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Abstract. A climatology of particle scattering properties in 1 Introduction

the wintertime High Arctic troposphere, including vertical

distributions and effective radii, is presented. The measureThe climate of the Arctic troposphere is known to be sen-
ments were obtained using a lidar and cloud radar locateditive to change&erreze et al2009, but a detailed under-

at Eureka, Nunavut Territory (88!, 86°W). Four different ~ standing of infrared radiative transfer central to the problem
particle groupings are considered: boundary-layer ice Crysremains limited by the availability of suitable measurements.
tals, ice clouds, mixed-phase clouds, and aerosols. TwoEXxperimental progress has historically been impeded by ac-
dimensional histograms of occurrence probabi“ties againsﬁESSib”it}/ barriers to the remote North and the harsh environ-
depolarization, radar/lidar colour ratio and height are given.mental conditions. This is particularly true for the High Arc-
Colour ratios are related to particle minimum dimensionstic during winter, when 24 h darkness leads to mean surface
(i.e., widths rather than lengths) using a Mie scatteringtemperatures in the vicinity 6f40°C (Lesins et al.2009h).
model. Ice cloud crystals have effective radii spanning 25-Passive satellite sensors also encounter difficulties owing to
220 um, with larger particles observed at lower altitudes. To-the unique radiative character of the polar regiadar(y et
pographic blowing snow residuals in the boundary layer havedl., 1996, and so the environmental impediments must be
the smallest crystals at 15-70 um. Mixed-phase clouds havevercome if all of the observational gaps are to be filled.
water droplets and ice crystal precipitation in the 5-40pum An experimental effort to provide comprehensive year-
and 40-220 um ranges, respectively. Ice cloud crystals haveound measurements in the High Arctic has been under-
depolarization decreasing with height. The depolarizationtaken by the Canadian Network for the Detection of Atmo-
trend is associated with the large ice crystal sub-populationspheric Change (CANDAC), who established the Polar En-
Small crystals depolarize more than large ones in ice cloud¥ironment Atmospheric Research Laboratory (PEARL) at
at a given altitude, and show constant modal depolarizatiorFureka, Nunavut Territory (80, 86°W) in collaboration
with height. Ice clouds in the mid-troposphere are some-With Environment Canada (EC). The site is co-located with
times observed to precipitate to the ground. Water cloudghe Eureka Weather Station on the coast of Ellesmere Is-
are constrained to the lower troposphere (0.5-3.5km altiland (Fig. 1), and is the most northern permanent civilian
tude). Aerosols are most abundant near the ground and arf@search facility in Canada. A suite of remote-sensing and in-
frequently mixed with the other particle types. The data areSitu instruments was installed by CANDAC and the National
used to construct a classification chart for particle scattering@ceanic and Atmospheric Association (NOAA) Study of En-
in wintertime Arctic conditions. vironmental Arctic Change (SEARCH) programme. Mea-
surements are being collected on an ongoing basis, and span
from the surface to 100 km in altitude. Several different in-
struments can characterize tropospheric particles, which are
known to play a key role in the Arctic radiative exchange
(Curry et al, 1993.

Correspondence toT. J. Duck We present a climatology of tropospheric particle scat-
BY (tom.duck@dal.ca) tering properties obtained with a lidar and cloud radar at
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Sampling Program (AGASP; séeaitch et al.1989and ref-
erences therein), the FIRE Arctic Clouds Experiment (FIRE-
ACE; Curry et al, 2000, the Surface Heat Budget of the
Arctic Ocean campaign (SHEBAIJttal et al, 2002, and the
Mixed-Phase Arctic Cloud Experiment (MPAC¥erlinde et

al.,, 2007. Such activities are most often conducted during
the spring and summer and are typically of short duration,
rarely longer than a few months to a year. Multi-year statisti-
cal data sets are needed, particularly for particle sizes, shapes
and phases, which are directly related to radiative proper-
ties Curry et al, 2000. Of the aircraft campaigns listed
above, not one was conducted during the winter months. The
SHEBA experiment stands out from previous studies in that
it collected a year of data from a ship frozen into the Arctic
Ocean. Year-round remote sensing measurements from the
North Slope of Alaska — Adjacent Arctic Ocean (NSA-AAQO)
site near Barrow, Alaska (7R, 156.6W) have also been
used to investigate particleg{ao and Garret2008. The
PEARL experiment was designed to build upon these earlier
activities, and provides an opportunity to obtain comprehen-
sive long-term data sets in the High Arctic.

. . . This paper is structured as follows. Sectibdescribes the

Fig. 1. Polar map of the Arctic. The location of Eureka 80 5ctive remote sensors used: a High Spectral Resolution Lidar
86°W) is marked with a red dot. and a Millimeter-wave Cloud Radar. Secti8rexplains the
categorization process and describes the lidar-radar colour

ratio and its conversion to particle effective radius using Mie

PEARL during the three complete and consecutive wintersy, o Results are presented in Sdgtand then discussed
between 2005 and 2008. March is included as a WINtertimg, gect 5. Distributions of particle sizes, altitude ranges,

month because it is similar climatologically to December
thrSUQQ February at E(;Jreka_e(sms elt al.Zé)Ohga)(.j The lidar other measurements. Of particular interest will be Tahle

andra agl are <_)fperate contlr:]uous_ y(,jar;_ the data coveragegyich summarizes the observed scattering properties of ice,
reasonably uniform across the period of interest. water and aerosol particles, and their vertical distributions.

The measurements provide information on particle verti-gection6 reviews the results and discusses future research
cal distributions and sizes that was previously lacking for thepossibilities.

winter months. Four different categories of particles are con-
sidered: boundary-layer ice crystals, ice clouds, mixed-phase
clouds, and aerosols. Each of these can be expected to impagt |nstrumentation
radiative transfer and wintertime climate.

Early studies proposed a role in the radiative exchange fop.1  The Zero-altitude PEARL Auxiliary Laboratory
“diamond dust” ice crystals that nucleate in the very cold
conditions found at high latitudes during winter (e@urry, The measurements were obtained at the Zero-altitude
1983, but subsequent measurements indicated they have REARL Axillary Laboratory (@PAL), which is co-located
negligible impact Iptrieri and Shupe2004. Ice precipi-  with the Eureka Weather Station at 10 m elevation above sea
tation from thin water clouds can be mistaken for diamondlevel. @PAL is one of three PEARL facilities, which include
dust (ntrieri and Shupe2004, as can residual blowing the PEARL Ridge Laboratory and the Surface and Atmo-
snow lofted from mountainous terraibgsins et al.20093. spheric Flux, Irradiance and Radiation Extension (SAFIRE).
Clouds in general play a major role in the radiative trans-Tablel lists the @PAL instruments and their respective capa-
fer (Curry et al, 1996. Aerosols, on the other hand, have a bilities.
small impact on scattering and visibility46ff, 1988 Triv- Figure2 shows @PAL and highlights the two instruments
ett et al, 1988 Leaitch et al. 1989, but may promote de- of interest here: the Arctic High Spectral Resolution Lidar
hydration and so play a key role in the radiative exchange(AHSRL) and the Millimeter-wave Cloud Radar (MMCR).
nonethelessBlanchet and Girardl 995. The instruments are housed in climate-controlled shipping

Several Arctic campaigns have been conducted to meaeontainers which are powered by a diesel generating station
sure particle optical, macro- and microphysical characteristhat is 215 m to the south. The measurements from each in-
tics: the Canadian Arctic Haze Study and Arctic Gas and Airstrument are transmitted from Eureka by satellite link, and

and depolarization values are reviewed and compared with
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Table 1. Instrument complement and measurement capabilities at @PAL.

Instrument Measurements

Arctic High Spectral Resolution lidar (AHSRL)  Particle optical properties including depo-

larization

Millimeter-wave Cloud Radar (MMCR) Cloud reflectivity and Doppler velocity

Atmospheric Emitted Radiance InterferometeZenith infrared spectral radiances

(AERI)

CANDAC Raman Lidar (CRL) Particle optical properties, temperatures
and water vapor

Tropospheric Ozone Lidar Ozone concentration

Microwave Radiometer Water vapor column

CIMEL Sun photometer Aerosol optical depth and column size dis-
tribution

Star photometer Aerosol optical depth

are archived by CANDAC. Data from both the AHSRL and
MMCR can be accessed through the University of Wiscon-
sin’s lidar group web sitehttp://lidar.ssec.wisc.edu/

2.2 Arctic High Spectral Resolution Lidar

The Arctic High Spectral Resolution Lidar (AHSRL) was
developed at the University of Wisconsin and is supported
at PEARL by NOAAs SEARCH program. It has col-
lected quasi-continuous data at Eureka from August 2005
to present, with occasional down time due to maintenance
requirements. The instrument is an Internet appliance de-
signed for unattended operation. Technical specifications for
the AHSRL are presented in Talile

The transmitter consists of a frequency-doubled diode—F, 5 Abhot hof the 7 itude PEARL Auxiliary Lab
. P . ig. 2. A photograph of the Zero-altitude uxiliary Labo-
pumped Nd:YAG laser emitting at a 4 kHz repetition rate and rlgiltory (DPAL) with pointers to the Arctic High Spectral Resolution
I

.532. nm wavelength. The laser is seeded and IO.Ckeq using al_ dar (AHSRL) and Millimeter-wave Cloud Radar (MMCR) loca-
iodine vapour cell so that the frequency of the light is Stabletions

and the line width is narrow. The outgoing beam is circu-

larly polarized and is transmitted at @ Zenith angle to avoid

specular reflections from horizontally-oriented ice crystals.uid droplets and crystalline particles, which have low and

A 40cm telescope is used by both the transmitter and rehigh depolarization values, respectively (e.g., lsggeri and

ceiver. The receiver's 45 prad field of view significantly re- Shupe 2004. Appropriate thresholds for the interpretation

duces the background light level and contributions from mul-are established in this study.

tiple scattering. Incoming photons are separated according The AHSRL data employs 2.5s temporal and 7.5m spa-

to polarization state, and are filtered using a 0.35-nm bandtial resolutions and can measure volume backscatter cross-

pass interference filter and a 8-GHz bandpass pressure-tunagction profiles up to an optical depth of approximately 4,

etalon. Signal detection is performed using Geiger-modebeyond which the transmitted beam is too attenuated. In this

avalanche photodiodes and photon-counting electronics. Adwork, 30s and 15 m averaged measurements are used. The

ditional technical details are given Razenkov et al(2002. standard deviation for each average (determined from the in-
The lidar measures the particle backscatter cross-sectiotrinsic resolution data) is employed to filter out data with ex-

(Biigar) @and circular depolarization ratid), The depolar- cessive atmospheric variability or noise.

ization may be used to differentiate between spherical lig-

www.atmos-chem-phys.net/9/6881/2009/ Atmos. Chem. Phys., 9, 68912009
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Table 2. AHSRL specifications. Table 3. Millimeter-wave Cloud Radar (MMCR) specifications.

Transmitter Transmitter
Type Diode-pumped seeded Nd:YAG laser Type Travelling wave tube
Wavelength 532nm Lifetime >20000h
Avg. power 200 mw Wavelength 8.6 mm (Frequency=34.86 GHz)
Spectral width <lpm Avg. power up to 25 W
Rep. Rate 4kHz Beam width 0.3
Beam diameter 0.4m

- Receiver
Receiver

Field of view 45 prad Type Tilted flat radome Antenna
Spectral bandpass 8 GHz pressure tuned etalon Dlam_e t er 1.8m
Aperture 0.4m Sen§|t|V|ty . approx—40dBZ at 10 km
Data acquisition Photon counting Spatial resolutlon_ 90m
Detectors Geiger-mode APDs Temporal resolution  10s
Spatial resolution 7.5m Range 90-20000m
Temporal resolution 2.5s
Range 75-30000m

data system from NOAA. Doppler velocities and reflectiv-
ity/backscatter cross-sections are retrieved.

2.3  Millimeter-Wave Cloud Radar The millimeter-wave pulses can be compressed to improve
the instrument’s sensitivity and power. This has the disad-

CANDAC's Millimeter-wave Cloud Radar (MMCR) is co- vantage of cre_ati_ng sidelobe artifacts, especially in regions
located with the AHSRL. This type of radar is effective for where re_ﬂectlwty is strong. In order to get the b_est data pr_oq-
cloud microphysics studies because it combines high sensi/ct Possible, the MMCR cycles through four signal acquisi-
tivity and high vertical spatial resolution. With a wavelength tion modes with different pulse width and pulse-encoding.

of 8.6 mm, the scattering from atmospheric particles is in theCOmPination of these modes allows for optimization of the

Rayleigh regime and thus has a strong dependence on tignal through increased sensitivity while accounting for the
particle size. artifacts. Details are given byoran et al(1998.

. . s . The MMCR measures reflectivity from 90 m to 20km in
Compared to wind profiling and precipitation surveillance _,.. . i X
- altitude, and is sensitive to volume backscatter cross-sections
radars (wavelengths from 3 to 600cm), millimeter wave- 4. 1.1 .
. i reater than 10*m~1sr~1. Data are recorded with a tem-
length radars have the advantage of increased sensitivity t

: . . poral and spatial resolution of 10s and 90 m, respectively.
smaller particles, but the disadvantage of strong attenuatio . .
. L ) ; or the purposes of this study, the data are interpolated to the
from rainfall. This disadvantage is not relevant during the

cold High Arctic winter since the only precipitation is frozen. same resolutions used by the averaged lidar measurements

Snowfall and ice crystals attenuate the radar signal mini—(30sand 15m).
mally. Water vapor also has negligible impact since the win-
tertime Arctic atmosphere is relatively dry. 3 Methodology

The MMCR has been collecting data since August 2005
and is designed for remote operation with an intended life-3.1 Categorization process and statistical analysis
time of at least 10 years. It provides information on Doppler . . ) )
velocity, spectral width and radar reflectivity. The latter can Particle observations in the measurement record were visu-
be related to the backscattering cross-section of the atmc@!ly divided into four categories based upon the identification
spheric particles, which allows direct comparison with the ©f Structural features in time and height with some attention
AHSRL backscatter measurements. to optical properties. Visual inspection was used because it
Technical specifications for the MMCR are given in Ta- is normally straight-forward to identify features “by eye” and

ble3. The general setup of the system is similar to that of the'also because the elimination of category cross-contamination

lidar with a coaxial, vertically pointing transmitter and re- |_s_reqU|red. Scattering events that COUId. not be readily |de_n-
. . . tified were excluded from further analysis. The approach is
ceiver. The instrument employs a frequency converter which

produces 34.86 GHz microwaves from the internal 60 MHz-'”.UStrated be!ow using the ex."’?mp.'e measuremgnt given in
. : Fig. 3. Following particle classification, the statistics of scat-
frequency waveforms. Pulses are emitted vertically by a

2m diameter high-gain antenna. The antenna also acts atgrmg properties in each category are determined and com-

the receiving apparatus. The measured return signal is co rEared with the same statistics for the entire measurement

verted to 60 MHz frequency and analyzed by a commercialrecord'
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Fig. 3. Example of time series from 4 to 5 March 2007 (aj) depolarization(b) lidar volume backscatter cross-section, gofradar
backscatter cross-section.

Figure 3 shows a sample 24h measurement on 4-ice precipitation below. The water componentis identified by
5 March 2007 from the AHSRL and MMCR, selected from enhanced lidar backscatter with low depolarization, whereas
the hundreds of such measurements used in this study. Thihe ice precipitate has high depolarization and vertically-
image reveals clouds and aerosols that are well-observedligned fall streaks. The altitude of the thin water cloud cor-
throughout their entire vertical extent. Such complete view-responds to the top of the inversion layer as measured by the
ing requires the optical depth to be relatively log2), which 12:00 UTC radiosonde (not shown). Ice clouds were seen
is generally the case at Eureka during winter. Clouds in theagain above 4 km from 09:00 to 14:00 UTC, with similar
other seasons often have greater liquid water content and scharacter as before. Noise is evident at the upper altitudes
are more optically thick. in the depolarization ratio measurement between 23:00 and

From 14:00 to 24:00 UTC, ice crystals (high backscatter,oe’:oo UTC, and to a lesser extent in the backscatter cross-

high depolarization) were detected in the lowest 0.5 km bySeCtIon meaSt_Jred by_the_lldar. Such Noise 15 removed from
both the radar and the lidar. Surface-based ice crystals ar@rther analysis by a filtering process described later.
frequently observed, and are readily distinguished from the As in the example, scattering events from all measure-
other ice crystal types; sdeesins et al(20093 for some  ments in the three complete winters between 2005 and
case studies. Ice clouds (high backscatter, high depolariza2008 were visually partitioned into the same four categories:
tion) with vertically-aligned fall streaks were present in the a@erosols, mixed-phase clouds, ice clouds and boundary-layer
middle troposphere from approximately 16:00 to 08:00 UTC,ice crystals. The categories were determined after careful
and ended by precipitating to the surface. These cirrus-likeconsideration of the entire measurement record. “Boundary
clouds occur in the same temperature range (approximatedﬁyer" here refers to the lowest few kilometers of trOpOSphere
210-250 K) found in the upper half of the m|d|at|tude tro- inﬂuenced by the thermal inVerSion. No diStinCtion iS made
posphere. An aerosol event (low backscatter, low depolarbetween a cloud and its precipitate.

ization) between 1 and 4 km altitude began at 03:00 UTC, Events identified on each image were visually selected us-
and can be distinguished from ice clouds by the horizontally-ing a mask with 1 km vertical and 1 h time resolution. The
aligned striations, or sometimes homogenous haze-like chalow resolution used for the mask was deliberate, and ensures
acter. Note that the aerosol event is largely unseen by théhat there is enough vertical distance and time gap between
radar, as aerosols are relatively weak scatterers in compadifferent events to avoid cross-contamination. For exam-
ison to clouds. A mixed-phase cloud appeared within theple, cases with mixtures of different ice crystal types (e.g.,
aerosol layer at approximately 10:00 UTC and persistedprecipitation into boundary-layer ice crystals) were removed
through the end of the measurement. “Mixed-phase” is thefrom the analysis. Mixtures with aerosol particles, however,
term used to describe a geometrically thin water cloud withwere always included. Aerosol events are very common and,

www.atmos-chem-phys.net/9/6881/2009/ Atmos. Chem. Phys., 9, 68912009
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more importantly, the presence of aerosols is difficult to as- Practical application of Eq.1j requires thatBaqar and
certain when other atmospheric phenomena (e.g., blowingiigar €xceed the minimum thresholds of detection for each
snow residuals, ice crystal precipitation) are present. Finallyjnstrument. Figure8 demonstrates that this requirement is
mixed-phase clouds that were observed to fully glaciate werenot satisfied for aerosols, which are generally invisible to the
not re-interpreted as boundary-layer ice crystal events. radar. The radar’s insensitivity to very small particles fol-
The lidar and radar data were filtered to ensure low at-lows from Fig. 3b, which shows a maximum lidar volume
mospheric variability and noise within an averaging volume. backscatter cross-section for aerosols s 1sr1. Us-
The lidar data were used to establish the filtering criterion foring Mie theory (see Sec8.3), the colour ratio for the sub-
both instruments given the lidar’s higher intrinsic spatial andmicron patrticles in Arctic haze (e.d-gaitch et al. 1989 is
temporal resolution. Measurements in an averaging volumebout 1012, leading to an expected radar volume backscatter
with a relative standard deviation in the 532 nm backscattercross-section of 10"’ m~1 sr-1. This is three orders of mag-
cross-section greater than 25% were excluded from furthenitude less than the edge of detectability by the radar. In other
analysis. words, the aerosol cloud concentrations would need to be at
The individual high-resolution data points (i.e., averaging least 1000 times greater than the maximum observed under
volumes) of measurements in each collection were then usedormal circumstances to be seen by the radar. Since aerosol
to compile two-dimensional histograms of scattering proper-particles cannot be detected with both instruments, an inter-
ties. It is from the histograms that the particle statistics arepretation in terms of particle size is not possible. Aerosols
determined. All histograms were normalized so that the totalwill, however, continue to be considered in terms of opti-
probability is one. Histograms with logarithmic horizontal cal scattering properties and their potential for mixing with
axes have uniform bin sizes in the logarithmic space so thabther scatterer types. Note that although there are similar de-
scattering at the full range of available scales is representedtectability issues for polar cloud particles with the CloudSat
radar and CALIPSO lidar satellite instruments (e@renier
3.2 The colour ratio et al, 2009, Fig. 3 suggests that is not the case here.

. _ Figure4 shows the colour ratio for the measurement given
The ratio of the radar and lidar volume backscatter cross;, Fig. 3. The colour ratio measurement reveals substan-

sections gives the colour ratio, a derived quantity that is i ;5| temporal and spatial structure. For mid-tropospheric ice
proxy for particle size (see Se@.3). The volume backscat-  ¢|,,4s 'fall streaks with relatively large particle sizes (i.e.,

ter cross-sectionf) is related to the particle backscatter ., o r ratios) are apparent. Of particular interest is that the
cross-sectioro, (r) and number density(r) of particles particles are often larger near cloud bottom, an observation

with radiusr by that is established statistically in Sebt2.1 Note that the
o0 aerosol event that occurred between 2 and 4 km altitude after
B= _/0 Oxndr. 03:00 UTC is largely absent.
The mean particle cross section is defined by 3.3 Particle effective radius and interpretation
o
Tn = M Mie scattering theory can be used to convert the colour ratio
Jo ndr to spherical particle effective radiugt defined by
and the total number of particléé is fooo n(ryridr
teft = “so——5
N= [ nar o s
0

) ) wherer is the radius, and(r) is the number density. The
Using these, the volume backscatter cross-section can be rsterpretation of effective radius in terms of actual particle
written as dimensions will be discussed shortly. We employed the algo-
B = Ny rithms fromMishchenko et al(2002) to determine mean par-

ticle backscatter cross-sectiamg for distributions of spher-

The backscatter cross-section depends on wavelength angal particles characterized by and effective variancee
so is different for the lidar and the radar. Taking the ratio given by

between the two backscatter cross-sections gives the colour
: 00 2,2
ratio as . Jo n(r)(r —ref)redr
_ _ eff = 2
Bradar  Noz(Arada) O x (Aradad 1) Tetf fooo n(ryredr
Pidar  NOx(hidar) O (Midar) The effective radius and variance are used in our analysis be-
Equation () has no explicit dependence on number density,cause the results for colour ratio are relatively insensitive to

and so colour ratio is an average property for particles in athe specific distribution of particles used. For example, al-
measurement volume. though our calculations have assumed a gamma distribution

Atmos. Chem. Phys., 9, 6888897, 2009 www.atmos-chem-phys.net/9/6881/2009/
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Fig. 4. The colour ratio ragar/ Biidar) for the measurement in Fig.

of particles, we have verified that a modified power-law dis- 102
tribution with the same parameters produces similar results. Lo e fg SN .
The parameters required for the Mie calculations include ~ 107 foe g o 3
the particle refractive index and the wavelength of the inci- © _ .t N o 1
dent light. Table5 gives the choices used in this study. The ® 10 [ gl
refractive index:; is wavelength dependent, andinthecase 5 198 |- 0 b ]
of radar waves has a large imaginary part for water dropletsg Eo S e Watter (v, =0.1)
which implies a strong absorption component. 100 F g v — Ice (v,;;=0.1)
Figure 5 presents the results of the Mie computations. 102 47 . aalce (v, =0.3) ]
Curves are given for ice and water particles for a selection el R e
of vef values. The plot allows conversion of colour ratios to 10° 10* 102 103
effective radii ranging from 1 to more than 100 microns once Effective radius (um)

a choice of particle type ang is made.

The particle effective radii discussed hereafter were com-Fig. 5. The relationship between effective radius and colour ratio
puted usinguer=0.1. This choice of effective variance determined using Mie scattering theory for ice and water spheres.
is relatively narrow and produces colour ratio curves that
smoothly interpolate those obtained with monodisperse dis-
tributions. The choice of narrow distributions is appropriate
given the high spatial and temporal resolutions in use, androm infrared remote sensing agree with radii for equivalent
the corresponding high degree of variability revealed in thevolume-to-area (V/A) spheres from sampled ice crystals. In a
colour ratios of Fig4. In the case that the actual distribu- series of papers;renfell et al (1999, Neshyba et a2003
tions have greater effective variance, say 0.3, the maximunandGrenfell et al.(2009 showed that the equal-V/A sphere
systematic error expected in our effective radius estimates isliameter is characteristic of the smallest dimension for a va-
less than +25%. riety of realistic particle types. For example, the equal-V/A

Computations may also be performed for non_sphericaldiameter is comparable to a column particle’s width rather
particles, but were not pursued here because we have no ifiban its length. They also argued that the equal-V/A radius is
formation on particle habit. Depolarization cannot be used a®f high importance for radiative transfer. In the comparisons
an unambiguous detector of ice particle shape, and so the irthat follow, we will therefore consider our effective radius
corporation of depolarization into the present analysis is nodetermination to be associated with the smallest particle di-
possible. Furthermore, the range of particle morphologies infmension.
ice clouds is varied and rarely pristingdrolev et al, 1999, Our approach differs from some others found in the liter-
and so choosing any one particle type is arbitrary. ature, and takes advantage of the unique capabilities of the

Instead, we focus on the interpretation of effective radiusAHSRL and MMCR in a low optical depth and dry envi-
measurements in terms of observed particle shagabesh  ronment. More complicated methods are necessary when
et al. (200]) demonstrated that effective radii determined the backscatter cross-sections cannot be so directly measured

www.atmos-chem-phys.net/9/6881/2009/ Atmos. Chem. Phys., 9, 68912009
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(seeDonovan et al(20017), for example). Alternative deriva- 01020 50 100 200
tions of particle sizes can be made in terms of cloud extinc-

tion using the Raman lidar technique (eMyang and Sassen 3000 107
2002, but much longer integrations are required to achieve
an appropriate signal-to-noise level, and so they are not ol g
interest here. a)Z
h 106
3 4000
4 Results
2000
4.1 2005-2008 Data set 10-7
10 20 30 40 50 60
Figure 6 shows two-dimensional histograms of occurrence Otinear(bottom) ;5 Ocircurar(top)(%)
probability against scattering parameters and altitude for the
full data set spanning the wintertime months of December 10-4
through March of 2005 to 2008. 7772h of measurements 8000
over 351 days were used. The distributions contain the sig-
natures of liquid water droplets, aerosols, ice crystals, and & 6000 105
particle mixtures. Dissimilar scatterers occupy separate re- ~ =
gions in each histogram, as will be shown using the catego- 34000
rized data sets. The full histograms can be used to determin 1070
the relative contribution from each scatterer type. 2000
Figure 6a shows the probabilities for depolarization 10-7
against altitude. There are features in the distribution found 10-19 108 106 104 10-2
below 10% and above 20% linear depolarization, which Bradar/ Biidar
correspond to predominantly liquid and ice scatterers, re-
spectively. Ice scatterers extend from the ground up to at §60 ' ' 102
least 8km in altitude. Liquid scatterers are mostly found 250
near the ground, except for a small population peaking nea 2 1073
2km altitude with linear depolarization less than 3%. The V§40 »
near-ground low-depolarization events are associated witl c) ~§30 10
aerosols, and the linear depolarizations less than 3% repre oo“ 10-5
sent droplets in thin water clouds, as will be shown in the =20
sections that follow. 3 106
Figure6b shows the probabilities for colour ratio (a proxy V§ N
for particle size) against altitude. There is a trend toward @5 0 1077

smaller particles (i.e., smallefada/ Biidar) With increasing 107191078 107¢ 107* 1072
height. Figure6c shows the probabilities for colour ratio Bradar/ Bridar

against depolarization. The strong maximum between 15

and 50% linear depolarization is due to ice scatterers, an

the low depolarlza.tlon ta"_ (below 10%) IS for mostly_ I'q_ 2005-2008) foi(a) the vertical distribution of depolarizatioll)
uid scatterers. Notice that ice scatterers (high depolarizationg,q yertical distribution of the colour ratio, arfd) the colour ra-

are larger than the liquid scatterers (low depolarization). o and depolarization. Detections by both lidar and radar were re-
Figure 7 shows separate histograms for each category imyuired.

columns: Aerosols, mixed-phase clouds, ice clouds, and

boundary-layer ice crystals. Each category is discussed in

respective subsections that follow.

(Iiig. 6. Average occurrence probability histograms during winter

larger depolarization values are due to the presence of ice
crystals. Vertical discontinuities in the figure are an artifact
of the categorization process, which used 1 km resolution.

1199 h of measurements over 103 days were categorized as Figure7a provides histograms using the subset of aerosol
aerosol scattering. Before analyzing the histograms in#ig. measurements for which both lidar and radar detections are
we briefly consider Fig8 which provides a histogram for available. Since aerosols are nearly ubiquitous in the Arctic
aerosols using all available detections by the lidar. Aerosolsatmosphere, distributions in this column will help to iden-
are observed to occur mostly below 2 or 3km in altitude, tify aerosol contamination in the ice particle categories. Al-
with depolarization values ranging from 0 to 20 or 30%. The though aerosols are generally not detected by the radar, the

4.2 Aerosols
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Fig. 7. Occurrence probability histograms arranged in columngdpaerosols(b) mixed-phase cloudg¢) ice clouds, andd) boundary-
layer ice crystals. Detections by both lidar and radar were required.

presence of a small quantity of ice crystals can easily elevate The top panel of Figza shows most of the dual lidar-radar
the backscatter cross-section above the detection thresholderosol detections occur near ground. This is different from
Ice crystals are relatively large, and radar reflectivity is pro-what is seen in Fig8, and reflects the fact that ice scatterers
portional to the sixth power of individual particle diameters. are also ubiquitous at the lowest altitudes. Fewer detections
In the case of particle size distributions, empirical relationswere made higher up, and the coarseness of the distribution
show reflectivity is proportional to the 3.8th power of the me- reflects low-probability statistics. Surface-based aerosols
dian volume diameteBrown and Francis1995 Matrosov  have linear depolarization between 0 and 20%, which is sim-
et al, 2002. In any event, relatively few ice crystals can add ilar to that seen in Fig7. Relatively high depolarizations
substantially to the aerosol backscatter. away from the surface indicate a dominant contribution from
ice crystals.

www.atmos-chem-phys.net/9/6881/2009/ Atmos. Chem. Phys., 9, 68912009



6890 L. Bourdages et al.: High Arctic tropospheric particles in winter

¢) Ice Clouds d) BL Ice Crystals
50 100 1075 10—4
8000
~ ~— 10—5
6000 g
%ﬂ 106 %
3 4000 2 1076
2000
L - s s 1077 . ' 107
0 10 20 30 40 50 60 10 20 30 40 50 60
Slinear(b()ttom) 5 6c'ircular(t0p)(%) 6[[’war(b0tt0m) : 6circular(t0p)(%)
10-4 2500 10-3
8000 2000
1074
~~ 75 ~~
E6000 107 € 1500
g 5 10-5
20
24000 21000
< 1076 <=
10-°
2000 500
0 ! ; 1077 0 . 1077
10710 108 10% 10* 102 1071 107% 107 107* 1072
Bmdar/Blidar ﬁmdar/ﬁlidar
560 ; 60
E 102 = 102
=50 Y <
i 107 = 1073
<40 §40
g V- 104
= 30 ‘; 30
S | S .
e 1075 .- 10
=20 =20
= b, »
= 106 <= 10
<10 210
S S
2 107 = . . 107
S ' ' “«© ~10 -8 6 4 -0
10—10 10—8 10—6 10—4 10—2 10 10 10 10 10
Brndnr/Bli{/nr .Bradar/ﬁlidar

Fig. 7. Continued.

The middle panel of FigZa indicates that aerosol contami- 4.3 Mixed-phase clouds
nation of the other plots in Fig.can be expected primarily at

the surface. Similarly, the lower panel indicates that aerosogga h of measurements over 86 days were used to compile
contamination for depolarizations below 10% and for colour o histograms for mixed-phase clouds shown in Fig The
ratios between mg and_l(T7 will be an issue. This corre- gjstinction between water droplets and ice crystals is evident
sponds to the “tail” region mentioned in the description of j, he top panel, which shows the depolarization versus al-
Fig. 6. Note that depolarization values larger than 10% in theyji,de. Near-zero values of depolarization extending from
bottom panel of Fig7a are representative of ice scattering, 5oom to 3.5km in altitude are due to droplets in thin wa-
and so would not be considered a contamination in the othefg, ¢jouds. High linear depolarizations of 20 to 50% are

columns. from the frozen condensate, and are found largely below
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Fig. 8. Occurrence probability histogram for aerosols against height 9000
and depolarization, using all available lidar detections. The step 8000
changes apparent in the figure at 1 km intervals are a result of the 7000
event masking process, and cannot be eliminated due to the ubiquity 56000
of aerosols in the Arctic atmosphere. b) =
505000
£ 4000
the liguid component heights as would be expected for pre- 3000
cipitate. There is a region of intermediate linear depolar- 2000

ization between 3 and 20% which corresponds to the tran- 1000
sition region from liquid to ice. The local maximum near

ground at 10% depolarization represents a contribution from

the aerosols, as established in the top panel of Fg.

The vertical distribution of probabilities against colour ra- o ) ]
tio in the middle panel has horizontal streaks for colour ratios™9: 9- Occurrence probability histograms for ice clouds against
between 10° and 10°6 which are from the thin water clouds. alt'tUd7e and depolarization fofa) small F’a”'c'i‘é (colour ratios
The dominant scattering maximum is for ice crystals, which <1077, and(b) large particles (colour ratios 107%).
at high colour ratio have much larger sizes than the water

droplets. Note that the population has constant colour ra-h iqht which is similar to the depolarization trend. D
tio with height, which indicates uniform size. The bottom | /9"t WhICh IS Simifarto the depolarization rend. Lecreas-

panel, which presents the probabilities against the depolalJ—ng colour ratio with height is also evident in the example

ization and colour ratios, confirms the size comparison peJven in Fig.4. It is interesting to note that small ice par-

tween the two scatterer types. The water droplet populatiorgdes are evident in approximately equal quantities between
and 8 km altitude. A low colour-ratio contribution from

(linear depolarizationc3%) has much smaller colour ratio | | ki

values compared to the ice crystal populations (linear depogeroso s below 1km 'S. apparent. . )

larization with the greatest part between 20 and 50%). There The bottom panel gives the probabll|t|es against erolar-
is a transition region between the two peaks which can pdzation and colour ratio. The tail at low depolarization ex-

10 20 30 40 50 60
6[,’,1€ar(b0tt0m) 5 Scircular(top)(%)

attributed to the phase change from water to ice. tending from the main population is due to aerosols. Al-
though the upper two panels might suggest that depolariza-
4.4 Ice clouds tion is a function of particle size, the bottom panel indicates

that this is not the case. Small ice crystals tend to have high

1424 h of measurements over 134 days were used to conglepolarization (40%-50%), whereas larger particles span a
pute the histograms for ice clouds given in Fitm. The  Wwide range of depolarization values.
top panel shows that linear depolarizations range from about Separate histograms against depolarization and altitude
15 to 45%. The mean linear depolarization decreases withlior small and large ice crystal sub-populations are given in
height, from approximately 40% at 2 km to 25% at 5km al- Fig.9. The low-depolarization detections in Fa represent
titude. Note that horizontal discontinuities at 1 and 2 km al-a contribution from aerosols. The modal depolarization for
titude in this panel are an artifact of the selection processmall ice particles is fairly constant with altitude, although
resolution described earlier. the range of depolarization values become larger with height.

In the middle panel, the mean colour ratio decreases withlhis contrasts with large particles that have decreasing depo-
height. This indicates a decrease of mean ice crystal size witharization with height (Fig9b). The same trend is evident
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when particles c_’f all S'Zefs are included (Ffg, top panel). Table 4. Ranges for linear depolarizatidp,, colour ratio, effective
Further comparison of Figda and b reveals that small ice ragiys oy and altitudes; for aerosols, mixed-phase (M-P) cloud
particles tend to depolarize more than large ones at a giveyater droplets (WD) and ice crystals (IC), ice cloud ice crystals, and
altitude. This result confirms that decreasing depolarizatiorboundary-layer (B-L) ice crystals. The ice crystal and water droplet
with height cannot be associated with decreasing size. values are from FigZ and the aerosol values are from Fig.

4.5 Boundary-layer ice crystals Particle Sjin (%)  colourratio ref (Mm)  z (km)

1338 h of measurements over 107 days were used to computeAerosols <20 o . & <3km
the histograms for boundary layer ice clouds. Results are M-PCloudWD <3 10" 107" 5-40 ~ 05-35
shown in Fig.7d. The top panel shows that ice crystals are M-P Cloud IC 20-50  10°-10 40-220 0-3

" 7_10-4
observed mostly below 750 m altitude. The depolarization '°® €oudIC 20-50 13?6—18—3 205:228 Zgg
spans a large range, including values too low to indicate solid B-LIC 220  108-10-5 15-70 07

phase. The low-depolarization values are attributed to the ]
presence of aerosols.

The middle panel shows colour ratios that are in the SaMErape 5. Values for wavelengths\j and complex refractive indices

range as determined for aerosol_ Iayers_only (Fa). The (n;) used in the Mie scattering computations for the lidar and radar.
calculations were performed again considering data with deRefractive indices are fro/arren and Brand20089.

polarization values greater than 25% (i.e., ice crystals only),
and a very similar plot was obtained. This confirms that the Lidar Radar
colour ratio values determined for aerosols (Hig) are bi-

ased by the ice crystals contained within. The bottom panel A Sizsrim L 88;%“88“03.
shows that there is no trend in depolarization with colour ra- i (ice) ' -or.LRal
n; (water 1.33 5+2.5i

tio, except for at very low depolarization where an aerosol
tail is apparent.

Water droplets have linear depolarizations less than 3%.

5 Discussion Aerosol haze typically has linear depolarization less than
_ _ 20%, which is different from what is found for liquid droplets
5.1 Scattering properties alone due to ice content. Ice crystals have linear depolariza-

tions greater than 20%. Water droplets have lower colour
ratios than do ice crystals, which indicates the water droplets
are smaller. Boundary-layer ice crystals, ice clouds, and ice
recipitation from thin water clouds occupy partly overlap-
ing ranges of colour ratio values. Ice crystals precipitating
rom mixed-phase clouds and lower tropospheric ice clouds
enerally have greater colour ratios (and therefore sizes) than
‘g{?e observed for boundary-layer ice crystals. Middle tropo-

Comparison of the histograms in Figéand 8 for the dif-
ferent particle types reveals significant differences in colour
ratios, optical properties and vertical distribution. However,
inspection of the figures also shows that their superpositio

effectively reproduces the histograms for the complete dat

set given in Fig6. We can conclude that the most important
scatterers above Eureka are well represented by the chos

catego_ries, and that Fi§.gives their relative contribution to spheric ice particles have comparable colour ratios to those
scattering. . . ._found in the boundary layer.

Representative values of properties taken from the his- Ice clouds have depolarization decreasing with altitude
tograms for each category are given in Tabjavith effec- . (Fig. 7c, top panel). This trend is associated with large par-

tiye radius estimates deriving frgm the appropriate_curves '0 icles (Fig.9b), and contrasts with the nearly constant modal
Fig. 5. The values represent estimates corresponding to 10 Gepolarization for small particles (Figa). The measure-

of the p;a!( Ie(\j/ellor glrleallcter n ea%h hlstolgt:am. The. esimateq, s indicate that the large-particle morphology changes
were o tained visua y from each panel because Interpretag i altitude, perhaps in response to particle breaking or sub-
tion to account for height variations and interference fromlimation (see, for examplaiVhiteway et al.(2004. Small

aerosols is requwe_d. .__patrticles have greater depolarization than large particles, for
The largest particles observed above Eureka are containe KNOWN reasons

in lower-tropospheric ice clouds and the precipitation from

mixed-phase clouds. Ice particles in the middle to upper tro5 2 comparisons with other measurements

posphere are somewhat smaller, and boundary-layer ice crys-

tals are smaller yet. Water droplets in mixed-phase clouds arg 2.1 Particle effective radii

in general smaller than ice particles, as expected. The size of

aerosol particles could not be determined because they ar€omparison of our measurements with values from the
not detected by the radar. literature is complicated by differences in measurement
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techniques. We have provided histograms of occurrencesistent with our observations of decreasing size with increas-
probability for effective radii measured at high spatial and ing height above the temperature inversidvhiteway et al.
temporal resolution, whereas in-situ measurements typically{{(2004 showed that particle size variations with height are de-
provide distributions of humber concentration against par-termined by a competition between the growth and sedimen-
ticle size averaged over a long period of time or distancetation of large particles with crystal breakage into smaller
However, if our assumption of narrow particle size distribu- particles and evaporation. The preponderance of larger crys-
tions in each measurement volume is correct, a comparisotals at low altitudes in our observations is therefore likely due
of effective radii measured using the radar and lidar againsto growth and/or sedimentation.
the range of particle sizes observed with in-situ techniques Turner(2005 measured crystal sizes in both mixed-phase
is appropriate. Where possible, comparisons are made withnd pure ice clouds using a ground-based remote-sensing
the smallest dimension of the sampled particles, which is theAERI system at the SHEBA site. The effective radii for ice
approach proposed in Se8t3. cloud particles ranged between 8 and 100 um, with a mode
For mixed-phase clouds, Arctic aircraft measurements byradius of about 26 um. This is at the lower end of what we ob-
Curry et al.(2000 show water droplet sizes that range from served (25-220 um). Effective radii for ice crystals in mixed-
about 2 to 47 um. Frozen precipitation below the liquid stra-phase clouds were even smaller. This was not considered to
tus ranges from a few tens to several hundred microns irbe realistic, and was attributed by the authors to differing
length (widths were not given). Although the measurementsparticle shapes between the two cloud types. They assumed
were taken during summer between Barrow, Alaska (MN)3  a droxtalhexcolumns model in their retrievals; however, ice
and the SHEBA experiment site (76-°R§, their results are  crystals in Arctic clouds are known to be highly irregular
in reasonable agreement with our values at EurekaNBof (Korolev et al, 1999. It seems likely that the smaller crystal
5to 40 um and 40 to 220 um, respectively. The smaller maxsize they detected in general is due to the particle-shape as-
imum size we measured for ice crystals can be attributed tsumption. In any event, our results suggest that the effective
the sensitivity of our technique to particle widths rather thanradii of ice crystals in mixed-phase and boundary-layer ice
lengths. Year-round measurements of water droplet and icelouds are similar (40—220um).
particle precipitation with an MMCR at the NSA-AAO site Surface-based in-situ measurements of ice crystal sizes for
near Barrow yield characteristic radii of 25 to 500 um from residual blowing snow are not available for the High Arctic.
terminal fall speedsZhao and Garrett2008, and our ice  Walden et al(2003 obtained measurements with a micro-
crystal sizes fall within this range. scope at the South Pole station of many different ice crys-
Comparison data for the ice cloud measurements are diffital types during winter. They showed that residual blowing
cult to find. Wintertime in-situ aircraft campaign data are not snow crystals have a mean effective radius of 11.9 um . Their
available, presumably due to the difficulties of flying exper- technique relied on ice crystals landing on a gridded micro-
iments in dark conditions. Summertime clouds in the mid- scope slide, and the larger particles were found to blow off in
dle troposphere are often of the mixed-phase variety, and arbigh winds. Given that blowing snow requires wind, it seems
observed in much warmer conditions. High altitude in-situ likely that there is a bias toward smaller particle sizes in this
cirrus measurements in the Arctic are not available. particular result. Measurements at the Mizuho Antarctic sta-
Lawson et al(2001) show one case of a mid-tropospheric tion with a snow particle counter, which is only sensitive to
cirrus cloud sampled at Barrow Alaska on 29 July 1998 dur-particles larger than 25 um diameter, reveals blowing snow
ing FIRE ACE. They reported that small particles were found particles as large as 60 pm at 9.6 m altitude, with even larger
in clumps with very high local concentrations that are inter- ones at lower altitudedN{shimura and Nemota2005. In
spersed with regions of larger particles in low concentrations contrast, the mean effective radius for diamond dust at South
This is consistent with the structured ice clouds seen at EuPole Station is 12.2 um and presumably unbiaséahesh et
reka and illustrated by the example in Fgand justifies our  al. (2001) showed excellent agreement between remote sens-
use of relatively narrow particle size distributions. Their in- ing estimates of small ice crystals and surface-based in-situ
situ measurements revealed particles ranging from less thasampling.
10 to hundreds of microns, which is consistent with our mea- Boundary-layer ice crystals measurements at Eureka yield
sured values of 25 to 220 um. effective radii (15—70 um), which are more consistent with
A comparison can also be made with mid-latitude cirrus, blowing snow than diamond dust. It is possible that diamond
which are observed at temperatures similar to the wintertimedust crystals in the Arctic are larger due to the higher temper-
Arctic mid-troposphere. Aircraft sampling of mid-latitude atures — see, for example, the diamond dust images provided
cirrus byWhiteway et al(2004) revealed particle sizes rang- by Intrieri and Shupg2004) — but there is very little data
ing from less than 10 to a few hundred microns. Radar/lidarthat can be used to properly assess this, and observations are
inversions byDonovan and van Lammerg002 also yield  complicated by the difficulty of distinguishing the different
effective particle sizes up to a few hundred microns in ra-ice crystal sources. The fact that boundary-layer ice crystal
dius. They showed that mid-latitude cirrus have effective ra-events extend to about the same height as the surrounding to-
dius increasing with increasing temperature, which is con-pography supports our contention that residual blowing snow
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is the source. Boundary-layer ice crystals contribute a sig- Effective radius (um): ice (top), water (bottom)

nificant portion of the overall particle burden above Eureka 10 15 20 30 50 75 100 150

(Fig. 6). Our measurements suggest that residual blowing & 50678 10 15 20 30 _ 50 75100 150
snow lofted from mountainous terrain is likely more impor- @ [T =7 =TT T

tant to the overall radiative balance than diamond dust. The T .

RV . . . © 40F Boundary-layer : Mixed-phase cloud
radiative impact of blowing snow residuals is explored by = ice crystals  * ice precipitation
Lesins et al(20093. L |Aerosol o and 1100

In-situ samples of ice crystals in the Arctic are rare, and - % Mi;fure ice clouds iceiclotds
observations are complicated by contributions to the ice crys- & ok : 150
tal population from the different sources described in this pa- =
per. Arigorous study of ice crystals at the surface like that of 1ok Aerosol / Droplet / IC Mixtures |
Walden et al(2003 does not exist for the High Arctic, and .S | ig
should be considered a priority for future research. gé 0 Droplets, ‘ 0

= 10° 10 107 10°® 10° 10" 10°
5.2.2 Ice crystal altitudes 5radar/ ﬂlidar

Boundary-layer ice crystals are found predominantly belowFig. 10. _Clagsification chart fqr the d_ifferent atmospheric particles
750m altitude, which is comparable to the height of the and their mixtures. The vertical axis shows the linear (left) and
mountain ridges near Eurekaesins et al(20093 showed circular (right) depolarizations and the horizon'tal axis is.in terms of
four case studies of topographic blowing snow residuals thathe color raliofradar fiidar (bottom) and the particle effective radius

. P S top) for ice crystals (IC) and water droplets separately. Effective
share the same vertical distribution. This indicates that bIOW'radii can only be attributed to regions with no aerosol content. The

ing snow residuals are the dominant contributor to high 0p-gash-dot line separates the boundary layer ice crystals on the left

tical depth boundary-layer ice crystal populations at Eurekaand precipitation from thin water clouds on the right. Ice clouds
This result likely extends to other land locations in the ruggedspan the full region for ice crystals.

High Arctic.

Ice clouds are observed throughout the troposphere during
winter. At times these ice clouds, which are generated in th
same range of temperatures as cirrus clouds at mid-latitude
can precipitate to the ground.

The altitude range for thin water stratus (0.5-3.5km) is5 2 3 Depolarization
smaller than is observed during other seasons (ELgry et
al, 1996. The wintertime range corresponds with the ob- The depolarization of aerosol layers is greater than what is
served variability for wintertime surface thermal inversion found for liquid droplets Hoff (1988 showed that ice crys-
layer depths given byesins et al(2009). This suggests tals are responsible for the elevated depolarizations in Arctic
that thin liquid water stratus are connected to the develophaze, and we make the same interpretation here.
ment of wintertime surface inversion layers. Figure9 established that the depolarization of small par-
It has been known sincé/exler (1936 that cold surface ticles in ice clouds was greater than for large particles at a
temperatures in the Arctic winter are due to radiative cool-given altitude. High depolarization in contrails, which also
ing by surface snow and ice. More advanced models of thecontain very small particles, was found Bassen(1997).
radiative transfer process (e.Gurry, 1983 showed that in ~ Young cirrus were shown to have linear depolarization values
clear air the surface temperatures should be much lower thain excess of 50%. The reasons for this result was unknown
is observed, which suggests an important role for particledo Sasser1997), as is the case here.
in determining boundary layer temperaturesurry (1983 o
proposed a variety of mechanisms that could contribute to>-3 Classification chart
the process. These included the radiative impact of diamonq_

dust and liquid condensate, and mixing by turbulence. A he h|stogram§ of F|g.7_revgal tha}t d|fferent scatt.ere.r
Jypes occupy different regions in particle size-depolarization

space. FigurelO provides a classification chart from the
compiled information. The thresholds are approximate, and
lead to relatively large regions occupied by particle mixtures.
Note that areas with only aerosol particles cannot be inter-
preted in terms of size or colour ratio because the radar’s
sensitivity is too low to detect such small particles.

hin water cloud dynamics and microphysics are further ex-
plored byShupe et al(2008.

role for diamond dust has been discounted by the measur
ments ofintrieri and Shup&€2004) andLesins et al(20093,
and a role for turbulence has yet to be experimentally inves
tigated. Our measurements support the contentidntagéri
and Shup€2004) that liquid condensate plays an important
role. Although the model o€urry (1983 did not produce
the kind of thin liquid water clouds discussed here, the wa-
ter clouds it simulated suggested the same basic mechanism.
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The lidar volume backscatter cross-section can be used ttofted from the surrounding mountainous terrain is a more
isolate locations where aerosol layers dominate. The rangékely source than nucleation of diamond dukgsins et al.
in lidar volume backscatter cross-section for aerosols is rel{20093 presented case studies that established these blow-
atively narrow, indicating that variations in sizes and num-ing snow residuals can have a significant radiative impact.
ber densities are small. Lidar backscatter cross-secfigas  Given that much of the Arctic is similarly mountainous, the
that are smaller than>210~°>m~1sr! are characteristic of regional impact of blowing snow residuals on the infrared
aerosol layers and this threshold can be used to distinguishadiative transfer will need to be assessed.
aerosol layers from the mixtures. Thin water layers associated with mixed-phase clouds are
In Fig. 10, mixed-phase cloud ice precipitation and observed from 500 m to 3.5km altitude, which is the same
boundary-layer ice crystals occupy distinct regions. Icerange as is seen for thermal inversion layer deptlesi(s
clouds, however, overlap with both. Some differentiation et al, 2009). This correlation suggests that mixed-phase
can be made on the basis of altitude, as shown in Téble clouds are connected to the development of wintertime ther-
small ice crystals below 2 km altitude are generally classifiedmal inversion layers. Radiative transfer will be very sensitive
as boundary-layer ice particles, whereas small ice crystals ito the vertical distribution of water clouds, and these new
ice clouds are found predominantly higher up. Ice crystalsdata should be taken into account in any future models of
originating from mixed-phase clouds and ice clouds are in-Arctic climate.
distinguishable on this basis. A classification chart was produced which allows for the
identification of ice crystals, aerosols and water droplets
from a combination of depolarization and colour ratio val-
6 Conclusions ues. The chart allows a deeper understanding of the particles
found above Eureka’s by associating them with a shape and
A combined radar-lidar technique was used to study particlesize-related parameter.
properties in the High Arctic troposphere during winter. Dif-  Future efforts are needed to improve our understanding of
ferent particle types were compared in terms of depolarizaparticle microphysics and optical properties. In-situ mea-
tion, colour ratio, effective radius, and vertical distribution. surements of particle morphologies are required to under-
Colour ratios and effective radii could not be determined for stand the relationship between size, shape and depolariza-
aerosols because they are not detected by the radar, excepttign. This may be partly possible from ground level since
mixtures. each ice crystal type is observed to precipitate to the surface,
Particle effective radii determined using Mie scattering and no comprehensive study of this kind in the Arctic cur-
theory are consistent with others found in the literature. Wa-rently exists. However, there is also need for a wintertime
ter droplets are small (effective radii of a few tens of mi- aircraft campaign for ice particle sampling to resolve some
crons) while ice particles can be much larger (effective radiiof the depolarization and particle size issues identified here.
up to a few hundred microns). In the boundary layer, mixed-Such a campaign should be performed in tandem with com-
phase precipitation and ice cloud snow provide the largesparisons between different remote sensing techniques in or-
ice crystals whereas residual blowing snow particles loftedder to form a comprehensive picture of particulates in the
from mountain ridges are smallest. Ice cloud crystal sizesArctic troposphere.
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