrus in a polluted air mass of continental ori-
ing such experiments. However, there is accumulating evigin than in marine cirrus, possibly as an indirect outcome of
dence from more recent, dedicated experiments in the AIDAhigher IN concentrations in the former — “the aerosol hypoth-
cloud chamber that increasing the maximum supersaturaesis of roughness”. The roughness was anticorrelated with
tion achieved during chamber expansions leads to increaseithe halo ratio determined for single particles.
roughness, and that homogeneous nucleation leads to crys- Finally, in terms of purely technical issues, our analysis
tals with strongly rough surfaces, as indicated by SID-3 meawas made difficult by the use of lossy JPEG images with
surements (M. Schnaiter, personal communication, 2013)very limited, 8-bit dynamic range. This necessitated the use
It is conceivable, therefore, that the excess of rough crys-of variable image intensifier gain to allow capturing data
tals observed in the clean air mass cirrus flights was dudrom small as well as larger particles. These facts compli-
to higher occurrence of homogeneous nucleation. The incated the data analysis and interpretation, and required the
creased roughness could be a consequence of high incidencejection of a significant proportion of the data, since all the
of stacking faults in ice crystals, or increased complexity, asmeasures of roughness we used were found to be sensitive
already discussed. to a greater or lesser extent to image brightness, noise, com-
The lowering of the shortwave asymmetry parameter re-pression artefacts and saturation. SID-3 data from subsequent
quired by the inclusion of strong roughness may improve theflying campaigns have been collected as lossless 12-bit TIFF
agreement between global model predictions of cloud brightfiles, without gain switching. These campaigns also provide
ness. For example, the brightness predicted by some modnore accurate and extensive supplementary measurements,
els for the Southern Ocean region, where cirrus incidencesuch as water vapour concentration for deriving supersatura-
is high, is too low (Baran, 2012). Since the air mass over thetion, and also aerosol measurement. Among others, this will
Southern Ocean is relatively clean, this region would becomellow more detailed study of the relationships between ice
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roughness and humidity or IN concentration than was possiConnolly, P. J., Flynn, M. J., Ulanowski, Z., Choularton, T. W., Gal-
ble in this first, exploratory investigation. The analysis of the lagher, M. W., and Bower, K. N.: Calibration of 2-D imaging
new data is already ongoing and will be reported in the near Probes using calibration beads and ice crystal analogues, J. At-
future. We have also initiated experimental and theoretical Mos. Ocean. Tech., 24, 1860-1879, 2007.

studies to determine the single-scattering properties, includ©otton. R., Osborne, S., Ulanowski, Z., Hirst, E., Kaye, P. H., and
ing the asymmetry parameter, of particles with geometries Greenaway, R.: The ability of the Small Ice Detector, SID2 to

ding to th that dominated the in sit characterise cloud particle and aerosol morphologies obtained
corresponaing 1o those that dominate € In Situ measure- during flights of the FAAM BAe-146 research aircraft, J. Atmos.

ments in the present study, so that the impact of our findings  §.can Tech. 27. 290-303. 2010.
on the radiative properties of cirrus and mixed-phase cIoud%otton, R. J., Field, P. R., Ulanowski, Z., Kaye, P. H., Hirst, E.,

can be quantified. Greenaway, R. S., Crawford, 1., Crosier, J., and Dorsey, J.: The
effective density of small ice particles obtained from in situ air-
craft observations of mid-latitude cirrus, Q. J. Royal Meteor.
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