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Abstract

A lidar technique is presented that permits the estimation of ice nuclei concentrations
of mineral dust from polarization lidar measurements. The method is applied to lidar
observations of the spaceborne lidar CALIOP (Cloud Aerosol Lidar with Orthogonal Po-
larization) during two overpasses of the EARLINET (European Aerosol Research Lidar
Network) lidar site at the Cyprus University of Technology (CUT), Limassol (34.7° N,
33°E), Cyprus. The good agreement between the CALIOP and CUT lidar observa-
tions regarding the retrieval of the aerosol particle concentration for particles larger
than 280 nm in radius, APC,g,, and the ice nuclei concentrations, INC, corroborates
the potential of CALIOP to provide 3-D global dust-related INC data sets. The method
makes use of the polarization lidar technique for the separation of dust and non-dust
aerosol components. The profile of dust extinction coefficient is converted to APCyg,
and, in a second step, to INC by means of an APC—INC relationship from the literature.
The observed close relationship between dust extinction at 500 nm and APC.g, is the
key to a successful INC retrieval. The correlation between dust extinction coefficient
and APC,g is studied by means of AERONET sun/sky photometer at Morocco, Cape
Verde, Barbados, and Cyprus, during situations dominated by desert dust outbreaks.

1 Introduction

The evolution of the ice phase in initially liquid-water clouds is still poorly understood
and thus not well considered in climate models. Trustworthy predictions of the overall
indirect aerosol effect on climate are impossible as long as the important branch of
heterogeneous ice formation, the subsequent production of rain, and the associated
removal of water from the atmosphere is not properly described in atmospheric circu-
lation models. Aircraft-based field campaigns in cloudy environments are performed
to improve the basic process understanding on heterogeneous ice formation at given
meteorological and aerosol conditions. Laboratory studies and in situ aerosol charac-
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terization provide important knowledge on the influence of a variety of natural and an-
thropogenic aerosol types on cloud glaciation. Lidar and radar-based remote sensing
allows a detailed temporally and vertically resolved continuous monitoring of the evolu-
tion of the ice phase in cloud layers, and more generally of the life cycle of clouds. Active
remote sensing seems to be very promising for a long-term monitoring of aerosol-cloud
interactions (Shupe, 2007; lllingworth et al., 2007; Ansmann et al., 2009; Seifert et al.,
2010; Martucci and O’Dowd, 2011; de Boer et al., 2011; Zhang et al., 2011; Kanitz
et al., 2011; Wandinger et al., 2012; Buhl et al., 2013; Schmidt et al., 2014).

However, further efforts to improve the retrieved capabilities of active remote sens-
ing are desirable. Regarding heterogeneous ice formation it is of interest to explore
the potential of polarization lidar to deliver height profiles of ice nuclei concentrations
(INC). Such an approach is presented here. The technique can be applied to any po-
larization lidar, i.e., also to CALIOP (Cloud Aerosol Lidar with Orthogonal Polarization)
observations, so that global 3-D maps of INC can, in principle, be produced from the
spaceborne lidar observations. CALIOP is part of the CALIPSO (Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observation) mission (Winker et al., 2009).

In this paper, we concentrate on desert-dust-related INC. Mineral dust (desert dust,
soil dust) is the most important aerosol type with respect to heterogeneous ice forma-
tion (Richardson et al., 2007; Kamphus et al., 2010; Murray et al., 2012; Cziczo et al.,
2013; DeMott et al., 2014). Besides deserts, Nisantzi et al. (2014) showed that also
biomass burning around the globe may be an important source of soil dust. Accord-
ing to DeMott et al. (2014) all dust particles (of different origin) can be considered as
single-type ice nucleating particles.

After a short introduction into the used instruments in Sect. 2, the INC retrieval
method is explained in Sect. 3. A case study illustrates the procedure. In Sect. 4, the
method is also applied to CALIOP observations performed during overpasses of the
ground lidar station at Limassol, Cyprus. Summarizing and concluding remarks are
given in Sect. 5.
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2 Instrumentation

The lidar station of the Cyprus University of Technology (CUT) at Limassol (34.7° N,
33°E, 50ma.s.l.) is located about 150 km south of Turkey and 250 km west of Syria
and belongs to the European Aerosol Research Lidar Network (EARLINET). The lidar
is described by Mamouri et al. (2013) and enables us to determine height profiles of
the particle backscatter coefficient and particle linear depolarization ratio at 532 nm.

The ground-based lidar is collocated with a sun/sky photometer of the Aerosol
Robotic Network (AERONET, CUT-TEPAK site, Limassol, Cyprus, http://aeronet.gsfc.
nasa.gov) (Holben et al., 1998). The CUT AERONET photometer allows the retrieval of
the aerosol optical thickness (AOT) at eight wavelengths from 339 to 1638 nm. Sky ra-
diance observations at four wavelengths complete the AERONET observations. From
these measurements the column-integrated particle size distribution is retrieved.

The spaceborne lidar CALIOP is described by Winker et al. (2009). This
aerosol/cloud lidar measures polarization sensitive backscatter signals at 532 nm.
CALIOP aerosol products include height profiles of the 532 nm particle backscatter
coefficient, extinction coefficient, particle backscatter coefficient determined from the
cross-polarized 532 nm signal channel, and the particle linear depolarization ratio. We
use the CALIOP level 2 version 3 aerosol profile products. Besides the available profile
of the particle depolarization ratio, we calculated this quantity in addition from the indi-
vidual profiles of the cross-polarized and total 532 nm particle backscatter coefficients
after smoothing of these individual profiles as suggested by Tesche et al. (2013).

3 Method

Table 1 provides an overview of all steps of the method applied to estimate dust-related
INC values from polarization lidar measurements. In the first part (Sect. 3.1), we briefly
describe how we obtain the dust-related backscatter coefficients for fine mode and
coarse mode and the related dust extinction coefficients at 532 nm wavelength (steps
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1-3 in Table 1). The second and essential part (Sect. 3.2) of the methodology deals
with the link between the dust extinction coefficient for the 500-532 nm wavelength
range and the aerosol particle number concentration, APC, for particles with radius
r >280nm, denoted as APC,g, (Or ny g0 in formulas). This fraction of large particles
is the reservoir for favorable ice nuclei (IN) after DeMott et al. (2010) and allows us to
directly estimate INC from APC.g, for given ambient temperature conditions. This part
of the retrieval is outlined in Sect. 3.3. We use APC,g, instead of APC,5, as originally
suggested by DeMott et al. (2010) because the AERONET data base contains size
distribution data sets for 22 size intervals from which APC,g, (and not APC,5,) can be
directly computed. The full retrieval procedure is illustrated by means of a case study
in Sect. 3.4.

3.1 Dust extinction from polarization lidar

The determination of the total particle backscatter coefficient, 3,, at 532nm (step 1 in
Table 1) from the elastic-backscatter lidar return signals is described by Mamouri et al.
(2013). The separation of the backscatter components for non-dust aerosol particles,
Bng, fine-mode dust, B4, and coarse-mode dust, By, (step 2 in Table 1), by means of
the measured particle depolarization ratio is outlined in detail in Mamouri and Ansmann
(2014). Fine-mode particles are defined as particles with radius < 500 nm. From the
derived three components of the particle backscatter coefficient, we estimate the re-
spective extinction coefficients for the non-dust aerosol component, o,4, fine dust, oy,
and coarse dust, oy, and finally we obtain the sum of the fine and coarse-mode dust
extinction coefficients, o4 = oy + 04, (step 3 in Table 1). The total dust extinction coeffi-
cient gy is the basic information for the next steps, i.e., in the estimation of APC,g, and
INC. We ignore a potential spectral dependence of the dust extinction coefficient and
assume no difference between the dust extinction coefficients derived from AERONET
(500 nm) and CUT lidar observations (532 nm).

An example of the backscatter and extinction retrieval is shown in Fig. 1. Only the
derived particle extinction coefficients for the different resolved aerosol types are pre-
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sented. The (basic) solutions for the particle backscatter coefficients of the different
aerosol components are shown in Fig. 15 of Mamouri and Ansmann (2014). The
dust fraction is frequently also denoted as non-spherical particle fraction. The non-
dust aerosol fraction, usually also denoted as the spherical particle fraction, includes
fine-mode anthropogenic haze and biomass burning smoke particles, which can be
regarded as spherical particles with respect to their optical properties in the lidar sig-
nal analysis, as well as fine and coarse marine particles, which usually show a lig-
uid shell according to numerous lidar observations around the world. Non-spherical
non-mineral-dust aerosol components such as dried marine particles, pollen, biomass-
burning ash particles, and volcanic ash particles usually occur in rather low concen-
trations (except during pronounced volcanic eruptions and nearby fire events) and in-
fluence lidar observation in a negligible way. Backward trajectories are used to check
a potential influence of these latter non-spherical aerosol particles on lidar observa-
tions and to avoid misinterpretation of dust measurements with lidar.

The observation in Fig. 1 was performed during a dust outbreak from deserts in the
Middle East on 29 September 2011. Besides the separation of non-dust, fine dust,
and coarse dust contributions to the total particle extinction coefficient by means of
the recently introduced two-step method (right panel of Fig. 1), the so-called one-step
method (center panel of Fig. 1) can also be applied to separate non-dust (spherical)
and dust (non-spherical) contributions to particle backscattering and extinction.

The one-step method (Tesche et al., 2009a; Mamouri and Ansmann, 2014) is well
established. The dust and non-dust contributions to particle backscattering are sepa-
rated here by means of the particle linear depolarization ratio (in one computational
step) by assuming a depolarization ratio of < 5 % for non-dust particles and > 31 % for
desert dust particles (mostly coarse-mode particles). Depolarization ratios from 5-31 %
indicate mixtures of dust and non-dust particles. In the case of the two-step algorithm,
we separate non-dust particles (causing <5 % depolarization ratio), fine-mode dust
(causing 16 % depolarization ratio), and coarse mode dust (causing 39 % depolariza-
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tion ratio), in two successive steps as described in detail by Mamouri and Ansmann
(2014).

We use the information from accompanying AERONET photometer observations
to routinely check the reliability of the lidar retrieval products. The column-integrated
fine-mode fractions (ratio of fine-mode AOT to total AOT), FMF, derived from the li-
dar data and from the AERONET observations are compared. In this comparison, we
simply assume that non-dust particles (one-step method) or the sum of non-dust par-
ticles plus fine-mode dust (two-step method) cause the fine-mode AOT, whereas dust
(one-step method) or coarse dust (two-step method) is the only significant contrib-
utor to the coarse-mode optical depth. As shown in Mamouri and Ansmann (2014),
the column-integrated 500 nm FMF was 0.43 (AERONET observation), 0.18 (one-step
lidar method), and 0.44 (two-step lidar method) for the case in Fig. 1. The two-step-
method results are thus in better agreement with the photometer observations in this
case. However, as will be shown in Sect. 3.2, the basis of the INC retrieval is the total
(fine+coarse) dust extinction coefficient, which is almost equal for the solutions ob-
tained with the one-step and two-step methods in the free troposphere. The further
analysis shows that the total dust extinction coefficients can be obtained with an un-
certainty of the order of 25-30 % (Tesche et al., 2009a; Mamouri and Ansmann, 2014).

3.2 Link between dust extinction and APCogg

In the next step of the retrieval (step 4 in Table 1), we investigate the relation-
ship between the dust extinction coefficient at 500-532 nm (and 500 nm AOT) and
the corresponding APCy,gy. A good relationship between the 500nm AOT and the
column-integrated APC,g, is of key importance for the entire INC retrieval. We ex-
tensively analyzed AERONET sun/sky photometer observations at several sites with
strong Saharan dust impact (Ouarzazate, Morocco, Praia, Cape Verde, and Barba-
dos), and at Limassol, Cyprus. Limassol is frequently crossed by dense mineral dust
layers originating from the Saharan desert as well as from the deserts in the Middle
East. Details to these AERONET stations can be found on the AERONET web page
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(http://aeronet.nasa.gov), in Mamouri and Ansmann (2014), and Toledano et al. (2009,
2011).

Figure 2 illustrates our approach to compute APC,g,. Column-integrated particle
volume size distributions measured during two dust outbreaks from the Middle East
(1 November 2013 and 29 September 2011) and two from the Sahara (11 March and
2 June 2013) are presented. APC,g, considers all radius intervals with interval mean
radiis of 330 nm and larger. To obtain the particle number concentration for each inter-
val, we divided the shown volume concentration by the volume of a single particle with
a radius equal to the interval mean radius.

In Fig. 3, AERONET data of the correlation between the 500 nm AOT and APCyg,
from various field campaigns are shown. During the Saharan Mineral Dust Experiment
1 (SAMUM-1) (Toledano et al., 2009; Tesche et al., 2009b) in Morocco in the summer
of 2006, many pure dust cases could be collected. A few, but heavy Saharan dust
outbreaks were observed on 28 and 29 January 2008 at Praia, Cape Verde, during
SAMUM-2 (Toledano et al., 2011; Tesche et al., 2011). Several dust-dominated cases
measured at Barbados (AERONET-SALTRACE site) during the Saharan Aerosol Long-
range Transport and Aerosol-cloud Interaction Experiment (SALTRACE) are included
in Fig. 3. A good correlation between AOT and column APC.g, is found for the dust
observations in Morocco, Cape Verde, and Barbados.

Data from dust outbreaks towards Limassol, Cyprus, shown in Fig. 3, were mea-
sured in the years from 2011-2013. Because the contribution of anthropogenic aerosol
pollution to the total AOT is generally large when the air masses are advected from
the east, the correlation between AOT at 500 nm and column APC.g, is comparably
low over Cyprus. The correlation between the coarse-mode-related AOT and column
APC,g is much better. The coarse-mode AQOT is widely determined by light extinction
by dust particles. From all the AERONET data in Fig. 3 we conclude that a clear and
similar relationship between desert-dust APC,g, and dust-related extinction coefficient
exists.
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In the next step, we used the dust layer heights (DLH) which were simultaneously
measured with lidar in Morocco, Cape Verde, and Barbados and formed the ratios of
AQT to DLH and column APCy,g, to DLH to obtain the respective relationship between
the dust layer mean APC,g, and the respective dust layer mean extinction coefficient
04(2). The result of the correlation of AOD/DLH with column-APC,gy/DLH is shown in
Fig. 4. The correlation coefficient is 0.91. Linear regression yield a clear relationship
between the dust extinction coefficient and APC,g, (step 5 in Table 1):

N4.280(2) = Cq 280 - [041(2) + 04c(2)] - (1)

with 14 og in cm™2 at height z, the conversion factor Cg280 = 0.673 in Mm/cm®, and

the extinction coefficient ¢ in Mm™" .

Based on the extended AERONET data set of dust observations in Fig. 3, we found
that APC,g, can be determined from the lidar-derived total dust extinction coefficient
04(2) with an uncertainty of about 20 %. The overall uncertainty (standard deviation) in
the APC,gq, values after Eq. (1) is thus about 30-40 %. Contributions to this error are
the uncertainty of 25-30 % in the determination of dust extinction coefficient o4(z) and
20 % in the conversion factor of 0.673cm™ Mm in Eq. (1).

3.3 Estimation of INC from APCogg

In the final step 6 in Table 1, we estimate INC by means of the relationship (DeMott
et al., 2010):

M(2) = a[273.16 = T(2)]° g pgo(2) 731671+ "

with N4 g0 in cm™2, nyy in L71, 2 = 0.0000594, b = 3.33, ¢ = 0.0265, d = 0.0033, and
temperature 7(z) in K (and < 273.16 K). Note that we use nq o5 instead of ng »5, as
given in the original formula in DeMott et al. (2010). ny,go is roughly 10-15% lower
than ng 50 for dust layers with strong coarse mode. Regarding uncertainties in the
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INC estimation, DeMott et al. (2010) pointed out that Eq. (2) allows a prediction of
INC within an uncertainty range of less than an order of magnitude, with the remaining
variability apparently due to variations in aerosol chemical composition or other factors.
By means of Eq. (2), 62 % of the observational data collected during nine field studies
could be predicted within a factor of 2. These field studies were performed at a variety
of locations around the globe over a 14 year period.

Equation (2) holds for the immersion freezing mode, the most important heteroge-
neous ice nucleation mode for temperatures down to at least —25°C, and can be used
for all aerosol types. There are other parameterizations from Niemand et al. (2012)
and Tobo et al. (2013) which may be more applicable to mineral dust studies. These
approaches produces up to an order of magnitude higher INC values than Eq. (2) (De-
Mott et al., 2014). However, the uncertainties in all parameterizations are large (within
a factor of 10 or even larger). Thus the uncertainty in the INC estimation with Eq. (2) is
presently assumed to be within an order of magnitude.

It should be emphasized that the main goal and importance of our work is the pre-
sentation and application of a retrieval scheme that allows us to obtain APC,g, values
from the desert-dust-related extinction coefficients which were derived before from the
total particle extinction coefficients by means of the polarization lidar technique. Any
of the available parameterizations to predict dust-related INC from APC,5, or APCyg,
may be used in the next step to estimate INC profiles. We use Eq. (2) in the following
presentation of ground-based and spaceborne lidar observations with the attempt to
provide tropospheric INC profiles.

Concerning the uncertainties we can summarize that the retrieval of dust extinction
coefficient is possible with a relative error of 25-30 %, the uncertainty in the conversion
of the dust extinction coefficients into APC,g, is about 20 %, and the uncertainty in the
estimation of the INC profile is presently possible within an order of magnitude.
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3.4 INC retrieval overview: CUT lidar case study

The concept to estimate INC from dust extinction coefficients via the determined
AERONET-based relationship between 500nm AOT and column-integrated APCog
was originally developed by Ansmann et al. (2008) and then further discussed by
Seifert et al. (2011). Figure 5 provides an overview of the retrieval approach (steps
3-6 in Table 1) for the dust outbreak shown in Fig. 1. Dust extinction values observed
during the Middle East desert dust outbreak towards Cyprus on 29 September 2011
range from 30-400 Mm™". An increase of dust extinction or APC,g, by an order of mag-
nitude corresponds to an increase in INC by a factor of 2, 5 and 10 at temperatures of
-15, —25, and -35°C, respectively. A ten-degree decrease in temperature (equivalent
to about 1000-1500 m height change in the free troposphere) leads to an increase in
INC by a factor of 15-20 for a given APC,g, according to Eq. (2). Thus, in cases of cloud
convection, lifting of air parcels from below the cloud base towards the upper part of
the cloud tower can lead to an enormous increase of the potential of a given dust load
to initiate ice nucleation via immersion freezing.

The INC/APC,g, ratio is about 1/200, 1/2000, and 1/40000 at —35, —25, and
-15°C, respectively, for an APC,g, around 100 cm™~3. Ansmann et al. (2008) assumed
a much too large INC/APC ratio of 1/30 in their analysis of the impact of Saharan dust
on cloud glaciation at temperatures from —10 to —20 °C. This estimation was based on
Saharan dust observations close to Florida (DeMott et al., 2003, 2006) however by
ignoring any temperature dependence on the INC-APC relationship.

In Fig. 6, the relationship between INC, APC,g,, and dust extinction coefficient shown
in Fig. 5 is applied to the lidar dust profile measured on 29 September 2011. Height-
independent temperature conditions are assumed to highlight the relative influence of
a varying dust load with height on INC for a given temperature. However, again the
comparably strong influence of temperature on INC is the dominant feature in Fig. 6,
when comparing the three INC profiles for different temperatures.
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As mentioned above and shown in Figs. 6 and 7, the one-step and the two-step
methods lead almost to the same total dust extinction coefficient o4(z) in the free tro-
posphere above the marine boundary layer with top at about 400 m height. Both extinc-
tion profiles together show the possible solution range and thus the uncertainty in the
dust extinction retrieval (Mamouri and Ansmann, 2014). Consequently, similar results
in terms of INC are obtained with the one-step and two-step extinction method for the
most interesting height range regarding heterogeneous ice formation.

Figure 7 shows INC profiles for the 29 September case for realistic vertical tempera-
ture distributions. Four midlatitude Standard Atmosphere temperature profiles defined
by the surface temperature from —10 to 20°C at O m height a.s.l. are considered. The
actual air temperature at 2 m height above ground at Limassol on that day was close to
30°C. For the corresponding temperature profile, INC is negligibly small at all heights
throughout the entire troposphere. Therefore, we simulated these four temperature pro-
files for lower surface temperatures of 20, 10, 0, and —10 °C to obtain profiles with rel-
evant INC levels. Again, the strong influence of ambient temperature on INC is visible.
A significant increase of INC at all heights as shown in the figure may for example
occur during the advection of air masses towards colder regions with less sun light so
that radiative cooling and mixing with colder air masses may lead to a continuous and
steady cooling of the dust-laden air mass. Note again the strong increase of INC with
height in Fig. 7. This means that even traces of dust can have a strong impact on cloud
glaciation when lifted in convective cloud towers (by several kilometers) or during long-
range transport associated with large-scale lifting. The large dust particles may act as
cloud condensation nuclei in the first step to form a liquid cloud environment, and may
then become favorable immersion freezing nuclei after further lifting and cooling within
the cloud tower.
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4 Results

We applied our INC retrieval scheme to two CALIOP observations in the eastern
Mediterranean close to Limassol, Cyprus. One of these overpasses took place dur-
ing a strong Saharan dust outbreak on 1-2 June 2013. Traces of dust reached cirrus
level (8-10 km height). During the second overpass, mineral dust was advected from
the deserts in the Middle East on 1-2 November 2013. This second case can be re-
garded as representative for typical dust outbreaks with dust layers mainly in the lower
free troposphere at heights between 1 and 5 km.

4.1 CALIOP and CUT lidar observations during a Saharan dust outbreak in June
2013

An overview of the dust and cloud observations of the spaceborne CALIOP lidar in
the night of 1—-2 June 2013 is shown in Fig. 8. The spaceborne lidar crossed east-
ern Ukraine (52-56° N), the Black Sea area (44-52° N), Turkey (36-42° N), the eastern
Mediterranean Sea (30-36° N), Egypt (22-32° N), and Sudan (< 22° N) within 12.5min
(corresponding to a distance of about 5000 km). The backward trajectory analysis in
Fig. 9 indicates the southern parts of the Sahara as sources for the dust observed in
the middle and upper troposphere over the eastern Mediterranean (above 2 km height).

Figure 10 compares the basic optical properties derived from the ground-based CUT
lidar and the CALIOP observations close to Cyprus. A good agreement is visible when
keeping different measurement and signal averaging periods (a few seconds in the
case CALIOP, one hour in the case of the CUT lidar) and different locations of the two
lidar instruments in mind. The nearest horizontal distance of the CALIOP laser foot print
to Limassol was 45 km. Even small inhomogeneities in the horizontal distribution can
easily explain the differences in the aerosol profiles observed with the two instruments.

For the INC retrieval, we smoothed the height profile of the particle backscatter co-
efficient measured with CALIOP with a vertical smoothing length of 600 m. To reduce
the noise in the depolarization ratios, we smoothed the basic cross-polarized and total
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particle backscatter coefficient profiles with 600 m smoothing length before the com-
putation of the volume depolarization ratios and afterwards of the particle depolariza-
tion ratio. This procedure was recommended by Tesche et al. (2013). The left panel
in Fig. 11 shows the basic CALIOP products (after 600 m smoothing). By applying
the one-step and two-step methods described in Sect. 3.1 we obtain the dust particle
extinction coefficient profiles shown in the central and right panels of Fig. 11. The so-
lutions of the one-step and two-step methods are not in agreement at heights < 2km
as is shown in Fig. 12. The uncertainty in the dust load occurs in a layer for which the
backward trajectories suggest enhanced levels of anthropogenic aerosol pollution as
well as of marine particles. The reasons for the resulting increased uncertainties are
discussed by Mamouri and Ansmann (2014).

Figure 12 presents the results for this overpass case in terms of total (fine + coarse)
dust extinction coefficient, APC,g,, and INC for fixed height-independent temperatures.
In this figure, we focus on the comparison of the results by applying the one-step and
the two-step extinction retrieval methods. As mentioned before, the two techniques lead
to significantly different total dust extinction profiles for heights < 2 km, but only small
differences regarding the dust extinction profiles, APC,gy, and INC at heights > 2 km,
i.e., for the height range most relevant for heterogenous ice formation.

The importance of the 1-2 June 2013 case study lies in the fact that an unusually
extended dust layer was detected. Dust was lifted to heights of 8-10 km height. Usu-
ally dust layers reach 5km. As can be seen in Fig. 13, the potential of dust to initiate
heterogeneous ice nucleation is increased by one to three orders of magnitude when
the same amount of dust occurs at 9 km instead of 5km height. As mentioned, such
a strong increase of INC can occur when dust-laden air masses are lifted by several
kilometers and respectively cooled by 10-20 K via updrafts in convective cumulus tow-
ers or via large-scale lifting (in front of warm fronts).

In Fig. 13, we compare the CALIOP retrieval results with the ones obtained with the
ground-based CUT lidar. The two-step polarization lidar method is applied in the dust
extinction retrieval. The agreement between the results is excellent. The comparably
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high values of backscattering and extinction over Limassol seen by the CUT lidar below
1 km height are probably the result of enhanced levels of road dust and environmental
dust over the city of Limassol. CALIOP was measuring over the open Mediterranean
Sea east of Cyprus. Lidar overlap effects in the near range of the ground-based lidar
may have also contributed to the deviations between the different lidar observations at
heights < 500 m.

4.2 CALIOP overpass during a dust outbreak from the Middle East in November
2013

Figure 14 provides an overview of the CALIOP measurements on 1 November 2013,
when a strong dust outbreak from deserts in the Middle East crossed Cyprus and the
eastern Mediterranean (30-36° N). Figure 15 shows the comparison of basic CUT li-
dar and CALIPSO lidar products in terms of particle backscatter coefficient, extinction
coefficient, and particle linear depolarization ratio. Lidar ratios of 40 sr were used here
in the conversion of the backscatter into extinction values (Mamouri et al., 2013). Fig-
ure 16 presents HYSPLIT backward trajectories arriving at Limassol on 2 November
2013, 00:00 UTC. In contrast to the foregoing case study, dust was detected at heights
below 4 km only.

The CALIOP data analysis was performed in the same way as in the case study
discussed before in Sect. 4.1. The noisy CALIOP data profiles, averaged over 45 km
horizontal length, had to be smoothed with 600 m vertical window length. The obtained
results are shown in Fig. 17.

As mentioned, the 1 November 2013 case is more representative for typical dust lay-
ering (with dust layer top heights below 5 km). At such conditions and surface temper-
atures of 20-30°C, INC values are rather low throughout the dust plume. Ice formation
in altocumulus layers at the top of the dust layers (4-5 km above ground) is then almost
impossible. This was already observed during the SAMUM-1 campaign and discussed
by Ansmann et al. (2008). Only if cumulus convection at the top of the dust layers is
strong enough so that the clouds can penetrate deeply into the free troposphere, dust
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particles can act as effective ice nuclei (mainly triggering immersion freezing) because
of the strongly decreasing ambient temperatures.

Figure 17 compares the CUT and CALIOP lidar findings for the dust outbreak from
Middle East deserts. Again, the comparison between the CALIOP and CUT lidar prod-
ucts shows good agreement. Deviations can again be assigned to inhomogeneities in
the horizontal dust distributions (over the 180 km distance of the CALIOP laser foot print
from Limassol) and the rather different lidar signal averaging procedures (5s, CALIOP,
60 min, CUT lidar).

5 Conclusions

For the first time, a lidar technique has been presented that allows us to estimate INC
profiles from polarization lidar measurements. The approach paves the ground for INC
vertical profiling as a support to ground-based and airborne in situ IN characterization
and to conduct a global, vertically resolved mapping of dust-related INC by means of
spaceborne lidar missions which may then allow an improved consideration of hetero-
geneous ice formation in atmospheric circulation models.

We applied the method to spaceborne CALIOP and ground-based CUT lidar mea-
surements during overpasses of CALIOP of the eastern Mediterranean. Very differ-
ent dust aerosol scenarios were observed with Saharan dust layers up to about 10 km
height and Middle East desert dust plumes up to 4 km height. The case studies showed
the dominant role of ambient air temperature in determining the INC characteristics of
given dust plumes. However, strong dust outbreaks can significantly increase the po-
tential of the atmosphere to initiate heterogeneous ice formation. On the other hand,
even weak traces of dust may significantly impact cloud glaciation when air masses
are lifted by several kilometers (convective lifting, large scale lifting in connection with
frontal movements) and thus cooled down by 10-20 K.

The separation of the dust extinction coefficient from the non-dust extinction coeffi-
cient and a solid relationship between the dust extinction coefficient and the fraction
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of large particles APC,g, are of key importance of the INC retrieval. The relationship
between dust extinction and APC was intensively studied based on AERONET sun/sky
photometer at Morocco, Cape Verde, Barbados, and Cyprus during dust outbreak situ-
ations.

For the two CALIOP overpass case studies discussed we found good agreement be-
tween the ground-based and spaceborne lidar observations. These cases showed in
a promising way the potential of lidar to provide tropospheric height profiles of INC. Un-
certainties of the order of 25-30 % in the retrieval of the dust extinction coefficient, 20 %
in the conversion of the dust extinction coefficients into APC,g, values, and presently
within an order of magnitude in the estimated INC profiles may appear large. However,
there is no alternative to provide the atmospheric science community with temporally
dense, continuous, coherent, global data sets of INC up to the tropopause than via ac-
tive remote sensing with ground-based lidar networks in combination with spaceborne
lidars.

Because there are already several dust-related global studies available based on
CALIOP observations (Liu et al., 2008; Tsamalis et al., 2013) with focus on geometrical
and optical properties, it should be a comparably easy effort to do the next step towards
the characterization of the found aerosol conditions with focus on the potential of the
detected dust distributions to trigger heterogeneous ice formation.

As an outlook, we need to study to what extend and with what uncertainty the method
presented here can also be used for an estimation of INC during situations with dom-
inating fine-mode aerosol, i.e., when a pronounced coarse mode as in the case of
desert dust outbreaks is missing. At such conditions, a good and clear correlation of
the particle extinction coefficient and APC,g, might be no longer given.
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Table 1. The six steps required to obtain the profile of the ice nuclei concentration from the
profile of the particle backscatter coefficient measured with polarization lidar. Indices p, df, dc,
and d denote particles, dust fine mode, dust coarse mode, and total dust, respectively. The
methods used in the different steps are described in the respective references.

Step Computed parameter Reference
1 Particle backscatter coefficient By Mamouri et al. (2013)
2 Dust fine and coarse-mode backscatter coefficients By4,8,. ~ Mamouri and Ansmann (2014)
3 Dust extinction coefficient Ogi + Oy Mamouri and Ansmann (2014)
4 Dust APC-extinction relationship Figs. 1-3
5 Dust APC N4 .280 Eq. (1)
6 Dust INC m Eq. (2), DeMott et al. (2010)
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Figure 1. (Left) 532 nm particle backscatter coefficient (green) and particle linear depolarization
ratio (black) as a function of height above sea level (a.s.l.), (center) derived particle extinction
coefficients separately for non-dust (spherical, blue) and dust (non-spherical, red) by means
of the one-step method, and (right) particle extinction coefficients separately for spherical fine-
mode (blue), dust fine-mode (orange), and dust coarse-mode particles (deep red) by means of
the two-step method. Lidar ratios used in the backscatter-to-extinction conversion are 30 (below
400 m, polluted marine boundary layer) and 60 sr (free troposphere) for the non-dust aerosol
component and 40 sr for fine and coarse desert dust. The observation was taken with CUT
lidar at Limassol, Cyprus, during a desert dust outbreak from the Middle East on 29 September
2011. Mean profiles for the time period from 07:49-08:29 UTC are shown. The dust outbreak is
discussed in detail by Mamouri and Ansmann (2014).
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Figure 2. Column-integrated particle volume size distribution derived from AERONET sun/sky
photometer observations at Limassol. Two Saharan dust cases (11 March 2013, thin olive,
2 June 2013, thick green) and two Middle East desert dust cases (29 September 2011, thin
orange, 1 November 2013, thick red) are shown. The short vertical line at 0.28 ym indicates the
lower limit of the particle radius range considered in the calculation of column APC,g,. These
column APC,g, values are given as numbers together with 500 nm total AOT for each case.
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Figure 3. Correlation between aerosol particle optical thickness (500 nm AOT) and column-
integrated aerosol particle number concentration (column APC) considering particles with
radius >280nm only. Desert-dust-dominated observations from several field campaigns
(SAMUM-1, large red open squares, SAMUM-2, green circles, SALTRACE, small pink squares)
and from long-term observations at Limassol from 2011-2013 are considered. For Cyprus,
coarse-mode (light blue circles) and total (fine + coarse-mode, deep blue circles) AOTs are
correlated with column APC,g,. In the case of the stars (4 Cyprus observations with total AOT
from 1.6—4), AOT and column APC values are divided by 4.
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Figure 4. Relationship between dust layer mean 500 nm extinction coefficient (EC) and dust
layer mean APC,g, for observations taken during desert dust field campaigns at Morocco,
Cape Verde, and Barbados. The linear regression yields ¢ »59 = 0.673 +£0.07 Mmcm-3. The

correlation coefficient is 0.915. ¢4 g is used in Eq. (1).
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Figure 5. Relationship between total dust extinction coefficient and APC,g, (red circles) after
Eq. (1) and INC after Eq. (2) for temperatures of —15, —25, and —35°C. The full range of dust
extinction coefficients from 30-400 Mm™"' measured on 29 September 2011 (Fig. 1) is shown.
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Figure 6. Profiles of 532 nm total dust extinction coefficient (red), APC,g, (grey), and INC for
height-independent temperatures of —15, —25, and —-35 °C, derived from the ground-based lidar
measurements at Limassol on 29 September 2011 (Fig. 1). In the case of the thick lines, the
results are based on the two-step retrieval of the dust extinction coefficient. Respective results
obtained by means of the one-step method are shown as thin lines.
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Figure 7. Profiles of 532 nm total dust extinction coefficient (red), APC.g, (grey), and INC by
assuming Standard Atmosphere temperature profiles (temperature gradient of —0.008 Km™")
with surface temperatures of —10, 0, 10, and 20°C at 0 m height a.s.l. Dust extinction profiles
were measured at Limassol on 29 September 2011. In the case of the thin and thick lines, the
results are based on the one-step and the two-step retrieval of the dust extinction coefficient,
respectively. Uncertainties in the retrieval products are 25-30 % (extinction coefficient), 30—
40 % (APCyg), and within a factor of 10 (INC).
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Figure 8. CALIOP measurement (height versus latitude/longitude display) of the attenuated
532 nm particle backscatter coefficient during an overpass 45km to the east of Limassol on
1 June 2013, 23:47 UTC, to 2 June 2013, 00:01 UTC. Desert dust layers are given in green
to yellow colors and reach up to 4—10km height. The inserted height-time display shows the
CUT lidar observation of the range-corrected cross-polarized 532 nm backscatter lidar signal on
1 June 2013, 21:33-23:53 UTC (height range from 250-10000 m a.s.l.). Dust (green, yellow, and
light blue layers) is observed up to 9-10 km height. The vertical black line indicates the closest
position of CALIOP (laser foot print) to the ground-based CUT lidar at Limassol, Cyprus.
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e
e OmO.
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Figure 10. Comparison of profiles of particle backscatter coefficient, extinction coefficient, and
particle linear depolarization ratio measured with ground-based CUT lidar at Limassol (thick
green curves, 60 min means) on 1 June 22:28-23:28 UTC, and with spaceborne CALIOP (black
noisy curves, 45km east of Limassol, during seconds 38—43 of 23:53UTC). In the case of
CALIOP, 135 signal profiles are averaged (nine level-2 aerosol profiles, 45 km horizontal reso-
lution). No vertical smoothing is applied to the CALIOP data. CUT lidar signal profiles were ver-
tically smoothed by 180 m. A lidar ratio (height-independet over the entire tropospheric range)
of SgaL = 40 sr was selected in the retrieval of CALIOP data and of Sg1 = 55 sr (optimum lidar
ratio for this Saharan dust case from the combined lidar/photometer analysis after Mamouri
et al. (2013)) was applied in the CUT computation of backscatter and extinction profiles.
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Figure 11. CALIOP data analysis products based on the 135 signal profile averages shown
in Fig. 10: (Left) Vertical profiles of 532 nm particle backscatter coefficient (green) and parti-
cle linear depolarization ratio (black), (center) derived particle extinction coefficients (one-step
method) separately for non-dust (spherical, blue) and dust (non-spherical, red), and (right) par-
ticle extinction coefficients (two-step method) separately for spherical fine-mode (blue), dust
fine-mode (orange), and dust coarse-mode particles (deep red). The total particle backscat-
ter coefficients (left, green) are taken from the CALIOP data base and smoothed with 600 m
gliding window length. The particle linear depolarization ratio is computed from the smoothed
CALIOP backscatter profiles after Tesche et al. (2013). The cross-polarized and total backscat-
ter coefficient profiles are smoothed with 600 m vertical window length. Lidar ratios used in the
backscatter-to-extinction conversion are 50 sr for the non-dust aerosol component and 55 sr for
fine and coarse dust.
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Figure 12. Profiles of 532 nm total dust extinction coefficient (red), APC,g, (grey), and INC for
height-independent temperatures of —15, —25, and —35 °C, derived from the CALIOP obser-
vations (Fig. 11) on 1 June 2013. In the case of the thick lines, the results are based on the
two-step retrieval of the dust extinction coefficient. Respective results obtained by means of the
one-step method are shown as thin lines. Uncertainties are 25—-30 % (extinction coefficient) and
30—40 % (APC,g) for heights > 2 km, and within a factor of 10 in the case of INC.

25781

Jaded uoissnosiq

| Jadeq uoissnosiqg

Jadeq uoissnasiq | Jaded uoissnosiq

ACPD

14, 25747-25786, 2014

Dust-related ice
nuclei profiling

R. E. Mamouri and
A. Ansmann

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

(®)
S


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/25747/2014/acpd-14-25747-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/25747/2014/acpd-14-25747-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

1 June 2013, CALIOP/CUT
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Figure 13. Profiles of 532nm total dust extinction coefficient (by means of the two-step
method), APC,g,, and INC by assuming a Standard Atmosphere temperature profile (temper-
ature gradient of —0.008 Km™") with surface temperatures of —10, 0, 10, 20, and 30°C at Om
height a.s.l. Ground-based CUT lidar results (thin lines) are compared with respective CALIOP
retrieval results (thick lines). The actual 2m air temperature was between 20-30 °C. Uncertain-
ties are 25—-30 % (extinction coefficient), 30—40 % (APC.g), and within a factor of 10 (INC).
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532 nm Total Attenuated Backscatter, km™ sr’  UTC: 2013-11-01 23:43:44.3 to 2013-11-01 23:57:13.0 Version: 3.30 Nominal Nighttime

Altitude, km

46.71 40.68 34.62 28.55 22.45 16.35 10.24 4.13
Lon 38.95 36.85 35.03 33.40 31.90 30.49 29.14 27.83

Figure 14. CALIOP measurement (height versus latitude/longitude display) of the attenuated
532 nm particle backscatter coefficient during an overpass 180 km to the east of Limassol on
1 November 2013, 23:43-23:57 UTC. Desert dust layers are given in green to yellow colors
and reach up to about 4 km height. The inserted height-time display shows the CUT lidar ob-
servation of the cross-polarized range-corrected 532 nm backscatter signal up to 5km height
on 1 November 2013, 22:30 to 2 November 2013, 02:04 UTC. The vertical black line indicates
the closest position of CALIOP (laser foot print) to the ground-based CUT lidar at Limassol,
Cyprus.
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Figure 15. Comparison of profiles of particle backscatter coefficient, extinction coefficient, and
particle linear depolarization ratio measured with ground-based CUT lidar at Limassol (thick
green curves, 60 min means) on 2 November 2013, 00:00-00:59 UTC and with spaceborne
CALIOP (black noisy curves, 180 km east of Limassol, during seconds 8—14 of 23:47 UTC of
1 November 2013). In the case of CALIOP, 135 signal profiles are averaged (nine level-2 aerosol
profiles, 45 km horizontal resolution). No vertical smoothing is applied to the CALIOP data. CUT
lidar signal profiles were vertically smoothed by 180 m. A lidar ratio (height-independent over
the entire tropospheric range) of S;,, = 40 sr was selected in the retrieval of CALIOP data as
well as in the computation of CUT lidar backscatter and extinction profiles (Sgt = 40 sr) for this

Middle East desert dust case.
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Figure 16. HYSPLIT 4 day backward trajectories arriving within the dust layer over Limassol, S
Cyprus, at 750 (red), 1750 (blue), and 2500 m height (green) on 2 November 2013, 00:00 UTC. Ry
©
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1-2 November 2013, CALIOP/CUT
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Figure 17. Same as Fig. 13, except for the observations on 1-2 November 2013. Ground-based 5
CUT lidar results (thin lines) are compared with respective CALIOP retrieval results (thick lines). %
Uncertainties are 25-30 % (extinction coefficient), 30—40 % (APC,gq), and within a factor of 10 &
(INO). 3
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