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ABSTRACT: The lidar is a widely-used remote sensing tool for measurements of tropospheric constituents and
processes. Despite considerable operational challenges, lidars have been deployed in the polar regions to study the unique
characteristics of the high-latitude atmosphere. The relevant technologies and techniques used for profiling the polar
troposphere are reviewed. Lidars and their measurements are described, from the first single-wavelength lidar aircraft
campaign to today’s multiple-wavelength, multiple-data product systems and satellite-borne lidars providing large-area
polar coverage. Significant advancements in our understanding of tropospheric aerosols, clouds, structure, and trace gases
in both the Antarctic and Arctic have been made possible through the use of lidars and these will be discussed. Copyright
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1. Introduction

The unusual meteorological conditions in the polar
regions result from unique solar cycles combined with
high surface albedo and long wave emissivity. The lim-
ited geographical extent of these conditions does not
imply a lack of interaction with the rest of the Earth, how-
ever. Drivers from lower latitudes such as anthropogenic
aerosols (Quinn et al., 2007) and climate forcings (Gillett
et al., 2008) and natural atmospheric variability (Moritz
et al., 2002) can also have a significant impact on the
polar climate. The converse is also true, for example the
Arctic sea ice, an indicator of local climate (Curry et al.,
1995), impacts Northern Hemisphere weather patterns
(Francis et al., 2009) and, more generally, global circula-
tion (Budikova, 2009). Polar atmospheric conditions, and
the difficulties that models have in accurately represent-
ing them (Randall et al., 1998), thus present measurement
opportunities of both local and global significance. How-
ever, these same conditions often also present the greatest
challenges to taking such measurements.

The primary historical and contemporary means of
profiling the atmosphere has been the radiosonde. These
have been used for the past 50 years at many polar
locations and so provide long term data records (Lesins
et al., 2010, for example). However, profiles of vastly
improved temporal and vertical resolution of atmospheric
optical properties, plus derived physical properties, can
be obtained by using a light detection and ranging
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instrument or lidar. In this paper lidar measurements from
within the Arctic and Antarctic circles (66°33’ parallels),
concentrating on the troposphere, are reviewed. There has
been substantial work done in the middle atmosphere,
however this is beyond the scope of this paper and shall
only be noted when there is overlap with tropospheric
measurements. The goal of this review is not only to
highlight the work done in some of the world’s most
isolated locations, but also to place these measurements in
the context of current understanding of polar atmospheric
processes.

As way of introduction, Section 2 has a brief descrip-
tion of the technical and mathematical basis of the
lidar techniques used. Definitions for different forms of
nomenclature are given for those unfamiliar with the
field. Operating in the polar regions places considerable
limitations on the scope of measurements that can be
made compared to a mid-latitude site. Section 3 briefly
addresses some of the technical challenges faced. Follow-
ing this is a catalogue of tropospheric lidar installations
in the Antarctic and Arctic, Section 4, along with the
major results recorded at these locations. The Arctic, in
particular, has seen concentrated aircraft- and ship-based
measurement campaigns and Section 5 details those using
lidars from 1986 through to the present. With global cov-
erage, lidars on polar-orbiting satellites have radically
changed the measurement possibilities over the poles, tra-
ditionally regions with a paucity of measurements, and
two such satellites are presented in Section 6. Parallel-
ing the techniques discussed in Section 2, some of the
most significant findings derived from aerosol, cloud,
water vapour and ozone measurements are discussed in
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Section 7. Finally, discussion in Section 8 will centre on
the future of lidars and their role in addressing some of
the outstanding questions about the polar troposphere.

2. Introduction to lidar retrievals

It is not the purpose of this paper to describe lidar
hardware, instrumentation, or analysis in depth, readers
new to the field are referred to Weitkamp (2005) which
is an excellent resource. However, retrieval techniques
are discussed briefly as these elucidate atmospheric
parameters that are mentioned in subsequent sections.

A lidar is a time-of-flight instrument where the signal
scattered back into the receiver is a function of time,
and thus distance from the transmitter. For atmospheric
instruments where the lidar is directed upwards, this
is given as altitude. For the simplest case of a single
wavelength elastic backscatter lidar the power received
in each time (and thus altitude) bin, P (A, z), is:

A
P, z) = Po()»)n(k)O(z)AzZ—zﬂn()», 2)

X exp {—2 /Za()», 7)) dz’} ) (1)
0

Py is the transmitted power, 7 is the system efficiency
at the wavelength of interest, A, and O(z) is the overlap
function which describes the fraction of the laser beam
that is within the field of view of the receiver telescope.
The z dependence of the overlap function is different for
each particular lidar and falls from one at high altitudes
to zero at altitudes approaching ground level. The solid
angle subtended by the telescope of area A, is given
by A /z2. The backscatter coefficient, S, (A, z), is the
product of the concentration of scatterers in the sampled
volume and their differential backscatter cross-section.
The 7 will be dropped for clarity and indeed it should be
noted that for bistatic lidars the scattering cross-section
at an angle other than 7 is possible (Olofson et al.,
2009 for example). The exponential term is the two-way
fractional transmission of light through an atmosphere
with an extinction coefficient «.

2.1. Aerosol and cloud retrieval

The major issue with the retrieval from an elastic
backscatter lidar, that is one with a single transmitted and
received wavelength, is that Equation (1) is under defined
with two unknown atmospheric properties, the extinction
and backscatter coefficients. o and § are related through
the lidar ratio, S(z) = «(z)/B(z), and if the aerosol being
measured is known and well characterized then S may be
known and so o and 8 found. However, this is often not
possible in the polar regions which means that o and 8
cannot be determined (see Ansmann and Miiller, 2005
and references therein for details). The backscatter and
extinction coefficients are the sum of both molecular and
aerosol contributions, where ‘aerosol’ in this case is used
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to denote any non-gaseous scatterer such as dust, cloud
droplets, or ice crystals. As the molecular coefficients can
be calculated from scattering theory, their ratio is 87/3 sr,
when not mentioned explicitly the lidar ratio is assumed
to be that for aerosols only.

In cases where o and B cannot be determined, the
parameter commonly given is the backscatter ratio, also
called the Rayleigh ratio in early papers, which is the ratio
of total backscatter coefficient (aerosol plus molecular) to
the molecular backscatter coefficient, R(z) = {Baer(z) +
Bimo1(2)}/ Pmo1(z). The molecular contribution, Bue(z), is
calculated using a standard atmosphere or radiosonde
profiles. In clear air the backscatter ratio is unity and
increases in the presence of aerosols and clouds. It
is sometimes presented as 1/R(z) (Pitts et al., 2009)
or 1 —1/R(z) (Adachi et al., 2001) so that values are
between zero and one.

Instead of relying on a simulated molecular lidar
return, the lidar ratio may be obtained with a more
complex lidar technique, one that separately measures
the backscattered signal solely from molecules. In this
way the contribution purely from the aerosol compo-
nent can be derived. Two instruments capable of this are
the Raman lidar and the high spectral resolution lidar
(HSRL). The Raman lidar uses a channel centred on the
wavelength of a vibrational Raman line of nitrogen or
sometimes oxygen (Ansmann et al., 1992). The change
in wavelength from that of the laser is dependent on the
chosen molecular species and the strength of the return
signal is dependent on the density of that molecule. The
Raman signal is several orders of magnitude weaker than
the elastic signal so that a high power-aperture lidar and
spectrally-narrow filters are required for daytime mea-
surements. The HSRL separates the molecular signal
based on the large Doppler broadening of molecules com-
pared to the much heavier aerosols (Shipley et al., 1983).
The elastic backscattering provides a large signal but the
technique requires precise control of both the transmitter
and receiver spectral characteristics. The aerosol extinc-
tion coefficient, a,,, profile can be derived from the pure
molecular backscattered signal and the aerosol backscat-
ter coefficient, B, can be obtained by taking the ratio of
the molecular and total return signals. Thus, with either
of the Raman or HSRL techniques the lidar ratio can be
measured directly.

Some points to note about nomenclature. Backscatter
coefficient may also be called the volume backscatter
cross-section, having units of m~! sr=!. The prefix
‘attenuated’ is added to identify explicitly when the
aerosol differential extinction has not been accounted for.
If ‘total’ (or sometimes ‘pseudo’) is prefixed, this means
that the quantity includes the molecular contribution as
well as that from aerosols.

The colour ratio, x or sometimes just CR, describes
the change in backscatter coefficient with wavelength in
a similar manner to the Angstrom exponent that describes
the wavelength dependence of the extinction coefficient.
x(@) = ﬂ()‘longers 2)/BAshorer» z) SO that at visible
wavelengths x (z) varies from close to zero for molecules
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to around one for large cloud particles (Tao et al., 2008).
The colour ratio is also sometimes defined in terms of the
backscatter ratio, x'(z) = {R(uuer2) — 1}/ {R0goner ) — 1}
(Liu and Mishchenko, 2001) which varies from one for
a molecular return to approximately k4longer/k4shoner for
large particles.

Another microphysical property of importance is par-
ticle shape which, for hydrometeors, is dependent on the
phase state. A depolarization lidar (see Sassen, 2005 for
an introduction) separately measures light parallel and
perpendicular to the plane of the transmitted light. These
two return signals allow the total depolarization ratio, §,
to be calculated as the ratio of perpendicular to parallel
backscatter coefficients, 8(z) = B1(z)/B)(z). As a rule &
is zero for water droplets, ~0.03 for air (Bodhaine et al.,
1999), and ~0.25-0.6 for ideal ice crystals ranging from
thin plates to long columns (Noel et al., 2004; Sassen,
2005). If the backscatter coefficients include the molec-
ular component then the total depolarization ratio is cal-
culated. Note that less frequently the depolarization ratio
may also be defined as §'(z) = B1(2)/{B)(z) + BL(2)}.
When referencing works that use this definition, §'(z) has
been converted to 6(z) for consistency. Either linear or
circular depolarization ratio may be measured depending
on the optical layout of the lidar. For random particles
in a small sampling volume, one can be calculated from
the other (Mishchenko and Hovenier, 1995).

2.2.  Water vapour retrieval

Water vapour has been shown to be a significant contribu-
tor to Arctic amplification, being a strong feedback mech-
anism for regional atmospheric change (Soden and Held,
2006). Unlike column measurements, from microwave
radiometers for example, lidars provide the vertical distri-
bution of the water vapour which is important for under-
standing the associated feedback processes (Bony et al.,
2006). The water vapour mixing ratio can be determined
by measuring the Raman backscatter of water vapour and
of nitrogen, where nitrogen is a proxy for dry air. For
an absolute mass mixing ratio one must carefully cal-
culate the spectral response of the instrument (Vaughan
et al., 1988), calibrate the integrated profile with a col-
umn water vapour measurement (Turner and Goldsmith,
1999), or calibrate with an in situ measurement such as
that from a radiosonde (Ferrare et al., 1995).

2.3. Temperature retrieval

The Rayleigh lidar technique (Hauchecorne and Chanin,
1980), commonly used for middle atmosphere tempera-
ture retrieval, cannot be used in the troposphere due to
aerosol interference, so a technique that obtains the tem-
perature from the molecular return is required. Behrendt
(2005) reviews different lidar temperature measurements
and the one of interest here is the rotational Raman tech-
nique. The backscatter cross-section of the pure rotational
Raman lines of nitrogen and oxygen (the lines of these
species overlap) has a Maxwell-Boltzmann distribution
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and so depends on the atmospheric temperature. With two
measurement channels at wavelengths covering different
regions of the distribution, a differential measurement of
temperature can made (Cooney, 1972). Being a difference
measurement, the technique is insensitive to the presence
of aerosols and thin clouds. A proportionality factor to
relate the ratio of the channels to atmospheric tempera-
ture can be determined by calibration with a radiosonde
profile.

2.4. Ozone retrieval

Ozone profiles can be obtained with an ultraviolet dif-
ferential absorption lidar (DIAL). A DIAL is an elastic
backscatter lidar with two or more channels, the wave-
lengths of which are chosen for high and low absorption
cross-sections of the species of interest. DIAL measure-
ments of stratospheric ozone have been undertaken for
some time in the polar regions. The spring time southern
hemisphere ozone hole and northern hemisphere deple-
tion, the role of polar stratospheric clouds in ozone
destruction, the influence of the polar vortex, and other
research interests have all driven middle atmosphere lidar
observations in the Arctic (Donovan et al., 1995) and
Antarctic (Santacesaria et al., 1999). The DIAL technique
is equally useful for tropospheric ozone profiles, although
the wavelengths used need to be optimized for the altitude
range of interest.

3. Technical challenges

Although lidars were implemented soon after the inven-
tion of the laser (see Fiocco and Smullin, 1963 for
example) and the technology and techniques are univer-
sal, implementing this technology in the polar regions
remains a significant challenge. The challenges are envi-
ronmental: power, temperature control, clear and consis-
tent access to the sky, and logistical: access, telecommu-
nications, and the cost thereof. The required investment
has resulted in comparatively fewer lidars in the polar
regions and their measurement capabilities, being con-
strained by instrument complexity, has generally lagged
those of mid-latitude lidars. A class of lidars that is
popular for installation in more inhospitable locales are
based on micropulse lasers. These systems are eye-safe
and usually autonomous and the Micro Pulse Lidar Net-
work (MPLNET) includes lidars in both the Arctic and
Antarctic. The high repetition rate of the micropulse laser
ensures good counting statistics, however the low energy
per pulse means that weak signals, either due to a small
scattering cross-section or significant solar influence, are
difficult to measure. Micropulse lidars are generally con-
fined to elastic backscatter measurements.

Micropulse lidars can be positioned to operate out of a
standard window (Shiobara et al., 2003), however more
complicated systems tend to be set up in a customized
building where particular requirements of the instrument
can be more easily met. Generally, an open hatch or
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optical-quality window in the roof is required, such
windows need to be kept free of snow on the outside
and condensation on the inside. If an open hatch is
used the ambient telescope may be separated from the
temperature-controlled room containing the laser and
receiver. High-powered lasers produce a large amount of
heat and the regularization of laboratory temperature is
important for narrow linewidth lasers and optical filters.
This includes spatially: floors tend to be very cold while
ceilings are hot, and seasonally, with 24 h sunlight and
thick insulation, cooling in the summer can be more
difficult than winter-time heating. Temperature issues
are even more troublesome for aircraft-mounted lidars.
Hanger facilities are minimal or non-existent so electrical
heating of the lidar enclosure may be required to ensure
optics and laser crystals are not subjected to very low
ambient temperatures.

Three main modes of operation have developed. Sys-
tems that require an on-site operator generally operate
in a short and intensive campaign mode with a skilled
operator who is able to maintain as well as operate the
lidar. If satellite bandwidth is adequate, systems can be
operated remotely or autonomously saving the expense
of having a local operator. Although more measurements
can be collected this way, significant downtime can result
from a hardware failure. An intermediate mode is where
the lidar is essentially ‘plug-and-play’ but requires a
local operator to start and stop data acquisition, assess
local operating conditions, and shut down in cases of
adverse weather conditions, overflying aircraft and the
like.

Atmospheric conditions in the polar regions also con-
tribute to the difficulty in lidar measurements. Although
the aerosol loading in the Arctic may be comparable to
that of mid-latitudes, Arctic haze aerosol optical depths
peak at 0.12-0.25 at A = 500 nm, the air is very much
cleaner in the Antarctic with median aerosol optical
depths (500 nm) ranging from 0.06 on the coast to 0.015
on the plateau (Tomasi et al., 2007). Water vapour con-
tent is also very low once the sea ice forms in the
winter. Background levels of precipitable water hover
around 1-2 mm (Doyle et al., 2011) while the global
average is 25 mm (Randel ef al., 1996). These low lev-
els require either a system with greater sensitivity or
longer integration times than for a similar mid-latitude
measurement.

4. Lidar installations

Here past and present tropospheric lidar installations
in both the Arctic and Antarctic are catalogued. A
somewhat arbitrary distinction has been made between
fixed-location installations and the campaigns described
in Section 5. Lidars are described for each installation
along with some interesting measurements taken at these
locations. Figure 1 shows the installations referred to in
the text.
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Figure 1. Arctic and Antarctic tropospheric lidar installations discussed
in the text. Circles represent aerosol lidars while stars indicate locations
with additional lidar capabilities. Closed symbols represent lidars that
are currently operational while open symbols are no longer operational.

4.1. The Antarctic

4.1.1. South pole

The first lidar in Antarctica was installed in the 1974/1975
austral summer at the Amundsen-Scott South Pole station
(Smiley et al., 1975). Backscatter data were collected
for 2 years before the system was upgraded to measure
depolarization during the 1976/1977 summer (Smiley and
Morley, 1981). Perhaps the most important observation
reported was that diamond dust, suspended ice crystals
in a clear sky, was capped by a sub-visible cloud 75%
of the time. This was subsequently seen a decade later in
the Arctic (Intrieri and Shupe, 2004) and is discussed
further in Section 7.1.2. This system was relocated
briefly to Palmer Station (64°46'S, 64°03'W) although
no results from this location have been found (Smiley
et al., 1979). A micropulse system was installed in 1999
and is still operating as part of MPLNET. Measurements
have been used to create tropospheric cloud climatologies
(Mahesh et al., 2005) and characterize blowing snow
events (Mahesh et al., 2003). Blowing snow has an
average vertical extent of 400 m with 50% of the layers
being less than 200 m thick. A climatology of surface
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observations reveals a slight increase in occurrence
probability of blowing snow events between 1992 and
2001, with the winter having a considerably higher
occurrence of blowing snow compared to the summer.
This is reflected in the ice particle habit characterization
of Lawson er al. (2006) and Walden et al. (2003) that is
discussed in Section 7.2.2.

4.1.2. Syowa

Iwasaka (1985) present the first lidar measurements of
polar stratospheric clouds from Syowa (69°00'S 39°35'E)
in 1983, after they had recently been observed in satellite
measurements (McCormick et al., 1982). Since that time
most of the work at Syowa has concentrated on the
stratosphere and mesosphere. A commercial micropulse
system was installed in 2001 as part of MPLNET and
has been used to produce climatologies of tropospheric
clouds (Shiobara et al., 2003).

4.1.3. Mario Zucchelli

A depolarization aerosol lidar was operated at the Italian
base at Terra Nova Bay on the Ross Sea (74°42'S
164°07'E) for several years. A review of the instrument
and cloud statistics from the 1987/1988 summer is
given by Sacco et al. (1989) although apparently it was
operated for at least 3 years based on a comment by
Stefanutti et al. (1992a). Clear sky dominated during
the January—February measurement period with clouds
between the ground and 2 km and 2—4 km both having
an occurrence frequency of 15%. Liquid water droplets
were frequently observed in the low clouds.

4.1.4. Dumont d’Urville

After the installation of a depolarization lidar at Dumont
d’Urville (66°40'S 140°01’E) in 1989, Del Guasta et al.
(1993) present a cloud climatology based on continuous
measurements from 1 year. Cloud heights have a skewed
distribution with low clouds most common. As this was
an elastic system, a simulated molecular return was
calculated from radiosonde profiles. Calculation of lidar
ratio was complicated by multiple scattering, however
for optically thin ice clouds the median lidar ratio was
around 29 and showed almost no trend with mid-cloud
temperature between 200 and 240 K (adapted from Del
Guasta et al., 1993, figure 19a). For temperatures above
240 K, the lidar ratio decreased. Total depolarization
ratio measurements of cirrus show no overt trend over
temperatures 193-233 K, the median being 0.37 (Del
Guasta and Vallar, 2003a, 2003b).

In the 1990/1991 summer, the existing 532 nm depo-
larization lidar was expanded with ultraviolet aerosol
and tropospheric and stratospheric ozone channels (Ste-
fanutti et al., 1992b). The ozone channel wavelengths
were separately optimized for two altitude regions, 2—12
and 12-40 km although this system was primarily used
for stratospheric cloud and aerosol research (Santacesaria
et al., 2001). The lidar was replaced in 2006 with a new
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stratospheric system as part of the Network for the Detec-
tion of Atmospheric Composition Change (NDACC)
and there is no longer a tropospheric lidar at Dumont
d’Urville.

4.1.5. McMurdo

The lidars located at McMurdo (77°51’S 166°40'E) from
1990 through to the present have been primarily designed
and used for measurements of polar stratospheric clouds
(Adriani et al., 2004 for example), stratospheric temper-
atures, and volcanic aerosols (Di Donfrancesco et al.,
2000). The current lidar is an NDACC instrument for
measuring stratospheric aerosols and temperature and tro-
pospheric elastic and nitrogen Raman profiles.

4.1.6. Concordia

The French—Italian station at Dome C (75°06’S 123°20'E)
was equipped with a depolarization lidar in 2007. Prelim-
inary observations of blowing slow, mixed-phase clouds,
and cirrus clouds are presented by Castagnoli and Vitale
(2010). Perhaps most interestingly, a pollution plume
from the station generators is also shown, it was identified
by wind direction and associated with high backscatter
and low depolarization ratios.

4.2. The Arctic

4.2.1. Alert

Environment Canada operates a small atmospheric and
meteorological facility at Alert (82°30'N, 62°20'W). An
elastic lidar was operated there from 1984 until 1986 and
was used to complement both surface aerosol measure-
ments and aircraft campaigns in the area (Hoff, 1988).

4.2.2. Ny-Alesund

An atmospheric observatory at Ny-Alesund (78°55'N
11°56’E) was commissioned in 1995 and houses a strato-
spheric lidar (in operation since 1988), the Koldewey-
Aerosol-Raman-Lidar (KARL) since 1999, and an
automated micropulse lidar since 2003 that is part of
MPLNET and NDACC. KARL includes aerosol chan-
nels, depolarization, and ultraviolet and visible water
vapour Raman channels. In 2008 the lidar was signif-
icantly rebuilt with enhanced multi-wavelength aerosol
measurements and 0.45-30 km altitude range (Hoffmann
et al., 2010). Hoffmann et al. (2009) present cloud and
aerosol measurements made in March and April 2007
and characterize air masses as a function of depolar-
ization and backscatter ratios, although the time span
of this study (145 h) perhaps precludes general conclu-
sions. With the Raman lidar, the lidar ratio was found
for both ice and mixed-phase clouds (see Table I) and
two weak aerosol episodes. Haze lidar ratios of 80 £ 12
and 60 £ 10 sr were found in the visible and ultraviolet
respectively while an elevated aerosol event had lidar
ratios of 64.3 and 39.6 sr.

Meteorol. Appl. 18: 383-405 (2011)
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Table 1. Lidar ratio, S, of polar clouds.

S (sr) Instrument Cloud description Ref.

14.5 Nephelometer Drizzle Gayet et al. (2007)
13.8 Nephelometer Ice cloud Gayet et al. (2007)
27+7 Nephelometer Subvisible ice cloud Lampert et al. (2009)
216 Combined?* Subvisible ice cloud Lampert et al. (2009)
19.8 532/607 lidar Ice clouds, 4.5 km Lampert et al. (2010)
17.9 355/387 lidar Ice clouds, 4.5 km Lampert et al. (2010)
14.4 532/607 lidar Mixed-phase cloud, 3-3.5 km Lampert et al. (2010)
6.5 355/387 lidar Mixed-phase cloud, 3—3.5 km Lampert et al. (2010)
37.0+1.0 532/607 lidar Lidar ice clouds, 2.6 km Lampert et al. (2010)
3.0£0.2 355/387 lidar Lidar ice clouds, 2.6 km Lampert et al. (2010)
10 532/607 lidar Ice and/or sea salt, 1 km Gerding et al. (2004)
10 532/607 lidar Ice cloud, 10.4-10.8 km Hoffmann et al. (2009)
18 532/607 lidar Mixed-phase cloud, 2.2-3.4 km Hoffmann et al. (2009)
254+12 532/607 lidar Ice cloud, 6—-8 km Nott et al. (2011)
20+9 355/387 lidar Ice cloud, 6—-8 km Nott et al. (2011)

4 Average of nephelometer, lidar, and combined lidar and albedometer techniques.

4.2.3. Eureka

From 1993 until 1997 winter-time aerosol measurements
were made at Eureka (79°59’N, 85°56'W) with an elastic
lidar. Backscatter ratio and depolarization profiles, com-
bined with meteorological data, were used to quantify
clouds and Arctic haze and the conditions under which
they form (Ishii ef al., 1999). Haze events, frequently
below 3 km and occasionally at 3—5 km, were generally
found to occur at humidities less than 60% over ice, while
clouds dominate at >80% over ice. Figure 2 shows the
peak backscatter and depolarization ratios as a function
of relative humidity from this study, the aerosols having
significantly smaller depolarization.

As part of the Study of Environmental Arctic Change
programme (SEARCH) an HSRL has been operating
nearly continuously from 2005 to 2010, measuring
backscatter and depolarization ratio from 70 m up to
approximately 15 km (Eloranta et al., 2006). Statistical
studies of such long-term, continuous measurements are
valuable for identifying scatterer type based on their
behaviour without limiting the applicability of the conclu-
sions to a particular season or year. Using both the HSRL
and a co-located millimetre cloud radar, Bourdages
et al. (2009) classified particle populations based on the
backscatter at two very different wavelengths (532 and
8.6 mm) and the 532 nm depolarization ratio. The regions
of depolarization ratio/colour ratio space are divided up
based on the observed species in individual profiles to
create the classifications shown in Figure 3. The colour
ratio is used to infer size information. Since 2008 a tro-
pospheric ozone-DIAL and Raman lidar, operating under
the auspices of the Canadian Network for the Detection of
Atmospheric Change (CANDAC), have been co-located
with the HSRL The CANDAC Rayleigh-Mie-Raman
lidar has aerosol channels in the visible and ultraviolet as
well as water vapour and rotational Raman temperature
channels. To the author’s knowledge the first tropospheric
temperature lidar profile measured in the polar regions

Copyright © 2011 Royal Meteorological Society

{a) 40
35
0
=2
é 2 — . R | “hil .
2w
5
2 15
7
10
5 T A
ols : Lot e ]
o W 20 3 40 5 &0 T B 90 100 110 120 130 140
Humidity over ice (%)
(b) 40 T
- B i
& J
T ® ife
Z 5 { i
- l
2w —
g 15 T &
2 A \ i
10 B B b _
I SRR T
5 1 i T 3
. ) ™ T
o . ¥ ﬂ.ﬁf}&“ £o
0 10 20 30 40 50 &0 0 BD 90 100 110 120 130 140

Humidity over ice (%)

Figure 2. Relationship between scattering ratio, R (a), and depolariza-

tion ratio, 8’ (b), and relative humidity over ice for clouds, £, and haze,

®_ particles. Data from winters 1993—1997 at Eureka (from Ishii et al.,
1999 with permission from Elsevier).

has been made with this system although at time of writ-
ing a more complete analysis is not available (Nott et al.,
2011).

4.2.4. Sondrestrom

Since 1993 a middle atmosphere lidar has operated as
part of the Arctic Lidar Technology (ARCLITE) facility
at Sondrestrom, Greenland (67°00'N, 50°55'W) (Thayer
et al., 1997). Raman nitrogen and water vapour channels
at 607 and 660 nm have subsequently been added with
first water vapour measurements over 1-10 km being
presented by Neely and Thayer (2010).
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and spherical ice crystals (IC) are calculated for a given colour ratio,

although this is only valid where there are no aerosols (from Bourdages
et al., 2009).

4.2.5. Barrow

The North Slope of Alaska site is part of the Atmo-
spheric Radiation Measurement (ARM) programme near
Barrow, Alaska (71°19'N, 156°37'W). Currently there is
a micropulse lidar installed on site. The long-term nature
of the ARM site has enabled a 10 year cloud clima-
tology to be assembled, 5 years of which were using
a lidar and radar (a ceilometer was also used over the
period 1998-2008). Average seasonal cloud occurrences
are 65% (winter), 68% (spring), 83% (summer), and 89%
(autumn) with an annual mean change of —4.8% per year
seen over the 10 year period (Dong et al., 2010).

4.2.6. Andgya

The Arctic Lidar Observatory for Middle Atmospheric
Research (ALOMAR), is part of the Andgya Rocket
Range facility (69°16'N, 16°00'E) and primarily mea-
sures middle atmosphere temperature, ozone, and wind
speeds (von Zahn et al., 2000). A dedicated tropospheric
lidar was added in 2005 to extend measurements down
from the tropopause (Frioud et al., 2006). In 2006 a
polarization-sensitive bistatic lidar receiver was used
to study the ice crystals in cirrus clouds. The bistatic
arrangement allowed measurements of scattering angles
130-170° along with the backscatter as collected by the
regular detection system (Olofson et al., 2009).

4.2.7. Hornsund

A tropospheric lidar was installed at the Polish research
station at Hornsund, Svalbard (77°00'N 15°33’E) in
2009. There are elastic measurements at 1064, 532, and
355 nm as well as nitrogen and water vapour Raman
channels in the ultraviolet (Pietruczuk and Karasinski,
2010).

4.2.8. Summit

As part of the 4 year Integrated Characterization of
Energy, Clouds, Atmospheric State, and Precipitation at
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Summit (ICECAPS) campaign, a depolarization lidar was
installed at Summit, Greenland (72°36'N 38°25'W) in
2010. This system measures the return signal in three
planes of polarization: parallel, perpendicular and 45°
(Neely et al., 2010). Additionally a micropulse lidar
is on site as part of this measurement campaign. In
contrast to the other facilities in the Arctic, Sum-
mit is significantly above sea level at an altitude of
3.2 km. Measurements will be less influenced by regional
changes and so provide large-scale observations and
an interesting counterpoint to those from sea level
instruments.

5. Campaigns

While an effort has been made to summarize the achieve-
ments of those campaigns in which tropospheric lidars
played a significant role, the authors cannot claim a com-
plete listing of all relevant campaigns. All but one cam-
paign are from the Arctic, the greater logistical challenges
of the Antarctic mean that even short-term programmes
tend to be based out of permanent research stations.

5.1.  Antarctic ferry flight measurements

The single aircraft campaign in the Antarctic was in the
summer of 1986 (Morley et al., 1989). A nadir-pointing
532 nm elastic lidar was flown on ferry flights between
McMurdo, the South Pole station, and Siple (75°55'S
83°55’'W) to look at cloud cover over Western Antarctica.
Stable layers at 2.5-3 km were predominant over the
Ross ice shelf, these were judged to be mixed-phase or
liquid clouds due to the total extinction of the beam. Deep
cirrus clouds, frequently displaying virga, were common
over the ice cap.

5.2. Arctic gas and aerosol sampling program

These campaigns were held in 1983, 1986, 1989 and 1992
across the western Arctic between Norway and Alaska.
The second Arctic Gas and Aerosol Sampling Program
(AGASP-II) in 1986 used an aircraft-mounted nadir-
looking near infrared elastic backscatter lidar and in situ
instruments to investigate the role of haze in the spring-
time Arctic (Morley et al., 1990). Brock et al. (1990)
report multiple thin haze layers of thickness between
30 and 60 m with horizontal extents from as small as
20 km. Thicker, well-mixed layers with vertical thick-
nesses around 500 m were found to extend for 500 km.
Sulphates dominated the haze layers with loading within
the haze similarly horizontally and vertically inhomoge-
neous. Fine mode sulphur concentrations were calculated
to peak at 3 ug m—>. Thin layers were advected into the
Arctic by narrow jets from further south while the ther-
mal stability of the polar air mass maintained the striated
nature of the haze (Radke et al., 1989).

Schnell ef al. (1989) used the same lidar to investigate
plumes of hydrometers injected into the atmosphere
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over leads in the sea-ice. Leads of widths 10 km or
greater generated plumes energetic enough to escape the
boundary layer temperature inversion and were observed
up to altitudes of 4 km.

5.3. Canadian Arctic Haze Study

The Canadian Arctic Haze Study was held at Alert
coincident with AGASP-II, and compared ground-based
ruby lidar profiles to in situ measurements (Leaitch et al.,
1987). They report that fine particles dominated coarse
mode with particles predominantly in hydrated form with
reasonably uniform depolarization ratios that were less
than 0.18 and usually around 0.08. These numbers are
converted from &’ to § (Hoff, 1988) and also possibly
include an instrumental component of ~0.05, although
this is unclear.

5.4. Arctic Boundary Layer Expedition

The Arctic Boundary Layer Expedition (ABLE 3A) was
conducted in July—August 1988 and covered Greenland,
Northern Canada and Alaska. The primary focus was on
atmosphere—biosphere interaction and measurements of
relevant chemical species (Harriss et al., 1992). An air-
borne DIAL was used to measure ozone concentrations
from the ground to the tropopause and is interesting in
that the transmitted light was split into zenith- and nadir-
pointing components to measure above and below the
flight deck simultaneously. In situ ozone measurements
were used to constrain the retrieval within the overlap
regions (Browell et al., 1992). Results from these mea-
surements are discussed in Section 7.4.

5.5. Arctic Haze

The Arctic Haze campaign of 1993/1994 (Arctic Haze,
1997) made use of an aircraft-mounted nadir-looking
elastic lidar. Haze/aerosol layers measured over Siberia
and the Siberian-Arctic were concentrated in the lowest
2 km. Backscatter increased by an order of magnitude
from 80°N to regions closer to polluted areas. Total
depolarization ratios were 0.01-0.15 with the higher
values being found close to the aerosol source regions.
Horizontal scattering profiles confirmed prior reports
of the spatial inhomogeneity of the haze layers with
scattering coefficients varying over ranges of several to
tens of kilometres (Khattatov et al., 1997).

5.6. Surface Heat Budget of the Arctic Ocean

The Surface Heat Budget of the Arctic Ocean (SHEBA)
research programme (Uttal ef al., 2002), a multi-discip-
linary effort to measure the state and processes of the
Arctic ocean, sea-ice, and atmosphere over an entire year,
has yielded a wealth of information about the radiative
processes of the Arctic. Measurements were taken on a
drifting icebreaker from October 1997 to October 1998
with the lidar being a 532 nm elastic backscatter and
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depolarization-sensitive lidar oriented at 5° off-zenith.
Cloud statistics were obtained by combining the lidar
and cloud radar datasets (Intrieri ef al., 2002a): for a
comparison of cloud statistics gleaned from different
instruments and observations, including the lidar/radar
see Wyser and Jones (2005). Cloud base heights were
dominated by those in the 0—1 km range. Liquid and
solid phase returns were demarcated at a depolarization
ratio of 0.11 and liquid water in clouds was detected
all year round with occurrence probabilities of 95%
over summer and 45% during the winter. Mixed-phase
clouds were concentrated in the lowest kilometre but were
frequently observed up to 4.5 km and occasionally up to
6.5 km. Ice clouds occurred at all altitudes 0—10 km.

Using cloud boundaries from Intrieri et al. (2002a),
radiosonde temperature profiles, and downwelling atmo-
spheric radiance spectra as inputs, Turner (2005) calcu-
lated particle size and phase information for single-layer
clouds between November and May. Mixed-phase and
liquid clouds were found down to 240 K with the ice
fraction displaying no appreciable trend with temperature
as seen in Figure 4(c). Derived particle size distributions
are presented with the mode radius in liquid clouds being
10 um in the winter and 7 um in the spring. However,
significant questions remain about sizes in ice and mixed-
phase clouds due to fact that crystal habit was unknown.

With cloud statistics and a radiative transfer model
Intrieri et al. (2002b) calculated the cloud forcing on
the surface throughout the year. Their data support
earlier models (Curry and Ebert, 1992 for example) and
observational data (Walsh and Chapman, 1998) and show
a surface warming due to clouds during the entire year
except for high summer when the strong short wave flux
and reduced surface albedo result in a slight cooling.
The 10 year climatology from Barrow also show this
trend (Dong et al., 2010). For mixed-phase clouds in
May, Zuidema et al. (2005) report that for optical depths
up to approximately 5 the radiative surface forcing is
strongly dependent on the optical density, however for
larger optical depths (and 60% of the mixed-phase clouds
they studied over a 10 day period had an optical density
greater than 6) the optical depth has minimal influence
on the surface forcing as the short wave component
dominates that of the long wave.

5.7. Arctic Clouds Experiment

Overlapping with SHEBA from April to July 1998,
the First ISCCP (International Satellite Cloud Climatol-
ogy Project) Regional Experiment-Arctic Clouds Exper-
iment (FIRE.ACE) was a multiple aircraft campaign that
concentrated on cloud and radiation measurements to
improve polar satellite retrievals and models (Curry et al.,
2000). Two aircraft-mounted lidars were used. A lidar
with 355 and 532 nm channels plus 1064 nm depolariza-
tion was mounted in an ER-2 flying at a nominal altitude
of 18 km (McGill et al., 2002). The second lidar was a
simultaneous upward and downward-pointing 1064 nm
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Figure 4. Optical depth and ice fraction of single layer clouds
November 1997 to May 1998 at SHEBA. Optical depth scatter plot
versus cloud temperature (a), and occurrence histogram (b). Ice fraction
versus cloud temperature (c), and occurrence histogram (d). Frequency
distribution of cloud temperatures (e) (from Turner, 2005).

depolarization lidar (described in Strawbridge and Sny-
der, 2001).

Lidar-derived boundary layer and cloud-top height
over open water was observed to be two to four times that
over unbroken sea ice (Gultepe et al., 2003). Liquid water
content and cloud particle sizes over open water were
also larger with a higher proportion of irregular ice par-
ticles (60% compared to 40% over sea ice). The amount
of open water, and the degree of melt on the sea ice as
seen by Intrieri et al. (2002b), has a significant impact on
radiative fluxes as well. Open water leads were measured
to reduce the short wave upwelling radiation by 30—90%
while long wave increased by 3—10% (Curry et al., 2000,
from Figure 9). The cloudiness or amount of sea smoke
above the open water during these measurements was not
mentioned and may, along with the amount of loose ice
in the water, account for the range of influence on the
irradiance.

Numerous measurements of ice crystal shapes were
also made during this campaign. A number of authors
have analysed the habit distributions and some care must
be taken to note the different criteria that are used by
each. Korolev et al. (1999) report that irregular ice par-
ticles dominate clouds from 273 to 228 K, however sin-
gle crystals with evidence of melting/sublimation were
classed as irregular. Rangno and Hobbs (2001) used
six different types and their fragments for classification,
irregulars now accounting for 37% with frozen drops
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the next most prevalent at 20%. The fragmentation of
these droplets, their riming, and collisions with fragile
ice crystals result in mixed-phase clouds with ice con-
centrations in excess of ice nuclei concentrations in the
cloud. They note that if using the same classification
scheme as Korolev et al. (1999) they obtain comparable
proportions of irregular to pristine crystals. In a cloud
layer at 2.5—-3 km (cloud top temperature, 258 K) where
the SHEBA lidar indicated a liquid cloud top and ice
and liquid mixed within the cloud layer, single particles
were found to dominate with aggregates comprising <5%
of all ice (Hobbs et al., 2001). A second flight encoun-
tered 12 different cloud layers between 237 K (6.5 km)
to 269 K (2.1 km) ranging from clouds of ice, through
mixed-phase, to all liquid. Ice crystals observed were
bullet rosettes, columns and plates, needles and sheaths,
dendrites, stellars and graupel. This indicates the verti-
cal and horizontal complexity of springtime clouds and
the difficulty in comparing in sifu measurements to fixed
ground-based lidars. This particular aircraft was not fitted
with a lidar.

5.8. Tropospheric Ozone Production about the Spring
Equinox

The Tropospheric Ozone Production about the Spring
Equinox (TOPSE, 2000) experiment used an aircraft-
mounted ozone DIAL and in sifu instruments for char-
acterizing the chemical composition of the Arctic
troposphere (Atlas et al., 2003). The DIAL was the same
upwards- and downwards-looking system that was used
for ABLE-3A with an accuracy of better than 10% or 2
ppbv, whichever is greater (Browell et al., 2003). Surface
ozone depletions with horizontal extents of up to 600 km
were seen and, although being observed as far south as
over Hudson Bay (north from 59 °N), all depletions orig-
inated over the Arctic Ocean (Ridley et al., 2003). Aver-
age ozone increased between February and May and a
correlation between concentration and aerosol backscatter
ratio (> = 0.90) was seen in the free troposphere, indi-
cating that ozone was being transported into the Arctic
over the spring (Browell et al., 2003). However, con-
comitant measurements at Alert show that, at least when
insolation was low, anthropogenic aerosols (measure-
ments of black carbon, NOy, and CO) are anticorrelated
with surface-level ozone and so have a role to play in the
depletion events (Bottenheim et al., 2002). This is obvi-
ously not a simple matter as Ridley er al. (2003) found
no consistent relationship between fine mode aerosol
concentration and ozone depletions. That said, inspec-
tion of the ozone and aerosol data (Browell er al., 2003,
Figures 1, 2, and 4) indicate elevated backscatter ratios
(>3) during ozone depletions within the boundary layer.

5.9. Arctic Study of Tropospheric Aerosol, Clouds
and Radiation

The Arctic Study of Aerosol, Clouds and Radiation
(ASTAR) programmes were a series of aircraft-based
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measurements around Svalbard in spring 2000, 2004,
and 2007 with complementary ground station mea-
surements at Ny-Alesund. Objectives centred around
the characterization of springtime aerosols and this
was extended to include clouds for 2004 and 2007
(Yamanouchi ef al., 2005). A downward-looking depo-
larization lidar (Stachlewska et al., 2010) was flown as
part of ASTAR 2004 (and 2007) and by combining
the lidar returns with in situ size and phase measure-
ments during a single flight, a lidar ratio was obtained
for liquid and ice clouds of 14.5 and 13.8 sr respec-
tively (Gayet et al., 2007). However, extinction coef-
ficients calculated with these values were significantly
smaller than those measured in sifru with the nephelome-
ter. The authors cite the 80 min separation between
the measurements as the most probable cause of this
discrepancy.

During ASTAR 2007, an optically-thin ice cloud at
3 km was examined by Lampert efal. (2009) with
the measured 532/355 nm colour ratio indicating par-
ticles with an effective diameter smaller than 5 um.
Particle backscatter coefficient varied between 0.3 and
5 x 107 m~! sr~! throughout the cloud and in situ mea-
surements confirmed the ethereal nature of the cloud with
an average number concentration of only 0.5 17! and
extinction of 0.01 km~!. With a solar zenith angle of
70°, short wave downwelling was reduced by 3.2 W m~2
due to cloud reflection while long wave downwelling
radiation increased beneath the cloud by 2.8 W m~2,
so the net cooling of —0.4 W m~2 is negligible on
a local scale. As mentioned previously, however, dur-
ing the winter the surface warming due to sub-visible
clouds becomes more important. Fitting different ice
crystal habits to the nephelometer-measured scattering
phase function, a combination of spherical (1-100 um)
and 2:1 roughened hexagonal columns (20—900 um)
was found which gave a lidar ratio of 27+ 7 sr.
Using three independent methods, including that using
the nephelometer, a mean lidar ratio of 21 6 sr was
determined.

Lampert et al. (2010) examines lidar measurements of
different cloud and aerosol layers in spring 2007. The
season was found to have typical cloud occurrence statis-
tics but low Arctic haze levels. Hoffmann et al. (2009)
notes that during this period the aerosol optical depth at
A =500 nm was 0.05-0.08, compared to a 14 year aver-
age of 0.1. A layer of aerosol up to 2.5 km (241 K) was
measured and was predominantly well-hydrated aerosols
such as local sea-spray derived sulphates. A low level
mixed-phase cloud at 700—1700 m with very high optical
depth of 11-13 was measured with significant horizontal
inhomogeneities, gaps in the cloud occurred on a kilo-
metre scale. Cloud top was dominated by water with
irregular ice crystals making up 22% at 252 K (1.7 km),
30% at 257 K (1 km), and 70% at 261 K (0.5 km)
(Gayet et al., 2009). Multiple layer ice and mixed-phase
clouds were also investigated from 2.5 to 4.5 km. The
uppermost layer displayed classic cirrus-like parameters,
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aerosol backscatter of 3 x 107® m~! sr~!, peak depolar-
ization of 0.7, lidar ratios of 19.8 (532 nm) and 17.9
sr (355 nm), and an optical depth of 0.11. The lower
clouds displayed a significant variance in lidar ratio,
indicating an unusual variety of crystal habits. Unfor-
tunately, in situ crystal sampling was not carried out on
this flight.

5.10. Mixed-Phase Arctic Cloud Experiment

Based over northern Alaska, the Mixed-phase Arctic
Cloud Experiment (M-PACE) used in sifu measurements,
radiation, and lidar and radar measurements to study
mixed-phase clouds in Autumn 2004. M-PACE was
designed to facilitate improved modelling of mixed-phase
clouds and a number of authors have presented mod-
elled clouds based on these measurements (for exam-
ple Klein et al., 2009; Morrison et al., 2009). Verlinde
et al. (2007) presents a classical example of measure-
ments of a precipitating, single-layer mixed-phase cloud
with a depolarization ratio of approximately 0.05, a
cloud base at 800 m and top height 1200-1300 m.
The radar reflectivity, lidar backscatter and depolariza-
tion are shown in Figure 5. Snow was falling from
the cloud with large irregular ice crystals dominating
at the base of the cloud while frozen drizzle drops
were detected at the cloud top. The vertical structure
of the cloud radar reflectivity and the slight modu-
lation in the cloud top height is due to the vertical
motion within the cloud and its influence on the cloud
microphysics. Shupe et al. (2008a) show that vertical
air parcel motion varies considerably on a horizon-
tal scale of approximately 5 km, vertical velocity was
measured from 2.5 m s~! upward to —1.5 m s~! down-
ward. A stronger updraft promotes greater ice fraction
and larger particle sizes, resulting in a higher radar
reflectivity.

5.11. Polar Study using Aircraft, Remote Sensing,
Surface Measurements and Models, of Climate,
Chemistry, Aerosols, and Transport (POLARCAT)

POLARCAT was an umbrella programme conducted as
part of the 2007-2008 International Polar Year. Vari-
ous campaigns were coordinated as part of POLARCAT:
the Arctic Research of the Composition of the Tro-
posphere from Aircraft and Satellites (ARCTAS, Jacob
et al., 2010), the Aerosol, Radiation, and Cloud Pro-
cesses affecting Arctic Climate (ARCPAC, Brock et al.,
2011), the Greenland Aerosol and Chemistry Experi-
ment (GRACE), International Chemistry Experiment in
the Arctic Lower Troposphere (ICEALOT), plus others.
Many of these campaigns used lidars in ways already
described to augment radiation, chemical, or in situ
measurements and results are in the process of being
published.

Two evolving aerosol plumes from Asia and Europe
were analysed by de Villiers et al. (2010) using backscat-
ter ratio, depolarization and colour ratio from both
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Figure 5. Cloud radar reflectivity (a), lidar backscatter (b), and lidar

depolarization ratio (c) of a single layer mixed-phase cloud measured

during M-PACE. Note that the lidar signal is fully attenuated before
reaching the cloud top at 1.2 km (from Verlinde et al., 2007).

satellite- and aircraft-mounted lidars. Despite the aerosol
layers, measured between the ground and 4.5 km all
being of similar optical depth, the particle characteris-
tics were different. The aerosols originating in Europe
were smaller (confirmed with in situ measurements) with
a very low total depolarization ratio of 0.016 and low
total colour ratio of 0.009. The Asian plume contained
larger particles with slightly more depolarization, 0.021,
and larger colour ratio, 0.13.

5.12. Pan-Arctic Measurements and Arctic Regional
Climate Model Simulations (PAMARCMIiP)

PAMARCMIP took place in April 2009 with a series
of flights from Svalbard across the western Arctic to
Barrow. The aircraft was fitted with two downward-
looking lidars, a depolarization aerosol lidar (Stachlewska
et al., 2010) and a tropospheric ozone DIAL. Comple-
mentary ground-based measurements with the lidars at
Ny-Alesund, Eureka and Barrow were also taken. Over
the entire region studied, the haze particles were found
to be in the 130-200 nm size range with an Angstom
exponent (412/675 nm) of 1.4—1.7, increasing from the
surface to 4 km (Stone et al., 2010). A second PAMAR-
CMiP campaign was flown in spring 2011.

6. Satellite-based lidars

6.1. Geoscience Laser Altimeter System

Launched January 2003 on the Ice, Cloud and land Ele-
vation Satellite (ICESat), the Geoscience Laser Altimeter
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System (GLAS) was designed to measure the topog-
raphy of the ice caps and profile aerosols and clouds.
The instrument had two elastic backscatter channels, at
1064 and 532 nm and its polar orbit provided coverage
between 86°S and 86 °N. Spinhirne et al. (2005) found
that cloud fraction was unevenly distributed over Antarc-
tica in October 2003. Over the Southern Ocean and the
Antarctic Peninsula the cloud fraction approached unity
with Western Antarctica varying between 0.6 and 1. Low
level stratus clouds dominated as has been seen in pre-
vious studies. Over Eastern Antarctica the skies are con-
siderably clearer with the cloud fraction varying between
0 and 0.6. Ice clouds around the top of the troposphere
become more prevalent as latitude increases. Unfortu-
nately, all three lasers on board suffered from premature
failure which resulted in reduced data volume and the
decommissioning of ICESat from February 2010 (NASA,
2011).

6.2. Cloud-Aerosol Lidar with Orthogonal Polarization

The Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) is mounted on the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO)
satellite and was launched in April 2006. It is part of
the A-train constellation of satellites and has an orbit
inclination of 98.2° (Winker et al., 2009), thus providing
coverage to 82° latitude. This wide-area coverage has
proven immensely important in the polar regions where
ground-based installations are few and far between. The
lidar operates at 1064 and 532 nm with depolarization
being measured at 532 nm. An overview of the lidar
and analysis algorithms is given in the CALIPSO Special
Collection (2009).

Given the volume of data gathered, statistical meth-
ods are being used to classify cloud particles and
aerosols dependent on where a return falls in backscatter-
depolarization space. Noel and Chepfer (2010) present
measurements for different colour ratios, thus distinguish-
ing between aerosols and clouds, comparing on-nadir
(June 2006 to November 2007) and off-nadir (November
2007 to December 2008) CALIPSO data. Figure 6 shows
the global frequency distribution of night time measure-
ments as a function of integrated attenuated backscatter
and depolarization ratios for y > 0-7. By limiting the
figure data to large colour ratios, aerosol returns are
excluded. The central region of increasing depolariza-
tion with backscatter is due to multiple scattering (Hu
et al., 2007 for example). Multiple scattering causes a
gradual increase in depolarization ratio with cloud pen-
etration depth and similar values to that expected from
randomly oriented ice crystals are readily achievable due
to the large, 90 m footprint of CALIOP (Yoshida et al.,
2010). Either side of the multiple scattering signature are
the returns from ice crystals and this is discussed further
in Section 7.2.2. Hu et al. (2009) show the same type of
distribution as a function of temperature for both on- and
off-nadir measurements and additionally use the correla-
tion between backscatter and depolarization in adjacent
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Figure 6. Integrated backscatter/depolarization ratio distributions of

on-nadir (a), and off-nadir (b), global cloud returns from CALIPSO.

The area outlined by the solid line indicates aligned ice while

that outlined by the dashed line indicates randomly oriented ice.

Coordinates of these regions are given in (a) (adapted from Noel and
Chepfer, 2010).

footprints to help discriminate between horizontally ori-
ented ice crystals and water clouds. At the time of writing
there is some degradation of the depolarization data dur-
ing the daytime, Sassen and Zhu (2009) note a change
in depolarization ratio of approximately 0.11 between the
day and night and this exceeds the physical diurnal vari-
ation of ice clouds seen by ground-based lidars.

Passive satellite measurements have significant prob-
lems discriminating between clouds and the snow- or
ice-covered surface due to the boundary layer temperature
inversion and low contrast in albedo. However, passive
instruments do have significant spatial coverage, includ-
ing all the way to the Poles, and long-term measurement
sets. CALIPSO and CloudSat have been used to quantify
the reliability of Moderate Resolution Imaging Spectrora-
diometer (MODIS) cloud products in both the Arctic and
Antarctic. Looking at clouds over the Arctic Ocean, Liu
et al. (2010) observe that the MODIS cloud accuracy is
lower over ice, particularly in August—September when
cloud frequency peaks (Intrieri et al., 2002a; Dong et al.,
2010). The combined successful detection of both clouds
and clear skies over open water is generally greater than
85% but this drops to less than 70% over sea-ice. A
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similar reliability study of the CALIPSO and MODIS
phase detection algorithms for clouds over Antarctica
found agreement within 10% in cloud-top liquid water
fraction (Choi et al., 2010). However, the cloud-top lig-
uid water fraction is not necessarily a good measure
of total cloud liquid water, as the total column based
on CALIOP profiles is 20—30% higher than the cloud-
top fraction. This is seen in Figure 7 which shows the
zonally-averaged liquid water fraction at cloud top and
integrated throughout the cloud.

Recently a climatology of clouds and aerosols in the
Arctic has been published, based on CALIOP measure-
ments 2006—2010. Limiting the analysis to optically thin
clouds, Devasthale er al. (2011a) reproduce, averaged
over latitudes 67—82°N, the heavily skewed distribu-
tion in cloud base and thickness that has been seen in
ground-based measurements (discussed in Section 7.2).
Histograms of cloud-base height have a bimodal distribu-
tion which, as liquid- and ice-phase clouds are explicitly
separated, show that the lower peak at 200—400 m is
due to liquid clouds and that at 6—8 km is due to ice.
Single layer clouds are most likely during all seasons
which is not the same as clouds studied at SHEBA where
the probability of multiple layers exceeded that of a sin-
gle layer in June and July (Intrieri et al., 2002a). There
are two possibilities for the discrepancy, the most obvi-
ous is the point measurement of SHEBA compared to
the spatially- and temporally-averaged CALIOP measure-
ments, and the thin cloud requirement in the analysis by
Devasthale et al. (2011a). Intrieri et al. (2002a) show that
the greatest number of lidar-extinguishing clouds occur
during summer, the combined radar-lidar technique being
more resilient in these situations. A climatology of Arctic
aerosols shows that 65% occurs in the lowest 1 km dur-
ing winter, trapped by the surface temperature inversion.
Increased vertical mixing occurs in the summer meaning
that a single haze layer is most common with 45% being
below 1 km (Devasthale et al., 2011b). A comparison of
the cloud and aerosol altitude distributions illustrates the
significant overlay between Arctic haze and clouds with
a significant liquid water content and the importance of
understanding their interaction.

7. Summary of significant findings

The advantages of the lidar technique — the remote
sensing of atmospheric constituents and processes at
otherwise unobtainable temporal and spatial resolu-
tions — have meant that, despite the difficulties of instal-
lation and operation, lidar measurements have played a
significant role in increasing our understanding of the
polar troposphere. In this section some of the historically
significant steps are summarized.

7.1. Aerosols

7.1.1. Arctic haze

From the late 1970s through to the 1990s a substantial
research effort was made to understand the winter and
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Figure 7. Antarctic zonally-averaged liquid water fraction for August

2006. Cloud-top fraction from MODIS (solid line, a) and CALIPSO

(dotted line, b), and for the total cloud column from CALIPSO (dashed

line, ¢) (from Choi et al., 2010 with kind permission from Springer
Science + Business Media).

spring-time occurrence of pervasive lower-tropospheric
anthropogenic aerosols in the Arctic, termed Arctic haze
(for a review see Quinn et al., 2007). These fine-mode
aerosols transported from mid-latitudes, have lifetimes
of weeks in the stable winter time Arctic (Baskaran
and Shaw, 2001). The haze is thickest in the lowest
2 km and may extend up to approximately 5 km. In late
spring—early summer, aerosols also occur aloft with a
clean air region at ground level, indicating more active
transport from southern latitudes (Curry et al., 2000).
Brock et al. (2011) present an elegant discussion about
characterizing Arctic haze as the seasonal maxima in the
aerosol background and differentiating this from episodic
aerosol events resulting from direct transport from lower
latitudes. The terms ‘haze’ and ‘aerosol’ are used as
strictly as possible in accordance with this definition,
however the unequivocal separation of the two can be
very difficult so care is required when studying this
subject.

In spring 1983, a near-infrared lidar was flown from
Ny-Alesund to obtain backscatter profiles of the haze
with vertical resolutions of 200 m (Wendling et al.,
1985). These were the first lidar measurements target-
ing Arctic haze and found aerosols concentrated within
the boundary layer inversion (between the ground and
200-500 m) with backscatter coefficients peaking at
2.3-7x107> m~! sr~!. Hoff (1988) took the first depo-
larization measurements of Arctic haze, aerosols were
differentiated from ice crystals using a total depolariza-
tion ratio of less than 0.1. This was subsequently refined
by Ishii et al. (1999) who report seasonal average total
depolarization ratios of 0.0088—0.0148 (converted from
8’ to 8) for four winters at Eureka. The average backscat-
ter ratio ranged from 1.21 to 1.29. A low depolarization
ratio is expected due to the predominance of hygroscopic
sea salts and sulphates in the haze (Quinn e al., 2002)
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although, as the depolarization ratio was greater than the
calculated molecular ratio, aspherical particles still exert
some influence on the optical properties. Hoffmann et al.
(2009) report an average depolarization ratio for haze of
0.02—0.05 at Ny-Alesund. The associated lidar ratios are
40-60 sr at 532/607 nm and 30-50 sr at 355/387 nm.

Using an aircraft-mounted lidar with a vertical resolu-
tion of only 3 m, Radke ef al. (1989) show haze in the
Canadian Arctic with fine vertical layered structures as
small as tens of metres at altitudes up to the flight level of
4 km. Horizontal structure from 20 km for fine haze lay-
ers up to 500 km for thick, well mixed layers were seen.
Similar structure was seen by Khattatov et al. (1997)
down into the boundary layer in cases where a stable
temperature inversion had formed. The highly-stratified
haze is due to the stability of the Arctic boundary layer
and contrasts with aerosol layers at lower latitudes that
are both closer to the source regions and undergo greater
mixing (Radke et al., 1989; de Villiers et al., 2010).

Along with the macrophysical and optical characteris-
tics of haze, its chemical nature has been studied exten-
sively. Due to the black carbon component, a slight sur-
face cooling of 0.0-0.5 W m~! (Wendling et al., 1985)
was found in spring near Ny-Alesund (and more gen-
erally 0.2-6 W m~ !, Quinn et al., 2007 and references
therein) due to solar absorption. During the winter, long
wave radiation is enhanced. Aerosols have also been
observed to modify the radiative contribution of thin
clouds through the aerosol indirect effect (Garrett et al.,
2002; Lubin and Vogelmann, 2006).

7.1.2. Diamond dust

Clear-sky precipitation or diamond dust has long been a
subject of interest in the polar regions due to the spec-
tacular visual phenomena associated with its occurrence
(Greenler, 1980). During the 1975 winter at the South
Pole, where the 6 year winter-time average occurrence
frequency of diamond dust is 63% (Walden et al., 2003),
Smiley and Morley (1981) found that layers generally
form below the top of the temperature inversion and are
capped by a separate ‘formation’ layer 75% of the time.
Ice replicator studies revealed a predominance of simple
crystal shapes; plates, prisms and bullets. The sizes given
by Smiley and Morley (1981) were biased high due to
the collection method, effective radii have more recently
been measured at 12.2 pum in the winter (Walden et al.,
2003) and 17 wm in the summer (Lawson et al., 2006).
Intrieri and Shupe (2004) present evidence of the
radiative impact of diamond dust events on the surface,
or more correctly the lack there of, from measurements
during SHEBA. Comparing observations to the radar
and lidar data, they report that visual observations over-
reported clear-sky precipitation events by almost 90%
due to the presence of overlying sub-visible clouds.
Separating the clear-sky events from the formation layer
revealed that the radiative influence of the diamond dust
itself is negligible. The source of the typically observed
20—40 W m~? enhancement in long wave surface flux is
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Figure 8. Lidar backscatter (a), and depolarization ratio (b), of instances of diamond dust recorded in January 1998 during SHEBA. Coincident
long wave irradiance (c), and brightness temperatures (d), show that only when the ice crystals are associated with cloud (indicated with the
black vertical lines) is the radiation affected (from Intrieri and Shupe, 2004).

thus the sub-visible clouds. This is illustrated in Figure 8
which shows measurements on three days. Only when
a thin water cloud is present on 20 January, indicated
by high backscatter and low depolarization ratios from
the lidar, does the measured irradiance and brightness
temperature increase. The diamond dust seen near the
surface on the 17 January has no appreciable effect on
the irradiance.

Diamond dust and Arctic haze both occur during the
coldest months of the year in the lower troposphere.
Sulphuric acid aerosols lower the homogeneous freezing
temperature (Koop et al., 1989) and concentration of ice
nuclei (Borys, 1989) and may result in the formation
of fewer and larger ice crystals (Grenier ef al., 2009).
However, recent pan-polar investigations found little
evidence of the inhibition of freezing due to the presence
of sulphates (Grenier and Blanchet, 2010). It should be
noted, however, that using CALIPSO and CloudSat data
is complicated by limitations associated with isolating
sulphate concentration and ice crystal size information
from the aerosol and cloud data product.

7.2. Clouds

As mentioned in the context of the SHEBA measurements
(Intrieri and Shupe, 2004), the accurate surface-based
detection of clouds is greatly enhanced by using a lidar
due to the extended periods of darkness and frequency of
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optically thin clouds in the polar regions. Passive satel-
lite cloud measurements also suffer due to the ambiguity
between clouds and the high-albedo surface. Spinhirne
et al. (2005), comparing cloud fractions over Antarctica
in October 2003 from GLAS and MODIS, report discrep-
ancies due to false positive cloud detections from MODIS
of up to 40%. An accurate climatology of clouds, their
altitude and microphysical properties is important due to
their interaction with aerosols and radiation (Curry et al.,
1996). The lidar-derived depolarization ratio is arguably
the most important instrument feature as it allows for the
discrimination of pure liquid, ice and mixed-phase clouds
and the cloud phase has a significant radiative impact on
the surface (Shupe and Intrieri, 2004). For the majority
of the year, with no solar radiation over the winter and a
snow/ice covered (and thus high-albedo) surface, clouds
have a positive forcing on the surface. Intrieri et al.
(2002b) calculate a long wave forcing of approximately
+30 W m~? that dominates the total forcing except dur-
ing the summer when the clouds increase the short wave
albedo, resulting in a slight negative forcing. However,
inhomogeneity of the surface albedo makes a quantitative
determination difficult.

Tropospheric cloud cover is, as expected, strongly
influenced by the proximity of the sea. The difference
to mid-latitudes is that due to sea ice, the meteorol-
ogy of a coastal site will display continental behaviour
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during ice-bound winter months (Curry, 1983). The
effect of the sea-ice on cloudiness in the Arctic is
illustrated by Palm efal. (2010) who show spatial
cloud fraction as measured by CALIPSO (averaged over
1° x 1° gridboxes and so not immediately comparable to
the temporal fractions measured at stationary sites) in
antiphase with ice extent on the Arctic Ocean. Far from
the coast, the South Pole has cloud occurrence frequen-
cies of approximately 40% with little seasonal variation
(Mabhesh et al., 2005). The cloud fraction is significantly
higher at Syowa where Shiobara ef al. (2003, adapted
from Figure 5) show 2001 cloud fractions peaking at
approximately 80% in the transition months and falling
to a low of 32% during the winter. This is similar to a
1999-2004 lidar-radar climatology from Barrow where
the average fraction was 78%, varying between approx-
imately 60% in winter—spring and 90% in the autumn
(Dong et al., 2010). The cloud occurrence probability
measured during the SHEBA campaign was very high,
peaking in September at 97% while winter was the clear-
est season at 63% (Intrieri et al., 2002a).

Cloud base heights in both the Arctic (Intrieri et al.,
2002a; Shiobara et al., 2003) and Antarctic (Del Guasta
et al., 1993; Mahesh et al., 2005) are heavily skewed in
favour of low altitudes. A slight bimodal distribution is
seen due to multi-layer clouds at the coastal sites although
this is not seen in measurements at the South Pole (Del
Guasta et al., 1993). Intrieri ef al. (2002a) show that
multiple cloud layers are significantly less likely during
the winter months. A climatology of non-extinguishing
clouds over Dumont D’Urville reveals a mean geometric
thickness around 3000 m at 230 K (Del Guasta et al.,
1993), although the values have been inflated as lidar-
visible precipitation was also included in the cloud base.
Colder clouds tend to be capped by the tropopause and
so have a smaller vertical extent. In their CALIOP study,
Palm et al. (2010) find that clouds over open water on
average have a greater vertical extent, between 500 and
2000 m, compared to those over ice, although the authors
do not detail how multiple layers were handled.

A collection of measured lidar ratios of Arctic clouds is
given in Table I. Below, two particular topics of interest
are discussed in more detail.

7.2.1. Mixed-phase clouds

Mixed-phase clouds consist of both ice and liquid water,
although the vertical distribution of the phase is gener-
ally not uniform. Cloud tops are predominantly liquid
while ice dominates at the cloud base (Rauber and Tokay,
1991), snow/virga is often seen beneath the cloud base.
The distribution of liquid and ice and separation between
cloud and precipitation can be determined due to the char-
acteristic lidar signature of water compared to ice. Liquid
water has a large backscatter signal and a depolariza-
tion ratio that approaches zero as liquid water fraction
approaches 100%, an example is shown in Figure 5. Due
to the large concentration of liquid cloud droplets, the
elastic backscatter is very strong while the depolarization
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is very low. Signals are sometimes totally extinguished
inside the cloud layer making a complete parameteriza-
tion of the cloud impossible without complementary radar
profiles. For a thorough review of the state of mixed-
phase clouds measurements from a range of instruments,
see Shupe et al. (2008b).

These clouds are quite pervasive, measurements dur-
ing SHEBA and at Barrow show that mixed-phase clouds
respectively occur 55 and 59% of the time when clouds
were detected (Shupe et al., 2005). The mean cloud
base height measured at Eureka over 2005-2007 was
680—2600 m with a small seasonal variation and this is
similar to previous studies (de Boer et al., 2009 and refer-
ences therein). It should be noted that mixed-phase clouds
were observed during SHEBA frequently to 4.5 km and
occasionally up to 6.5 km (Intrieri et al., 2002a). Cloud
vertical extent averages 338 m but varies from tens of
metres up to 1000 m (de Boer et al., 2009). HSRL and
cloud radar derived statistics of mixed-phase clouds at
Barrow and Eureka are shown in Figure 9, note that mul-
tilayer mixed-phase clouds are not included and that the
optical depth is skewed by the fact that clouds that com-
pletely extinguished the laser beam (approximately ODS5)
are also not included.

de Boer et al. (2011) presents a climatological occur-
rence probability distribution of tropospheric cloud
types from Barrow (2004-2006), SHEBA, and Eureka
(2005-2009), shown in Figure 10. Liquid clouds dom-
inate for temperatures above ~265 K and ice clouds
below ~245 K. In between these extremes, mixed-phase
clouds are the most common cloud type. The fact that
mixed-phase clouds occur over a very large range of tem-
peratures accounts for their prevalence. The liquid water
fraction increases slightly with temperature, although
there are large variations between different studies (de
Boer et al., 2009 contains a summary of Arctic liquid
water fractions). Using MODIS cloud-top temperature
and phase retrieval, Choi et al. (2010) show a linear rela-
tionship between temperature and liquid water fraction
over temperatures 250—-260 K during the summertime
Arctic (240-260 K for the Antarctic winter). However
the uncertainties associated with the MODIS liquid water
fraction were shown to be considerable when compared to
that calculated from the CALIOP data as seen in Figure 7.
Mixed-phase layers are often very stable, lasting for peri-
ods up to days. However, it has been observed that this
stability may be temporarily disrupted through glaciation
and sedimentation of the resulting ice crystals. Overly-
ing cirrus has been observed to seed the glaciation of
the mixed phase layer(s) in both the Antarctic summer
(Morley et al., 1989) and Arctic spring (Campbell and
Shiobara, 2008). In both these cases, the mixed-phase
layer reformed after the seed precipitation had ceased.

7.2.2. Ice crystal habit

Real clouds include a complex combination of habits,
orientations, and phases, and a depolarization lidar is a
powerful tool for their investigation. Noel et al. (2004)
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bin particle habit into three categories depending on lidar
ratio: thin plates and spheroids for 6 < 0.25, columns
for 6 > 0.5, and intermediate and irregular particles for
0.25 < 6 < 0.5. This assumes a random orientation and
difficulties arise when the ice crystals display a prefer-
ential orientation, generally a horizontal alignment. For a
review of fall mechanisms and global measurements see
Westbrook er al. (2010) and references therein. With a
vertical-pointing lidar, strong specular reflections result,
meaning there is enhanced backscatter and no depolariza-
tion. As a result, most depolarization lidars are pointed
off vertical, an angle of 5° significantly reduces specu-
lar reflection while allowing for crystal flutter about the
horizontal plane (Noel and Sassen, 2005).

The characteristic return from aligned ice crystals
has been used to statistically classify cloud particles
as randomly oriented or otherwise. The region of large
backscatter and low depolarization data in Figure 6(a)
is due to horizontally-aligned plates, this characteristic
is significantly diminished once the lidar was pointed
3° off-nadir in November 2007. Sassen and Zhu (2009)
find differences in cloud depolarization ratio of 0.04—-0.05
(~10% of total) at high latitudes indicating that aligned
crystals are a minority of total crystal number con-
centration. However, temperature was not considered
in this study and both Noel and Chepfer (2010) and
Yoshida et al. (2010), using on-nadir measurements and
statistical characterization as shown in Figure 6, con-
tend that, although very small at low temperatures, for
warmer clouds, >243 K for Noel and Chepfer (2010)
and 265-255 K for Yoshida et al. (2010), the fraction
of aligned to total ice crystals is approximately 50%.
Westbrook et al. (2010) have done a similar, but impor-
tantly simultaneous, comparison of on- and off-zenith co-
located lidars. Over 17 months they found that beneath
liquid clouds between 260 and 245 K, more than 60% of
the ice particles were horizontally aligned. This was for a
mid-latitude site but as is seen in Figure 10, this temper-
ature range also corresponds to a significant proportion
of mixed-phase clouds in the Arctic.

It is interesting to compare these satellite measure-
ments to available in situ cloud particle imager data. In
doing so it should be noted that in sifru measurements
have been carried out only in the daylight months, and
that the satellite studies are usually limited to optically
thin clouds that do not extinguish the lidar beam. From
the FIRE.ACE campaign data, Korolev et al. (1999)
divides spring-time ice particles into pristine and irreg-
ular and finds that irregular ice dominated the studied
clouds from 273 to 228 K (0.03-7.5 km) with a 97%
occurrence frequency. Pristine ice peaked at 8% at the
coldest temperatures, but even then thin plates were
scarce. For a warm mixed-phase cloud (274-267 K at
0.55-1.7 km), Rangno and Hobbs (2001) report pristine,
non-spherical, ice crystals accounted for 33% of all crys-
tals. Needles were most prevalent at 18% while plates and
short columns accounted for 3%. They point out that if
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they classify identifiable rounded single crystals as irreg-
ular instead of pristine, as Korolev et al. (1999) do, they
obtain a comparable ratio of irregular to pristine crystals.

More recently McFarquhar et al. (2007), averaging
over three single-layer autumnal stratus clouds with mean
mid-cloud temperatures around 260 K, found that spher-
ical and semispherical particles dominate, particularly
for the top half of the clouds. Of the ice in the lower
half of the cloud, approximately 15% was needles and
columns and 85% was irregular and rosettes (McFarquhar
et al., 2007, from figure 13). Gayet et al. (2009) report
approximately 50% columns and plates at 253 K in a
single spring-time mixed-phase cloud. At the South Pole,
surface-based cloud particle imagers have been used for
habit identification during the summer (Lawson et al.,
2006) and winter (Walden et al., 2003). Despite compli-
cations due to wind-blown snow, with seasonal temper-
ature ranges of 243-234 and 200-238 K respectively,
these measurements provide a counter-point to the warm
weather in situ measurements from the Arctic. In Febru-
ary 2001, columns and plates made up 45% of all crystals,
30% were rosettes, and 25% irregular shapes (mostly
blowing snow). Measurements over June—September
1992 revealed relative proportions of 19% columns and
plates, 1% rosettes, and 80% blown snow.

So the airborne in sifru measurements tend not to sup-
port the hypothesis that aligned plates make up a signif-
icant proportion of the total cloud population. However,
the in situ measurements over the Arctic have concen-
trated on spring—summer clouds and thus are perhaps not
representative of the annual distribution of cloud particle
types. Another issue is illustrated by FIRE.ACE mea-
surements described by Hobbs ef al. (2001); although
proportions are not given, during a single flight 12 dif-
ferent clouds were sampled with widely varying crystal
types. The vertical and horizontal variation in ice habit
is expansive making comparisons between general satel-
lite and specific in situ measurements difficult. Surface
measurements on the Antarctic plateau however indicate
that pristine crystals, and thus aligned plates under cer-
tain meteorological conditions, make up a considerable
proportion of ice cloud particles.

With an assumption of randomly oriented ice crys-
tals, one can convert between linear depolarization, &,
and circular, &, through the relation 6. =2 §;/(1 — §y)
(Mishchenko and Hovenier, 1995). It is also possible to
measure §; and &, separately and infer information about
the scatterers based on the depolarization relationship.
This is basis of the polarimetric lidar. Del Guasta et al.
(2006) demonstrate such a lidar at mid-latitudes and find
that for successful detection, comparable concentrations
of aligned and random crystals were required. Also prob-
lematic is that simulations show that even small defor-
mations to the ice crystals make discrimination between
aligned and randomly-orientated crystals impossible. A
similar system has recently been installed at Summit
in Greenland, which measures linearly-polarized returns
parallel, perpendicular, and at 45° to the transmitted beam
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(Neely et al., 2010). Another method for accessing scat-
tering phase function information has been demonstrated
at ALOMAR where Olofson et al. (2009) used a bistatic
depolarization lidar. A bistatic system is one where the
receiver is physically removed from the transmitter, in
this case the receiver was 2.1 km distant. The receiver
was scanned in the vertical plane to obtain height infor-
mation, although this also changes the scattering angle.
The limited dataset for a single cirrus cloud at 6.7 km did
not allow the habit to be definitively determined, although
results presented were consistent with those expected
from columns with roughened edges.

7.3.  Water vapour

Tropospheric water vapour mixing ratio measurements
have been made at Ny-Alesund since 2000 at both ultra-
violet and visible wavelengths. Two case studies from
winter 2002 are presented by Gerding et al. (2004) which
show dramatic vertical and temporal changes in the
water vapour field. Two distinct layers of aerosols are
seen, the upper layer between 1 and 3.4 km displays
a dramatic doubling of water vapour in a 3 h period.
The lidar ratio for this period decreases from 60 to
45 sr which, along with back-trajectories of the sampl-
ed air masses, indicates anthropogenic aerosols that are
swelling with the uptake of water. A second layer
between the ground and 1 km exhibits a similar increase
in water vapour mixing ratio throughout the day, how-
ever the lidar ratio of 10 sr remains constant. The authors
conclude that the aerosols in the boundary layer are most
probably sea salt particles or ice crystals. The second
case study illustrated the influence of local topography
and wind direction on the water vapour mixing ratio in
the lowest 1 km.

Very similar structures in the water vapour field have
been observed at Eureka. One episode in February 2010
was studied both vertically with a lidar and horizon-
tally with satellite measurements of precipitable water
(Doyle et al., 2011). The lidar measurement is shown
in Figure 11 and the increases in water vapour seen at
0300 UTC 9 February and 1200 UTC 10 February are
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Figure 11. Water vapour mixing ratio measured at Eureka, February
2010. Gray regions indicate invalid or missing data (adapted from
Doyle et al., 2011).
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attributed to a moist air mass that originated in the north
Pacific Ocean and swept up into the Arctic. Measure-
ments of long wave downwelling irradiance showed that
water vapour alone contributed an additional 13 W m~!
to the irradiance during the peak of this water vapour
intrusion.

7.4. Ozone

Ozone lidars have been used to measure temporal,
vertical and horizontal distributions of tropospheric ozone
in the Arctic and to obtain climatological trends with
both season and latitude. Tropospheric ozone levels
tend to increase during spring and into summer as
solar heating breaks down the stable boundary layer
and transport from more southerly latitudes increases
(Browell et al., 2003). In summer 1988, twin upward-
and downward-looking ozone lidars were flown across
Greenland, Canada, and Alaska (Browell ef al., 1992).
The average background concentration seen was 29 ppbv
at 500 m with a concentration gradient of 5.2 ppbv km™".
Thirty eight percent of the sampled troposphere north of
65°N was influenced by stratospheric intrusions during
which ozone levels could be elevated to >100 ppbv in
the mid-troposphere. The boundary layer over regions
of open water had a higher aerosol loading and slightly
elevated ozone levels compared to that over the tundra,
indicating a possible ozone sink over the land.

Surface-based sudden ozone depletion events are
related to the photochemical reaction of the ozone with
bromine and other sea salt-derived species (Simpson
et al., 2007) and have been studied extensively in the
Arctic since the 1980s and less so in the Antarctic (Wes-
sel et al., 1998). Measurements of vertical structure have
primarily relied on ozonesondes. Sondes may be launched
when surface measurements indicate a depletion is in pro-
cess (Wessel et al., 1998) or regularly on a 12 hourly
basis (Bottenheim er al., 2002). With ozone depletion
events lasting from less than a day up to several days,
this is hardly ideal. DIAL measurements provide the
required temporal resolution to characterize the dynam-
ics of these events. The depletions are generally confined
to the boundary layer and although they have been seen
detached from the surface (Bottenheim et al., 2002), this
is the exception. Using aerosol along with the ozone
channels, measurements by Browell ez al. (2003) indicate
that the ozone depletion events also exhibit an enhanced
backscatter ratio, although in situ measurements remain
conflicting (see the TOPSE experiment in Section 5.8 for
details).

8. Future directions

Since the 1970s lidars have been used to characterize
the polar atmosphere and have added extensively to the
knowledge of these regions. Below are some areas that
the authors believe warrant attention and present possible
future directions for lidar measurements at the poles.
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With the cost of installation and operation very high,
system capability shall increase to maximize the return on
investment. This has already occurred in terms of synergy
between different types of instruments, it is now unusual
to see a lidar not accompanied by a radar, photome-
ter, radiometer, or other instruments, and lidar systems
themselves will become increasingly complex. This will
improve the study of interaction between aerosols and
clouds and other species. Profiles also complement wide-
area satellite column measurements, for example water
vapour profiles at Eureka and precipitable water from the
Microwave Humidity Sounder instruments (Doyle et al.,
2011). There are now four water vapour tropospheric
lidars in the Arctic with ALOMAR adding an ultraviolet
water vapour channel to their tropospheric lidar in sum-
mer 2011 (M. Gausa, personal communication). With the
addition of temperature, relative humidity can be mea-
sured and this could be a significant step. It will allow
the examination of the interaction between hydrometeors
and aerosols, for example the sulphate-induced freezing
inhibition effect (Grenier and Blanchet, 2010) and more
detailed studies of cloud formation processes.

With CALIOP, the usefulness of new elastic aerosol
micropulse systems seems questionable. Such systems
could be superseded by micropulse water vapour or ozone
DIAL technology currently being developed (Wirth et al.,
2009) that also provide aerosol products. However, there
are two possible exceptions: (1) facilities concentrating
on long term data records for the detection of changes in
climate such as those at NDACC sites, and, (2) to cover
gaps in satellite coverage. Spatially, these are locations
close to the poles. Temporally, it is important to consider
that the original CALIPSO mission ended in June 2009
and despite its continuing successes at some point the
instrument will fail. Several new lidar platforms are being
developed to extend the capabilities of global lidar mea-
surements. Most relevant are the cloud and aerosol lidars
being developed by ESA with the ATmospheric LIDar
(ATLID on the EarthCARE satellite, scheduled launch
2015), and NASA with the Aerosol-Cloud-Ecosystems
(ACE, scheduled launch 2013-2016) instrument. Both
of these are high-spectral resolution lidars and so will
measure extinction and backscatter coefficients indepen-
dently along with depolarization. Studies are ongoing
into a satellite-borne water vapour DIAL although they
are currently limited to an aircraft-mounted demonstra-
tor (Browell et al., 1998; Wirth et al., 2009) and so not
slated for a satellite mission in the immediate future.

The issues relating to cloud ice crystal habit are still
of major concern, as the habit, with all its complexity
within and between clouds, has a significant impact on
a cloud’s radiative influence (Key et al., 2002). Polari-
metric lidar techniques rely on understanding the scat-
tering phase function of the crystals being investigated,
something that is complicated by roughened or rounded
crystals as well as the range of crystal shapes within the
sampled volume (Del Guasta et al., 2006). In situ mea-
surements are necessary, particularly during the winter as
aircraft campaigns up to now have concentrated on the
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‘light’ months, partly due to the interest in springtime
processes and partly because of the risks associated with
wintertime flights. At Ny-Alesund a tethered balloon with
meteorological package, radiometers and a cloud particle
imager takes profiles during controlled accents to 1.2 km
(Sikand et al., 2010). At the time of writing only radio-
metric data have been published, however the imager
should prove a useful companion to the depolarization
lidar at Ny-Alesund.

Lidar technology has allowed for the remote sensing of
the polar atmosphere with unprecedented precision since
the 1970s. Despite the advances in access and technology,
active tropospheric lidars are still in very limited num-
bers at high latitudes. Lidars are now located alongside
other atmospheric instruments, both active and passive,
increasing the scientific payoff of what are complicated
and expensive instruments. As technologies are proven
at mid-latitudes and pushed into the polar regions, lidars
will continue to prove themselves invaluable in under-
standing the processes that govern the polar troposphere.
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