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Abstract

The primary goal of this project has been to investigate if ground-based visible and
near-infrared passive radiometers that have polarization sensitivity can determine the
thermodynamic phase of overlying clouds, i.e. if they are comprised of liquid droplets
or ice particles. While this knowledge is important by itself for our understanding of5

the global climate, it can also help improve cloud property retrieval algorithms that use
total (unpolarized) radiance to determine Cloud Optical Depth (COD). This is a poten-
tially unexploited capability of some instruments in the NASA Aerosol Robotic Network
(AERONET), which, if practical, could expand the products of that global instrument
network at minimal additional cost.10

We performed simulations that found, for zenith observations, cloud thermodynamic
phase is often expressed in the sign of the Q component of the Stokes polarization
vector. We chose our reference frame as the plane containing solar and observation
vectors, so the sign of Q indicates the polarization direction, parallel (positive) or per-
pendicular (negative) to that plane. Since the quantity of polarization is inversely pro-15

portional to COD, optically thin clouds are most likely to create a signal greater than
instrument noise. Besides COD and instrument accuracy, other important factors for
the determination of cloud thermodynamic phase are the solar and observation geom-
etry (scattering angles between 40 and 60◦ are best), and the properties of ice particles
(pristine particles may have halos or other features that make them difficult to distin-20

guish from water droplets at specific scattering angles, while extreme ice crystal aspect
ratios polarize more than compact particles).

We tested the conclusions of our simulations using data from polarimetrically sen-
sitive versions of the Cimel 318 sun photometer/radiometer that comprise AERONET.
Most algorithms that exploit Cimel polarized observations use the Degree of Linear25

Polarization (DoLP), not the individual Stokes vector elements (such as Q). For this
reason, we had no information about the accuracy of Cimel observed Q and the po-
tential for cloud phase determination. Indeed, comparisons to ceilometer observations
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with a single polarized spectral channel version of the Cimel at a site in the Netherlands
showed little correlation. Comparisons to Lidar observations with a more recently de-
veloped, multi-wavelength polarized Cimel in Maryland, USA, show more promise. The
lack of well characterized observations has prompted us to begin the development of
a small test instrument called the Sky Polarization Radiometric Instrument for Test and5

Evaluation (SPRITE). This instrument is specifically devoted to the accurate observa-
tion of Q, and the testing of calibration and uncertainty assessment techniques, with
the ultimate goal of understanding the practical feasibility of these measurements.

1 Introduction

The relationship between clouds and aerosols have long been recognized as one of the10

least certain components of the global climate, largely due to the difficulty of acquiring
relevant global datasets (IPCC, 2013). This was the motivation for the establishment
of the NASA Aerosol Robotic Network (AERONET), which is chiefly devoted to the
measurement of atmospheric aerosols by the use of sun photometer/sky radiometers
manufactured by Cimel, Inc. (Holben et al., 1998). These instruments typically “sleep”15

when clouds obscure the sun, but select instruments also collect data while pointed in
the zenith direction. Data collected in this “cloud mode” are used to determine Cloud
Optical Depth (COD) and cloud fraction (Marshak et al., 2000, 2004; Barker and Mar-
shak, 2001; Chiu et al., 2006, 2010). This algorithm relies on the spectral contrast be-
tween blue and near-infrared (or red) reflectances of vegetated surfaces surrounding20

the measurement site, and employs a Lookup Table (LUT) of precomputed radiances
to match observations to retrieved parameters. These LUT’s are generated for a cloud
with a known thermodynamic phase, liquid or ice, and the use of the incorrect LUT
can lead to very large retrieval errors. For example, recent cloud observations during
the DRAGON (Distributed Regional Aerosol Gridded Observation Networks) field cam-25

paign were consistent with a COD of 18 for an ice phase cloud, but 30 for a water phase
cloud (S. Huang, personal communication, 2012). Since this uncertainty significantly
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impacts our ability to improve climate models, we have searched for methods to deter-
mine cloud thermodynamic phase from instrument operating in “cloud mode”.

A portion of the Cimel instruments used by AERONET are sensitive to linearly polar-
ized radiation. These clear sky measurements are primarily used to determine aerosol
optical properties (Li et al., 2004, 2006, 2007, 2009, 2010, 2013). Our goal is to de-5

termine if polarimetric observations made by AERONET instruments operating in the
“cloud mode” can also be used to identify cloud thermodynamic phase, and therefore
improve the retrieval of cloud properties by selecting the proper LUT. This paper is
subsequently divided into three main sections. The next section (Sect. 2) describes
the results of vector radiative transfer simulations of ice and liquid phase clouds as ob-10

served by ground radiometers such as the Cimels employed by AERONET. Section 3
contains an analysis of actual AERONET polarized cloud observations and compar-
ison to independent datasets that serve as proxies to cloud thermodynamic phase.
Section 4 discusses the previous two sections and makes recommendations for future
observations. We conclude in Sect. 5. Additionally, Appendix A provides an uncertainty15

analysis for these types of measurements.

2 Simulations

We began by performing simulations of a cloud-atmosphere system, utilizing a vector
(polarimetric) radiative transfer model developed at NASA Goddard Institute for Space
Studies (GISS). This model uses the Doubling and Adding technique to compute multi-20

ple scattering in a plane parallel system (de Haan et al., 1987). Single scattering prop-
erties were computed as the Lorenz-Mie solution of Maxell’s equations (Hansen and
Travis, 1974) for spherical liquid water droplets, or for randomly oriented, “roughened”
hexagonal ice plates or columns using geometric optics (Macke et al., 1996). Figure 1 is
a cartoon describing the simulated scenes, which were performed at a variety of COD’s25

(2.5, 5, 7.5, 10, 15, 20 and 30) and Solar Zenith Angles (SZA, 15, 30, 45 and 60◦). Ice
phase clouds, which were lofted between 7 and 7.5 km in a standard atmosphere, were
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simulated with ice particle aspect ratios (the ratio of height to width) of 0.05, 1, 2 and 20
and roughness parameters (Macke et al., 1996) of 0 (pristine) and 0.4. Although natural
clouds generally contain more complex ice crystals, the scattering properties of single
hexagonal prisms closely resemble those of such complex structures (Baran, 2009;
Um and McFarquhar, 2007, 2009; van Diedenhoven et al., 2014). Since ice clouds can5

be simulated with geometric scattering for visible and near infrared wavelengths, par-
ticle size is minimally relevant for fixed COD. Liquid phase clouds were simulated at
lower altitudes (between 1.5 and 3 km) for droplets with effective radii of 10 and 5 µm.
To correspond with AERONET instrument spectral sensitivity, these simulations were
performed at 440, 500, 560, 675, 870 and 1020 nm. These channels were also chosen10

so that they are minimally affected by atmospheric gas absorption. Total column pres-
sure was 1013.25 mb, and ground temperature 288.15 ◦K. COD retrieval from “cloud
mode” radiometers uses the spectral contrast of surface reflectance, which works best
when that surface is very “green”, expressed as a high Normalized Difference Vege-
tation Index (NDVI). We therefore chose a surface spectral reflectance from vegetated15

surface measurements in late summer central Oklahoma (Knobelspiesse et al., 2008).
To test the sensitivity to these model conditions, we also performed simulations with
modified altitude profiles and surface reflectances, and individually simulated a cloud
with mixed liquid and ice phase.

Simulation results were expressed as the Stokes’ polarization vector, I = [I ,Q,U ,V ],20

observed by a noiseless, upwards looking radiometer at the ground. We present these
values as unitless, and equivalent to reflectance that would be observed by a down-
wards looking instrument, i.e.

R =
Iπr2

o

Fo cosθs
(1)

where I is the Stokes’ vector in radiance (Wm−2 sr−1), ro is the solar distance in astro-25

nomical units (AU) (we used ro = 1), Fo is the exo-atmospheric irradiance (Wm−2) at
a solar distance of AU = 1, and θs is the Solar Zenith Angle. Generally speaking, the
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I component of the Stokes’ vector expresses the total reflectance, Q and U express
the magnitude and direction of linear polarization, and V the circular polarization. For
scattered solar light in the atmosphere at visible and near-infrared wavelengths, V is
small (< 0.2% of linear polarization, de Haan et al., 1987; Kawata, 1978), so we re-
strict ourselves in this analysis to the first three Stokes’ vector elements, [I , Q, U ]. This5

subset of the Stokes’ vector is also relatively simple to observe, and is easily obtained
from direct measurements. The Cimel radiometers use linearly polarizing filters at dif-
ferent orientations, so that the linearly polarizing component of the Stokes’ vector is
computed

I =

 I
Q
U

 =


2
3

(
Î(0◦)+ Î(120◦)+ Î(240◦)

)
2
3

(
2Î(0◦)− Î(120◦)− Î(240◦)

)
2√
3

(
Î(240◦)− Î(120◦)

)
 (2)10

where Î(X ) indicates the radiance observed in a Cimel channel with a linear polarizer
oriented at X ◦ from the reference plane (which is typically chosen at the solar prin-
cipal plane, containing both the solar illumination and observation direction vectors)
(Chandrasekhar, 1960).

A common polarization metric is the Degree of Linear Polarization (DoLP),15

DoLP =

√
Q2 +U2

I
=

√
R2
Q +R

2
U

RI
(3)

which is used as a means to represent the quantity of linear polarization in a scene
independent of reference frame. This presents an advantage because of simplicity and
diminished sensitivity to calibration uncertainty and errors in filter orientation (X ), but
also means information about polarization direction has been discarded. As we shall20

see, polarization direction most clearly expresses cloud thermodynamic phase, so we
are compelled to avoid DoLP.

11996

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/11991/2014/amtd-7-11991-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/11991/2014/amtd-7-11991-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
7, 11991–12036, 2014

Polarimetric cloud
phase detection

K. Knobelspiesse et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2.1 Simulation results

Figure 2 is an example of the typical polarization encountered with water (solid) and
ice (dashed) clouds as observed by a narrow Field of View (FOV) ground radiometer at
a variety of zenith angles in the solar principal plane. I is generally at least an order of
magnitude larger than DoLP or Q (note the axes). There are no systematic (for different5

clouds) distinctions between water and ice phase clouds in I or DoLP, especially for
zenith observations. However, the Q of water and ice clouds have opposite signs at
most angles, meaning that polarization direction differs. For these reasons, we believe
Q is the best means to determine cloud thermodynamic phase when defined in the
solar principal plane as it is here. U is many orders of magnitude smaller than DoLP or10

Q, meaning that it contains little information about clouds. As we shall see later, we use
this property of U to ensure that we have properly identified the solar principal plane.
We could, of course, also describe the polarization direction by the polarization angle,
χ = 1

2 tan−1(U/Q). The convention from Hansen and Travis (1974) for χ is to select the
value in the interval 0 ≤ χ < π where the sign of cos(2χ ) and Q are the same. Because15

uncertainty and numerical issues are easier to track, we will express the results of our
simulations and analysis in Q.

The polarization direction difference between liquid and ice phase clouds is inherent
to the single scattering properties of water droplets and ice crystals. We can see this
by plotting the P11 and P12 phase matrix elements, as we have done in Fig. 3. The20

phase matrix, P transforms an incoming wave of radiation (such as unpolarized solar
radiation, Io = [1,0,0,0]) to the scattered wave at a scattering angle, γ, such that

I(γ) = ke$
dv

4πR2
P(γ)Io (4)

where dv is the scattering volume, ke is the extinction coefficient, $ is the single scat-
tering albedo (the ratio of scattering to total extinction) and R is the distance from dv25

to the observation location. Thus, the P11 element describes the transfer from Io to I ,
while P12 the transfer of Io to Q. Figure 3 shows us that, at scattering angles relevant
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to ground observation (roughly 10◦ < γ < 70◦), liquid and ice phase clouds are not dra-
matically different for P11, but have different sign for P12.

Figure 4 shows the type of measurements that ground based, zenith viewing po-
larimeters would make of ice and liquid clouds with various COD. The Q Stokes vector
element, at left, clearly expresses the distinction between liquid and ice phase clouds.5

The reference frame defining Q is the solar principal plane, where the value of U is
very small. The DoLP, at right, is nearly equivalent to the absolute value of Q, so the
distinction between water and ice phase is lost. Both Q and DoLP show the most po-
larization for the smallest COD, meaning that the ability to determine thermodynamic
phase diminishes for thicker clouds. We can also see that the largest (negative) po-10

larization for ice clouds is generated for crystals with the most extreme Aspect Ratio
(AR). Based on so-called “directional memory”, the original radiative direction is lost
after 1/(1−g) orders of scattering, and thereafter travels isotropically (Davis and Mar-
shak, 2002) (here, g is the asymmetry factor, the first moment of the P11 phase matrix
element). If we assume a multiplicative coefficient of proportionality of 2, and a liquid15

cloud g = 0.85, the optical depth associated with the loss of directional memory occurs
at 2

1−g =
2

1−0.85 = 13.3 or greater. Figure 4 is consistent with this relationship, since Q
and DoLP, as expressions of directionality, converge to zero for roughly COD > 13.

2.2 Observability

Figure 4 makes a compelling case for the observability of cloud thermodynamic phase20

with polarization, but several factors affect the ability to make this distinction with real
observations. Instrument uncertainty is of utmost importance, yet often remains un-
characterized for Q and U (Appendix A is an uncertainty characterization of an in-
strument that uses linearly polarizing filters, such as the Cimel radiometers used by
AERONET). Geophysical characteristics of the scene are also important. Factors such25

as the solar zenith angle (or more directly, the scattering angle) play a role, and the
presence of halos or other features of pristine ice crystals can also interfere with with
cloud phase determination. On the other hand, factors which are typically important
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for remote sensing of clouds from the ground, such as the need to account for nearby
surface reflectance and cloud base height, are relatively unimportant.

Figure 5 shows the scattering angle dependence of Q at 870 nm for liquid and ice
clouds for a variety of simulated solar zenith angles. Here, we define scattering an-
gle as the angle between the solar illumination direction and the scattered direction.5

Results from simulations with a variety of solar zenith angles show similar behavior, in-
dicating that the scattering angle largely defines Q. The liquid cloud is most polarizing
at scattering angles roughly between 40 and 50◦, while ice clouds are most (negatively)
polarizing at angles between 60 and 70◦. Differentiation between liquid and ice clouds
is therefore best performed in this range, where scattering angles are between 40 and10

70◦. For zenith measurements, the solar zenith angle is the scattering angle, meaning
that phase differentiation is best when solar zenith angle is between 40 and 70◦, and
improbable when it is less than 20◦. If a ground based radiometer has the ability to
control pointing direction, the optimal measurement would not necessarily be made at
zenith, but in a direction in the solar principal plane roughly 55◦ from the sun.15

The linearly polarized scattering of ice crystals (P12, the right panel in Fig. 3) is pri-
marily dependent upon AR and surface roughness (randomization of scattering) (van
Diedenhoven et al., 2012). Ice crystals are generally large enough for their scattering
properties to be simulated with geometric optics (Bi et al., 2014), so size has a min-
imal impact on P12. Since cloud chamber, in situ and remote sensing observations20

indicate that distorted, roughened ice crystals are generally prevalent (Baran, 2009;
van Diedenhoven et al., 2013; Pfalzgraff et al., 2010; Magee et al., 2014), we have
performed our simulations with crystals that have been roughened. However, pristine
ice crystals do exist in clouds, as is indicated by the frequent observation of halos
from the ground (Sassen et al., 2003; van Diedenhoven, 2014). Observations per-25

formed at some combinations of viewing and solar zenith angles mean that these
halos would be directly measured. As is shown in Fig. 6, the halo value of Q spikes
above zero, meaning that it looks similar to liquid phase clouds. Lacking other obser-
vations, ice clouds at this geometry would be confused for liquid phase clouds. From
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a measurementperspective, the halo at 46◦ is potentially the most problematic, since
the 22◦ halo is already at a scattering angle where it is difficult to distinguish liquid from
ice clouds. However, the 46◦ halo is very rarely observed, and only occurs when the
cloud is comprised of a large fraction of pristine particles (van Diedenhoven, 2014).
Furthermore, the simulation of totally pristine crystals shown here must be considered5

as a limiting case, since some level of distortion or roughening is likely for crystals in
most halo-producing cirrus clouds (Shcherbakov, 2013; van Diedenhoven, 2014).

The spectral dependance for selected visible and near-infrared channels (corre-
sponding to multiple polarized channel Cimel wavelengths) are shown in Fig. 7. As
we can see, the cloud thermodynamic phase linear polarization direction effect (ex-10

pressed as Q) is largely preserved at different wavelengths. Generally, Q decreases as
wavelength decreases, such that Q (440 nm) for liquid phase clouds are less than zero
in the most extreme case. Simulations of liquid clouds comprised by other size droplets
are nearly identical to the single liquid cloud shown in the figure, while different aspect
ratio ice clouds show similar spectral dependence but varying absolute magnitudes of15

Q (similar to what is shown in Fig. 4).
For both ice and liquid clouds, observations of Q are insensitive to factors that typ-

ically affect I , such as cloud vertical distribution and surface reflectance. This is il-
lustrated in Fig. 8, where these properties have been modified, and have no notice-
able effect on Q. I , in contrast, is quite sensitive to surface reflectance, particularly at20

870 nm, where vegetated surfaces can be quite bright. In fact, this forms the basis of the
cloud optical depth retrieval algorithms used by AERONET (Chiu et al., 2006, 2010).
The sensitivity to vertical distribution increases with increased Rayleigh scattering at
shorter wavelengths, but the impact of this on Q remains minimal.

We also performed simulations for mixed phase clouds. Figure 9 shows the transition25

from negative to positive values of nadir observedQ for a cloud with liquid on the bottom
and ice on the top. While this transition is gradual, it should be noted that the cloud with
50 % liquid and 50 % ice has negative values of Q for all simulated values of total COD.
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If the sign of Q is used to identify cloud thermodynamic phase, this cloud would be
identified as one comprised of ice.

To conclude, we have simulated a variety of ice and liquid phase clouds, and found
that the linear polarization direction, expressed as the sign of the Q element of the
Stokes polarization vector (defined in the scattering plane), indicates thermodynamic5

phase. The utility of this distinction is dependent upon the total COD (thinner clouds
polarize more), the solar and observational viewing geometry (scattering angles be-
tween 40 and 70◦ are best), ice crystal aspect ratio (values close to AR = 1.0 polarize
least), and the instrument accuracy with respect to Q. Additionally, the ability to deter-
mine cloud thermodynamic phase with polarization is insensitive to the altitude of the10

cloud or the surface reflectance.
There are many ways to determine cloud thermodynamic phase from the ground,

such as with active measurements (Sassen, 1991), spectral ratios (Martins et al., 2011;
LeBlanc et al., 2014) and microwave radiometers (Turner et al., 2003; Shupe et al.,
2005; Campos et al., 2014, for example). This method generally may not be as pow-15

erful as those techniques, but in certain conditions (such as low COD) it may be more
sensitive, which also means that it is affected by different portions of the cloud vertical
profile. It also can be performed by AERONET instruments when they observe clouds,
with no modification other than to measurement protocol. AERONET instruments have
been deployed in hundreds of locations throughout the world for more than a decade20

(Holben et al., 1998), and our simulations show that data from the polarized instru-
ments in the network could potentially provide information on cloud thermodynamic
phase as well.

3 Data exploration

We tested our simulations with AERONET Cimel data collected at two sites that have25

co-located independent observations of proxies to cloud thermodynamic phase. Each
site employed a different version of the Cimel instrument. An early variant of the
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instrument, which has polarization sensitivity in a single channel centered at 870 nm,
has been deployed at the Cabauw Experimental Site for Atmospheric Research (CE-
SAR, www.cesar-observatory.nl) in the Netherlands since 2010. A variety of other in-
strumentation are also located at CESAR, including Infra-Red radiometers and LIDARs
that can determine cloud base height, and by inference, thermodynamic phase. A more5

recent version of the Cimel, with polarized channels at 440, 500, 675, 870, 1020 and
1640 nm, has been deployed at the NASA Goddard Space Flight Center (GSFC) in
suburban Washington, DC. NASA GSFC is the AERONET base of operations, and is
also where LIDARs are frequently deployed.

Both versions of the Cimel instrument are primarily employed to measure the DoLP.10

Since DoLP is insensitive to the orientation of the linearly polarizing filters, the mea-
surement reference plane (as in Eq. 2) does not need to be known. Our simulations,
however, indicate that DoLP does not contain information about cloud thermodynamic
phase, while Q, defined in the solar principal plane, does. Since reference frame is
relevant to the determination of Q, we need to know it accurately for AERONET. Stan-15

dard operation of AERONET instruments does not require such knowledge, so we
attempted to confirm our knowledge of instrument orientation with observations of U .
This is equivalent to the method in Li et al. (2009), who identify the reference frame
by ensuring the polarization angle, χ , of skylight is consistently 90◦ from the scattering
plane. In the appendix, we explore how polarizing filter orientation knowledge accuracy20

impacts overall measurement uncertainty.

3.1 Single channel polarimeter site: CESAR

We tested the ability of the single polarized channel AERONET Cimel to determine
cloud phase with data from the CESAR site. This site was selected because of the
variety and frequency of cloudy conditions encountered in the Netherlands and the25

availability of coincident data that can indicate cloud thermodynamic phase. A Vaisala
LD-40 Ceilometer (which indicates cloud base height, Muenkel et al., 1999, 2002) was
positioned at the site. Since cloud drops generally freeze at increased altitudes where
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the temperatures falls to somewhere between −20 and −40 ◦C (Riédi et al., 2001; West-
brook and Illingworth, 2011) data from this instrument (along with radiosonde temper-
ature data) can be used to roughly estimate cloud thermodynamic phase.

To analyze these data, we first needed to find the Cimel linearly polarizing filter ref-
erence frame. Once known, we could determine the Stokes’ vector (Eq. 2) as defined5

in that frame, and then “rotate” the Stokes vector from its observed frame to the solar
principal plane (see Eq. 3.15 in Hansen and Travis, 1974). When defined in the so-
lar principal plane, nearly all polarization should be expressed in the Q Stokes vector
element, and U would be minimal (Fig. 2 is an example of this).

Since we had no information about the polarizing filter reference frame, we started10

with the assumption that they were oriented in the solar principal plane. To test this, we
made a scatterplot of Q and U for the entire dataset. If our assumption were correct,
we could expect to see no correlation between Q and U , and a wider range of Q values
than U values. As we can see from the left-most plot in Fig. 10, this was not the case.
If, however, the expected frame of reference is rotated by 16◦, we can find a more15

appropriate relationship between Q and U . This particular angle is most likely due to
instrument operation specifics. In this case, the instrument is probably aligned to the
solar principal plane while in the “park” mode, and rotates slightly out of the principal
plane to avoid a locking mechanism while moving into the zenith viewing mode. We
therefore used this reference frame for all subsequent analysis, and performed a similar20

test for the multiple spectral channel instrument described in the next subsection. The
shape of these histograms is also somewhat disturbing. For successful determination
of cloud thermodynamic phase, we would hope to see a far wider range of Q than U
values. The more compact shape of these histograms indicates the potential for large
uncertainties in Q and U .25

To illustrate the potential for cloud thermodynamic phase determination, we looked
for days in the AERONET dataset at CESAR that had the potential for both ice and
water phase clouds. Figure 11 displays one such day, 3 February 2013. The day began
with high altitude clouds, with base heights (indicated from LD-40 data in green) at
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roughly 5 km, that were eventually replaced with lower clouds with bases heights less
than 500 m. A nearby radiosonde found the melting layer height of 0 ◦C at 570 m, and
the homogenous freezing threshold of −40 ◦C at 7.4 km. Therefore, we expect that the
higher altitude clouds were comprised of ice, and the lower clouds of water.

Zenith viewing Cimel observations at CESAR are shown as the blue, black and red5

dots on Fig. 11. Color indicates the expected cloud phase, where Q > 0.0001 are iden-
tified as comprised of liquid phase droplets, and Q < −0.0001 as ice. Black points were
not identified as either phase. Cimel observations are made in bursts of ten measure-
ments. As we can see in Fig. 11, each burst typically had a wide range of values, which
based on threshold alone would indicate both liquid and ice phase clouds. Clouds are10

unlikely to change at such short temporal and spatial scales, so this scatter indicates
noise. In an attempt to reduce this noise, we averaged each burst of measurements to
create a temporally smoothed product, indicated by diamonds in Fig. 11. On this day,
the smoothed product does seem to indicate cloud thermodynamic phase, identifying
the early, high altitude clouds as ice, and the later, lower clouds as liquid.15

While the analysis of a single day can be informative, observations from the entire
dataset provide a more comprehensive and quantitative assessment of this thermody-
namic phase detection. Figure 12 shows the two dimensional histograms of observed
Q and cloud base height. If the observations are similar to the simulations, we would
expect to see a negative correlation. This is not present in either the entire dataset (left-20

most plot) or when Q observations are temporally smoothed to reduce noise (rightmost
plot).

While disappointing, these results were not entirely unexpected. The Cimel sun pho-
tometers were designed to measure the DoLP, not Q, and had an unknown amount
of measurement uncertainty. While this analysis is also constrained by appropriate-25

ness of our cloud thermodynamic phase proxies, the scatter of Cimel Q observations
shown in Fig. 11 shows how those measurements are dominated by noise. Further-
more, we note that the Cimels turn into cloud mode only when the cloud contamination
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is unambiguous, which may mean that thin cirrus clouds are not included frequently in
these measurements.

3.2 Multiple channel polarimeter site: NASA GSFC

The AERONET Cimel instrument that was deployed at CESAR represents an effort,
more than a decade old, to determine aerosol properties from Cimels using polariza-5

tion (e.g. Vermeulen et al., 2000). These instruments used DoLP and a single channel
(870 nm) to find aerosol properties using both direct solar and sky radiance measure-
ments. More recently, Cimels have been developed that have multiple channels. These
have been used to retrieve aerosol optical properties with DoLP (Li et al., 2004, 2006,
2007, 2009, 2010, 2013). A portion of these instruments also make zenith mode mea-10

surements in the “cloud mode”, although polarization data from these measurements
are not currently utilized. We assessed a subset of these data acquired at the NASA
Goddard Space Flight Center (GSFC) in Greenbelt, Maryland. Figures 13 and 14 il-
lustrate the results of this test, which shows more promise than data collected at the
CESAR site (Sect. 3.1). In this case, we used cloud base height from a coincident15

Micropulse Lidar (MPLnet) (Welton et al., 2001), and temporally smoothed the Cimel
data. Since multiple instrument channels were observing polarization, we used the
three closest to 870 nm to generate a “multi-spectral” product, where positive of Q val-
ues indicate liquid, and negative values indicate ice. The 675, 870 and 1020 nm chan-
nels were chosen for this product because of the similarity of the way they express20

polarimetric cloud scattering (as shown by our simulations, see Fig. 7). Our intent was
to reduce random noise by “smoothing” the data, created from the median value of
a moving window of all (multispectral) data within an eight minute window.

An example of these data are shown in Fig. 13, which is a case similar to Fig. 11,
where high altitude clouds earlier in the day (24 December 2012) were later obscured25

by lower clouds. Q is lower for the high altitude (and most likely ice) clouds than it is for
low altitude (probably liquid) clouds. Data from individual spectral channels show large
amounts of scatter within short time windows, indicating that Q from these instruments
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contains large (for our purposes) quantities of random noise. In an attempt to reduce
this noise, we “smoothed” the combined 675, 870 and 1020 nm data to create the
product shown as diamonds on Fig. 13. Like before, we classified this product so that
values less than −0.0001 are identified as ice, those greater then 0.0001 as liquid. We
can see that what we expect to be ice is indeed identified that way, but liquid clouds5

are not always properly identified. The smoothed product does have Q values that
are larger for liquid than ice clouds, but not large enough to be consistently classified
correctly. This points to the possibility of systematic biases in Q, in addition to the
random noise the multispectral product is intended to reduce. Indeed, our uncertainty
analysis in Appendix A indicates that uncertainty in reference frame knowledge (which10

we determined with U as shown in Fig. 10) can be important.
Figure 14 is a two dimensional histogram of all data from the month of December

2012 in Greenbelt, and represents a more complete analysis than the single day de-
scribed in Fig. 13. The negative relationship is also expressed here. If we choose 3 km
as a threshold between water and ice clouds, we can use the Q multi-spectral product15

to correctly identify liquid clouds 78 % of the time, and correctly identify ice clouds 76 %
of the time. While this result is promising, it requires further evaluation at more sites
and solar geometries, and with additional information from, e.g., ground-based Radar
to provide better independent estimates of cloud thermodynamic phase.

4 Discussion20

Our simulations show that the direction of linear polarization (as expressed by the sign
of the Q element of the Stokes’ polarization vector defined in the solar scattering plane)
indicates cloud thermodynamic phase in most situations when clouds are observed
with passive instruments from below. Liquid phase cloud droplets have positive values
of Q, indicating that the linear polarization is parallel to the scattering plane, while ice25

phase cloud particles have negative Q, meaning that their polarization is perpendicular
to the scattering plane.
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These conclusions were reached with an atmospheric multiple scattering radiative
transfer model, which performed these simulations for a variety of ice particle shapes
and several liquid droplet size distributions. We found that the amount of linear po-
larization (for either liquid or ice) is largest for optically thin clouds, and decreases to
nothing for optical depths larger than 10 or 15. Geometries where the scattering angle5

between the incoming solar path and the observation direction are between 40 and 70◦

are optimal for thermodynamic phase discrimination. Cloud droplet size distribution has
a weak influence on the amount of polarization, but ice particles with extreme aspect
ratios (AR) tend to polarize most, and are therefore easiest to distinguish from liquid
clouds. Spectral channels with sensitivity in the red or near-infrared are also best for10

these purposes since liquid droplets polarize strongest at those wavelengths. Finally,
while these properties are relatively insensitive to cloud base height or ground surface
reflectance, the ability to distinguish ice from liquid clouds diminishes at scattering an-
gles less than 20◦. This is also the case if the geometry is such that a halo produced
by scattering from pristine ice crystals is observed.15

An existing network of ground based sun photometers and radiometers (AERONET,
Holben et al., 1998) makes regular observations of clouds (Marshak et al., 2000, 2004;
Barker and Marshak, 2001; Chiu et al., 2006, 2010). A subset of these instruments
have polarization sensitivity that is used to determine aerosol optical properties (Li
et al., 2004, 2006, 2007, 2009, 2010, 2013), but not employed for cloud property re-20

trieval. Our simulations indicate that these data could also be utilized to determine
cloud thermodynamic phase, at least for situations where the cloud optical depth is
small and geometry is appropriate. This could be an alternate (or complementary)
means to determine cloud thermodynamic phase to techniques that use passive in-
frared observation (e.g. Turner et al., 2003), spectral techniques (e.g. LeBlanc et al.,25

2014), or active observation of cloud depolarization with lidars and radars (e.g. Sassen
(1991), Zrnic and Ryzhkov (1999). Complimentary techniques would be especially use-
ful for techniques that have less accuracy for low cloud optical depths, since the po-
larization based approach is most accurate for optically thin clouds. Furthermore, this
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technique can improve cloud optical depth retrievals that use total (unpolarized) radi-
ation by constraining the retrieval Lookup Table to the appropriate cloud phase (Chiu
et al., 2010).

Successful cloud thermodynamic phase determination depends not just on scene
conditions, but on instrument capability. Specifically, the accuracy with which Q is de-5

termined is key, especially as cloud optical depth increases. For AERONET, calibra-
tion methodologies and uncertainty estimates exist for the magnitude of polarization
(DoLP), but not for the direction of polarization (Q). It was therefore difficult to know the
utility of these techniques without an investigation of AERONET data collected along-
side other means of assessing cloud phase, such as by cloud base height.10

We tested the ability of polarized AERONET Cimel instruments to determine cloud
phase with data from two different sites and with two versions of the polarized Cimel in-
strument. First, we used data from the CESAR site in the Netherlands. The AERONET
Cimel instrument at that site is an older version that is sensitive to polarization at a sin-
gle channel (870 nm). The first hurdle in analyzing this data was determining the geo-15

metrical reference frame for the Stokes polarization vector (Eq. 2). Typically, the polar-
ization from Cimel instruments is represented by the DoLP, which expresses amount of
linear polarization and does not have a reference frame. For our purposes, however, we
need to know the Stokes vector reference frame, which we determined by minimizing
the U vector element. Once we did this, we found a high degree of what appeared to be20

random noise, which we reduced by smoothing the data within an eight minute window.
While this did make it possible to find days where AERONET observations correspond
with information about cloud base height (Fig. 11), we were unable to find a system-
atic relationship between cloud base height and Q (Fig. 12). We performed a similar
analysis with data from an AERONET Cimel at GSFC. This instrument is a newer vari-25

ety that has polarization sensitivity in all channels. Like the instrument at CESAR, we
found the polarization reference frame with U , and smoothed the data within an eight
minute window. We were able to find a weak relationship between cloud base height
and Q (Fig. 14), possibly because we had more data within our eight minute smoothing
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window due to the use of three channels. As we have shown with a single day time
series (Fig. 13), however, noise and apparent biases still exist.

These results do not indicate with certainty if it is possible to use AERONET Cimel
instruments to reliably determine cloud thermodynamic phase. Several steps could be
performed to improve the ability of these instruments to determine Q and U , and better5

characterize their uncertainty. These include:

1. Improving the understanding of the exact instrument geometry while making a po-
larized cloud measurement. This would provide for a means to determine the po-
larization frame of reference without the use of U .

2. Characterization of the uncertainty associated with filter orientation and measure-10

ment geometry. As we have shown in our uncertainty assessment in Appendix A,
knowledge of the reference frame and filter orientation to an uncertainty of tenths
of a degree are required to provide an uncertainty less than the threshold of 10−4

that we used to discriminate between liquid and ice clouds.

3. Characterization of overall Cimel uncertainty for Q and U , possibly using a modi-15

fication of the methods described in Li et al. (2010).

4. Modification of the measurement protocol so that clouds are not observed at
zenith, but in the solar principal plane at a scattering angle angle of roughly 55◦.

5. Modification of the measurement protocol to increase signal to noise and reduce
random uncertainty, by using longer integration times or by making bursts of mea-20

surements (although it should be noted for this and the previous item that any
modification to measurement protocol within AERONET is a complex task).

As part of these efforts, we have purchased a polarization sensitive Cimel instrument
to be installed at our home institution, NASA Ames Research Center, at Moffett Field,
California. This instrument will be incorporated into AERONET, and also used to ad-25

dress some of the items on the list above. Additionally, we are constructing a simple
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linear polarization sensitive instrument for the investigation of this technique, called
the Sky Polarization Radiometric Instrument for Test and Evaluation (SPRITE). The
instrument, shown under construction in Fig. 15, utilizes high resolution (24 bit) single
channel microradiometers designed for ocean optical remote sensing instruments such
as the Optical Sensors for Planetary Radiant Energy (OSPREy, Hooker et al., 2012)5

and the Compact-Optical Profiling System (C-OPS, Morrow et al., 2010). The micro-
radiometers are manufactured by Biospherical Instruments, Inc. and were chosen for
their high resolution, compact and modular profile, and low cost. The initial instrument
configuration will have a polarization sensitive channel near 870 nm (using three sen-
sors) and a single, non-polarization sensitive channel at or near 440 nm, so that cloud10

mode observations as in Chiu et al. (2010) can be replicated. If precise calibration and
low uncertainty is indeed possible, more channels, and more sophisticated housing,
can be added, and the lessons learned can be applied to other instrumentation.

5 Conclusions

When observed from below, cloud thermodynamic phase of clouds is expressed in15

the direction of linear polarization, although the magnitude (and thus detection) of that
polarization is inversely proportional to cloud optical depth. We performed radiative
transfer simulations that show this is the case, and tested the range of conditions un-
der which it is most clear. We then investigated polarimetric observations of clouds
from the ground, and compared the polarization direction to other indicators of cloud20

thermodynamic phase to see if our simulations could be confirmed. We did so with
data from AERONET, a network of ground based sun photometers and radiometers,
a portion of which have polarization sensitivity. We found a large amount of noise and
apparent uncertainty in these data, at least for the determination of polarization di-
rection. This was to be expected, since these instruments were primarily designed to25

produce measurements of the magnitude of polarization, and it is these data that are
utilized in retrieval algorithms. We tested instruments with a single (NIR) polarization
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sensitive channel and could not find a systematic relationship between polarization di-
rection and cloud base height (our proxy for thermodynamic phase), but we did find
a weak relationship with an instrument that has multiple polarization sensitive chan-
nels. These results do not conclusively indicate if AERONET instruments can be used
to determine cloud thermodynamic phase. We describe a set of recommendations for5

further activities that will clarify this ambiguity, including a complete characterization
and uncertainty analysis of polarimetric direction measurements (see Appendix A),
modification of AERONET measurement protocol, and investigation with a prototype
instrument expressly designed to identify the limits of polarimetric accuracy and capa-
bility.10

Appendix A: Uncertainty for instruments with linear polarizers

This appendix describes the measurement systematic uncertainty due to polarizing fil-
ter placement and throughput. We limit ourselves to these polarization specific sources
of uncertainty, and defer to the far more detailed investigations in publications such as
Torres et al. (2014) Li et al. (2010) for other sources of uncertainty.15

Both the AERONET Cimel radiometer and the test instrument we have in develop-
ment use combinations linearly polarizing filters to determine the Stokes’ vector. Chan-
drasekhar’s equation for linearly polarized radiation (Chandrasekhar, 1960, Eq. 163)
describes the observed signal, Î(X ), for a detector with a linear polarizer oriented at X ◦

from the Stokes’ vector reference plane,20

Î(X ) =
1
2

[I +Qcos2X +U sin2X ] (A1)
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where I , Q and U are Stokes’ vector elements. From this, we can derive Eq. (2) for the
AERONET Cimel filter configuration,

I =

 I
Q
U

 =


2
3

(
Î(0◦)+ Î(120◦)+ Î(240◦)

)
2
3

(
2Î(0◦)− Î(120◦)− Î(240◦)

)
2√
3

(
Î(240◦)− Î(120◦)

)
 . (A2)

If we include an uncertainty in the placement and knowledge e, in Eq. (A1), we have

Î(X +e) =
1
2

[I +Q(cos2xcos2e− sin2X cos2e)5

+U(sin2X cos2e+ cos2X sin2e)]. (A3)

For a sensor with a polarizing filter aligned to the reference plane (X = 0◦), the differ-
ence between expected and observed signal is

σe0 = |Î(0+e)− Î(0)|

=
∣∣∣1

2
(Qcos2e−Q+U sin2e)

∣∣∣. (A4)10

For the channels with polarizing filters at other orientations, we have

σe120 =
∣∣∣1

4
(Q[1− cos2e+

√
3sin2e]

+U [
√

3−
√

3cos2e− sin2e])
∣∣∣, (A5)

and

σe240 =
∣∣∣1

4
(Q[1− cos2e−

√
3sin2e]15

+U [−
√

3+
√

3cos2e− sin2e])
∣∣∣. (A6)
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Additionally, we define f as a fixed, linear uncertainty associated with the efficiency of
the polarizing filters. It is identical for each channel, so that σf0 = σf120 = σf240 = f

To determine uncertainty in terms of Stokes’ vector elements, I , Q and U , we com-
pute the partial derivatives of Eq. (A2),

∂I

∂Î(0◦)
=

2
3

,
∂I

∂Î(120◦)
=

2
3

,
∂I

∂Î(240◦)
=

2
3

5

∂Q

∂Î(0◦)
=

4
3

,
∂Q

∂Î(120◦)
=
−2
3

,
∂Q

∂Î(240◦)
=
−2
3

∂U

∂Î(0◦)
= 0,

∂U

∂Î(120◦)
=

2
√

3
,

∂U

∂Î(240◦)
=

2
√

3
. (A7)

Using linear error propagation rules, assuming no correlation between e and f , we can
write the uncertainty in terms of the individual Stokes’ vector elements,

σ2
I =

4
9

(
σ2
e0 +σ

2
e120 +σ

2
e240 +3f 2

)
10

σ2
Q =

4
9

(
4σ2

e0 +σ
2
e120 +σ

2
e240 +6f 2

)
σ2
U =

4
3

(
σ2
e120 +σ

2
e240 +2f 2

)
. (A8)
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For the I element of the Stokes’ vector, this expands to

σ2
I =

4
3
f 2 +

1
9
|Qcos2e−Q+U sin2e|2

+
1

36

∣∣∣Q[1− cos2e+
√

3sin2e
]

+U
[√

3−
√

3cos2e− sin2e
]∣∣∣2

+
1

36

∣∣∣Q[1− cos2e−
√

3sin2e
]

5

+U
[
−
√

3+
√

3cos2e− sin2e
]∣∣∣2

, (A9)

which converges to 4
3 f

2 as e becomes small, or if there is no polarization (Q = U = 0).
For the Q Stokes’ vector element, this is

σ2
Q =

8
3
f 2 +

4
9
|Qcos2e−Q+U sin2e|2

+
1
36

∣∣∣Q[1− cos2e+
√

3sin2e
]

10

+U
[√

3−
√

3cos2e− sin2e
]∣∣∣2

+
1
36

∣∣∣Q[1− cos2e−
√

3sin2e
]

+U
[
−
√

3+
√

3cos2e− sin2e
]∣∣∣2

, (A10)

which converges to 8
3 f

2 as e becomes small, or there is no polarization (Q = U = 0).
This is nearly identical to Eq. (A9), except the first and second term on the right hand15

side are two and four times as large. Since I2 ≥Q2 +U2 + V 2, we can expect
σ2
Q

Q2 ≥
σ2
I

I2
,

i.e., the relative error of Q will always be equal to or larger than that of I .
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For the U Stokes’ vector element, the uncertainty is

σ2
U =

8
3
f 2 +

1
12

∣∣∣Q[1− cos2e+
√

3sin2e
]

+U
[√

3−
√

3cos2e− sin2e
]∣∣∣2

+
1

12

∣∣∣Q[1− cos2e−
√

3sin2e
]

+U
[
−
√

3+
√

3cos2e− sin2e
]∣∣∣2

, (A11)5

which converges to 8
3 f

2 as e becomes small, or there is no polarization (Q = U = 0).
Figure A1 expresses the polarimetric uncertainty graphically. As we can see, linear

polarizer placement knowledge (e) is important. An uncertainty of e = 2◦ (black and
red) would create uncertainties in I and Q nearly as significant as the results shown in
Fig. 4. An uncertainty of e = 0.1◦ (blue and green) would be more acceptable. The un-10

certainty estimate in Li et al. (2014), who assume e = 1◦ but f = 0, are roughly between
our e = 0.1◦ and e = 2◦ results. The uncertainties in I and Q are nearly identical, and
differ only for small values of Q when U is not negligible. Although it is not shown in this
figure, it should also be noted that the uncertainty in f does not become relevant until
it approaches f ≥ 0.01. Single channel Cimel observations indicate that there is what15

appears to be noise on the order of 10−3 at the CESAR site (see Figs. 11 and 12). Pre-
sumably, e and f are systematic uncertainties that would not be expressed as part of
this noise, but we mention this to illustrate the general importance of these uncertainty
estimates. It would appear that the relative noise contribution to overall uncertainty is
large. Assuming a

√
n uncertainty reduction when averaging, reducing noise from 10−3

20

to 10−4 would require averages of 100 measurements.
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Water	  phase	  clouds	  
-‐  Large	  droplets,	  effec4ve	  radius	  =	  10µm	  
-‐  Small	  droplets,	  effec4ve	  radius	  =	  5µm	  

Ice	  phase	  clouds	  
-‐  Shape:	  plates	  &	  hexagonal	  columns	  
-‐  “roughened”	  ice	  	  
-‐  (size	  not	  relevant	  for	  polariza4on)	  
-‐  (more	  complex	  shapes	  also	  less	  

relevant,	  especially	  with	  roughening)	  	  

vs.	  

Simulated	  scene:	  

Polarized	  sun	  photometer/
radiometer	  opera4ng	  in	  cloud	  mode	  

1.5	  km	  

3	  km	  

7	  km	  

7.5	  km	  

“green”	  (high	  NDVI)	  land	  surface	  

Figure 1. Cartoon illustrating the simulated scene. Sky radiances were generated for a variety
of Solar Zenith Angles (15, 30, 45 and 60◦), Cloud Optical Depths (2.5, 5, 7.5, 10, 15, 20 and
30) and ice particle or cloud droplet types (see Sect. 2). Surface reflectance was provided
by observations of high Normalized Difference Vegetation Index (NDVI) from late summer in
central Oklahoma (Knobelspiesse et al., 2008).
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Polarized simulation of clouds
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Figure 2. Simulated ground observation of a liquid and ice phase cloud in the solar principal
plane. The simulation wavelength was 870 nm, COD was 7.5, and Solar Zenith Angle 45◦. The
water cloud (solid lines) had droplets with an effective radius of 10 µm, while the ice cloud
(dashed lines) was comprised of crystals with an aspect ratio of 20 and roughness parameter
of 0.4. Both simulations used an isotropic surface reflectance of 0.391, which was observed
at 870 nm for a vegetated surface by Knobelspiesse et al. (2008). DoLP (blue), Q (red) and
U (green) are expressed with the axis on the left, while I (black) the axis on the right. Values
within 2◦ of the incoming solar direction (45◦) were omitted for graphical clarity.
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P11
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Scattering Angle
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100.00

1000.00
P12
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Scattering Angle

−0.4

−0.2

0.0

0.2Liquid, reff=10µm, veff=0.2
Ice, AR=20.0, Rough=0.4

Figure 3. Example P11 and P12 phase matrix elements for water (blue) and ice (red) clouds.
The P11 element, which generates scattering from unpolarized radiation for the I Stokes’ vec-
tor component, is quite similar for water and ice clouds at typical scattering angles for ground
observation (less than 70◦). Conversely, the P12 element, which generates scattering from un-
polarized radiation for the Q Stokes’ vector component, has a different sign for most observable
scattering angles. As we have seen in Fig. 2, this sign difference is maintained with multiple
scattering. Note that both P11 and P12 are strongly forward scattering, but that this peak is
beyond the plotting range for P12.
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Zenith view Q(870nm), es=45.0°
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Figure 4. Simulated Q (left) and DoLP (right) for liquid (blue) and ice (red) phase clouds ob-
served from the ground by a polarimeter observing in the zenith direction at 870 nm and with
a Solar Zenith Angle of θs = 45◦.
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Scattering angle dependence
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Dotted:   es=  30 °
Dashed:   es=  45 °
Dash−Dot: es=  60 °
COD:  7.5

Figure 5. Simulated Q as a function of scattering angle (defined as the angle from the solar
incidence direction) for a liquid cloud (blue), ice cloud with an extreme aspect ratio (green) and
an ice cloud with a more compact aspect ratio (red). The line style indicates the simulation solar
zenith angle.
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Polarized simulation of clouds
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Ice, AR=0.50, Rough=0.0

COD:  7.5, es: 45.0

Figure 6. Simulated Q with respect to view zenith angle for liquid (blue) and ice clouds, includ-
ing an ice cloud comprised of pristine crystals (green, roughened crystal clouds are shown in
red). The roughness factor, which is zero for pristine crystals and increases with surface facet
randomization, is defined according to Macke et al. (1996). Both the 22 and 46◦ halos (at zenith
angles of roughly 23 and 67◦ for the 22◦ halo, and 0◦ for the 46◦ halo) are clear for the pristine
ice crystal cloud.
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Zenith view Q, es=45.0°
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Figure 7. Spectral dependance of simulated Q as a function of cloud optical depth. The linear
polarization of liquid clouds (reff = 20µm, veff = 0.2 shown here) changes significantly for differ-
ent wavelengths. Q is smaller as wavelength decreases, and the shortest wavelength, 440nm,
is negative. Ice clouds are more uniform for the various simulated spectral channels. Like liquid
clouds, ice clouds (AR = 20, Roughness = 0.4 shown here) have more negative values of Q as
wavelength is decreased.
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Zenith view Q(870nm), es=45.0°
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Figure 8. Simulated Q (left) and I (right) for liquid (blue, cyan, magenta) and ice (red, green,
black) phase clouds observed from the ground by a polarimeter observing in the zenith direction
at 870 nm and with a Solar Zenith Angle of θs = 45◦. Both the liquid and ice clouds were simu-
lated with different surfaces reflectances (cyan and green) and altitudes (magenta and black).
The left most plot illustrates the lack of sensitivity to these changes for Q, while sensitivity to
surface reflectance for I is shown at right. Cloud base height does not strongly affect either Q
or I .
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Zenith view Q(870nm), es=45.0°
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Figure 9. Nadir observed Q (870 nm) at varying COD’s for an ice phase cloud (red), liquid
phase cloud (blue), and mixed phased clouds. The mixed phase clouds have the liquid phase
on the bottom and ice on the top, mixed in percentages of total COD. The simulated Solar
Zenith Angle was θs = 45◦.
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Q vs. U, native reference frame
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Figure 10. Two dimensional histograms of Q vs. U for the AERONET Cimel instrument operat-
ing at the CESAR site from 9 June 2010 to 15 March 2013. The histogram at left is for Q and
U defined assuming the instrument linear polarizers are aligned with the solar principal plane.
Scattering theory for randomly oriented particles indicates that U should be minimized and Q
maximized when they are defined with respect to the solar principal plane. Since this is not the
case, we found that only by rotating the assumed polarizing filter orientation by 16◦ could we
pinpoint the appropriate distribution of Q and U , shown at right.
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Cabauw time series 2013/2/3
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Figure 11. Cimel polarized zenith radiance and Vaisala LD-40 Ceilometer data from 3 February
2013, at the CESAR site. Local noon was at UTC=13:00. Ceilometer data (green) indicate
high altitude (ice) clouds until about UTC 12:00, when low altitude (water) clouds appeared.
Cimel data (tagged in blue for liquid, red for ice, black otherwise) show little indication of cloud
phase. Smoothed data (averages within a ten minute moving window) do a slightly better job
of indicating cloud phase, and are indicated by blue, red and black diamonds. A radiosonde
launched at EHDB De Bilt, roughly 25 km north east of CESAR, found temperatures of 0 ◦C at
570 m, −20 ◦C at 3600 m, and −40 ◦C at roughly 7.4 km.
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2D histogram for Q & cloud base, 40°< e< 70°
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Figure 12. Two dimensional histograms of the single channel AERONET Q compared to cloud
base height determined by the LD-40 ceilingometer at the CESAR site. Original AERONET
data are shown at left, while the values at the right represent temporally smoothed values. To
clarify display, Q with an absolute value less than 0.0001 were removed. For the original data,
50% were larger than this threshold, while 46% were less. For the smoothedl data, 48% were
larger than this threshold, while 45% were less. Data were gathered between 9 June 2010 and
28 February 2013.
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GSFC time series, 2012/12/24
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Figure 13. Cimel polarized radiance and MPLnet cloud base height from 24 December 2012 at
the NASA GSFC site. Local noon was at UTC=17:00. Lidar cloud base heights (green) indicate
high altitude clouds before roughly 16:00, followed by low altitude clouds. Cimel nadir obser-
vations of Q at 675 nm (cyan), 870 nm (magenta) and 1020 nm (brown) show a high degree
of scatter but generally more negative values during high altitude cloud cover. A radiosonde
launched at Sterling, Virginia (Washington Dulles International Airport), roughly 50 km West of
NASA GSFC, found temperatures of 0 ◦C a 1750 m, −20 ◦C at 5.3 km and −40 ◦C at roughly
8 km, indicating that the lowest clouds were almost certainly comprised of liquid droplets, which
the higher clouds were probably comprised of ice particles. A multispectral smoothed product,
representing the median of a moving window of data from all three channels taken within eight
minutes of the window center, are shown as diamonds. They are classified in the same way as
were the CESAR data, where values less than −0.0001 are identified as ice (red), larger than
0.0001 as liquid (blue) and unclassified (black) between those values.
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2D histogram for Q & cloud base, 40°< e< 70°
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Figure 14. Two dimensional histograms ofQ (870 nm) with respect to MPLnet cloud base height
(left) and the smoothed multispectral (675, 870 and 102 nm) Q product vs. the same (right) with
the multi wavelength Cimel instrument at NASA GSFC, for December 2012. The apparent
inverse relationship between Q and cloud base height is consistent with the simulations in
Sect. 2. If we choose 3 km as a threshold between water and ice clouds, we can use the
temporally smoothed Q multi-spectral product to correctly identify liquid clouds 78 % of the
time, and correctly identify ice clouds 76 % of the time.
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Figure 15. SPRITE, a prototype instrument for the investigation of the polarimetric cloud ther-
modynamic phase determination technique. Microradiometers manufactured by Biospherical
Instruments, Inc. (below) will be used with a modular housing (above) that allows for up to 19
individual microradiometers.
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Uncertainty for f= 0.00001 efficiency
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Figure A1. Polarimetric uncertainty in reflectance units for a scene with I = 0.5, θs = 45◦ and
f = 10−5, and various values of Q, U and e.
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