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Abstract: Balloon-borne polarimetric backscatter sonde (polarsonde) observations of aerosol and
cloud during the approach of a cold front at Macquarie Island (54.499 S 158.937 E) are described.
The polarsonde captures vertical profiles of cloud occurrence and phase. The cloud base and cloud
top heights from the backscatter sonde compare favourably with observations made by a co-located
cloud radar and ceilometer. An estimate of the total scatter probability from a liquid cloud layer
at 1000 m height is used with a Monte Carlo model of the instrument to obtain cloud particle
concentration, and this is compared to a measurement of cloud condensation nucleus concentration
made at sea level. Backscatter from aerosol, as well as cloud, is significant. A high aerosol loading in
part of the pre-frontal airmass is observed at altitudes up to 6 km. Below the melting level, the high
cross-polarised return, relative to the co-polarised, indicates a substantial concentration of solid,
non-spherical aerosol particles, which due to the high humidity cannot be sea salt or sulphate. A back
trajectory analysis indicates that the observed aerosol includes continental dust.
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1. Introduction

It has been recognised for some time that the cloudiness of the Southern Ocean (45◦ S to 60◦ S) is
poorly captured in climate models [1,2]. The predicted amount of cloud over this region is generally
too low, though this is not unique to this part of the world. More dramatic is that models predict much
more ice at the cloud top over the Southern Ocean than is observed by satellites [3]. These discrepancies
have major implications for modelling of the earth’s radiation budget and weather because the albedo
of clouds is dependent on the shapes of the cloud particles [4]. Closely connected to the cloudiness
are the generation, transport and evolution of aerosols in the atmosphere because aerosols are the
nucleation sites for cloud droplet formation and initiation of freezing. It has been suggested that the
increased frequency of super-cooled liquid in Southern Ocean clouds is at least in part due to lower
aerosol (and ice nuclei) loadings in the southern hemisphere [5].

The Southern Ocean is often considered as a “pristine” region (e.g., [6,7]), where aerosols are
purely natural, having no anthropogenic component, or that they are mainly of marine origin and have
no continental source (e.g., dust or smoke). Measuring aerosols in pristine environments is important
for providing a baseline for resolving uncertainties in the impact of anthropogenic aerosols on cloud
albedo and the earth’s radiation budget [8], as well as their direct radiative effects, though continental
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aerosols do sometimes intrude into this region [9]. The structure of the marine boundary layer will
also affect the vertical distribution of aerosols so that measurements of the aerosol distribution serve
as a probe for unmixed layers within the boundary layer. Sulphate aerosol is a major component
of concentrations of total aerosol (CCN) [10], and vertical profiles of aerosols could be useful in
elucidating pathways for oxidation of biogenic dimethyl sulphide to sulphate [7,11].

An increasing number of aircraft and surface-based measurement campaigns in the Southern
Ocean has taken place in the last few years; for example, “High-performance Instrumented Airborne
Platform for Environmental Research Pole-to-Pole Observations” [12], “Clouds, Aerosols, Precipitation,
Radiation, and Atmospheric Composition over the Southern Ocean project” [13,14], “Measurements
of Aerosols, Radiation, and Clouds over the Southern Ocean” [15,16], “The Southern Ocean
Clouds, Radiation, Aerosol Transport Experimental Study” [17] and the “Atmospheric Tomography
Mission” [18]. These have included passive sensing (e.g., radiometers), active sensing (lidars and
radars) and, on the airborne platforms, particle imaging probes. A further important source of data on
clouds and aerosols is satellites; Cloudsat and CALIPSO carry radar and lidar instruments, respectively,
and over our region of interest for this paper is the Himawari8 geostationary satellite of the Japanese
Meteorological Agency, with infrared and visible imagers.

Measurements of aerosols and the thermodynamic phase of cloud particles over the Southern
Ocean are problematic for several reasons. Surface-based and aircraft campaigns are expensive,
and measurements are sparse because of the severe weather and oceanic nature of the region. Most
measurements in the region are made by satellite, which can provide much wider geographical
coverage than a campaign, which is restricted to a ship or aircraft track or a fixed point on the surface.
However, a limitation of satellite observations is that the measurements have a low sampling rate over
a particular location if the satellites are not geostationary, or otherwise have low horizontal resolution.
An additional issue arises because much of the cloud is very low-level (500–1000 m) [19], which
satellites have difficulty observing [4,20].

For producing a vertical profile of aerosol concentration and cloud density and phase, each type of
sensor has different limitations and advantages: lidar tends to have difficulty seeing past the proximal
edge of thick clouds due to attenuation and multiple scatter (but does see scatter from both cloud and
aerosol); radar typically has lower range resolution and does not scatter from aerosol (but suffers less
from attenuation); radiometers have low range resolution (but are simple and robust); and imaging
devices, being in-situ sensors, need a vertically moving platform (but resolve different ice-crystal
habits in clouds). Thus, as no one of these devices is ideal, these methods complement each other.

In addition to satellites and the campaign platforms, regular balloon soundings take place at
several locations around the boundaries of the Southern Ocean, and at a few within the region.
These measurements have been restricted to pressure, temperature and humidity, with a few of the
soundings also measuring ozone concentrations. In this paper, we will describe results from a new
in-situ sensor, a balloon-borne polarimetric backscatter sonde that was used to obtain profiles of
clouds at Macquarie Island Research Station (54.499 S, 158.937 E) in the middle of the Southern Ocean.
This instrument was conceived for the purpose of distinguishing super-cooled liquid water from ice
particles in clouds, initially with a focus on aviation safety [21]. When carried by a weather balloon,
using a radiosonde for telemetry (as well as temperature and humidity measurements), it provides a
profile of the backscattering particles from the ground to the lower stratosphere. In the event, it also
detects aerosols as they have backscattering that is greater relative to the forward scattering than larger
cloud particles with a larger overall scattering cross section. Note that in this paper we use the term
“backscatter” loosely, as the scattering angles in question are in the range 160◦ to 175◦, rather than 180◦

corresponding to exact backscattering.
The three profiles described here were taken during the approach of a cold front over Macquarie

Island, where weather balloons are launched twice daily by the Australian Bureau of Meteorology.
Although layers of supercooled liquid cloud particles are identified in these profiles, the discussion
will be primarily about cloud and aerosol below the melting level because the separation of the
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signals from cloud and from the smaller aerosol particles has less ambiguity, and the calibration of the
polarsonde enables a determination of liquid cloud particle concentration, based on an assumption
about the particle size range. In the following sections, we will give a description of the backscatter
sonde before presenting the profiles. The resulting cloud base height and cloud top height will be
compared to cloud radar and ceilometer measurements. Then we will discuss a back trajectory analysis
that helps to shed light on the nature of the aerosols.

2. Polarsonde

The polarimetric backscatter sonde (“polarsonde” for short) was built to make an in-situ
determination of whether the scattering particles in a cloud are spherical liquid droplets (possibly
supercooled) or non-spherical ice particles. To first order, if the scattering angle is close to 180◦

the spherical scatterers do not change the polarisation orientation of the scattered light, whereas
nonspherical particles introduce substantial changes to the polarisation, and this depends on the shape
of these particles. This picture is modified somewhat by the consideration of multiple scattering and
reduction of the scattering angle to near backscattering directions.

The polarsonde emits polarised light from a pulsed LED into the atmosphere and detects light
scattered near to the backscattering direction by particles at various distances, with detectors that have
analyser polarisers. The polarsonde is a dual channel instrument, as illustrated in Figure 1. The LEDs
and photodiodes (detectors) are surface mount devices attached to a printed circuit board. The LEDs
are collimated by plastic catadioptric collimators glued on to the board over the LEDs, which project
about 20 mm above the board. The polarisers for both the LED collimators and the detectors are
polaroid films that were glued on with a thin layer of clear silicone sealant. The dimensions shown in
Figure 1 are g = 70 mm, h = 45 mm, r = 10 mm and w = 4 mm.

In terms of Figure 1, the x, z–plane for each channel is approximately the scattering plane
for detected photons from single scattering events. One channel has the emitted light polarised
perpendicular, and the other at 45◦, to the scattering plane. The channels are labelled “lin90” and
“lin45”, respectively. There are two detectors for each channel, and they have polarisation axes
oriented parallel (co-polarisation) and orthogonal (cross-polarisation) to the polarisation direction of
the emitted light. The detectors in one channel are decoupled from the emitter of the other by time
division multiplexing, as detailed below. In this work, only linear polarisation was used, though
circular polarisation can also be used.

As is typical with polarimetric lidar work, the ratio of cross- to co-polarised signal is termed
the depolarisation. If the signals (photocurrents) of the lin90 co- and cross-polarised detectors are
denoted Ico

90 and Icross
90 , and similarly we have Ico

45 and Icross
45 , then the depolarisations for each channel

are δ90 = Icross
90 /Ico

90 and δ45 = Icross
45 /Ico

45, respectively.
A Monte-Carlo model of the operation of the polarsonde [22], using the scattering matrices for a

wide variety of randomly oriented ice crystal habits [23] and spheres (via Mie theory), indicates that for
the lin90 polarisation, the simple picture of little depolarisation for spherical scatterers and substantial
depolarisation for non-spherical scatterers is broadly correct, even when there is multiple scattering
present. However, for the lin45 configuration, δ45 > 1 for spherical scatterers; this is in contrast to the
lin90 configuration because the plane of polarisation of the emitted light is a plane of symmetry for the
scattered light distribution, and in the lin45 configuration, the detectors are placed away from that
plane, rather than in that plane as for lin90 [22].

Thus, for the purpose of distinguishing ice from liquid water, δ90 ' 0 and δ45 > 1 for spherical
liquid droplets, and δ90 ' 0.5 and δ45 ' 0.5, for ice. The reason that we have both channels is that if
there are large ('100 µm) randomly oriented ice crystals with plate-like habit, the model showed that
δ90 ' 0.1, which could be interpreted as spheres because multiple scattering and scattering angles
mean that for spheres δ90 ' 0 is still an idealisation [22]. In essence, this is because the dominant
scattering mechanism from the large plates is specular reflection from the basal facets. As we will see
below, measurement noise is also a factor that makes δ90 ' 0.1 interpretable as either spheres or large
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plates. Temperature measurement can resolve the ambiguity if T > 0 ◦C. However, for large plate-like
crystals δ45 ' 0.5 which is relatively easy to distinguish from δ45 > 1 for spheres. As a general rule
though, complication of the surface of an ice particle, such as by aggregation of smaller particles or
roughening, sees both δ90 ' 0.5 and δ45 ' 0.5. For non-spherical particles smaller than 2 µm, we
do not have scattering matrix data or calculations available to apply the model, but as noted below,
the model has been extended to such small spheres.

cross- co-

lin90

lin45

r

g
h

w

Emitter
Detector

Detector x

y
z

Figure 1. Schematics that show the layout of the emitters and detectors of the polarsonde. The left
diagram shows the elements lying in the x, y-plane, and polarised light emitted along the z-axis, for
one half (one channel) of the instrument. The other half is the same and lies alongside, as shown in
the plan view on the right, i.e., looking along the negative z-direction. The double-headed arrows
in this plain view show the orientations of the linear polarisers used. Boxes are drawn around each
half, representing the two channels “lin90” and “lin45”; the detectors in each channel sense the light
only from the emitter in that channel. The labels “cross-” and “co-” refer to whether the signal from
the corresponding channel is cross-polarised or co-polarised, as determined by whether the detector
polariser is oriented orthogonally or parallel to its corresponding emitter. The physical dimensions
r, h, g and w are given in the text.

The LEDs for each polarisation channel are pulsed at 10 kHz (duty cycle of 50%) so that phase
sensitive detection of the scattering signal can be used to separate the components of the detector
photocurrent due to scattering of the LED light (wavelength 470 nm) and those due to other sources of
light. To decouple the polarisation channels, they are switched on alternately, each for about 100 ms,
so that the two can share a common microcontroller that performs analogue-to-digital conversion and
implements the phase sensitive detection. This microcontroller also is set up with two data output
formats; one is a standard serial interface, and the other is an interface to the external sensor input of a
Vaisala RS92SGP radiosonde. The polarsondes were manufactured by Atrad Pty Ltd. in a batch of 30
identically constructed instruments, except in that in some the lin45 polarisers were substituted with
circular polarisers (which were not used in the work reported here).

When flown with a weather balloon, a radiosonde is attached to the polarsonde to provide
telemetry as well as pressure, temperature and humidity measurements. Measurements are reported
once per second (set by the radiosonde), though there is a running time average performed by the
microcontroller with an averaging time of 4 s. With a nominal balloon ascent rate of 5 m/s, this
provides a vertical resolution of 20 m. A check of the background signal levels needs to be made before
each flight; the procedure for this is described in Appendix A. The issue of possible riming of the
instrument is considered in Appendix B.

Various calibrations (including the relative sensitivity of the detectors in each polarisation channel)
and background signal measurements were made, as detailed in Appendix C. These calibrations were
made on all polarsondes, and the variance in the ratio of sensitivities of the two detectors (with
polaroids attached) over the set of instruments was around 5%. An additional calibration performed
on some polarsondes is a measurement of the backscatter detection efficiency using a roughened PTFE
sheet as a target. This was not performed on the actual polarsondes flown in this study, rather it was
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performed subsequently on identically constructed instruments. The method for this is described in
Appendix C.

3. Description of Polarsonde Profiles

Here, we present data from three polarsonde flights, flown with weather balloons on 15/16
February 2017 at Macquarie Island. On that day, a cold front passed over the island at approximately
0200 UTC 16th February. The synoptic situation close to that time is shown in Figure 2. The polarsondes
were launched at intervals of about three hours, with the first at 2020 UTC on the 15th. In all three
launches, the balloon ascent rate was 4.2 m/s, though it did vary a little during the ascent.

10
9

8

°C

Figure 2. Chart of mean sea level pressure (hPa) and temperature (◦C) for the region around Macquarie
Island at 2300 UTC on the 15th of February 2017. The data is from the ERA5 reanalysis [24]. Selected
temperature contours (1 ◦C separation) are labelled in yellow; Macquarie Island is close to the
intersection of the 9 ◦C isotherm and the 995 hPa isobar. Coastlines and borders are indicated in red.

The backscatter profiles for the first launch, in prefrontal conditions, are shown in Figure 3.
The profiles for the lin90 the lin45 polarisation channels are shown separately in Figure 3a,c. Although
the signals for backscatter are shown with arbitrary units (a.u.), the scaling of the raw signal voltages
is identical in Figure 3a,c. The temperature and humidity profiles recorded by the accompanying
radiosonde (Vaisala RS92SGP) are shown also. In one graph, the humidity is displayed as relative
humidity, and in the other, as dew point temperature (generated by the Vaisala Digicora system), which
is useful in establishing where cloud should be; i.e., when the temperature and the dewpoint are about
the same. The melting level is at 2020 m. In Figure 3a,c for each detected signal, the inductive pickup
background was subtracted, and a correction factor was applied to the cross-polarised trace to account
for the different sensitivities of the co- and cross-polarised detectors, as detailed in Appendix C.
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Figure 3. Polarsonde profile from 15 February 2017, 2020 UTC (launch time) at Macquarie Is.
Temperature, dew point and relative humidity (RH) are derived from the radiosonde. Panel (a) shows
the polarsonde profile for the lin90 channel, (b) shows the depolarisation considering the signals from
all scatterers δ90, (c) shows the lin45 profile and (d) shows δ45. The letters in (a,c) indicate features in
the profiles and are discussed in the text. The horizontal scale in (a) is in ◦C and in (c) is in percent for
the relative humidity (RH). Two depolarisations are plotted for each channel; “raw” which is the ratio
of signals that include cloud and aerosol scattering, and “cloud” based on what we judge to be the
signal components due to cloud alone.
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Both profiles show a broad, more or less smoothly varying, background up to about 6000 m.
This is attributed mostly to aerosols. Below the melting level, any cloud would have spherical liquid
water droplets and would not contribute significantly to the cross-polarised signal. On top of this
background are enhancements of the signal, not necessarily for both co- and cross-polarised traces,
that are attributed to cloud layers. The calibrated total backscatter for the lin90 channel in this launch
is shown in Figure 4 , which is annotated with what we believe to be the total signal level for the
background aerosol. The magnitude of the calibrated signal is discussed below in the context of
what we can learn about the cloud particle concentration, and what we might expect from typical
aerosol concentrations.

Figure 4. The total backscatter profile (black trace) for the launch at 2020 UTC. The calibration has been
applied to convert the vertical axis to detection probability for the lin90 channel. As an overlay on the
profile, the aerosol background referred to in the text is sketched with broad curves in blue and red.
The blue curve goes up to the melting level and the red, which is more tentative for reasons noted in
the text, is above the melting level.

In Figure 3b,d the depolarisation for each channel is shown. This is calculated twice, once for the
signal due to both cloud and aerosol (the red trace), which we denote δraw

90 and δraw
45 , and then for the

cloud below the melting level, denoted δcloud
90 and δcloud

45 . The aerosol contribution is estimated for the
co- and cross-polarised signals in the same way as shown in Figure 4 for the total backscattered signal.
In calculating δcloud

90,45 , we only do this below the melting level, as we are much less confident in this
estimation above the melting level. The aerosol contributions are subtracted from the signals, and the
depolarisations for the cloud are calculated from the remainders. These are shown as black dots.

Various features in the profile are labelled and listed below. Those with capital letters are apparent
layers of cloud, and those with lower case are other features. The features are present also in the
lin45 graph, though with different apportioning of the signal between the co- and cross-polarised
sub-channels. Some of the features appear also in the graphs of depolarisation.

• a—there are three very sharp peaks in the polarsonde signal shortly after launch. These appear
on both channels, though the second on the lin45 channel barely shows up. The first is likely due
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to the illumination of the ground or the balloon as the sonde package swings around on launch.
The next two are attributed to the instrument passing through the exhaust plume from the station
diesel power plant, which is wafting in the same general direction that the balloon takes, but with
a slower ascent rate.

• b—at about 6000 m, the instrument emerges from the cloud top (of the top layer) into bright
sunlight. As detailed in Appendix D, the sonde rotates below the balloon and it repeatedly points
directly at the sun, and the extra resulting photocurrent leads to saturation of the preamplifier and
thus gains compression of the modulated signal, leading to a “spikey” signal. While not desirable
for detecting aerosol above the cloud, it does identify clearly the cloud top during the daytime.

• A—the instrument passes through a layer of cloud some 500 m thick, which seems to be composed
of two sub-layers. The lower of these seems to comprised of only liquid droplets, there being no
associated rise in the cross-polarised signal for lin90. The second (upper) sublayer gives a stronger
signal, but notably the cross-polarised signal for lin90 rises. This indicates that, in addition to the
background aerosol, there is insoluble, nonspherical aerosol entrained in this sublayer, which is
otherwise liquid water cloud. Because the lin90 cross-polarised signal rises a little and falls in
concert with the co-polarised signal, we infer that the background is due to aerosol and is not an
instrumental artefact. In the lower sublayer, the cloud depolarisation δcloud

90 is less than 0.2, but in
the upper sublayer, it is closer to 0.5. This also implies that there is solid material entrained in this
layer. However, the cloud plus aerosol depolarisation δraw

90 shows a very distinct dip even for the
upper sublayer because the co-polarised signal rises more than the cross-polarised.

• B—a 500 m thick layer of cloud is encountered at about 1000 m height, but this layer is apparently
only liquid water, with no insoluble particles entrained, because the cross-polarised lin90 signal
shows no sign of this layer. Although there are apparently no aerosols entrained with this layer,
the general background of aerosols is still present. Much of the discussion below centres on
this layer. Note that with the background aerosol signal subtracted, δcloud

90 ' 0 and δcloud
45 > 1 in

agreement with the prediction of the Monte-Carlo model for spherical droplets.
• C—below 2000 m, a pair of thin liquid water layers appears. These show up also as small dips

in δtotal
90 .

• D—a more substantial layer of liquid water cloud appears at about 2200 m. In the graph of δraw
90

there is a very distinct dip, though the values of δcloud
90 ∼ 0.2 are somewhat more ambiguous and

could arise through scattering by large plate-like ice crystals. Nevertheless, the lin90 co-polarised
signal clearly rises while the cross-polarised does not, and in the lin45 signals, the co- and
cross-polarised signals rise by similar amounts. The values of δcloud

45 ∼ 1 reflect this and confirm
that the cloud particles are liquid. This layer is supercooled as the temperature is about−2◦. There
is a temperature inversion immediately above this layer, where the temperature warms to −1◦

before falling again (monotonically up to the tropopause at about 10,000 m). Above this layer,
the lower humidity implies that there is a clear patch with no cloud. However, the polarsonde
signals remain high, indicating that the aerosol concentration is remaining at approximately the
same level as below the melting level, at least up to 3500 m, where the reconvergence of the
temperature and dew point indicate the base of the next cloud layer.

• E and F—at around 4000 m there are two layers of cloud that are more difficult to interpret; they
appear to be two supercooled liquid layers as there is little change in the lin90 cross-polarised
signal at the same height as the clear bumps in the co-polarised signal. This is also implied by the
coincident dips in δraw

90 and the (small) increases in δraw
45 . Immediately above F at about 4400 m the

two signals rise and fall together, which implies glaciated cloud. The dips in the signals between
4400 and 5000 m indicate that the cloud is in layers with rather small gaps (<50 m between them).

• G—the top layer of cloud begins at about 5700 m. Though it seems to be glaciated, it appears to
have a lower depolarisation than the cloud between F and G, though this observation is at best
qualitative due to the uncertainty in deciding what part of the signal is due to aerosol background
and what is due to cloud.
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That the background attributed to aerosols shows a significant amount of cross-polarised
scattering signal in both the lin90 and lin45 channels indicates that the particles are not spherical and
therefore solid. The literature on aerosols in this region generally highlights CCN (mostly sea salt and
sulphate [6,7,25,26] and a dearth of ice nuclei [27,28]. The aerosol background for this profile below
2000 m cannot be due to solid sea salt or sulphate (sulphuric acid or ammonium sulphate), as these
are deliquescent and the relative humidity is near saturation [29]. Indeed, this is so for the whole
profile to a 6000 m height, except between about 2500 to 3500 m. This profile, thus, indicates that there
is a measurable amount of solid aerosol particles, that are insoluble in water or at least show little
deliquescence, and that may or may not be able to act as ice nuclei. Murayama et al. [30] present
calculations that show that cubic sea salt crystals can indeed produce substantial depolarisation for a
lidar, and thus also for the polarsonde, but the high humidity here precludes that explanation. Around
3000 m, it can be seen that with increasing height, the cross-polarised and co-polarised lin90 backscatter
signals swap over, with the cross-polarised signal being stronger above 3000 m. In this relatively dry
region, the backscatter is due only to aerosols, and this crossover indicates that the distribution of
shapes of the particles is changing with height. However, we do not have the scattering matrices of
very small non-spherical particles for input to the model, so we cannot interpret this observation in
terms of particular shapes.

The second launch was three hours later at 2320 UTC. The profile is shown in Figure 5. As with
the first launch, low cloud was obvious visually, with a base below 200 m. The cloud top is again
identified by the onset of spikey behaviour in the signal as the sonde emerges into bright sunlight
(labelled “b” in Figure 5). This is below the melting level (1780 m), so the cloud water is liquid and
its scattering is represented by the small amount by which the co-polarised signal is higher than the
cross-polarised in the lin90 profile below about 1000 m. This layer of low cloud was not very evident
in the profile, which seems to be dominated by aerosol in the cloud because the magnitude of the lin90
cross-polarised signal is nearly as large as the co-polarised, and the cloudbase is poorly defined in the
profile. The aerosol concentration increases monotonically with increasing height until the cloud top.

Figure 5. Profile from 15 February 2017, 2320 UTC (launch time) at Macquarie Is. The information in
the panels follows the same format, and the signals have been scaled in exactly the same way, as in
Figure 3. The letter “b” indicates the cloud top where the polarsonde emerges into bright sunshine.
The dashed curve between 6000 and 8000 m height is described in the text.
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Bearing in mind that direct sunlight on the detectors causes gain suppression of the scattered signal
(see Appendix D), one can trace the bases of the spikes in signal to get a picture of the aerosol profile.
In Figure 5, the spikes point to the left, so the bases are to the right. To illustrate, a sketch of this for the
lin90 co-polarised signal in the height range 6000–8000 m is overlaid on Figure 5 as a black dashed
curve. This is the signal level that would be obtained if the sonde faces away from the sun. To be sure,
there are right-going spikes in the signal, in the mid and upper troposphere, that are not explainable in
terms of sunlight saturation (such as those just above 4000 m in Figure 5). Their cause is unknown.

The aerosol signal is, thus, approximately a factor of two less than it was for the first launch
three hours earlier. Such a difference in the aerosol concentration is not unusual [31], and can easily
be understood in terms of the horizontal wind shear associated with being in the warm sector of a
cyclone with an approaching cold front, and the high frequency of rain showers in this region [32]. The
aerosol backscattering signal at about 8000 m is interesting; for the lin90 channel, the cross-polarised
signal drops off nearly to zero, compared to at 4000 m where it is nearly the same as the co-polarised.
On the other hand, for the lin45 channel, it is the co-polarised signal that drops off to near zero
at 8000 m. At 4000 m, the two polarisation signals for lin45 are also nearly equal. This reversal
of behaviour is characteristic of scattering from very small spheres, ∼5 µm or less. The prediction
from the Monte-Carlo simulation for small spheres is that δ90 ∼ 0 and δ45 ' 2. However, at 8000 m,
the temperature was about −42 ◦C, and the relative humidity is about 20% (with uncertainty < 2%
[33]), so it is doubtful that there are spherical liquid water scatterers there. It is clear though that there
is a change in the character of the aerosols as height increases.

The third launch, about 3 h after the second, gave a similar profile to the second. Presentation of
this profile is deferred until the comparison with the radar below.

The total backscatter signal of a polarsonde was calibrated as noted above, and that calibration
was applied to the launch at 2020 UTC. For the lin90 channel, the backscatter detection probability is
shown in Figure 4. The model referred to above has been extended to include more tenuous cloud
(with the mean free path for scattering to 250 m) and to include spherical scatterers of radii in the range
8 to 1600 nm, where previously, the smallest scatterer had a radius of about 2.5 µm. This extension
was made to include aerosols (albeit only spherical ones) because the results, as reported here, show
that there is a substantial contribution to the signal from particles that are not typical cloud particles,
even within a cloud. The smaller particles do not significantly change the results of the model in that,
for small spheres, δ90 remains below 0.05, and this is quite insensitive to changing the imaginary part
of the refractive index by two orders of magnitude: one would expect that the smallest water haze
particles have higher imaginary refractive indices because the concentration of ions from the dissolved
cloud condensation nuclei is larger. In Figure 6, for all particles, the imaginary part of the refractive
index was assumed to be 0.00001. (The actual measured value of δ90 cannot, in fact, be less than 0.01
due to the limitations of the polaroid used, even with perfect preservation of the polarisation in the
scattering process.)

To use the calibrated backscatter measurement, we compare it with the extended Monte Carlo
simultations. Figure 6 shows, as a function of radius of the spherical scatterer and mean free path for
scattering (the independent variables in the simulation), contours of particle number density and of
simulated detection probability. For the detection probability a log-normal distribution of particle radii
about each chosen mean radius was assumed, which smoothed out somewhat the interference fringes
that are seen in Mie theory calculations, though not completely. The waviness in the contours is due to
the remaining interference.
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Figure 6. Contour plots of detection probability (blue) and particle number density (red) for the lin90
channel of the polarsonde. The labels on the contours are the log (base 10) of the respective quantity.
The number density is in m−3. The thin grey line to the detection probability P of the feature labelled
“B” (log10P = −7.2) in Figure 3, assuming the relevant probability, is just the amount by which B
protrudes from the aerosol background. The broad grey line highlights the part of that contour where
that the droplet radii are between 5 and 10 µm.

For the cloud feature labelled B in Figure 3, we have a detection probability in the lin90 channel
of about 6× 10−8 for the scattering from the cloud particles themselves; i.e., with aerosol background
subtracted. It is reasonable to assume, on the basis of published cloud droplet size distributions [9,34],
that the drop radii in the cloud are between 5 and 10 µm, and further that the droplets are not
precipitating. In Figure 6, we highlight the contour of detection probability corresponding to the
measured probability, for this range of radii. With this assumed range of radii, it is clear that the
mean free path for scattering (optical thickness) is very poorly constrained. However, there is nearly
a parallel between the contours of detection probability that a polarsonde would measure and the
contours of droplet number density. Thus, having subtracted the background aerosol signal we obtain
a droplet concentration in this cloud layer of approximately 4× 107 m−3 (40 cm−3). Although this
measurement is at 1000 m height, we can compare it to a measurement of the concentration of cloud
condensation nuclei that were made at the surface at this time, '150 cm−3 in [35].

We can also use the calibrated measurement and the model to assess the plausibility of the
assertion that the background is in fact due to aerosol. Concentration measurements of aerosols have
been made over the Southern Ocean. Fossum et al. (2018) [25], report concentrations of total aerosol
(CCN plus others) of 2.7× 108 m−3, and Downey et al. (1990) [36] report higher total concentrations
than this. If we take a concentration of 2× 108 m−3 and assume that the aerosols have a radius of 1 µm,
corresponding to the lower end of the coarse mode range of radii, we can estimate the expected
detection probability by following that concentration contour on Figure 6 to where it intersects the
grid line for 1 µm radius. Then we can read off the expected probability, extrapolating slightly beyond
the maximum shown mean free path, which is approximately 3× 10−7. This is comparable to the
background probability of (up to) 4× 10−7. Note that this assumes spherical particles, and the large



Atmosphere 2020, 11, 399 12 of 20

cross-polarised signal in the lin90 channel indicates that the scatterers are not spheres. It is, thus, a
lower estimate because the Monte Carlo model applied to ice crystals (larger than 2 µm) shows that
the detection probability can be up to an order of magnitude more than for spheres [22]. The aerosols
are of course most likely a mix of sizes, but the coarse mode aerosols will contribute most to the
aerosol signal.

One might hope that the lin45 channel, or even circular polarisation, might help constrain the
concentration measurement or the range of particle radii, but the probability contours for lin 45 remain
approximately parallel to those in Figure 6. There is no crossing of contours which might further
constrain the scattering mean free path or particle radius.

4. Comparison with Radar and Ceilometer

A 95 GHz Doppler radar (Australian Bureau of Meteorology) was operating at Macquarie Island
when the polarsonde launches discussed in this paper were made. The radar was located 150 m west
of the balloon launch site. In addition, a ceilometer (University of Canterbury) was operating at the
balloon launch site, measuring the cloudbase heights, sometimes for more than the lowest layer. In
Figures 7–9, we show profiles of cloud obtained with the radar at the times of the three polarsonde
launches, together with ceilometer profiles. These profiles are truncated vertically to better compare
their features (note that the same scale applies to the polarsonde signals in all the graphs presented in
this paper).

Figure 7a shows the radar reflectivity compared with the lin90 channel profiles from the
polarsonde, launched at 2020 UTC. The red line on the radar plot indicates the polarsonde launch time.
The spikey nature of the polarsonde signal above 6000 m (Figure 7b), and the assertion that this is due
to sunlight, agrees quite well with the radar observation of the cloud top between 5000 and 6000 m.
Note that the cloud top height as detected by the radar is changing quite rapidly. The wind at sea
level at the launch time was from the NE. Perfect agreement between the radar and polarsonde as to
the positions of cloud layers is not expected; at low levels, because of the wind direction and the 150
m E-W separation of the radar and the sonde launch site, and at upper levels because the balloon is
advected away from the launch site. The cloud layer (labelled A in Figure 3) from 200–500 m is not
detected by the radar at the exact launch time though it is seen a few minutes later. It is detected by
the ceilometer (Figure 7c). The layer beginning at 800 m is seen by all three instruments.

Comparisons of the radar reflectivity and the polarsonde profiles (again, just the lin90 channels)
are given in Figure 8 for the second launch. The cloudbase height measurements by the ceilometer and
polarsonde are both at about 200 m, but in the latter, it is not particularly well-defined (the cloudbase
in the polarsonde profile is where the co- and cross-polarised traces begin to increase their separation).
The ceilometer indicates light precipitation just before the launch, but this was not evident visually at
launch. The height of the cloud top detected by the polarsonde is approximately 1300 m, while the
radar derived cloud top is at about 1700 m, though it quickly drops to about 1200 m.

Figure 9 shows the comparison of the three instruments at the time of the third polarsonde flight,
launched at 0235 UTC. The aerosol loading of the mid- and upper troposphere is further reduced
from that indicated by the second polarsonde flight. Again, the cloudbase in the polarsonde profile
is indicated by where the co- and cross-polarised traces begin to increase their separation, which
here is at about 500 m. This agrees well with the ceilometer, but the radar would have the cloud
base at 800 m (at the exact launch time). Note, however, that a few minutes later the cloudbase
seen by the radar is 500–600 m, so it is likely that the 150 m separation of the polarsonde and radar
can account for this discrepancy. There is poorer agreement between the polarsonde (1300 m) and
radar (1800–2000 m) derived cloud top heights, but the radar is seeing this quantity change rapidly.
The satellite observations discussed in the next section provide more perspective on this observation.
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Figure 7. For the launch at 2020 on the 15th of February. (a) Reflectivity of the 95 GHz radar (dBz);
(b) polarsonde (lin90 channel); (c) logarithm (base10) of the ceilometer attenuated volume backscatter
coefficient β (km−1sr−1). The vertical red line in (a) indicates the launch time. The trace colours in (b)
follow the scheme in Figure 3. Note that the vertical axis in (c) is expanded in order to better show low
level features.

Figure 8. For the launch at 2320 on the 15th of February. (a) Reflectivity of the 95 GHz radar (dBz);
(b) polarsonde (lin90 channel); (c) logarithm (base10) of the ceilometer attenuated volume backscatter
coefficient β (km−1sr−1). The vertical red line in a) indicates the launch time. The trace colours in (b)
follow the scheme in Figure 3. Note that the vertical axis in (c) is expanded in order to better show low
level features.
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Figure 9. For the launch at 0235 on the 16th of February (a) Reflectivity of the 95 GHz radar (dBz);
(b) polarsonde (lin90 channel); (c) logarithm (base10) of the ceilometer attenuated volume backscatter
coefficient β (km−1sr−1). The vertical red line in (a) indicates the launch time. The trace colours in (b)
follow the scheme in Figure 3. Note that the vertical axis in (c) is expanded in order to better show low
level features.

5. Satellite and Modelling Perspective

Cloud top height (CTH) is a measurement product derived from a combination of the brightness
temperatures measured by the Himawari8 satellite. Table 1 shows a comparison of cloud top heights
derived from the polarsonde, the radar and Himawari8. Because the radiosonde accompanying the
polarsonde returns the position using GPS, we have used the position for the polarsonde when it
passes into bright sunlight (i.e., at the onset of spikey signals) in comparing polarsonde and Himawari8
cloud top heights. The position of the research station is used for comparing the radar and Himawari
cloud top heights. Himawari8 data is in files with 10 min separation (except that the file at 0240
UTC on the 16th of February is missing). We have taken the Himawari8 data from the file nearest in
time to the relevant polarsonde or radar cloud top determination. From Figures 7–9, we can see that
there is patchiness to the cloud, especially above 1000 m. For this reason, we show two columns for
Himawari8; the first is the cloud top height for the relevant Himawari8 pixel (“single pixel” column) ,
and the second is the average of that pixel and the eight surrounding pixels (“pixel average” column).
The uncertainty shown is simply the standard deviation of the values for each of those nine pixels. This
uncertainty does not really capture the fine scale (compared to the Himawari8 pixel width) patchiness
indicated in the radar profiles, and this likely explains the discrepancies between the Himawari8
measurements and those of the radar and the polarsonde, which have little spatial averaging in
comparison. Satellite confirmation of the cloud top height from the CALIOP lidar on the CALIPSO
satellite was not available, as during the first flight, the orbit of this satellite was over the Indian Ocean
with subsequent overpasses that day, and at the latitude of Macquarie Is., being towards Africa and
the South Atlantic.

It was noted in the introduction that the Southern Ocean is often considered to be a region where
the aerosols are predominantly of marine origin. However, the high depolarisation of the aerosol
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signal at 100% relative humidity, seen in particular in the lin90 polarsonde profiles, suggests, that
these aerosols are of continental origin. A back trajectory analysis is consistent with this. Figure 10
shows HYSPLIT back trajectories, using a meteorological grid ensemble [37], calculated for the airmass
at 1000 m over Macquarie Island on the 15th of February at 2000 UTC. The (meteorological) model
used is GDAS at 0.5◦ resolution—choosing other models gives similar results. The trajectories in the
ensemble all appear to have come from the vicinity of Tasmania, where entrainment of continental
dust might occur. The HYSPLIT back trajectory analysis for the nearest time to the second launch,
with the same finishing position and height, produces a similar result; indeed a larger fraction of the
ensemble trajectories in that case passes over Tasmania.

Table 1. Comparison of cloud top heights derived by polarsonde, Himawari8 and cloud radar.
The “pixel average” Himawari8 column is an average of the nine pixels with the single pixel value at
the centre.

Launch Time Position Polarsonde Himawari8 Himawari8 Radar CTH Himawari8 Time
(Single Pixel) (Pixel Average)

2020 54.76 S 159.0 E 5900 m 7447 m 7260 ± 220 2040
2020 54.50 S 158.94 E (stn) 6383 m 6530 ± 170 5500 m 2020
2320 54.6 S 159.0 E 1300 m 855 m 856 ± 68 2330
2320 54.50 S 158.94 E (stn) 1008 m 967 ± 48 1700 m 2330
0235 54.54 S 158.98 E 1300 m 1126 m 1058 ± 51 0230
0235 54.50 S 158.94 E (stn) 1075 m 1046 ± 107 2000 m 0230
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Figure 10. Back trajectories using the NOAA HYSPLIT model for the airmass at 879 m above Macquarie
Is. at 2000 UTC on the 15th of February. The 24 back trajectories of the ensemble are calculated for the
three days prior to this time, with the symbols indicating six-hour intervals.

6. Discussion and Conclusions

The vertical profiles of scattering particles over the Southern Ocean that are shown here indicate
that substantial amounts of aerosol are present in the atmosphere, extending well into to the upper
troposphere, though the amounts were variable. The three profiles were obtained in the warm sector of
a cyclone, in the lead up to the arrival of the cold front. In the time between the first and second flights,
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the aerosol content fell approximately by a factor of two. A back trajectory analysis gave results that
are consistent with the aerosols being at least partially of continental origin. The polarsonde indicated
that the aerosols were non-spherical; again, in view of the high humidity, this points to continental dust
being a component. In the first profile, one layer of cloud with entrained aerosols at 500 m altitude,
showed that there is layering in the atmosphere and that the boundary layer is not always well mixed.
The presence of a second polarisation channel in the polarsonde is helpful in confirming the assignment
of liquid or solid particle status to the layers of cloud, and for liquid clouds a measurement of liquid
cloud particle concentration is possible. This is somewhat imprecise because of the need to make an
assumption about the mean cloud particle size distribution. However, the simulations embodied in
Figure 6 suggest that having another lin90 channel with a second wavelength that is well separated
from the first would help constrain this measurement. The ordinate of this graph can be cast as the
ratio of wavelength to particle radius (for a given refractive index). Thus, the measured probability
contour for the second wavelength could be in a region where it is not parallel to that of the first
wavelength. This might also help to constrain the aerosol concentration with an appropriate choice
of wavelengths. The polarsonde is able to detect cloudbase and cloud top heights, which compare
favourably with ceilometer and radar measurements, and within the limitations of spatial averaging,
the cloud top height determined by the geostationary Himawari8 satellite. This new instrument
provides a different and complementary perspective to existing techniques for profiling clouds and
aerosols in the atmosphere.
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Appendix A. Background Signal Checks

The polarsonde has a finite background signal that is not due to atmospheric scattering. This
arises through electric pickup, in the detector circuits, of the 10 kHz pulsed current that drives the LEDs.
This is minimised by reducing the area enclosed by circuit loops on the board, but it is not eliminated
entirely and needs to be measured. This is done for each polarsonde before launch immediately
after the radiosonde telemetry system indicates that it is ready for launch. The photodetectors on
the polarsonde have opaque black plastic foam taped over them while the LED is running, and the
polarsonde-radiosonde package is placed outdoors for five to ten minutes before being attached to the
balloon and launched (with the foam pieces removed).

The polarsonde was connected to the radiosonde as if it were an ozonesonde. With an
RS92SGP-D radiosonde, and Digicora MW31 (Vaisala), set up for an ozone sonde (or polarsonde) as an
additional sensor, the data channels for the additional sensor have different timestamps from the usual
meteorological data. The timestamps for the former start from when the sonde preparation begins, but
those for the latter can have several restarts and finally are reset when a launch is detected. Carefully

ftp.ptree.jaxa.jp/pub/himawari/L2/CLP/bet on 16/02/2020
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noting the timestamp for the polarsonde displayed at the time the balloon is released enables one to
work backwards and establish when the background check happened in the data stream, as well as
synchronise the polarsonde with the meteorological sensors during the flight.

Appendix B. Wetting and Riming

It is possible for the Polarsonde, when it is flown through a cloud, to become wet or rimed.
The instrument is waterproofed with a spray lacquer on all parts except the polaroids. We have
observed once behaviour that would suggest failure of the waterproofing where bit errors made the
(digital) signal to the radiosonde oscillate violently between the saturation value and zero in the
mid-troposphere. This lasted for a few minutes until the instrument dried again, presumably through
evaporation/sublimation or freezing. This behaviour is also a sign of a failing battery, which happens
in most flights at ca 16,000 m.

Thick rime on the optically emitting parts of the instrument (more likely than on the detectors
because these collimating optics project out from the plane of the instrument) would cause an obvious
very large increase of the signal because it would refact/scatter the light directly to the detectors from
a range of ca 6 cm. This would generate similar signal levels to placing a thin sheet of teflon or paper a
few cm in front of the instrument. We never observed behaviour like that during a flight. A very thin
layer of ice on the detector polaroid and/or the emitter polaroid is a possibility below 0 ◦C, and would
scramble the polarisation due to the birefringence and variations in the thickness. This would result in
an observed depolarisation ratio tending to unity, in both the lin90 and lin45 channels, and not away,
as it does in Figure 3.

Appendix C. Calibration

Appendix C.1. Relative Sensor Sensitivity

Measuring the depolarisation as the ratio of cross- to co-polarised signal requires that any
difference in the sensitivities of the respective detector circuits be accounted for. The relative sensitivity
of the cross- and co-polarised detectors is measured by using an unpolarised source of light at the
LED wavelength that is pulsed at the same frequency as the phase sensitive detection circuit, 10
kHz. The pulse signal that drives this source is derived from the polarsonde board to maintain phase
synchronisation with the oscillator that drives the phase sensitive detection.

Appendix C.2. Sensitivity Calibration

An additional calibration performed on some polarsondes is a measurement of the backscatter
detection efficiency using a roughened PTFE sheet as a target. This was not performed on the actual
polarsondes flown in this study; rather, it was performed subsequently on identically constructed
instruments. The target is very close to a perfect Lambertian scatterer, in the backscatter direction,
but does not have perfect efficiency because some light is diffusely transmitted. A laser power meter
with a thermopile detection head, with aperture larger than the 20 mm diameter of the LED catoptric
collimator (collimation angle 10◦) was used to measure the peak output power of the LED for the usual
100 mA drive current, and to establish the linearity of that power with current. The thermal power
meter was necessary to ensure sufficient integration time to deal with the pulsed nature of the LED
output. With the distance from the LED to the PTFE set at 300 mm, the efficiency of the backscatter to
a photodiode detector placed beside one of the polarsonde detectors is measured, and this is related
to the sum of the two polarsonde detectors (bearing in mind that these have orthogonally oriented
polarisers). The distance of 300 mm was chosen as a distance at which the irradiance was measurable
by both the thermal power meter head and the photodiode, the former being very much less sensitive
than the latter. The uncertainty in the measurement of this efficiency is estimated to be about 30%,
limited mainly by the detectors used. This is considerably larger than the variance of the sensitivity
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(about 9% of the mean, measured with unpolarised source), so we have confidence that this initial
calibration can be applied to the polarsondes actually flown.

Appendix C.3. Temperature Dependence

The temperature dependence of the (non-scattered light) background and the scattered signal
itself was measured by operating the polarsonde in a temperature controlled chamber between
approximately −30 and 5 ◦C. The temperature dependence was found to be negligible. However,
some launches indicated that there can be a slight signal drift at higher altitudes, which is likely due to
low temperatures, which an be considerably lower than −30 ◦C.

Appendix D. On the Spikey Behaviour of the Signal above the Cloud Top

The LED is pulsed at around 10 kHz, and phase sensitive detection is used to extract scattered
signal at this frequency. This discriminates against photocurrent from ambient light sources. The total
photocurrent is amplified in a transconductance amplifier before the DC part is filtered away by a
gyrator circuit. Direct sunlight can cause the transconductance amplifier to approach saturation, which
results in gain compression for the 10 kHz signal. The radiosonde and polarsonde are suspended by a
30 m long string from the balloon and can freely rotate; with a period growing from about 1 s to about
4 s, an hour after launch. This was measured by suspending a radiosonde by the same 30 m string
in the light well of a building and observing the rotation. In bright sunlight, the polarsonde rotates
to face the sun every few seconds and the scattering signal briefly diminishes. During the day this
spiking behaviour can be mostly suppressed by having the polarsonde point down, which would be
useful for providing better data on aerosols above the cloud top, but the advantage of retaining the
behaviour is that the onset of the spiking locates the cloud top easily. The behaviour does not occur
at night, and moonlight is not sufficiently intense to cause it. This correlation between the lin90 and
lin45 channels indicates that the spikes are not a quirk of any individual channel. Further, they have a
width that is consistent with very short spikes of 1 s duration smoothed and broadened by the 4 s time
constant of the low-pass filter mentioned above.
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