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Abstract

We present comparisons of cloud droplet size distributions (DSDs) retrieved
from the Research Scanning Polarimeter (RSP) data with correlative in situ
measurements made during the North Atlantic Aerosols and Marine Ecosys-
tems Study (NAAMES). The airborne portion of this field experiment was
based out of St. John’s airport, Newfoundland, Canada with the focus of
this paper being on the deployment in May - June 2016. RSP was onboard
the NASA C-130 aircraft together with an array of in situ and other remote
sensing instrumentation. The RSP is an along-track scanner measuring the

polarized and total reflectance in 9 spectral channels. Its uniquely high an-

*Tel.: +1 212 678 5548; fax: +1 212 678 5552.
E-mail address: mdal4@columbia.edu

Preprint submitted to Remote Sensing of Environment February 27, 2018



gular resolution allows for characterization of liquid water droplet sizes using
the rainbow structure observed in the polarized reflectance over the scat-
tering angle range from 135 to 165 degrees. The rainbow is dominated by
single scattering of light by cloud droplets, so its structure is characteristic
specifically of the droplet sizes at cloud top (within unit optical depth into
the cloud, equivalent to approximately 50 m). A parametric fitting algorithm
applied to the polarized reflectance provides retrievals of the droplet effective
radius and variance assuming a prescribed size distribution shape (gamma
distribution). In addition to this, we use a non-parametric method, the
Rainbow Fourier Transform (RFT), which allows us to retrieve the droplet
size distribution itself. The latter is important in the case of clouds with
complex microphysical structure, or multiple layers of cloud, which result
in multi-modal DSDs. During NAAMES the aircraft performed a number
of flight patterns specifically designed for comparisons between remote sens-
ing retrievals and in situ measurements. These patterns consisted of two
flight segments above the same straight ground track. One of these segments
was flown above clouds allowing for remote sensing measurements, while the
other was near the cloud top where cloud droplets were sampled. We com-
pare the DSDs retrieved from the RSP data with in situ measurements made
by the Cloud Droplet Probe (CDP). The comparisons generally show good
agreement (better than 1 pum for effective radius and in most cases better
than 0.02 for effective variance) with deviations explainable by the position
of the aircraft within the cloud, or by the presence of additional cloud lay-
ers between the cloud being sampled by the in situ instrumentation and the

altitude of the remote sensing segment. In the latter case, the multi-modal
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DSDs retrieved from the RSP data were consistent with the multi-layer cloud
structures observed in the correlative High Spectral Resolution Lidar (HSRL)
profiles. The results of these comparisons provide a rare validation of polari-
metric droplet size retrieval techniques, demonstrating their accuracy and

robustness and the potential of satellite data of this kind on a global scale.

Keywords: Clouds, Electromagnetic scattering, Polarization, Rainbow,
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1. Introduction

Cloud feedbacks remain the most uncertain radiative feedbacks in climate
models and there continue to be large uncertainties in the estimates of the
forcings associated with aerosol-cloud interactions (e.g., Boucher et al., 2013;
Flato et al., 2013). The optical properties of liquid water clouds depend
on the droplet size distribution (DSD) while their radiative properties are
controlled by their temperature (vertical location), water path and optical
properties. In addition to providing data for understanding of cloud processes
themselves, accurate and robust remote sensing estimates of droplet sizes for
different cloud types (especially for broken clouds) are also crucial for studies
of the interactions between clouds and aerosols.

In this study we focus on polarimetric techniques for cloud droplet size
retrievals and estimate their accuracy by comparison with in situ measure-
ments. Cloud droplet size retrievals from polarized observations of the re-
flected light in the rainbow region (at scattering angles between 135° and
165°) utilize the strong dependence of the polarized rainbow (cloud bow) on

cloud DSD. The polarized rainbow structure is dominated by single scatter-
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ing, thus, deriving the DSD or the parameters that define it from observations
of the rainbow reduce, or eliminate, many of the uncertainties associated
with 3D effects and unknown aerosol loadings. For the same reason, polar-
ized rainbow observations carry information specific to the droplets at cloud
top (within unit optical depth into the cloud) rather than weighted charac-
teristics of the full cloud profile (as is the case for total reflectances, see e.g.,
Platnick (2000)). This is the same information that can be obtained from
direct in situ measurements at cloud top which, can therefore be used for
validation of remote sensing retrievals. The polarized rainbow technique has
previously been used to retrieve cloud droplet effective radii from the Polar-
ization and Directionality of the Earths Reflectances (POLDER, (Deschamps
et al., 1994)) measurements (Bréon & Goloub, 1998; Bréon & Doutriaux-
Boucher, 2005). A similar technique was adopted in the data analysis of the
airborne Research Scanning Polarimeter (RSP) (Alexandrov et al., 2012b.a,
2015, 2016a) and was planned to be applied to satellite measurements from
the Aerosol Polarimetery Sensor (APS) built as part of the NASA Glory
Project (Mishchenko, 2006; Mishchenko et al., 2007). Unfortunately, despite
extensive deployment of the RSP in numerous field experiments, until now,
no direct validation of the polarized rainbow technique against in situ mea-
surements has been possible. The purpose of this study is to fill this gap.
The North Atlantic Aerosols and Marine Ecosystems Study (NAAMES,
https://naames.larc.nasa.gov/) is a five-year project focused on the lifecycle
of the largest plankton bloom on Earth, which is in the North Atlantic, as
well as on atmospheric aerosols and clouds. There are four combined ship

and aircraft field deployments planned within the duration of the project.
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Three of these deployments have already been completed. During these de-
ployments the RSP, together with an array of in situ and other remote sens-
ing instrumentation, was onboard the NASA Wallops Flight Facility C-130
research aircraft based at St. John’s airport, Newfoundland, Canada. In
this study we use the data from the second deployment (May 11 — June 5,
2016) when a series of patterns were flown that were specifically designed
for comparison between remote sensing cloud retrievals and in situ mea-
surements. FEach of these patterns consisted of two flight segments with
the same straight ground track. One of these segments was flown above
clouds allowing for remote sensing measurements, while the other was in-
side the cloud where cloud droplets were sampled. The NASA Langley
Research Center High Spectral Resolution Lidar (HSRL-1) deployed on-
board the C-130 aircraft provided the cloud backscatter and depolariza-
tion profiles, which serve as the cloud vertical structure context for the
RSP and in situ measurements. The airborne measurements made dur-
ing NAAMES were complemented by satellite imagery and retrievals from
NASA Geostationary Operational Environmental Satellite GOES-13 (op-

erating as GOES-East) available at https://cloudsgate2.larc.nasa.gov/cgi-

bin/site/showdoc?docid=22&lkdomain=Y &domain=NAAMES-SATGIF. These

images provide synoptic-scale cloud system context for our intercomparison

datasets.
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2. The Research Scanning Polarimeter

2.1. Instrument design and measurements

The RSP (Cairns et al., 1999) is a scanning polarimeter, which scans its
14 mrad field of view in a meridional plane taking Earth viewing samples
at 0.8° intervals within £60° from the normal to the instrument base-plate,
with additional observations of a polarimetric calibrator and a dark reference
being obtained on the back side of each scan. The RSP has nine spectral
bands centered at 410, 470, 550, 670, 865, 960, 1590, 1880, and 2260 nm. The
wide angular and spectral ranges of the RSP measurements complemented by
very high polarimetric accuracy (< 0.2% for the degree of polarization) and
exceptional radiometric performance (stability of ~ 1% /year) were among
the reasons it was used as an airborne prototype for the satellite Aerosol Po-
larimetry Sensor (APS), which was built as part of the NASA Glory Project
(Mishchenko, 2006; Mishchenko et al., 2007).

The RSP’s design features three pairs of telescopes with one in each pair
making simultaneous measurements of the linear polarization components
of the intensity in orthogonal planes at 0° and 90° and the other making
simultaneous measurements of linear polarization in orthogonal planes at
45° and 135°. The data obtained in each scan consists of 195 measurements
of which ~ 150 are of the Earth scene, 10 are of the dark reference and 10
are of the in flight polarimetric calibrator. The intensity, and the degree and
azimuth of linear polarization determined simultaneously from each of these
measurements are then converted into the I, @), and U components of the

Stokes vector (Hansen & Travis, 1974; Mishchenko et al., 2006) and further
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into the total and polarized reflectances

and R, = (1)

Here Fj is the extraterrestrial solar irradiance and pu is the cosine of the
solar zenith angle (SZA). The Stokes vector components, initially defined
with respect to the scan plane of the instrument, are rotated (see Hansen &
Travis, 1974) into the scattering plane (the plane containing both solar and
view directions). There the contribution of first order scattering by spherical
particles to Stokes parameter U is identically zero and higher order scattering
contributions are negligibly small (Hansen & Travis, 1974; Mishchenko et al.,
2006). This allows the polarized reflectance, R, to be related to a particular
element of the phase matrix (Bréon & Doutriaux-Boucher, 2005). Note the
difference between the sign convention used here (and also by Waquet et al.
(2009); Alexandrov et al. (2012b,a, 2015, 2016a)) and that adopted by Bréon
& Goloub (1998) and Bréon & Doutriaux-Boucher (2005).

The RSP makes measurements along the direction of travel of the aircraft
and for the data analysis its actual scans are aggregated into “virtual” scans
consisting of the reflectances at the full range of viewing angles at a single

point on the ground or at cloud top (see, e.g., Alexandrov et al., 2012a).

2.2. Polarimetric retrievals of cloud properties

The polarimetric techniques for cloud droplet size characterization using
the RSP data are based on analysis of the rainbow structure that is sharply
defined in the polarized reflectance within the scattering angle range between

137° and 165° (Bréon & Goloub, 1998; Bréon & Doutriaux-Boucher, 2005;
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Alexandrov et al., 2012b,a, 2015, 2016a). The structure of variations in the
polarized reflectance in the angular range of the rainbow is dominated by
single scattering of light by cloud particles, even though its amplitude can
be affected by aerosols and the geometric structure of clouds. This fact
allows us to avoid the retrieval uncertainties associated with 3D effects as
well as unknown surface albedo, aerosol loadings, and amounts of ice over
or mixed with liquid water layers. For the same reason the retrievals are
accurate even for low cloud optical thicknesses (COTs), down to unity. The
single-scattering nature of the rainbow structure makes the RSP retrievals
representative of a unit effective optical depth into the cloud (Alexandrov
et al., 2012a).

Two different methods for rainbow structure analysis were developed in
our previous studies. Both of these methods are applied to RSP data in five
visible and near infrared (NIR) bands: 410, 470, 550, 670, and 865 nm. The
first method is a parametric technique (Alexandrov et al., 2012a), which fits
the angular shape of the polarized rainbow from Eq. (1) using the functions

of the form
R,(0) = A- P (0: rog,veg) + B - cos® 0 + C, (2)

where 6 is the scattering angle, r.¢ and v.g are respectively the effective ra-
dius and variance of the cloud droplet size distribution (see Appendix A for
definitions of DSD parameters). Phase matrix elements Pl(éw ie)(&) forming
a look-up table (LUT) are pre-computed according to Mie theory with 0.2°

resolution in scattering angle. These computations assume that the droplet

size distribution has a gamma distribution shape, thus, the parametric re-
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trieval technique returns the effective radius and variance of such a DSD.
The grid values of rg in this LUT range from 5 to 30 ym with 0.5 pym in-
crements. The grid for veg runs from 0.002 to 0.35, with spacing depending
on the value range (0.002 for veg < 0.008; 0.01 for veg € [0.008,0.14]; and
0.025 for veg > 0.14). The spacing of the tabulated values of effective vari-
ance is designed so that it is not a limiting factor in retrieval accuracy, but
does reflect the increasing uncertainty in the retrieval of veg as a function
of its value. The ranges for r.g and veg have been sufficiently wide for all
types of clouds that we have observed to this day. The coefficients A, B,
and C' in Eq. (2) are empirical fitting parameters accounting for contribu-
tions to the polarized reflectance from everything beyond single scattering by
cloud droplets. These include multiple scattering, Rayleigh scattering by the
atmosphere, aerosol and overlaying cirrus cloud extinction, ground surface
reflectance for thin clouds, etc. Note that contributions of these factors to the
polarized reflectance are slow functions of scattering angle easily separated
by a regression from sharp rainbow structure.

The second method, the Rainbow Fourier Transform (RFT, (Alexandrov
et al., 2012b)) retrieves the whole DSD without a priori assumptions of its
functional shape. It is based on the observation that Mie-theory-derived po-
larized reflectance as a function of both the scattering angle (in the rainbow
angular range) and the (mono-disperse) particle radius is akin to a kernel
of an integral transform (similar to the sine Fourier transform on the posi-
tive semi-axis). The direct transform (with integration over radius) is simply
the computation of the polarized reflectance for a given DSD, while the in-

verse transform (with integration over scattering angle) allows the DSD to
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be estimated from this polarized reflectance. The contributions of multiple
scattering and other factors, beyond single scattering by cloud drops, de-
scribed above are assumed to have the same effect on R, as in Eq. (2) and
are removed using a regression as a part of the RFT algorithm (see Section 7
in Alexandrov et al. (2012b) for details). The RFT is computationally faster
than the parametric method, since it does not involve fitting of LUT.

The RSP’s high angular resolution provides detailed characterization of
the polarized rainbow, which translates into accurate determination of the
DSD shape using the RFT. In the case of narrow monomodal DSDs, such as
those observed at the top of shallow cumulus and stratocumulus clouds, both
methods demonstrated an excellent agreement (Alexandrov et al., 2015).
The situation is different in cases involving multilayer cloud systems such
as fogs (Alexandrov et al., 2015) and high-altitude supercooled liquid water
or mixed-phase clouds (Alexandrov et al., 2016a). In such cases the RFT
allows us to retrieve multimodal DSDs with different size modes (each hav-
ing gamma-distribution shape) that corresponding to the DSDs of different
cloud layers. These modes can then be extracted and characterized sepa-
rately (Alexandrov et al., 2015, 2016a). In contrast, such multimodality is
only indicated in the parametric retrievals by a large veg of 0.1 or greater,
which does not represent a local microphysical DSD (e.g., observable in situ).
The advantage of the parametric fitting technique is in its better stability
due to lower sensitivity to noise and artifacts in the measurements. It also
can work on data with a more limited scattering angle range. The two re-
trieval methods usually complement and cross-validate one another, thus, in

this study we present the results from both of them.

10



113 3. Comparison between remote sensing and in situ measurements

184 For comparison between remote sensing cloud retrievals and in situ mea-
15 surements we use the data from specifically arranged pairs of flight segments
s sharing the same straight ground/cloud track: one above clouds allowing
17 for remote sensing measurements, the other — inside the cloud where cloud
188 droplets were sampled. The polarized cloud bow is generated over a unit opti-
180 cal depth from the cloud top (Alexandrov et al., 2012a), thus, we selected the
wo parts of the in situ segments when the aircraft was either entering, or exiting
11 the cloud or grazing its top. The dataset that we use for in situ validation
102 of RSP droplet size retrievals was derived from Cloud Droplet Probe (CDP)
13 measurements. This instrument was deployed on the same NASA C-130 air-
e craft as the RSP and was operated by the NASA Langley Aerosol Research
s Group Experiment (LARGE) group (https://science.larc.nasa.gov/large/).
196 The CDP (http://www.dropletmeasurement.com/products/airborne/CDP-
w7 2) is a low-power cloud particle spectrometer measuring droplets in the
10s diameter range between 2 and 50 pum for concentrations as high as 2000
0o particles/cm?® (Lance et al., 2010). The manufacturer-stated qualified sam-
20 ple cross section for the CDP is 0.24 mm?. The swept volume is dependent
20 on true airspeed, which during NAAMES in-cloud segments varied between
20 100 and 120 m/s. Generally, the CDP’s counting rate can be affected by the
203 “coincidence” artifact (Lance, 2012), when more than one droplet is detected
204 at the same time, thus, resulting in the underestimation of the droplet num-
205 ber concentration and a high bias in the cloud particle size. However, this is
206 unlikely to be an issue for the relatively large droplet sizes and low number

207 concentrations encountered during NAAMES. It should be mentioned that

11
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Figure 1: CDP-derived vertical profiles of droplet effective radius (left) and variance (right)
for May 18, 2016 (see Fig. 3 for the location and CDP altitude). Linear fits are provided
to show how fast these parameters change with altitude near cloud top.

the CDP has very small dead time losses and also uses fast electronics (40
MHz clock) which leads to major performance improvements of this instru-
ment compared to its predecessors (Lance et al., 2010). The CDP sampling
histograms are reported at 1 Hz rate, that makes each of them representative
of a linear segment 100-120 m long (or volume of about 26 cm?).

The RSP continuously scans 14 mrad field of view taking 0.8 sec for each

scan. This field of view A translates into horizontal footprint of the length

Az =h (1+tan®6) A6, (3)

where 6 is the viewing angle and h is the aircraft altitude above cloud (cf.
Alexandrov et al., 2016b). During NAAMES’ remote sensing segments the
(C-130 aircraft typically flew at about 5000 m above cloud top with the speed
~ 160 m/s. This corresponds to the length of a single-pixel footprint being 70

12
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m (nadir view) at cloud top and the distance between centers of successive
nadir footprints being 128 m. A unit optical depth from the cloud top,
which contributes to RSP measurements, is achieved after 15 m, for droplets
of 10 um radius with a concentration of 100 drops per cm®. However, strong
forward scattering by cloud drops such as these means that the total depth
that contributes to the cloud bow is about 50 m for this droplet size and
concentration. The sampling volume for RSP is therefore very different to
CDP (~ 10'? cm?), but the horizontal scale for a single sample for both RSP
and CDP is similar at ~ 100 m.

Most of the clouds observed during the NAAMES deployments over the
North Atlantic had DSD profiles where the effective radius increases and the
effective variance decreases significantly with height as a result of condensa-
tional growth of droplets as cloudy air parcels are lifted (Rogers & Yau, 1989).
An example of this behavior provided by CDP observations as a function of
the aircraft altitude inside cloud is shown in Figure 1. This reveals rapid
changes in both r.¢ and veg with the depth into cloud and these changes are
quantified in Fig. 1 using linear fits to observations of the upper part of the
cloud. We see from Fig. 1 (left) that Areg/AHopp ~ 10 pm/km, meaning
that the effective radius decreases by 1 um for each 100 m of depth into the
cloud. Similarly, Fig. 1 (right) shows that veg increases by more than 0.01
at a 100 m depth into cloud top. Thus, direct comparisons between RSP
retrievals of DSDs and in situ measurements from CDP are only appropriate
when the latter are made at cloud top.

We note that there are few data points at cloud top in Fig. 1 which

sharply deviate from general profile, showing smaller reg (down to 5 ym) and

13
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larger veg (up to 0.3). These data are consistent with droplet evaporation
due to cloud-top entrainment, and due to their small contribution to the RSP
sampling volume do not show up in RSP retrievals. To avoid the influence of
such data (as well as any noise in CDP measurements) in comparisons with
RSP, we impose a certain smoothness condition on CDP data by removing
data points deviating by more than 1 pum in r.g from one of its immediate
neighbors. Together with the requirement of reg > 4.5 um these are the only
screening conditions uniformly used for selection of CDP data suitable for
the comparisons.

We define cloud-top height in an ascending (descending) flight segment as
the altitude of the point where the aircraft exits (enters) the cloud, i.e., that
of the highest point with the CDP data satisfying the above-listed screening
conditions. Then, a CDP data segment is selected from the immediate vicin-
ity of the exit (entry) point with the measurement altitudes ranging within
50 m below the cloud top. To select an appropriate data interval for a flight
pattern when the aircraft grazes the cloud top without exiting or entering
the cloud, we rely on HSRL profiles. After the CDP data interval is selected,
we take the RSP data record from the same ground/cloud track and for each
RSP data point locate the nearest point in the CDP interval within the RSP
measurement spacing (if such a point does exist). The results of compar-
isons (means and standard deviations of reg and ves) between the RSP and
CDP datasets selected using the above-described procedure are presented in
the next section and in Table 1. In addition to comparisons of CDP data
with RSP retrievals made using the parametric algorithm, we also compare

them with parameters of one of the modes of RF'T-derived DSDs. The latter
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comparisons may have advantages in the cases of two-layer cloud systems,
when DSDs sampled by CDP in one layer correspond to only one mode of
the bimodal DSDs retrieved from RSP data. Parametric RSP retrievals in
such cases show values of veg (large) and r.¢ which are not representative of
either of the size modes.

In addition to comparison of DSD statistics (reg and veg), we will show
examples of remotely sensed and in situ DSDs themselves. The metric A
(Alexandrov et al., 2010, 2012b) will be used for quantitative comparison of

the shapes of the normalized droplet size distributions n,,,(r) and n_,,(r):

1 o0
8= [ 1asn ) = e (0] 0

The value of A varies between zero (for identical DSDs) and one (for distri-
butions without common support). This metric responds to both systematic
and random discrepancies between two distributions. Given the uncertainties
in both RSP and in situ data we consider comparisons for which A < 20% as
showing good agreement between the two size distributions and comparisons
with A < 30% as showing acceptable agreement. Note that the single-point
plots comparing DSD shapes serve only as illustrations and subjects for dis-
cussion, while quantitative results presented in Table 1 are based on entire
sets of all in situ samples made within 50 m from cloud top.

While the RSP and CDP sampling volumes are different, the horizontal
linear sizes of their samples are similar (70 vs. 110 m), so the effects of
horizontal inhomogeneity on comparisons are not expected to be significant.

The sharp vertical profiles of droplet size parameters appears to present the

15
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greatest challenge for comparisons, requiring careful selection of in situ data
from cloud tops. Other uncertainties can be caused by differences in mea-
surement times and locations. Remote sensing and in situ measurements
were made on co-located ground tracks, while at different times (up to 1 h
apart). This can raise questions as to whether the cloud field shifted from
its initial location or otherwise changed during the time between the mea-
surements. Fortunately, on three out of four days reported in this study the
validation segments were flown over vast stratocumulus cloud decks known
for their steadiness and spatial homogeneity. Also, NASA GOES satellite
images made with one-hour interval between them show no visible changes
in cloud fields in the vicinities and at times of the measurements. We should
also note that the good intercomparison results obtained in this study can
be themselves considered as an evidence of successful co-location of RSP and

CDP data.

4. Case studies

Several good opportunities for direct inter-comparisons between remote
sensing retrievals and cloud-top in situ measurements of cloud DSDs occurred
during the second NAAMES deployment: on May 18, 20, 27, and 30 of 2016.
These cases are described below and summarized in Table 1. Plots of the RSP
and CDP datasets being compared in each case are presented in Supplemental

material accompanying this paper.

J.1. May 18, 2016

The first opportunity for intercomparison of RSP and in situ retrievals

of cloud droplet size distributions was on May 18. The C-130 flew two

16
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Figure 2: GOES satellite image of North Atlantic ocean for 11:15 UTC on May 18, 2016.
The coastline of Newfoundland is shown in the West, while that of Greenland — in the
North. The vicinity of the validation flight segments is depicted by red circle.

co-located legs between the points with coordinates (56.7°N, 45.2°W) and
(57.0°N 47.2°W). The high-altitude leg during which RSP and HSRL mea-
surements were made was flown between 10:58:17 and 11:11:56 UTC, while
the low-altitude leg that provides characterization of the marine boundary
layer and clouds by CDP and other in situ measurements was flown about
one hour later, between 11:48:00 and 12:04:12 UTC. Figure 2 presents GOES
satellite image of the cloud systems in the vicinity of the described flight legs.
The site of interest is located within a large low-pressure system spreading
between Newfoundland and Greenland. The center of this system at the
time of the measurements was just south of the site, with the occluded front

wrapped around to the north. The region of interest is dominated by stra-
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Figure 3: HSRL depolarization ratio profile for the May 18 case. Black curve depicts
the altitude of the aircraft during the in situ segment. Red points on this curve indicate
availability of CDP measurements with rog > 4.5 pm. The pairs of vertical green lines
labeled A and B indicate the intervals used for RSP-CDP intercomparisons presented in
Table 1. The DSDs from the top points of these intervals are shown in Fig. 5.

tocumulus (Sc) clouds.

The aircraft altitude during the in situ segment is plotted in Fig. 3
(black curve) as function of latitude. The points where CDP measurements
are available with r.¢ > 4.5 pum (indicating in-cloud data) are highlighted
in red. Figure 3 also shows volume depolarization ratios (VDRs) for the
same geographical locations derived from HSRL measurements at 532-nm
wavelength that were made during the remote-sensing leg. They indicate the
cloud tops in the observed scene. Two layers of clouds are clearly seen in this
plot with cloud tops at approximately 0.8 km and 2 km, respectively. Only
the lower-layer cloud was sampled by CDP, while RSP was able to observe
both layers when the top one was optically thin.

The results of parametric RSP retrievals of the droplet effective radii and
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Figure 4: Top and middle: effective radius and variance, respectively, retrieved from the
RSP data using the parametric fitting technique (blue curves). The discretization seen in
these plots is that of the LUTs used. Bottom: the results of mode decomposition applied to
distributions derived from RSP data using RFT. The curves depicting the modes’ effective
radii are colored according to the modes’ respective weights in DSD. The red curves in
all panels depict the screened co-located CDP retrievals. The pairs of vertical green lines
labeled A and B indicate the intervals used for RSP-CDP intercomparisons presented in
Table 1.
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variances are presented in Fig. 4 (top and middle), while the RET retrievals
from the RSP data (effective radius and fraction of each mode in total DSD)
are shown in the bottom panel. The correlative screened CDP data is plotted
in all three panels (red curves). These plots show unmistakable similarity
in the positions of sharp changes in droplet size with those of gaps in the
upper cloud layer identified in the HSRL profile (Fig. 3). For example,
the short isolated segment of the upper layer between latitudes 56.91°N and
56.93°N coincides with the sharp drop in RSP-derived reg from 10 to 7 pm
in parametric retrievals and with strengthening of the 5-6-um size mode in
RFT results (while the 10-um-mode disappears). This allows us to associate
the smaller mode in DSD with the upper layer and the larger one — with
the lower layer. Unfortunately, the upper layer had not been sampled by the
CDP, so only the RSP retrievals for the lower layer can be validated.

Figures 3 and 4 suggest that our choice for quantitative intercomparison
of RSP and CDP retrievals near cloud top in this case is limited to two
locations (indicated in the plots by two pairs of vertical green lines): (A) the
exit from the cloud (11:59 UTC, Lat: 56.89°N) and (B) the entrance back
into cloud at (12:02 UTC, Lat: 56.94-56.95°N). The results of the RSP-CDP
comparisons for the intervals when CDP was less than 50 m below cloud top
are presented in Table 1, while the examples of the RSP- and CDP-derived
DSDs for the highest points of locations A and B are shown in Fig. 5 (top
and bottom panels, respectively). The left panels of Fig. 5 show the droplet
number distribution (from parametric fit for RSP) and right panels - the
droplet area distributions (from RFT for RSP).

Figure 5 (top right) indicates that the RSP-derived DSD in case A is
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Figure 5: RSP- (blue) and CDP-derived (red) droplet number (left) and area (right)
distributions corresponding to cloud exit (A: 11.98 h UTC, top) and entrance (B: 12:03
h UTC, bottom) in the May 18 case (see Fig. 3). The presented RSP retrievals are
parametric in left plots and RFT-derived in right plots.

essentially bimodal with dominant 5-pym mode attributed to the upper cloud
layer (which was not sampled in situ). In parametric retrievals (Fig. 5 (top
left)) this corresponds to small reg = 6.5 pm and very large veg = 0.3 (which
also skews the gamma distribution shape to the left) (cf. Alexandrov et al.,

2015, 2016a). The reason for this bimodality is in the overlap between the
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upper and lower cloud layers seen in the HSRL profile (Fig. 3), which results
in both layers simultaneously contributing to the RSP measurements. Table
1 indicates that this problem affects parametric RSP retrievals in the whole
9-point interval at cloud top yielding reg of 5.56 um on average (vs. 10.80
pum for CDP) and veg of 0.10 (vs. 0.04 for CDP). This means that validation
of parametric RSP retrievals fails in this case, however, the parameters of
the larger size mode in the RFT-derived DSD can still be compared with
in situ measurements since they both correspond to the same lower layer
of clouds. Figure 5 (top right) indicates that the larger RFT mode has a
similar shape to the whole CDP-derived distribution (they differ only by a
constant normalization factor). Quantitative comparison for the the whole
interval in Table 1 also shows much better results (presented in parentheses):
RSP’s average rog of 10.75 pm and veg of 0.01, which corresponds to average
RSP-CDP bias in 7 of —0.02 pm (0.85 pum standard deviation); and in veg
of —0.02 (0.006 standard deviation).

In case B the lower cloud layer was scarcely obscured by the top one,
so CDP and RSP observed droplets in the same cloud layer. This resulted
in good agreement between RSP (both parametric and RFT) and CDP re-
trievals for the 15-point interval at cloud top. Table 1 shows the RSP’s
parametric reg of 10.80 pum on average vs. 10.77 pm for CDP (0.035 pum
mean difference, 0.26 pum standard deviation); and RSP wveg of 0.02 on av-
erage vs. 0.03 for CDP (—0.01 mean difference, 0.002 standard deviation).
Fig. 5 (bottom) shows that the DSD shapes for the two instruments also
agree well (A = 16%) at the highest point of the interval B. Note that in

this particular DSD example the RFT yielded no smaller size mode, while
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Figure 6: Same as Fig. 2 but for 12:45 UTC on May 20, 2016.

for the rest of the interval it constituted 8-12% of the DSDs, as can be seen
in Fig. 4 (bottom).

4.2. May 20, 2016

The validation segments flown on May 20 have similar structures to
those from May 18 with the aircraft porpoising though the full depth of the
cloud. The flight legs were located between points with coordinates (53.2°N,
41.1°W) and (54.3°N, 42.3°W). The high- and low-altitude legs were flown
during the 12:43:55-12:52:58 UTC and 13:17:24-13:37:12 UTC time inter-
vals respectively. The GOES satellite image in Fig. 6 shows cloud fields
at and around the measurement site. The site is located in between frontal

systems, with a region of high pressure to the south-southeast and a series of
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Figure 7: Same as in Fig. 3 but for May 20, 2016 case. The pairs of vertical green lines
labeled A, B, and C indicate the intervals used for RSP-CDP intercomparisons presented
in Table 1. The DSDs from the top points of these intervals are shown in Fig. 9.

weak low-pressure systems to the east. The site is dominated by Sc clouds
which are either induced by these low-pressure systems, or are moving into
the region ahead of a cold front over the Labrador Sea.

Figure 7, similar to Fig. 3, shows the altitude of the lower leg and the
availability of in situ cloud data (red points). While the presence of cloud
data clearly indicates that the aircraft was porpoising though clouds with
tops of about 750 m and bottoms of 300 m, these clouds are not visible in

HSRL profiles in Fig. 7. However, the low cloud layer can be clearly seen
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Figure 9:  RSP- (blue) and CDP-derived (red) droplet radius (left) and area (right)
distributions corresponding to cloud top (%613.40 h UTC, top); exit (B: 13.52 h UTC,
middle); and entrance (C: 13.56 h UTC, bottom) in the May 20 case (see Fig. 7). The
presented RSP retrievals are parametric in left plots and RFT-derived in right plots.
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if HSRL’s low-signal mask is not applied (see Supplemental material) de-
spite the presence of noise in the picture. The most likely reason for such
weak signature of the low clouds in HSRL profile is attenuation of the lidar
signal by a cloud layer at 4.5 km height, which is apparent in the HSRL
532 nm VDR shown in Fig. 7 (top). The low (less than 0.04) VDR values
normally correspond to liquid cloud phase. While on this particular flight
HSRL measurements may be affected by accidental contamination of the
window with oil from the aircraft, the air temperature of about —20°C at
4.5 km is consistent with supercooled liquid water or mixed-phase cloud (cf.
Alexandrov et al., 2016a). Thus, the upper layer is expected to contribute a
secondary size mode to the RSP-derived DSD making it bimodal. Alexan-
drov et al. (2016a) reported a similar case when a mixed-phase cloud was
observed above a water cloud. In that case a 5-pm mode in bimodal DSD
was attributed to the upper layer, while a larger 10-um mode — to the lower
layer.

As in the May 18 case, the RSP retrievals of DSD parameters are in
good agreement with CDP measurements when the in situ measurements
are being made within 50 m from cloud top. Figure 8, where the results of
the parametric fit and RFT methods applied to RSP data are compared with
CDP retrievals, indicates three such intervals within the segment (depicted
by labeled pairs of vertical green lines in Figs. 7 and 8): (A) C-130 ascending
to the cloud top and remaining there for a while before descending back into
cloud (13:23-25 UTC, Lat: 53.57-53.66°N); (B) exit from the cloud (13:31
UTC, Lat: 53.96-53.97°N); and (C) entrance into the cloud (13:33-35 UTC,
Lat: 54.09-54.15°N; note that the part of the interval where CDP was below
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50 m was not used in comparisons, see Supplemental file for details). The
results of the comparisons between the RSP and CDP retrievals of the droplet
effective radius and variance for these three intervals are presented in Table 1
(the values corresponding to the larger size mode in RFT-derived DSDs are
placed in parentheses). In all three cases RSP retrievals show slightly larger
droplet sizes than in situ measurements with the largest bias in effective
radius of 0.77 pm (1.00 pum for RFT) in case C. The RSP-derived values of
Ve are biased lower by 0.01-0.02 on average compared to those from CDP.
Figure 9 presents examples of DSD shapes derived for the top points
of the three intervals. The RFT analysis results shown in the right panels
of Fig. 9, as well as Fig. 8 (bottom), strongly indicate the presence of a
second smaller (4.5-um) mode in the cloud DSDs, while the larger (9-9.5-
pum) mode is consistent with in situ data (cf. Alexandrov et al., 2016a). This
smaller mode may be attributed to the 4.5-km cloud layer seen in Fig. 7
(top), implying that this layer is optically thin. Unfortunately, the size of
this mode cannot be validated in situ, since the upper cloud layer was not
sampled. We should note that the parametric algorithm has a tendency to
ignore the second mode when it is weak, thus, retrieving the parameters of
the dominant mode alone (see Alexandrov et al. (2012a) for more details and
simulation results). This is why the parametric RSP results for May 20 agree
with those from RFT analysis (both presented in Table 1) on average within

0.3 pm in reg and within 0.01 in veg.

4.3. May 27, 2016

The measurements made during the legs flown on May 27 at 15:06:05—
15:12:20 UTC (RSP) and 14:39:00-14:46:48 UTC (CDP) resulted in the most
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Figure 10: Same as Fig. 2 but for 15:15 UTC on May 27, 2016.

extensive (166 RSP scans) dataset from NAAMES campaign suitable for
comparison between remote sensing and in situ retrievals, as the aircraft was
grazing cloud tops during the in situ leg. The RSP and CDP ground tracks
were between the points with coordinates (53.7°N, 41.3°W) and (54.3°N,
41.3°W). The GOES image of the observed cloud field and its vicinity is
presented in Fig. 10. The measurement site is located in a region just
behind a cold front that passed through the region. The general wind flow
is coming down the Labrador Sea, bringing closed-cell Sc clouds behind the
front. The distance between the tracks of high-altitude and low-altitude legs
in this case was larger than in the other three cases (up to 1 km vs. 200
m). However, the homogeneity of the Sc cloud field means that discrepancies

between in situ and remotely sensed DSDs caused by spatial mismatches in
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Figure 11: Same as in Fig. 3 but for May 27, 2016 case. Two solid vertical green lines
bound the single interval (A) used for comparisons. This two lines together with dashed
line between them represent points used in DSD shape comparisons shown in Fig. 13.

the horizontal are expected to be minimal.

For quantitative comparisons of DSDs effective radius and variance (Fig.
12) we selected the parts of the legs north of 54.06°N where the aircraft was
close to cloud top during the in situ leg, as is seen in Fig. 11. Note that unlike
other cases considered in this study, the C-130 had not exited or entered the
cloud during the in situ segment, so we cannot determine the exact cloud
top based on CDP data themselves. Thus, in this case our selection of the

CDP data to compare with the RSP retrievals is based on HSRL profiles.
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the comparison interval and dashed line between them represent points used in DSD shape
comparisons shown in Fig. 13.
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In the absence of clearly identifiable data points (such as cloud entry or
exit) we rather arbitrarily chose the examples for comparison of DSD shapes
(Fig. 13) from the first (top panels) and the last (bottom panels) points
of the selected interval. In addition to this, Fig. 13 (middle) presents the
DSDs from the point in the middle of the interval depicted by a dashed
vertical green line in Figs. 11 and 12. This point was chosen because of
strong bimodality of the RET-derived distribution shape (which is discussed
below).

The results presented in Table 1 show that in the selected interval the
RSP’s reg is practically unbiased relative to the CDP retrievals, while the
standard deviation of the difference between RSP and CDP values was rel-
atively large compared to other cases (0.82 pm for parametric, 1.00 pm for
dominant RFT mode). The difference in effective variance between in situ
and remote sensing retrievals is very small on average (less than 0.01), how-
ever the standard deviation of the differences is quite large (0.04) when para-
metric RSP retrievals are used. This is mostly due to the peak in RSP’s
veg around 54.16°N in latitude (Fig. 12 (middle)) reaching values as high
as 0.18. As in the May 18 case A, such high variances are associated with
a distinctively bimodal structure of the RFT-derived DSDs (Figs. 12 (bot-
tom), 13 (middle)), when the parametric fit reflects the width of the whole
size distribution rather than the dominant mode (which has smaller veg close
to the CDP value).

We usually associate bimodal DSDs with two-layer cloud systems, and in
this case there is a feature in HSRL data that can be interpreted as signature

of a second cloud layer. Figure 11 (bottom) shows a single lidar profile of a
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Figure 13: RSP- (blue) and CDP-derived (red) droplet radius (left) and area (right)
distributions selected from May 27 data. CDP time stamps for these examples are
14.70 h UTC (top), 14.68 h UTC (middle), and 14.65 h UTC (bottom). The presented
RSP retrievals are parametric in left plots and RFT-derived in right plots. The top and
bottom plots correspond to the ends of the comparison interval (solid green lines in Figs.
11 and 12), while the middle plots show distinctly bimodal DSD from the middle of the
interval (depicted by dashed line in Figs. 11 and 12).
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layer with top at about 700 m located below the cloud which was sampled
(this signature is wider when HSRL’s low-signal mask is off: see Supplemental
material). Note that the reported profile of the top layer (Fig. 11 (top)) at
this point goes deeper into the cloud (to 200 m below cloud top) than in
the rest of the segment. This indicates that the cloud top is optically more
diffuse here allowing the laser signal reflected from deeper into the cloud and
possibly the bottom layer to be detected. The DSD modes can be attributed
to the two layers based on Fig. 12 (bottom)). There the dominant 9-um size
mode continuously extends to the part of the interval where it becomes the
sole mode detected by the RSP. This happens only where the bottom layer is
not detectable by the instrument (see also Fig. 13 (top)). Thus, we attribute
the smaller droplet size mode to the top cloud layer and the larger 12-pum
mode to the bottom layer. This attribution is also consistent with Fig. 12
(bottom) where the in situ droplet sizes sampled in the top layer are much
closer to these of smaller mode in RFT-derived DSD than to those of the
larger mode. The top heights of the two cloud layers and the droplet sizes

in them are similar to those in May 18 case.

4.4. May 30, 2016

The validation segments flown on May 30, 2016 between points with
coordinates (43.6°N, 44.7°W) and (44.8°N, 44.0°W) were 25 minutes apart:
14:32:07-14:46:28 UTC (high altitude remote sensing) and 15:09:00-15:32:24
UTC (low altitude in situ sampling). The cloud system surrounding the
measurement site on this day (Fig. 14) is quite different from the uniform
stratocumulus fields observed on the other three days. The site is located

in the north-east quadrant of a strong low-pressure system, with a high-
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Figure 14: Same as Fig. 2 but for 14:45 UTC on May 30, 2016.

pressure system moving in from the west. On the back end of the system,
the northerly flow is mixing in dry air bringing both open-cell and closed-cell
Sc clouds.

During the in situ leg the aircraft followed the porpoising pattern (Fig.
15) similar to that of May 18 and 20. As in May 20 case, here the CDP
droplet size measurements made within 50 m from cloud top are present in
three short intervals (indicated by pairs of vertical green lines labeled A, B,
and C in Figs. 15 and 16): (A) exiting the cloud (15:18-19 UTC, Lat: 44.09-
44.11°N); (B) entering it from above (15:22 UTC, Lat: 44.21-44.22°N); and
(C) crossing a thin part of the cloud (15:29 UTC, Lat: 44.65-44.66°N).

The complexity of cloud morphology in the May 30 case seen in Fig. 14
also shows up in the HSRL profiles (Fig. 15) as highly heterogeneous cloud
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Figure 15: Same as in Fig. 3 but for May 30, 2016 case. The pairs of vertical green lines
labeled A, B, and C indicate the intervals used for RSP-CDP intercomparisons presented
in Table 1. The DSDs from the top points of these intervals are shown in Fig. 17.

top (especially in the second half of the segment), and in both RSP and CDP
droplet size retrievals. Unlike mature marine stratocumulus clouds with very
narrow DSDs at cloud top seen on May 18, 20, and 27, here we encounter very
diverse cloud microphysical structure characterized by wide DSDs for which
the parameters rapidly change from point to point (Figs. 16 and 17). Using
such a dataset for an RSP-CDP intercomparison presents certain challenges
because the spatial and temporal heterogeneity of cloud DSDs may lead to
large discrepancies between the two types of retrievals due to greater than
15 minute difference in observing times and/or ~ 200 m spatial mismatches
between the observation locations. Thus, this case tests the limits of cloud
system complexity under which we can still expect good agreement between
remote sensing and in situ retrievals.

Despite the above concerns, the RSP-CDP agreement in the three speci-
fied cloud-top cases appears to be reasonably good (Table 1). In cases A
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Figure 17:  RSP- (blue) and CDP-derived (red) droplet radius (left) and area (right)
distributions corresponding to the aircraft ggiting the cloud top (A: 15.31 h UTC, top);
entering the cloud from above (B: 15.34 h é?C middle); and crossing a thin part of the
cloud (C: 15.48 h UTC, bottom) in the May 30 case (see Fig. 15). The presented RSP
retrievals are parametric in left plots and RFT-derived in right plots.
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and C the RSP (parametric) and CDP results show relative biases in effective
radii of ~ 0.5 um with the standard deviations of the differences being ~1
pm. The RSP-derived veg appear to be larger on average than those in
CDP retrievals by 0.02-0.04 with standard deviations of the differences up
to 0.05, however, we should note that the effective variances themselves were
large (~ 0.1 on average) in both datasets. The magnitude of these differences
between RSP-derived and in situ DSD parameters, while being larger than on
other days, is still acceptable. The DSDs from the top points of the intervals
are shown in Fig. 17. We see from Fig. 17 (top right) that RFT analysis
in case A yields a distinctively bimodal distribution, while the CDP-derived
DSD shows no similarity to either one of the two modes, being rather in
between them. Similar situation is encountered in case C, while small mode
there is rather weak (and is not seen at all in the cloud-top DSD from Fig.
17 (bottom right)). In both cases A and C parametric RSP retrievals of reg
are in a better agreement with CDP data than the values from any RFT
mode, perhaps because two-layer structure is not well-defined in these cases.
(Comparisons of CDP-derived parameters with those of both RFT modes in
cases A and C can be found in Supplemental material.)

The RFT retrievals should be used instead of the parametric ones in
specific cases of distinctively two-layer cloud systems where the CDP makes
samples within one of the layers, while the RSP observes both. Cases A and
C do not fall into this category (probably due to the complex structure of
the clouds), however, case B seemingly does. DSD retrievals in this case very
much resemble those in case A from May 18, despite there being no two-layer

cloud structure seen in HSRL profiles from Fig. 15. In this case we again see
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strongly bimodal DSD from RFT analysis with the CDP distribution being
close to its larger mode (Fig. 17 (middle right)), while parametric DSD in
Fig. 17 (middle left) has much larger veg (0.1 vs. 0.05) and smaller 7 (9 pm
vs. 14 pm) than its CDP counterpart (compare to Fig. 5 (top)). The same
situation is repeated for the whole interval B (see Table 1), where the average
large RFT mode’s 7o of 13.53 pm is much closer to the CDP value (13.51
pum) than the parametric effective radius (9.40 pum). The same is true for

the average values of effective variances: 0.15 for parametric RSP retrievals;

0.02 for RFT mode; and 0.05 for CDP.

5. Conclusions

We presented comparisons between cloud droplet size distributions de-
rived from RSP observations with those obtained from the measurements
made by the Cloud Droplet Probe. This is the first time that validation of
polarimetric droplet size retrievals has been done by direct comparison with
correlative in situ data. This validation dataset became available because of
the targeted flight planning during the NAAMES field campaign (May 2016)
when the NASA C-130 aircraft flew over the same ground track twice: one
time at high altitude making remote sensing measurements, and the other
time at low altitude facilitating in situ sampling. The presented compar-
isons show very good agreement in the cases when both remote and wn situ
measurements were precisely co-located and the aircraft was at cloud top
during the sampling. This condition is very important for successful valida-
tion since RSP measurements of polarized reflectance are sensitive to cloud

droplet sizes only within a layer of unit optical depth (i.e., about 50 m thick)
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at cloud top, while droplet sizes decrease and DSD widths increase rapidly
with depth into the cloud.

It should be noted that while the lack of vertical resolution is common to
all airborne passive remote sensing techniques, the localization of the polari-
metric retrievals near cloud top is an advantage compared to other methods
that provide a weighted average over a generally unknown DSD profile within
cloud. Weighting functions in such an averaging depend on optical transmit-
tance of the cloud layer between the altitude of the droplet and cloud top,
which itself depends on the unknown DSD profile. In distinction to this,
polarimetric measurements allow for direct retrieval of the actual microphys-
ical DSDs, the same as those measured in situ or found in the output of a
dynamical cloud model.

Four flight segments satisfying the cloud-top sampling condition were
selected for detailed intercomparisons. During three of them (May 18, 20,
and 30) the aircraft flew in a “porpoise” pattern during the in situ leg diving
into cloud several times. In such cases the CDP measurements suitable for
comparison with RSP were selected at the points within 50 m below the
aircraft’s entry or exit point at cloud top. In the fourth case (May 27) the
aircraft flew at cloud top for some period of time during the in situ leg. This
made it possible to collect a continuously sampled large dataset for more
extensive statistical comparisons with its RSP counterpart.

Two retrieval methods were applied to RSP observations of the polarized
rainbow: parametric fitting and non-parametric Rainbow Fourier Transform
(RFT), the latter allowing for analysis of complex (in particular, bimodal)

DSD shapes. The average values of the DSDs’ effective radii and variances
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Table 1: Summary of intercomparisons between polarimetric RSP and in situ CDP re-
trievals of effective radii and variances of cloud droplet size distributions from the measure-
ments made during NAAMES field experiment in May 2016. RSP values from parametric
fitting algorithm are shown without parentheses, while those from the closest RFT mode
are in parentheses. * Cases with two-layer cloud structure where parametric RSP values
should not be used (these values are shown in italics).

Case CDP RSP CDP
No. of pts. | Start pt. coord. (Teg), pm (reg), pm | rBSP — pQDP | (RSP, CDP
CDP pattern | End pt. coord. (Veft) (Vefr) mean, (m mean
at cld. top Alt. range Time, UTC | Time, UTC | std. dev., um std. dev.
May 18, 2016
A* 56.89°N, 46.48°W | 5.56 (10.75) 10.80 —5.2(-0.02) 0.1 (—0.03)
9 pts. 56.89°N, 46.50°W | 0.10 (0.01) 0.04 0.85 (1.5) 0.1 (0.006)
ascent 749 — 796 m 11:03 11:59
B 56.94°N, 46.87°W | 10.80 (11.12) 10.77 0.035 (0.35) | —0.009 (—0.01)
15 pts. 56.95°N, 46.90°W | 0.02 (0.02) 0.03 0.26 (0.16) 0.002 (0.002)
descent 798 — 838 m 11:00 12:02
May 20, 2016
A 53.57°N, 41.45°W | 8.66 (8.96) 8.51 0.15 (0.45) | —0.01 (—0.005)
64 pts. 53.66°N, 41.55°W | 0.02 (0.02) 0.03 0.44 (0.32) 0.007 (0.004)
asc/descent 679 - 729 m 12:52-53 13:23-25
B 53.96°N, 41.92°W | 9.50 (9.51) 8.99 0.51 (0.51) —0.02 (—0.01)
9 pts. 53.97°N, 41.93°W | 0.01 (0.02) 0.03 0.17 (0.13) 0.003 (0.003)
ascent 675 — 720 m 12:48 13:31
C 54.09°N, 42.07°W | 9.00 (9.24) 8.23 0.77 (1.00) | —0.02 (—0.007)
30 pts. 54.15°N, 42.14°W | 0.01 (0.02) 0.03 0.56 (0.49) 0.005 (0.003)
descent 648 — 698 m 12:45-46 13:33-35
May 27, 2016
A 54.26°N, 41.31°W | 9.04 (8.70) 8.94 0.01 (—0.24) | 0.005 (—0.009)
166 pts. 54.06°N, 41.30°W | 0.04 (0.03) 0.04 0.82 (1.00) 0.04 (0.02)
grazing 1384 — 1461 m 15:10-12 14:39-42
May 30, 2016
A 44.09°N, 44.43°W 10.68 11.22 —0.54 0.04
11 pts. 44.11°N, 44.42°W 0.10 0.10 0.99 0.04
ascent 1539 — 1577 m 14:41 15:18-19
B* 44.21°N, 44.36°W | 9.40 (13.53) 13.51 —4.10 (0.02) 0.10 (—0.03)
5 pts. 44.22°N, 44.36°W | 0.15 (0.02) 0.05 0.63 (0.33) 0.004 (0.01)
descent 1635 — 1677 m 14:40 15:22
C 44.65°N, 44.14°W 10.43 9.88 0.55 0.02
7 pts. 44.66°N, 44.14°W 0.09 0.07 1.00 0.05
ascent 1126 — 1176 m 14:34 15:29
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for each flight segment, as well as the means and standard deviations of
the differences between these parameters from RSP and CDP datasets are
presented in Table 1. The results of both RSP retrieval methods are shown
with RF'T values placed in parentheses.

HSRL depolarization profiles co-located with RSP and CDP data indicate
that in some cases at least two separate layers of clouds are present in the
scene. In this situation if the top layer is optically thin (optical depth less
than one) the RSP retrievals are sensitive to droplet sizes in both layers (see
Alexandrov et al. (2012a) for details and simulations). This results in bimodal
DSD in RFT retrievals with each size mode associated with its own cloud
layer. Alexandrov et al. (2012a) demonstrated that the parametric retrieval
algorithm in such case either picks one (dominant) mode (if the other is weak)
or fits the whole DSD with a single wide mode having large (0.1 or more)
effective variance. The effective radius in the latter case is a weighted average
of those in the two modes. While such a wide DSD may be representative of
the two-layer system as a whole, it does not reflect microphysics in any one of
the layers. Understanding this is especially important for studies of marine
Sc clouds which are known to have very narrow DSDs at cloud top (formed
as a result of convection) with veg often smaller than 0.01 (corresponding to
about 1 pum standard deviation of radius in DSD) (Alexandrov et al., 2015;
Pawlowska et al., 2006). This means that in Sc cases detection of a large veg
should automatically raise suspicion that a multilayer structure is present.

Comparison of RSP retrievals with in situ measurements in two-layer
situations described above is challenging since the in situ DSDs reflect cloud

microphysics in a single layer (at a time), and, thus, cannot be directly
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compared to RSP retrievals representing both layers at once. However, in
such cases the RFT can be used to separate DSDs of different layers, one of
which can be used for comparison with in situ data. In the NAAMES dataset
we encountered very wide DSDs in parametric RSP retrievals (corresponding
to distinctly bimodal RFT-derived DSDs) in two instances: case A from May
18 and case B from May 30. In the May 18 case two cloud layers are clearly
seen in HSRL profiles (Fig. 3). In this case CDP retrievals yield segment-
averaged reg of 10.80 um and veg of 0.04, which are quite different from
the results of RSP’s parametric algorithm: r.¢ = 5.56 pm and veg = 0.10.
However, the parameters of the larger mode in the RFT-derived distribution
(reg = 10.75 pm and veg = 0.01) are very close to the in situ values. A
similar situation is seen in case B from May 30, where the averaged CDP-
derived parameters (reg = 13.51 pm and veg = 0.05) and those of the larger
RFT mode (reg = 13.53 pum and veg = 0.02) were close. In contrast the
results from the RSP’s parametric algorithm were different (reg = 9.40 pum
and veg = 0.15). The parametric RSP results in both of these cases, being
not suitable for comparison with CDP data, are shown in italics in Table 1.

The clouds observed on May 18, 20, and 27 were well-developed stratocu-
mulus with narrow DSDs at cloud tops. In six cases from these days (except
case A from May 18 described above) both parametric and RFT retrievals
were comparable with in situ data. In all of these cases the parameters of
the dominant mode in the RFT-derived DSDs were close to those obtained
using a parametric fit, being within 0.3 pym in r.g and 0.01 in veg. Table 1
shows that the RSP-CDP biases in r.g for the well-developed Sc cases were
mostly positive and within 0.5 pm (except for May 20, C: 0.77-1.00 pm),
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while the standard deviations were within 0.6 pm (except for May 18, A:
1.50 pm; and May 27, A: 0.82-1.00 pm). The RSP-CDP biases in v.g were
mostly negative and no larger than 0.02 in absolute value (except for May 18,
A: 0.03), while the standard deviations of ves in the segments were smaller
than 0.01 (except for May 27, A: 0.04).

The subject of our study on May 30 was a cloud with complex structure
(probably open-cell Sc) consistent with wide DSDs in both RSP and CDP
retrievals (veg of up to 0.1 on average). Case B for this day was described
above as having good agreement between in situ parameters and those of one
of the RFT-derived size modes. While RFT analysis produced bimodal DSDs
also in case C, and especially A, none of the modes showed similarity with
CDP-derived size distributions (so we do not show RFT data for these cases
in Table 1). Parametric RSP retrievals, on the other hand, showed reasonably
good agreement with in situ data in both cases: ~ 0.55-um biases and 1-pum
standard deviation for r.g, while for v.g biases were below 0.04 and standard
deviations — below 0.05. The RSP-CDP comparisons were not expected to
be particularly good for this day because the substantial heterogeneity of
the cloud field increases spatial and temporal sampling errors. However,
the results appear to be quite satisfactory, showing that RSP can provide
accurate droplet size retrievals (with accuracy in reg of 1 1 m, and in veg —
of about 0.04) even for a complex cloud field like this.

The measurement accuracies of cloud DSD parameters required for a re-
liable quantification of indirect aerosol effect on clouds have been specified
by Mishchenko et al. (2004) as being the greater of 1 ym or 10% for reg and

greater of 0.05 or 50% for veg. These requirements are based on the need to
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detect changes of cloud droplet size caused by increase in cloud condensation
nuclei concentrations and to determine the cloud droplet number concentra-
tion with at least 30% accuracy. The validation results presented in Table 1
demonstrate that the accuracy of RSP-based retrievals of DSD parameters
satsfy and in most cases exceed these requirements.

The validation of polarimetric cloud droplet size retrieval techniques pre-
sented in this study demonstrated the value of airborne (and potentially
satellite) polarimetric observations and that the resulting retrieved DSDs
are robust and accurate. We hope that validation experiments will be con-
tinued during future field campaigns and allow for an evaluation of how the
information in the remotely sensed DSDs can be used to understand the for-
mation of drizzle at cloud top. Our experience gained during this study will
help us to better plan future validation efforts. For example, we recommend
that the aircraft should periodically exit cloud when grazing cloud top, so
the cloud top height could be determined from in situ measurements. An-
other suggestion is to sample both layers in two-layer cloud structures, thus,

alowing for validation of bimodal DSDs.
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Appendix A Droplet size statistics in remote sensing and in situ

measurements

Remote sensing and in situ measurement communities traditionally use
different statistics for characterization of droplet size distributions. While
in situ measurements commonly report mean droplet diameter, its standard
deviation, and relative dispersion, optical remote sensing retrievals are usu-
ally expressed in terms of effective radius and variance. For the reference, we
present here definitions of these parameters and relationships between them
(for uniformity, all statistics is expressed in terms of droplet radius rather
than diameter).

Droplet size distribution n(r) has moments
(rky = /rk n(r) dr (A1)

including the mean radius (r). The standard deviation o is derived from the
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dispersion
o2 = / (r— () n(r) dr = (%) — (r)2. (A.2)

Another commonly used parameter is relative standard deviation d = o/(r)

or relative dispersion
==L -1 (A.3)

The optically-driven effective radius and variance are defined as (Hansen &

Travis, 1974)

oo

[ rer*n(r)dr )
Tef = 55 =1 (A.4)
[ mr2n(r)dr (re)

and

(r — reg)?mr?n(r)dr

1 o
Veff — 5 >0 == 7“3 5 L (A5>
Veft Ofﬂ'r’?n('r’)dr ()

Cloud DSDs often have the gamma distribution shape (Hansen & Travis,
1974):
(ab)(Zb—l)/b

(1-3b)/b _—r/ab A6
T[(1—20)/0] | € (A.6)

n(r) =

where I" is the gamma function. The parameters a > 0, and b € (0,1/2) of
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this distribution coincide with respectively the effective radius and variance:
Teff = @y Vet = . (A.7)

The mean radius and the standard deviation of gamma distribution are re-

spectively

(ry =a(1—2b) and o =a+/b (1 —2b), (A.8)

thus, its relative dispersion is
d? = ——. (A.9)

This allows to express the effective radius and variance of gamma distribution

in terms of (r) and d:

d2

— 2 —
a=(ry (14 2d°), b—1—|—2d2'

(A.10)

For example, typical for Sc clouds values rog = 10 pm and veg = 0.02
correspond to (r) = 9.6 um, d = 0.14, and o = 1.38 pm.

Note that the mode radius of gamma distribution is
T"mazx = CL(l - 36)7 (All)

indicating that gamma distribution has maximum only when b < 1/3.
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List of Figure Captions

Figure 1. CDP-derived vertical profiles of droplet effective radius (left)
and variance (right) for May 18, 2016 (see Fig. 3 for the location and CDP
altitude). Linear fits are provided to show how fast these parameters change
with altitude near cloud top.

Figure 2. GOES satellite image of North Atlantic ocean for 11:15 UTC
on May 18, 2016. The coastline of Newfoundland is shown in the West,
while that of Greenland — in the North. The vicinity of the validation flight
segments is depicted by red circle.

Figure 3. HSRL depolarization ratio profile for the May 18 case. Black curve
depicts the altitude of the aircraft during the in situ segment. Red points
on this curve indicate availability of CDP measurements with reg > 4.5 pm.
The pairs of vertical green lines labeled A and B indicate the intervals used
for RSP-CDP intercomparisons presented in Table 1. The DSDs from the
top points of these intervals are shown in Fig. 5.

Figure 4. Top and middle: effective radius and variance, respectively,
retrieved from the RSP data using the parametric fitting technique (blue
curves). The discretization seen in these plots is that of the LUTs used.
Bottom: the results of mode decomposition applied to distributions derived
from RSP data using RFT. The curves depicting the modes’ effective radii are
colored according to the modes’ respective weights in DSD. The red curves
in all panels depict the screened co-located CDP retrievals. The pairs of
vertical green lines labeled A and B indicate the intervals used for RSP-CDP
intercomparisons presented in Table 1.

Figure 5. RSP- (blue) and CDP-derived (red) droplet number (left) and
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area (right) distributions corresponding to cloud exit (A: 11.98 h UTC, top)
and entrance (B: 12:03 h UTC, bottom) in the May 18 case (see Fig. 3).
The presented RSP retrievals are parametric in left plots and RFT-derived
in right plots.

Figure 6. Same as Fig. 2 but for 12:45 UTC on May 20, 2016.

Figure 7. Same as in Fig. 3 but for May 20, 2016 case. The pairs of vertical
green lines labeled A, B, and C indicate the intervals used for RSP-CDP
intercomparisons presented in Table 1. The DSDs from the top points of
these intervals are shown in Fig. 9.

Figure 8. Same as in Fig. 4 but for May 20, 2016 case. The pairs of vertical
green lines labeled A, B, and C indicate the intervals used for RSP-CDP
intercomparisons presented in Table 1.

Figure 9. RSP- (blue) and CDP-derived (red) droplet radius (left) and area
(right) distributions corresponding to cloud top (A: 13.40 h UTC, top); exit
(B: 13.52 h UTC, middle); and entrance (C: 13.56 h UTC, bottom) in the
May 20 case (see Fig. 7). The presented RSP retrievals are parametric in
left plots and REFT-derived in right plots.

Figure 10. Same as Fig. 2 but for 15:15 UTC on May 27, 2016.

Figure 11. Same as in Fig. 3 but for May 27, 2016 case. Two solid vertical
green lines bound the single interval (A) used for comparisons. This two lines
together with dashed line between them represent points used in DSD shape
comparisons shown in Fig. 13.

Figure 12. Same as in Fig. 4 but for May 27, 2016 case. Two solid
green lines bounding the comparison interval and dashed line between them

represent points used in DSD shape comparisons shown in Fig. 13.
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Figure 13. RSP- (blue) and CDP-derived (red) droplet radius (left) and
area (right) distributions selected from May 27 data. The CDP time stamps
for these examples are 14.70 h UTC (top), 14.68 h UTC (middle), and 14.65
h UTC (bottom). The presented RSP retrievals are parametric in left plots
and RFT-derived in right plots. The top and bottom plots correspond to
the ends of the comparison interval (solid green lines in Figs. 11 and 12),
while the middle plots show distinctly bimodal DSD from the middle of the
interval (depicted by dashed line in Figs. 11 and 12).

Figure 14. Same as Fig. 2 but for 14:45 UTC on May 30, 2016.

Figure 15. Same as in Fig. 3 but for May 30, 2016 case. The pairs of
vertical green lines labeled A, B, and C indicate the intervals used for RSP-
CDP intercomparisons presented in Table 1. The DSDs from the top points
of these intervals are shown in Fig. 17.

Figure 16. Same as in Fig. 4 but for May 30, 2016 case. The pairs of
vertical green lines labeled A, B, and C indicate the intervals used for RSP-
CDP intercomparisons presented in Table 1.

Figure 17. RSP- (blue) and CDP-derived (red) droplet radius (left) and
area (right) distributions corresponding to the aircraft exiting the cloud top
(A: 15.31 h UTC, top); entering the cloud from above (B: 15.34 h UTC,
middle); and crossing a thin part of the cloud (C: 15.48 h UTC, bottom) in
the May 30 case (see Fig. 15). The presented RSP retrievals are parametric
in left plots and RFT-derived in right plots.
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