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ABSTRACT

Determining whether a cloud is composed of spherical water droplets of polyhedral ice crystals (i.e., the ther-
modynamic phase) from a passive remote sensing instrument is very difficult because of the immense variety
of clouds and their highly variable microphysical properties. To improve upon the popular method of radiance
ratios, we enhance the classification ability by adding polarimetric sensitivity to an instrument that measures
radiance in three short-wave infrared bands. Clouds typically induce a polarization signature on the order of
a percent, and so sensitive optics are required for accurate classification. In this paper, we present the combi-
nation of spectral and polarimetric sensitivity for cloud thermodynamic phase classification using data from a
ground-based, 3-band, short-wave infrared polarimeter and cloud-phase validation from a dual-polarization lidar.
We then analyze the classification quality of various methods using surface-fitting techniques to show that the
addition of polarimetry is advantageous for cloud classification.
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1. INTRODUCTION

Clouds are one of the most important factors in weather and climate, but they also carry a large amount of
uncertainty,1–3 thus plaguing the current understanding of global and local climates. The details of how clouds
influence climates are very complex,4–8 and far out of the scope of this paper, but in general the thermodynamic
phase of a cloud (i.e., whether it is composed of liquid-water droplets, polyhedral ice crystals, or both) requires
further study for two main reasons. First, the cloud thermodynamic phase (CTP) in and of itself can impact
how solar radiation either warms or cools the Earth; and second, the CTP must be known prior to identifying
other cloud microphysical properties.3,9–14 For this reason, this paper explores remote sensing techniques for
CTP retrieval, specifically by adding polarization sensitivity to the well-established method of radiance ratios.

Recently, we published a conference proceeding paper describing the development of an approach using
three radiance ratios constructed from bands centered at 1.55 µm, 1.64 µm, and 1.70 µm and presented some
preliminary data.15 The data were analyzed using either 3 radiance ratios or the S1 Stokes parameter separately.
Independently, the two methods were able to determine CTP for liquid-water and ice clouds, but only for a
very limited data set (the radiance ratio method generally works well for large cloud optical depth and the
polarization method generally works well for low cloud optical depth). That paper did not account for more
general circumstances when cloud conditions become more complex, and thus did not need to combine the
methods to determine CTP under a greater variety of conditions.

In this paper, we use an updated version of the same instrument that has been rebuilt and recalibrated, and
therefore we analyze a completely new data set. This data set has a much broader variety of clouds since it was
collected on 24 different days during the first six months of 2019. We define the radiance ratios in the same way,
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R1.70,1.64 =
L1.70 − L1.64

L1.64
, (1)

R1.55,1.64 =
L1.55 − L1.64

L1.64
, and (2)

R1.55,1.70 =
L1.55 − L1.70

L1.70
, (3)

and we defined the S1 Stokes parameter as

S1 = L‖ − L⊥, (4)

where L‖ and L⊥ are the radiance detected in the planes parallel and perpendicular to the scattering plane,
respectively.

2. METHODS

The new version of the SWIR 3-channel polarimeter had the same optical elements as before, but with updates
that included new temperature monitoring and control circuitry; a photograph of the inside of the instrument is
given in Figure 1. The greatest differences were in the calibrations. The polarimeter underwent more thorough
radiometric and polarimetric calibrations and was spectrally calibrated for the first time.
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Figure 1. A photograph of the internal components of the SWIR 3-channel polarimeter shows the optical components and
the electronics.
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2.1 Calibrations

In previous work, only the theoretical (or typical) spectral response of each channel was considered. Outside
of a good understanding of the spectral response, this mainly influenced the radiometric calibration. For an
experimental calibration, a monochromator swept from 1.45 µm to 1.80 µm for every spectral filter and polarizer
combination for a total of 9 spectral calibrations. The normalized spectral responses are shown in Figure 2,
where the dashed lines represent the theoretical spectral responses. The experimental and theoretical values are
close, but have noticeable differences.

Figure 2. The normalized passbands for every combination of spectral and polarimetric channel were similar in bandwidth
to each other and to the theoretical passband (black dashed line).

The field of view calibration showed that the horizontal (or perpedicular) and vertical (or parallel) channels
were fairly well aligned, whereas the diagonal channel (at 45◦) was only partly aligned with the other two. The
diagonal channel was not used in the primary analysis, so the misalignment was not an issue. The fields of view
are represented in Figure 3, and each channel had a full-angle field of view of approximately 2.6◦.

The radiometric and polarimetric calibrations were also done for all 9 spectral and polarization combinations.
Their details, along with the field of view calibration, can be found in a dissertation,16 but overall, the relationship
between detected radiance and detector signal was weakly quadratic, and each polarizer was within a degree of
its relative orientation. During the polarimetric calibration, double reflections from wire-grid polarizers were
quantified and these details are published.17

2.2 Experiments

Data were collected over the course of many days starting in January of 2019. The SWIR 3-channel polarimeter
was mounted to a pan-and-tilt mount on the roof of a six-story building next to a dual-polarization lidar system,
as shown in Figure 4. The polarimeter would orient into the scattering plane defined by the sun, scattering
medium (which was always at the zenith), and the instrument. At the same time, the dual-polarization lidar
system, an established method of CTP retrieval,9,13,18–22 would operate to determine the CTP. The data from
the SWIR 3-channel polarimeter were coded as liquid water or ice depending on the dual-polarization lidar. Data
collection took place during cloudy conditions at a variety of solar elevation angles. Clouds varied in cloud optical
depth and thermodynamic phase. The data in this paper only consider cases where the CTP was exclusively
liquid water or ice. Although mixed phase and mixed layer clouds are common and important, classifying such
clouds is out of the scope of this work.
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Figure 3. A representation of the FOV for each of the three channels of the polarimeter mapped onto an example image.
The vertical and horizontal FOVs are slightly different, but mostly overlap, whereas the diagonal channel has poor overlap
with the other two.

SWIR 3-channel
polarimeter

Lidar roof port

Figure 4. A photograph of the SWIR 3-channel polarimeter and the dual-polarization lidar during a typical experiment.
The polarimeter was about 1 m from the laser beam and so the two instruments were looking near the same part of the
sky.
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After data were collected, the dual-polarization lidar data were analyzed to find cases of isolated liquid water
clouds or isolated ice clouds. Then, SWIR 3-channel polarimeter data that temporally aligned with the dual-
polarization lidar were flagged for further analysis. Due to a bad cable within the instrument, approximately 55 %
of data were contaminated with anomalously high noise and discarded. The final SWIR 3-channel polarimeter
data were analyzed to determine if polarimetry improved the separation between liquid-water and ice clouds.

3. RESULTS

In our previous conference proceeding,15 data were either analyzed with the radiance ratio method or with the
polarimetric method, but the data were not examined with a combined method. In this paper, we describe a new
classification method, called the combined method, which simultaneously uses radiance ratios and polarimetry
to identify CTP.

The radiance ratio method of classifying CTP (which we used as the “control” or “standard” method) showed
good separation between liquid-water and ice clouds. Figure 5 shows the liquid-water clouds (as blue circles)
and ice clouds (as red triangles); the ice data dominate the upper left hand portion of the figure and are
clustered tightly, whereas the liquid-water data dominate the lower portion of the figure and are quite spread
out. Nonetheless, the two phases are easy to distinguish except for the region toward the lower right, where ice
clouds begin to enter the region dominated by liquid-water clouds. This region represents instances with low
cloud optical depth and the where the radiance ratio method breaks down.15,16

Figure 5. The radiance ratio method separated liquid-water and ice clouds well and CTP began to mix when cloud optical
depth was low.

The polarimetric method uses the S1 Stokes parameter for CTP retrieval and has a strong dependence on
scattering angle. Figure 6 plots the S1 parameter as a function of scattering angle in each of the three spectral
bands. It shows that, on average, the ice data were more negative than liquid-water clouds. According to the
theory,23 ice clouds should be negative at scattering angles above 35◦, which is the case, but liquid water clouds
were expected to be positive. Even so, liquid-water clouds trended toward positive values and showed decent
separation from ice clouds despite some mixing between the two phases.

As a means to quantitatively determine whether polarization improves classification ability, we used a method
of plane fitting in 3-parameter space, where one plane was fit to the liquid-water data and a separate plane was
fit to the ice data, and classification quality was assessed by counting the number of instances where a datum
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Figure 6. The S1 Stokes parameter showed decent separation between liquid-water and ice clouds.

was closer to its corresponding-phase phase (more details are give in a dissertation16). Nine different parameters
were permutated on the 3-parameter space for a total of 84 combinations. The parameters were the three
radiance ratios (as shown in Figure 5), the three S1 parameters (one for each spectral band), and three S0

parameters (again, one for each spectral band). By changing the parameter space and then assessing the quality
of classification, we found that the best 3-parameter space included at least one S1 parameter; in other words,
polarization helped with CTP classification.

Specifically, the combined method consisted of the 3-parameter space of R1.55,1.64, S1,1.64 (the S1 parameter
in the 1.64-µm band), and S0,1.64 (the S0 parameter in the 1.64-µm band). In this 3-parameter space, plotted in
Figure 7, the algorithm correctly classified 97.5 % of clouds whereas, at best, the radiance ratio method correctly
classified only 93.1 % of clouds. Although the differences between the two classification values is not huge, it
shows that the addition of polarization improves classification. Furthermore, these conditions may have already
been favorable to the radiance ratio method (i.e., clouds with large optical depths), and so the addition of
polarimetry was minimal.

The polarimeter also suffered from temporal polarimetric artifacts. The total acquisition time of the division-
of-time polarimeter was about ten seconds, and in that time clouds could move significantly, thus causing
polarimetric artifacts when calculating S1. Moving toward a division-of-focal-plane snapshot polarimeter would
reduce some of the major drawbacks of the SWIR 3-channel polarimeter.

4. CONCLUSION

This paper builds on the instrument and work presented in Tauc et al.15 By updating and recalibrating the SWIR
3-channel polarimeter, we got a more robust data set that eventually showed that the addition of polarization was
helpful. Previously, the radiance ratio method and polarimetric method had only been compared independently.
In this paper, however, the merging of the two theories into the combined method provided the best separation
between liquid-water and ice clouds.

The limited data set did not provide a full validation of the strengths and weaknesses of the combined method,
but it was the first step in experimentally validating the theory that the combined method is superior to either
method independently. Furthermore, when we relaxed some of the conditions used when pre-processing the data,
we found that the separation between the two CTPs does become worse, but some form of the combined method
(which includes both polarization and radiance) always produced the best classification, further suggesting that
polarziation helps with CTP discrimination.

In the long term, an instrument such as the SWIR 3-channel polarimeter could be refined into more robust
and sensitive instruments that could be spread across the world in a network, much like the AERONET24
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Figure 7. The combined method used an S1 parameter and had the best classification, suggesting that the addition of
polarization sensitivity was helpful.

aerosol radiometers. In that capacity, meteorologists and climatologists would have another tool in their arsenal
to better understand, model, and predict weather and climate. As a means to achieve that goal, this theory
must be further vetted with more experimental data under a large amount of conditions to determine the true
potential of the combined method.
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