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Abstract. We describe the construction and testing of an in
situ cloud particle imager based on digital holography. The
instrument was designed to be low cost and lightweight for
vertical profiling of clouds with an untethered weather bal-
loon. This capability is intended to address the lack of in situ
cloud microphysical observations that are required for im-
proving the understanding of cloud processes, calibration of
climate and weather models, and validation of remote sens-
ing observation methods.

From a balloon sounding through multiple bands of cloud,
we show that we can retrieve shape information and size dis-
tributions of the cloud particles as a function of altitude. Mi-
crophysical retrievals from an imaging satellite are compared
to these in situ observations, and significant differences are
identified, consistent with those identified in prior evaluation
campaigns.

1 Introduction

Clouds play a key role in the hydrological cycle, are a ma-
jor factor in extreme weather events, and have implications
for aviation safety (Gultepe et al., 2019) and ground-based
astronomy (Hahn et al., 2014), and a lack of understanding
of clouds and precipitation has been identified as the lead-
ing source of uncertainty in climate and weather modelling
(Forster et al., 2021). More detailed observations of the par-
ticle sizes, shapes, and thermodynamic phases will help re-
solve these uncertainties (Morrison et al., 2020). A range of
in situ observational techniques, each having advantages and

limitations (Baumgardner et al., 2017), is currently employed
to determine cloud particle sizes and shapes. Impaction in-
struments (MacCready and Todd, 1964) allow very high-
resolution studies of ice crystal surface properties but are less
suited to large ice crystal measurements due to shattering.
Optical scattering probes provide useful measurements, and
their biases and uncertainties have been well characterised
(Baumgardner et al., 2017). Their application to aspherical
particle measurements is more limited due to ambiguities in
defining particle size (Um et al., 2015) and issues such as co-
incident detection of multiple particles (Johnson et al., 2014;
Lance, 2012). Stereoscopic and 2D imaging probes require
fewer assumptions than scattering probes for the retrieval of
microphysical information and have been deployed on both
aircraft and weather balloons (Ulanowski et al., 2014).

Holographic imaging instruments are effective at measur-
ing a wide range of particle diameters, typically from a few
micrometres up to a few millimetres (Ramelli et al., 2020).
The sampling volumes of holographic instruments can be
significantly larger than for stereoscopic and 2D imagers,
which reduces the number of required assumptions regard-
ing statistical stationarity in the spatial distribution of cloud
particles (Beals et al., 2015). Holographic imagers deployed
on the ground (Henneberger et al., 2013; Schlenczek et al.,
2017) or on cable cars (Beck et al., 2017) allow long-term
cloud observations, though these are limited to mountain
locations, and measurements can be influenced by surface
conditions (Beck et al., 2018). Aircraft-mounted holographic
imagers allow targeted studies throughout the cloud volume
(Desai et al., 2019) but are limited by the high costs which
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have significantly limited the number of studies that have
been undertaken. A further limitation comes from the large
forward velocity of the aircraft, which can lead to problems
with shattering of cloud ice particles unless specially de-
signed anti-shattering probe tips are used (Korolev and Isaac,
2005). A tethered balloon allows long-term holographic ob-
servations at a fixed location (Ramelli et al., 2020), though
such deployment is limited to favourable wind conditions
and altitude ranges. Untethered sounding balloons can be de-
ployed in most atmospheric conditions, allowing in situ mea-
surements throughout the full vertical extent of clouds. Var-
ious instruments have been deployed on sounding balloons
for the study of clouds, including impaction sensors (Magee
et al., 2021), cloud condensation nuclei counters (Delene
and Deshler, 2001), 2D video microscopes (Takahashi et al.,
2019), and standard radiosondes that measure pressure, tem-
perature, and humidity.

Remote sensing, with lidars, radars, or radiometers, can
of course provide valuable information about clouds and has
the significant advantage of being able to provide better tem-
poral resolution or coverage than sensors on aircraft or bal-
loons. Ground-based remote sensing allows for long-term
observations at high temporal resolution, though measure-
ments are limited to a specific location. Satellite-based re-
mote sensing offers wide geographical coverage, but this is
at the cost of poorer temporal resolution due to the orbital
characteristics. These techniques each have their own limita-
tions: lidar can be limited by attenuation (Hogan et al., 2003;
Mace and Protat, 2018) and multiple scattering of the probing
beam (Weitkamp, 2005); radar measurements are strongly
sensitive to the particle diameter, which can complicate in-
terpretations (Westbrook et al., 2010; Sassen et al., 2002);
and radiometers can be unreliable for the detection of opti-
cally thick clouds and multi-layered cloud systems (Kuma
et al., 2020). Challenges such as these result in significant bi-
ases and difficulties in interpretation for the remote sensing
of cloud microphysical properties. For example, large dis-
crepancies were identified by Huang et al. (2015) between
three different satellite-derived cloud-phase products over
the North Atlantic Ocean and Southern Ocean. These issues
are particularly problematic over places such as the South-
ern Ocean, since inversion algorithms and techniques have
been predominantly developed based on observations from
the Northern Hemisphere, which are unlikely to be represen-
tative of the Southern Hemisphere (Ahn et al., 2018). In situ
instruments have a role in the calibration and validation of
the remote sensing instruments (Morrison et al., 2020; Yang
et al., 2018).

Deploying instruments on aircraft requires a significant in-
vestment in engineering, as do many other sensors due to
their relative complexity. Some examples of the engineering
challenges encountered by aircraft-mounted instruments in-
clude vibrations that necessitate the use of high-quality opti-
cal components and mounts to avoid alignment and stability
issues, large relative velocities between particles and the in-

strument that require specially designed sampling probes to
avoid shattering of ice crystals, and strong winds and tur-
bulent effects that require highly sturdy and stable instru-
ment enclosures. Additionally, such instruments must com-
ply with strict aviation design specifications and regulations,
which further complicates and extends the duration of in-
strument development. The resultant cost precludes routine
use of these instruments on sounding balloons, as is done
with radiosondes and ozonesondes, because recovery of the
instrument is desirable even if there is a telemetry link for
the transmission of data. The need for recovery introduces
sampling biases, especially at coastal sites where favourable
wind conditions must be selected. This is the primary mo-
tivation for the work presented here, where the advantages
of the holographic approach are embodied in a low-cost in-
strument. At this stage we have not implemented a telemetry
link, and instrument recovery is still necessary, but we note
that this problem has been solved in the context of balloon-
borne video microscopes (Murakami and Matsuo, 1990).

In this paper we present a lightweight cloud particle imag-
ing instrument, using digital holography (Schnars and Jüpt-
ner, 1994), which is carried on a sounding balloon. In ad-
dition we show images of cloud particles from a sound-
ing performed in heavy overcast conditions through multi-
ple bands of cloud. Particle concentrations and histograms
of cloud particle sizes are measured by manual analysis of
the holographic dataset. This manually analysed dataset was
also used to assess the performance of an automated analy-
sis technique, but such a comparison goes beyond the scope
of this paper and is left for a separate or companion paper.
First, we describe the actual instrument and choices made
to ensure that it is sufficiently light and reasonably low-
cost so that the risk of non-recovery from a free balloon
flight is acceptable. A summary of the flight is then given,
along with a description of the accompanying instruments,
and then the results from that flight are presented and com-
pared with retrievals from an imaging satellite and previous
in situ cloud measurements. In situ cloud measurements with
which we can compare these observations in the South Aus-
tralian region are limited, though there have been several
campaigns studying cloud over the nearby Southern Ocean
(Boers et al., 1996, 1998; Wofsy, 2011; Ahn et al., 2017;
McFarquhar et al., 2021). Air masses originating from the
Southern Ocean region contribute significantly to South Aus-
tralian weather systems (Chubb et al., 2011). In situ aircraft
observation campaigns within Southern Ocean clouds have
revealed that the cloud droplet number density is strongly
seasonal, with significantly lower values measured during
winter (Boers et al., 1998; Mccoy et al., 2020). Wintertime
flights have been undertaken northwest of Tasmania during
the SOCEX-I experiment in 1993 (Boers et al., 1996) and
south of Tasmania as part of the HIPPO campaign (Wofsy,
2011) and more recently in an intensive campaign between
2013–2015 that we denote as “A17” in the later discussion
(Ahn et al., 2017). A major aircraft campaign, the South-
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ern Ocean Cloud Radiation Aerosol Transport Experimental
Study (SOCRATES), was most recently undertaken in this
region in 2018 (McFarquhar et al., 2021). However, flights
were undertaken in summertime and are not as directly com-
parable with results from this wintertime balloon launch.

2 The instrument

The instrument is an imager that uses digital in-line hologra-
phy (Schnars and Jüptner, 1994). A laser pulse is collimated
and then directed at the sensor of a digital camera. Cloud par-
ticles in the sampling volume scatter light that interferes on
the sensor with unscattered light (the reference beam), and
the interference pattern that is recorded (the hologram) en-
codes information about the nature of the scattering parti-
cles. That information can be extracted by analysis of the
hologram to produce images at different planes in the sam-
pling volume (Garcia-Sucerquia et al., 2006) using knowl-
edge of the reference beam, which to a good approxima-
tion is a plane wave. The camera is a See3Cam_CU51 (E-
con Systems) which has a 5 MP sensor with dimensions of
5.70 mm× 4.28 mm. It was chosen in part for its low cost
but more importantly because it could be operated with a
global shutter readout, which is important because of the
short laser pulse length of approximately 100 ns. The sys-
tem is controlled by a Raspberry Pi computer, with an ancil-
lary Arduino microcontroller that handles the laser pulse and
camera readout timing.

We use a diode laser with a wavelength of approximately
405 nm and continuous wave power of 40 mW. The pulse
width of the laser is approximately 100 ns, which is chosen
as a compromise between the need to freeze the motion of
micrometre-sized particles and having sufficient pulse energy
(nominally 4 nJ) to properly expose the camera sensor. These
operating parameters are such that the laser can be consid-
ered eye safe, and additional safety is enabled by the instru-
ment design in that the eye cannot be placed directly in the
path of the beam. The following relationship can be used to
estimate the laser pulse width required to limit the amount of
particle motion blur to a desired fraction of the target particle
diameter:

δt =
D

fv
, (1)

where δt is the required pulse length, D is the particle diam-
eter of interest, f is the percentage of blurring relative to the
particle diameter, and v is the relative velocity between the
particle and the sensor. For example, for a relative velocity
of 5 m s−1, the chosen pulse width is expected to limit the
motion blur for a 5 µm cloud particle to just 10 % of the di-
ameter. The observation of circular and symmetric particles
during this launch, along with the lack of streaking observed
under laboratory testing for a range of relative velocities, sug-
gests that the chosen pulse width was sufficient for this ap-
plication.

The laser is collimated in an attempt to make the mag-
nification independent of the distance between the scatter-
ing particle and the sensor, which simplifies the analysis
somewhat and extends the practically achievable sampling
volume. The collimation attained was not perfect, yet the
residual magnification effect was deemed acceptably small
for this application. The impact of this residual magnifica-
tion on particle diameter retrieval was corrected for using a
numerical model and a resolution calibration target, follow-
ing the procedure described in Chambers (2022). There is
a limit in how long (along the axis between the laser and
camera) the sampling volume can practically extend; the an-
gular subtense of the camera as seen by the scattering parti-
cle limits the scattering angle, or diffraction order, that can
be captured, which in turn limits the resolution achievable
(Garcia-Sucerquia et al., 2006). Thus, the resolution for par-
ticle images closer to the laser is less than for those nearer
to the camera. In our instrument we chose a sampling vol-
ume length of 70 mm that started about 50 mm from the sen-
sor because of a sun shield for the sensor. The collimated
beam covered about half of the sensor, and this beam over-
lap multiplied by 70 mm defined the sampling volume. The
diffraction-limited transverse resolution was around 5 µm at
the camera end of the volume, and at the laser end the reso-
lution decreased to around 12 µm, consistent with calibration
measurements in the laboratory. Figure 1 shows photographs
of the instrument with and without the polystyrene foam in-
sulation and the foil outer coating. The laser is housed in
the smaller blue and white plastic enclosure seen behind the
aluminium plate at the end of carbon fibre tubes. Below the
camera on the wider blue plastic structure the computer, bat-
teries, and Arduino microprocessor are mounted. The physi-
cal dimensions of the instrument are indicated in Fig. 1, and
the total weight of the instrument was around 1.5 kg. The
majority of the weight came from the aluminium mounting
plate, which could be significantly reduced in future. The sun
shielding of the camera is primarily achieved by a bandpass
optical filter, but also by setting the camera back from the
aperture on the main box through which the laser beam en-
ters. In addition, the window in front of the camera is a neu-
tral density filter with an optical density of 0.9. As discussed
below, this was partially successful.

3 Balloon flight

The holographic imager was launched at 01:55 UTC on
8 August 2020 from 34.03° S, 138.69° E (north of Adelaide,
South Australia) at an elevation of approximately 300 m. The
launch location and balloon path are shown in Fig. 2. Along
with the holographic imager, the other instruments used in
the flight were

– a radiosonde (Vaisala RS41) for GPS tracking, relative
humidity (RH), and air temperature measurements;
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Figure 1. (a) Core assembly of the holographic instrument show-
ing the aluminium mounting plate, control electronics, carbon fibre
spacing rods, and 3D printed laser mount. (b) Final payload, with
insulated housing, before launch with physical measurements over-
laid in units of millimetres.

Figure 2. Map of the launch location and balloon path along with
the surrounding region. Images obtained from © Google Earth and
CNES/Airbus 2020.

– a camera (Raspicam with Raspberry Pi) for visual veri-
fication of cloud;

– a polarsonde (Hamilton et al., 2020) to provide polari-
metric optical backscatter measurements;

– a data logger recording measurements from a Bosch
BME280 and a thermocouple (RH, pressure and air
temperature).

More details about these instruments are provided below.
The average ascent rate was approximately 4 m s−1, which

was achieved using a 500 g balloon with approximately 3 m3

of helium (at standard temperature and pressure (STP)). The
balloon reached an altitude of approximately 8.5 km after
30 min, travelling in a NE direction, and the payload train
with its parachute was remotely cut down and retrieved
through use of the GPS tracking unit, approximately 20 km
northwest of the launch site. To reduce the risk of losing the

instrument in the sea to the west, balloon path forecasting in-
corporating Global Forecast System (GFS) wind predictions
was undertaken to select a launch day with suitable winds.
In the event, the low-level winds were light and from the SE,
whereas at higher levels (above 8000 m) they were from the
SW. The flight was terminated at an altitude of 8000 m be-
cause the camera indicated that the cloud top had been passed
and the weather forecast model indicated that the balloon
was about to enter the strong SW wind, which would have
made recovery more difficult. An unbroken low-level stratus
cloud was observed over the entire sky for the duration of
the launch. Light rain and snow were forecast by the Aus-
tralian Bureau of Meteorology (BoM) for the nearby town of
Clare in the morning and the launch was carried out during
a time of no precipitation. The daily total rainfall measured
by the BoM was 5.6 mm for Clare on that day, and light driz-
zle was observed at the launch site before the balloon was
launched. A remotely operated mechanism was used to cut
the payload train and parachute from the balloon. No damage
to the instruments was identified on landing; however, the in-
struments began to tumble after being cut from the balloon,
which appears to have dislodged the camera trigger cable,
meaning that holograms were not obtained for the descent.

The holographic instrument recorded one hologram per
second. These data were written to an onboard SD card,
rather than transmitting them to the ground via a telemetry
link. This choice was made in the interest of instrument sim-
plicity and to save weight, but adding this telemetry channel
is an obvious future development as that would remove the
imperative for payload recovery after a flight, which in turn
removes biases introduced by a narrow selection of meteo-
rological conditions. This instrument did not suffer any sun-
light saturation of the camera sensor at ground level; how-
ever, as the balloon ascended through the clouds, more in-
direct sunlight reached the sensor resulting in a significant
fraction of the camera pixels becoming saturated. Inspection
of the raw holograms revealed that the saturated pixels began
at the bottom of the sensor, and progressively higher rows
of pixels became saturated as the balloon ascended. A cor-
rection to the sampling volume was made by subtracting the
saturated pixels from the total number of pixels that lie within
the spatial extent of the laser beam on the sensor. This effec-
tive sampling volume was used to calculate the particle num-
ber density. The variation of sampling volume with altitude
is shown in Fig. 3 and it is seen that the maximum sampling
volume at ground was approximately 1.2 cm3, and by the
maximum altitude this had reduced to only around 0.2 cm3.
Though large ice crystals were observed at the highest al-
titudes, due to the reduced sampling volume and inherently
lower number densities for ice crystals, a statistically signif-
icant number density measurement could not be obtained at
these altitudes.
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Figure 3. Variation in the holographic sampling volume with alti-
tude due to sunlight saturation.

4 Summary of accompanying instrumentation

The position of the balloon was monitored in real-time from
the ground using the GPS receiver in the Vaisala RS41 ra-
diosonde. The radiosonde also provided air temperature and
humidity measurements, but because this radiosonde was be-
ing used a second time we had doubts as to the reliability
of the humidity sensor. Thus, an additional data logger, de-
scribed below, provided independent measurements of hu-
midity. The RS41 uses a platinum resistance thermometer to
measure temperature with a reported resolution of 0.01 °C,
and a thin-film capacitor is used to measure relative humidity
(RH) with respect to liquid water with a reported resolution
of 0.1 % (Vaisala). Both sensors were sampled at 1 s inter-
vals. The Raspberry Pi camera was used to monitor the large-
scale cloud conditions during the launch. The 6 MP colour
images were recorded at approximately 40 s intervals, pro-
viding an independent test of whether the balloon was within
cloud.

RH measurements with respect to liquid water obtained
from the RS41 radiosonde within the cloud bands identi-
fied in this launch ranged between approximately 70 % and
90 %. Whilst these values are somewhat low, we note that
mechanisms exist for RH values below 100 % within clouds,
such as the entrainment of dry air within pockets inside the
cloud (Korolev and Isaac, 2006). These values are similar
to those obtained by a calibrated radiosonde launched by
the Australian Bureau of Meteorology (BoM) from Adelaide
Airport, which is approximately 100 km to the south of our
launch site, around 2 h before our balloon launch (University
of Wyoming, 2020). Calculated relative humidity values with
respect to ice from the BoM launch show consistent satura-
tion within the higher altitude cloud bands identified in our
launch. Regardless, we acknowledge that our somewhat low
values may indicate a potential calibration issue with our ra-
diosonde, particularly as it was being used for a second time.
We were not able to re-calibrate this sensor and instead have
decided to only consider the relative variations in RH to pro-

vide an independent method for determining cloud extents.
We note that such an approach has been used in other works,
for example in Schuyler et al. (2019).

The polarsonde is a polarimetric backscatter instrument
and is sensitive to the shape of the backscattering particles,
which can be either aerosols or cloud particles. It is the same
as that described in Hamilton et al. (2020), except that we
used only the channel with the emitted light perpendicular
to the scattering plane. The pre-launch procedure was also
the same, though this time we mounted the instrument fac-
ing downward to mitigate the issue of sunlight saturation
that was encountered above the cloud top (Hamilton et al.,
2020). The polarsonde was placed at the end of the payload
train, with the holographic imager just 1 m above, to sim-
plify the comparison of the data from the two instruments.
These instruments were suspended at a distance of approx-
imately 9 m from the balloon to reduce the impact of the
balloon on the air sampled by the microphysics instruments.
The camera and radiosonde were approximately 5 and 6 m,
respectively, above the holographic imager. The data logger
(made by Monash University) was attached to the polarsonde
package at the bottom of the payload train. It had a Bosch
BME280 to measure pressure and relative humidity and a
thermocouple to measure air temperature. These were sam-
pled at 1 s intervals. The thermocouple had a time constant
of about 3 s.

Meteorological measurements

The temperature and relative humidity measurements from
the RS41 and data logger are plotted in Fig. 4. The data
logger records systematically higher temperatures in the as-
cent, suggesting an uncalibrated offset in this sensor, likely
compounded by the relatively long thermocouple time con-
stant. The RH measurements of the RS41 and data logger
show qualitative agreement for the large-scale features seen,
such as the increase in RH up to approximately 2 km dur-
ing ascent, as well as the peak in RH at around 5 km. These
peaks were consistent with when the camera indicated that
the instruments were in cloud. The temperature and RH val-
ues quoted herein are obtained from the RS41, which we
judged to be more reliable than the data logger. The RS41
temperature measurements indicate that the melting level is
at an altitude of approximately 1.9 km, and the beginning of
the tropopause is possibly seen at around 8.5 km at the high-
est altitude of the flight. The RS41 made measurements re-
liably for the full launch duration, whereas the data logger
sensors stopped working after reaching−40 °C, likely due to
a drop in the battery voltage. The RS41 temperature profiles
recorded during the ascent and descent agree well at each
altitude to within a few degrees, suggesting that the meteo-
rological conditions were stable for the flight duration and
uniform horizontally on a scale of 20 km, which is the dis-
tance between the launch and landing locations.

https://doi.org/10.5194/amt-17-3237-2024 Atmos. Meas. Tech., 17, 3237–3253, 2024



3242 T. E. Chambers et al.: Balloon-based holographic cloud particle imaging

Figure 4. Temperature and relative humidity profiles from the RS41 radiosonde and Monash data logger (ascent only for the data logger).

5 Analysis of holograms

The holographic dataset for the launch was manually anal-
ysed as follows: for each hologram, a 3D image (i.e. a stack
of 2D images) was reconstructed using the angular spectrum
diffraction method (Ratcliffe, 1956), the depths at which par-
ticles came into focus were identified, and on the resulting
2D images polygon masks were hand traced around the parti-
cle outlines. From the masks we extracted the particle equiv-
alent diameters, where the equivalent diameter of a particle
is defined as the diameter of a circle with the same area as
the drawn polygon.

An example of manually analysed holographic cloud ob-
servations is presented in Fig. 5 for two representative 1 min
time intervals (corresponding to vertical ranges of around
250 m each). Figure 5a and b correspond to when the balloon
was within the lowest observed cloud layer, and Fig. 5c and d
are for a higher-altitude cloud layer. The average number of
particles per hologram depends on the underlying cloud par-
ticle number density, which varied significantly throughout
the flight. The average value from all cloud bands (exclud-
ing holograms with no particles) was approximately 2 parti-
cles per hologram. Holograms were recorded at 1 s intervals
during the flight and the holographic profiles of number den-
sity and mean particle diameter are averaged over 30 s inter-
vals to improve the counting statistics. This corresponds to
an average of approximately 60± 8 particles per 30 s, where
the Poisson counting uncertainty is simply the square root of
the number of counts. The total number of cloud particles
identified in each cloud band is shown in Fig. 11. The spa-
tial positions of particles detected over these times appear to
be uniformly distributed throughout the sampling volume, as
seen in Fig. 5a and c. The measured particle size distribu-
tions during these times are shown in Fig. 5b and d, and the
individual particle sizes are visualised by the relative sizes
of the spheres that indicate the particle positions within the

sampling volume. Lognormal and gamma functions are over-
laid in orange and yellow, respectively, and fit the data well,
as expected for typical clouds (Pruppacher and Klett, 2010).

5.1 Cloud Layers and their properties

The most direct method to identify the cloud layers that the
balloon passed through, provided the detected particle num-
ber density was sufficiently high, was to simply note the alti-
tude at which the first and last cloud particles were detected
by the holographic imager and define these altitudes as the
cloud base and top, respectively. This approach was vali-
dated by visual inspection of the Raspberry Pi camera images
and by the relative variations in RH. Absolute number den-
sity measurements derived from the raw 1 s sampled obser-
vations are less reliable due to the relatively small numbers
of detected particles. To compensate for this, in the follow-
ing discussion we consider the 30 s averaged number den-
sity measurements, which correspond to a spatial averaging
range of approximately 120 m. The full vertical profiles of
holographic measurements of 30 s averaged particle number
density and equivalent diameter are presented in Fig. 6. The
pink-shaded regions of the plot indicate altitudes at which the
view of the Raspberry Pi camera was fully obscured by cloud
and the RH is included for comparison.

For clouds below 4000 m there is good agreement between
each method as to the extent of the cloud bands. For the cloud
bands identified at around 3000 m in altitude, a slight offset
is seen between the Raspberry Pi camera determination of
cloud extent and that obtained from the holographic imager
and from relative variations in the RH. Each method is sen-
sitive to fundamentally different physical parameters, and so
we do not expect perfect agreement. Additionally, we expect
slight differences between the measurements due to their dif-
fering sampling rates. The holographic imager and RH ob-
servations are obtained at 1 s intervals, and the holographic
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Figure 5. Summary of manually analysed holographic observations during the flight for (a, b) the lowest identified cloud layer and (c, d) a
higher-altitude cloud layer. Particle 3D positions, size distributions, and median meteorological measurements are displayed. The z axes on
the 3D plots indicate the particle depth within the sampling volume relative to the camera sensor, and the transverse dimensions are in the
plane of the camera sensor. Spheres on the 3D plots indicate the relative sizes of particles, but note that the absolute sizes are scaled for
visibility.

measurements of number density and particle diameter are
averaged to 30 s intervals. The Raspberry Pi camera reports
images at approximately 40 s intervals. A 10 s interval cor-
responds to approximately 40 m of vertical distance with an
average ascent rate of around 4 m s−1. Poorer agreement be-
tween the methods is noted for clouds above 4000 m. The
combination of particle number density and instrument sam-
pling volume at these altitudes was too low to obtain statisti-
cally significant particle counts from the holographic imager,
and we believe that the other methods provide a more reliable
determination of cloud extent at these altitudes.

Five distinct cloud bands were identified during the ascent,
though two are fairly close and are grouped into band 2. Each
of these cloud bands will be discussed in detail in the follow-
ing sections. The in situ measurements for each of the iden-
tified cloud bands are summarised in Table 2 below (along
with satellite-derived values for comparison).

5.2 Cloud band 1

A sudden onset of particles at an altitude of around 600 m
and a sharp termination in particle observations at an alti-
tude of approximately 1900 m defines the extent of the low-
est cloud band. From the ground this appeared as an un-
broken low-level stratus cloud covering the entire sky. The
Raspberry Pi camera images were fully obscured by cloud
between these altitudes, and the RH dropped significantly at
the boundary of the cloud top, which correlates well with
the holographic determination of cloud extent. The temper-
ature decreased steadily from around 5 °C at the cloud base
to −1 °C at the cloud band top. Figure 7 shows holographic
images from this cloud band, indicating that only spherical
water droplets were present. An increase with altitude in the
mean particle diameter is observed from around 9 to 13 µm
between cloud base and cloud top, as seen in Fig. 6. Light
drizzle was observed before but not during the flight. The ear-
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Figure 6. Full vertical profile of the 30 s averaged particle number
densities and diameters measured by the holographic instrument.
The pink shading indicates regions for which the Raspberry Pi cam-
era images were determined to be fully clouded, and arrows denote
the approximate bounds of the cloud bands determined by the holo-
graphic method. Relative humidity measurements from the RS41
radiosonde are plotted for comparison.

Figure 7. Representative particle images in the first band of cloud
ranging from around 620 to 1870 m. Altitudes of the detected par-
ticles are shown in the bottom-left corner of each image in units of
metres. Scale bar units are in micrometres. Note the differing scale
for each image due to depth-dependent optical magnification.

lier drizzle would tend to remove the largest particles from
the cloud and is consistent with the observation of only a
few particles larger than 20 µm in diameter. The number den-
sity, shown in Fig. 6, is first observed to increase and then
decrease over an altitude range of around 500 m from cloud
base. It then increases again to an overall maximum at around
1700 m before decreasing rapidly towards the cloud top at
around 1800 m.

5.3 Cloud band 2

No particles were detected in the altitude range from the top
of the first cloud band up to around 2500 m. In this altitude

Figure 8. Representative particle images in the middle patchy bands
of cloud ranging from around 2540 to 3150 m. Altitudes of the de-
tected particles are shown in the bottom-left corner of each image
in units of metres. Scale bar units are in micrometres. Note the dif-
fering scale for each image due to depth-dependent optical magnifi-
cation. Particles considered more likely to have a symmetric shape
are indicated by a green S.

range the RH steadily decreases and then remains constant
with altitude for about 300 m. The horizon is visible in the
Raspberry Pi camera images during this interval, support-
ing the assertion that the balloon was between cloud lay-
ers. The next detection of particles at around 2500 m coin-
cided with a peak in the RH and the camera images again
became fully obscured by clouds. Two distinct cloud bands
(2a and 2b) were identified between this altitude and about
3200 m, with a vertical separation between the bands of only
around 300 m. However, the particle images were so similar
that these are grouped into band 2. Representative particle
images from both cloud bands are shown in Fig. 8.

Visual inspection of the cloud particle images indicates
that this cloud may consist of a mixture of irregularly shaped
ice crystals with a mean effective diameter of 9 µm, as well as
particles that appear circular that have been labelled with an
S on Fig. 8, suggesting that this was a mixed-phase ice–liquid
cloud. This interpretation is presented with a lower confi-
dence as the particles are at the lower-resolution limit of the
holographic instrument and specific ice particle habits cannot
be identified. The temperature within the cloud ranges from
approximately −5 °C at cloud base to −8 °C at cloud layer
top. Such temperatures are suitable for the formation of ice
crystals, though we note that ice crystal formation within this
temperature range is rare since most ice-nucleating particles
activate below −8 °C (Kanji et al., 2017; McCluskey et al.,
2019; Vergara-Temprado et al., 2018). The vertical profile of
cloud particle number density, as seen in Fig. 6, shows that
cloud layers 2a and 2b are no greater than 200 m in thickness,
which limits the investigation into number density variabil-
ity (only about 50 holograms are obtained in 200 m of as-
cent). However, it is interesting to note that the number den-
sity measured in the layer 2a is significantly lower than that
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Figure 9. Representative particle images in the middle patchy bands
of cloud ranging from around 4990 to 5380 m. Altitudes of the de-
tected particles are shown in the bottom-left corner of each image
in units of metres. Scale bar units are in micrometres. Note the dif-
fering scale for each image due to depth-dependent optical magnifi-
cation. Particles considered more likely to have a symmetric shape
are indicated by a green S.

in layer 2b. The RH peaks within each of the cloud masses
and sharply drops within regions of clear air.

5.4 Cloud band 3

The vertical extents for clouds identified above 5000 m by the
camera and the holographic imager do not agree as well as
for the lower clouds; these clouds were less optically dense
in the Raspberry Pi camera images. The cloud extents deter-
mined by the holographic imager tended to agree better with
the measured variations in RH. A band of cloud was iden-
tified by the holographic detection of particles, summarised
in Fig. 9, and by inspection of the Raspberry Pi camera im-
ages. This band began at an altitude of approximately 4990 m
and the last detected particle was at an altitude of around
5380 m. This corresponds to a cloud thickness of approxi-
mately 390 m.

As with each of the lower cloud bands, a sharp rise and
then a fall in RH is well correlated with the detection of cloud
particles. Whilst the Raspberry Pi camera images remain ob-
scured by cloud throughout this altitude range, a subtle thin-
ning is noted in one of the frames that coincides with the
drop in detected particles at an altitude of around 5380 m.
The temperature decreased from−19 to−22 °C within cloud
band 3, and the particle sizes are similar to those seen in
cloud band 2. The similarity in particle properties to the sig-
nificantly lower-in-altitude cloud band 2 is noteworthy, but
since the particles are close in size to the resolution limit of
the instrument we do not speculate as to why this may be
the case. Future balloon launches of holographic instruments
with higher resolutions should be undertaken to better under-
stand this observation. The number density profile for this
band is shown in Fig. 6, though the effective sampling vol-
ume had reduced to only 0.4 cm3 at this altitude.

Figure 10. Particle images in the thin top band of cloud ranging
from around 6010 to 6990 m. Altitudes of the detected particles are
shown in the bottom-left corner of each image in units of metres.
Scale bar units are in micrometres. Note the differing scale for each
image due to depth-dependent optical magnification.

5.5 Cloud band 4

Only five particles were detected above around 6000 m,
which were seen to be large ice crystals with complicated
shapes, as shown in Fig. 10. Given the reduced sampling
volume at these altitudes due to sun saturation, along with
the lower number density of ice crystals, the number density
measurements from the holographic instrument in this alti-
tude range are not statistically significant. Due to the small
number of detected particles in this band of cloud, the holo-
graphic method of determining cloud extent was less reli-
able than the Raspberry Pi camera method. The first particle
was identified at an altitude of around 6010 m and the Rasp-
berry Pi camera images indicate that the cloud becomes more
transparent with altitude, allowing more sunlight to reach the
camera sensors, up to an altitude of around 6500 m. Above
this altitude the optical thickness of the cloud becomes sig-
nificantly more variable, with patches of embedded clear air
also noted in the images. The highest particle was detected
at an altitude of 6990 m, and the camera images indicated
that the balloon had fully exited the cloud at an altitude of
around 7800 m. Despite the proximity to cloud layer 3, this
band of cloud exhibits distinctly different microphysics. This
contrast is primarily noted from the particle images, as shown
in Fig. 10. No small ice crystals were detected, and the mean
particle equivalent diameter increased by an order of magni-
tude from 8 to 61 µm. This was the first time such large ice
crystals were detected during the flight.

6 Comparison with previous observations

We can compare our measurements to wintertime flights un-
dertaken northwest of Tasmania during the SOCEX-I exper-
iment in 1993 (Boers et al., 1996) and more recently in a
campaign between 2013–2015 undertaken to the southwest
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Figure 11. Particle size distributions for particles within each band
of stratus cloud detected in the balloon launch. Error bars indicate
the mean and standard deviations of each histogram, and the stem
plots indicate the median values. The number of particles contribut-
ing to each histogram is shown in the legend. The star above the
far-right column signifies that this column includes contributions
from all data points with value larger than or equal to the bin range.
The bin width is 2 µm.

of Tasmania that we denote “A17” (Ahn et al., 2017). The
particle number densities and particle effective diameters for
these campaigns are shown with our measurements in Ta-
ble 1. The particle size distributions obtained within each
stratus cloud band detected in the balloon launch are sum-
marised in Fig. 11. The measurements made in the SOCEX-I
flights concentrated on stratocumulus cloud layers that were
centred at pressures (altitudes) between 950 and 850 hPa.
They are thus most readily comparable to cloud layer 1 from
our balloon flight. The numbers from SOCEX-I that we quote
in Table 1 are the medians of the diameters and number den-
sities within the cloud layer studied in each of the five re-
ported flights, expressed as a range, to compare more di-
rectly with our measurements. In Boers et al. (1996) averages
over full cloud bands are not reported, rather they show aver-
ages over 10 hPa pressure intervals. Significant discrepancies
were noted in Boers et al. (1996) between particle diameter
observations from the two cloud probes, yet we follow their
methodology in considering the inclusion of observations
from both instruments to be the most reliable approach. The
A17 campaign consisted of 20 flights southwest of Tasma-
nia under a range of synoptic conditions. Cloud layers were
centred between 650 and 920 hPa, which make these obser-
vations again most comparable with cloud layer 1 from our
balloon flight. For liquid-only clouds, both the reported av-
erage number density and the average effective diameter de-
pended only a little on the averaging methodology; however,
the effective diameter depended strongly on the selection of
measuring instruments; see Table 2 of Ahn et al. (2017). We
are comparing our measurements in layer 1 with the “consis-
tent liquid average” (row 5) from that table.

Compared to the two aircraft measurement campaigns the
number densities measured in the balloon launch are low and

could be taken as a sign that the holographic instrument is
failing to detect some particles, since we are operating close
to the resolution limit of the instrument. However, clouds
with number densities below 10 cm−3 and comparable par-
ticle diameters have been measured in the Southern Ocean
(Mccoy et al., 2021) and other parts of the world (Wood et al.,
2018; O et al., 2018). A recent review of observations from
the Southern Ocean (Mace et al., 2021) reveals that clouds
with number densities as low as those measured in this bal-
loon launch occur with significant frequency over this region.
It is therefore of interest to compare the balloon measure-
ments with those from a general review of in situ measure-
ments within stratus clouds (Miles et al., 2000). This com-
parison is displayed for mean particle diameter in Fig. 12a.
The mean particle diameters measured in this launch are in
the lower range for marine clouds and the upper range for
continental clouds. These intermediate values may be as a
result of the proximity of the launch site to both coastal and
continental regions. This interpretation is supported by Hy-
brid Single-Particle Lagrangian Integrated Trajectory model
(HYSPLIT, Stein et al., 2015) modelling, which indicates
contributions to the air mass from both continental sources
and the Southern Ocean. A summary of the HYSPLIT mod-
elling can be found in Fig. S1, which is available as part of
the dataset described in the Data Availability section of this
paper. The number density comparison is shown in Fig. 12b,
and it is again noted that the measurements from this launch
are at the lower limit of those seen in previous campaigns.

7 Polarsonde observations

The primary polarsonde observables are the polarised
backscatter components that are co- and cross-polarised with
respect to the emitted polarisation. The instrument is sensi-
tive to backscatter from both cloud particles and aerosols,
and so a key challenge is in separating the contributions
of these populations of particles. In the conditions encoun-
tered here, with relatively low cloud particle concentrations,
the aerosol contribution completely swamped the cloud con-
tribution. The vertical profiles of the polarsonde backscat-
ter components are shown with the cloud bands overlaid, in
Fig. 13. It is clear that the variation in the polarsonde signal
channels is not correlated with the presence or absence of
clouds, though some changes in the vertical gradient of the
signals are located at cloud layer boundaries. Now in Hamil-
ton et al. (2020), where the polarsonde was flown on balloon
soundings from Macquarie Island, there was in one flight a
signal (component) that was correlated with the presence of
cloud, and it was estimated in that case that the cloud particle
number density was 40 cm−3. In some subsequent balloon
flights no signal correlated with cloud, which was neverthe-
less visually apparent, and only an aerosol component was
seen. The holographic imager in the sounding reported here
measured cloud particle number densities an order of mag-
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Table 1. Comparison between cloud properties measured in this balloon flight and in the SOCEX-I and A17 campaigns. For the holographic
measurements, the means and standard deviations of equivalent diameter and number density are specified for each cloud band.

Diameter (µm) Number density (cm−3)

Layer Holographic SOCEX-I A17 Holographic SOCEX-I A17

16–44 22.8 (6.0) 15–100 40 (41)
1 13 (4) 4 (2)
2a 9 (3) 4 (1)
2b 8 (1) 7 (3)
3 9 (2) 6 (3)
4 61 (34)

Figure 12. Mean particle diameters (a) and number densities (b)
measured during this launch in cloud bands 1, 2, and 3, compared to
those for stratocumulus clouds in the literature (Miles et al., 2000).
Note that cloud band 2 has been split into the two constituent cloud
masses, and cloud band 4 is removed from this comparison due to
the small number of particle detections. Significantly larger number
densities were reported within data set Miles et al. (2000), but only
the smaller values are shown here for comparison.

nitude less than that for the successful polarsonde detection
of cloud layers at Macquarie Island. Thus, the failure of the
polarsonde to detect cloud lends credence to the low value of
particle number density derived from the holographic imager.

Figure 13. Vertical profiles of the polarsonde backscatter signals.
These profiles are compared with the vertical profile of 30 s av-
eraged holographic number density. Pink-shaded regions indicate
cloud bands identified by the Raspberry Pi camera.

8 HIMAWARI-8 comparison

The in situ measurements from the holographic imager and
RS41 radiosonde can be directly compared to HIMAWARI-8
(Bessho et al., 2016) satellite retrievals of cloud effective ra-
dius (CER), cloud top height (CTH), and cloud top temper-
ature (CTT) (Ishida and Nakajima, 2009; Kawamoto et al.,
2001). HIMAWARI-8 data used in this study were obtained
for 02:30 UTC at which time the balloon was at approxi-
mately its maximum altitude. The satellite data products have
a spatial resolution of 0.05° in longitude and latitude. It is
assumed in this study that the satellite-derived CER values
are representative of the highest altitude cloud layer within a
pixel since thermal emission from the cloud predominantly
comes from the cloud top (Hamann et al., 2014). Significant
spatial variation was seen in the HIMAWARI-8 cloud type
retrieval in the region surrounding the launch site, which is
consistent with the multi-layer cloud system detected during
the launch. A map of the cloud type retrievals in the sur-
rounding region can be found in Fig. S2, which is available
as part of the dataset described in the Data Availability sec-
tion of this paper. A large-scale stratus cloud layer is seen,
along with more localised regions of nimbostratus and alto-
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stratus, as well as a thin cirrus layer adjacent to the launch
site. Contiguous regions of each cloud type are identified in
the area surrounding the launch site in the cloud type re-
trieval, and so it is assumed that spatially averaged proper-
ties of the cloudy pixels surrounding the launch site will be
representative of the cloud layers directly above the launch
site that are obscured by the highest-altitude clouds in the
satellite retrievals.

Pixels in the satellite retrievals within a 3× 3° region sur-
rounding the field site were averaged within three ranges,
as defined by the CTH. The satellite retrievals of CER and
CTH are shown in Fig. 14a and b, respectively. These maps
also indicate the spatial region used to compute the averaged
values. White pixels indicate regions for which the satellite
data products either do not identify cloud or do not report
the particular metric for that region due to limitations of the
retrieval algorithms. These regions are excluded when com-
puting averaged quantities in this study. Low-level clouds
were defined as having a CTH smaller than 2 km, mid-level
clouds had a CTH in the range from 2 km to 6 km, and high-
level clouds had a CTH greater than 6 km. In this classi-
fication, cloud band 1 (in our balloon flight) is low level,
cloud bands 2 and 3 are mid level, and cloud band 4 is high
level. These ranges were chosen to be consistent with the
altitudes at which distinct cloud types were identified from
the launch observations, and broadly correspond to features
in the histogram of satellite-retrieved CTH values. Compari-
son of Fig. 14a and b reveals small particle sizes in the low-
level and mid-level stratus clouds surrounding the launch
site with larger values identified within the high-level cir-
rus cloud, qualitatively consistent with that measured by the
holographic imager. Each of the four cloud bands identified
during the launch, as summarised in Fig. 6, are compared
here. Cloud band 2 has been separated into the two con-
stituent clouds bands to maximise the number of compar-
isons.

A summary of the comparison between in situ and
HIMAWARI-8 measurements of CTH, cloud particle diame-
ter, and CTT is presented in Table 2. The in situ balloon de-
termination of CTH was based on the holographic method of
identifying the altitude of the highest detected particle within
a cloud band. The CTT is then determined from the tem-
perature measured at this altitude by the RS41 radiosonde.
The uncertainty with this method is difficult to quantify as
it is dependent on the number density of particles, and the
holographic imager is not sensitive to particles smaller than
around 5 µm. The in situ measurements of CTH and CTT
are rounded to a lower precision to attempt to account for
these issues. The CTH and CTT comparisons of greatest in-
terest are for the lowest and highest cloud bands, since the
mid-level range encompasses three distinct stratus layers of
differing CTHs. For cloud band 1 the mean HIMAWARI-8
CTH is 340 m lower than that identified by the holographic
imager and does not agree with the holographic value within
1 standard deviation from the mean. The HIMAWARI-8 CTT

agrees with the RS41 value to within the uncertainty for this
cloud band. In cloud band 4 the HIMAWARI-8 CTH is again
lower than that from the holographic imager, with a larger
difference of 610 m in this case. The holographic value does
not lie within 2 standard deviations of the HIMAWARI-8
value for this cloud band. The HIMAWARI-8 CTT is 5.3 °C
larger than the RS41 measurement, which does not lie within
the range of HIMAWARI-8 measurements. For both mea-
surements, the 95 % confidence intervals of the measured
values do not overlap, suggesting that these differences may
be significant. The HIMAWARI-8 retrievals of cloud parti-
cle diameter can be compared for all altitude ranges, due
to the similarity in the particle size distributions for each of
the mid-level cloud bands. At mid-level and low-level CTH
ranges the HIMAWARI-8 retrievals are significantly larger
than from the holographic imager. Measurements from both
instruments have notably larger uncertainties for the high-
altitude cirrus layer, and these measurements were found to
agree within these larger uncertainties.

The results of this study are consistent with a recent
HIMAWARI-8 comparison (Huang et al., 2019) with Clouds,
Aerosols, Precipitation, Radiation, and Atmospheric Com-
position over the Southern Ocean (CAPRICORN) shipborne
observations (Mace and Protat, 2018) and the CALIPSO
satellite (Winker et al., 2010) over the Southern Ocean,
which found satellite retrievals of CTH to be significantly
lower than the shipborne observations for warm liquid
clouds, along with a tendency for the satellite measurements
to misclassify lower-level clouds as cirrus. Significant bi-
ases between HIMAWARI-8 CER retrievals and in situ mea-
surements from SOCRATES aircraft flights over the South-
ern Ocean have also previously been identified (Kang et al.,
2021).

9 Conclusions

An untethered balloon launch of a holographic imager into
clouds was reported here. Multiple bands of stratus and cir-
rus cloud were detected by the holographic instrument, as
independently validated by the co-located RS41 radiosonde
measurements, Raspberry Pi camera images, and polarsonde
observations. The detected clouds were determined to be a
low-level stratus cloud consisting solely of water droplets,
multiple mid-level stratus clouds composed of small parti-
cles, and a high-altitude cirrus layer of large ice crystals with
significantly more complicated particle morphologies.

Measured particle diameters for ice crystals and water
droplets were compared with and found to be consistent with
previous in situ measurements for these cloud types, with a
focus on comparing with measurements from the surround-
ing Southern Ocean region from which a significant com-
ponent of the observed air mass was believed to originate.
The measured number densities were particularly small, and
whilst similar values have been measured previously, par-
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Figure 14. HIMAWARI-8 retrieval at 8 August 2020 02:30 UTC of (a) cloud effective radius (CER) and (b) cloud top height (CTH). The
red circle indicates the location of the launch site.

Table 2. Comparison between cloud properties measured during the launch and by the HIMAWARI-8 satellite. Measurements from the in situ
instruments are quoted with uncertainties specified within brackets. Means and standard deviations are specified for each satellite-retrieved
cloud parameter within the CTH ranges defined earlier. Differences are specified as the in situ value subtracted from the HIMAWARI-8
value.

Cloud base Cloud top height (m) Diameter (µm) Cloud top temperature (°C)
height (m)

Cloud Holographic Holographic HIMAWARI Diff. Holographic HIMAWARI Diff. RS41 HIMAWARI Diff.
label

1 620 (10) 1870 (10) 1534 (307) −340 13 (4) 26 (8) 13 −1.3 (0.1) −1.5 (1.8) −0.2
2a 2540 (10) 2720 (10) 3849 (1018) 1130 9 (3) 32 (11) 23 −6.3 (0.1) −12.5 (5.5) −6.2
2b 3030 (10) 3150 (10) 3849 (1018) 700 8 (1) 32 (11) 24 −8.6 (0.1) −12.5 (5.5) −3.9
3 4990 (10) 5380 (10) 3849 (1018) −1530 9 (2) 32 (11) 23 −21.9 (0.1) −12.5 (5.5) 9.4
4 6010 (10) 6990 (10) 6383 (270) −610 61 (34) 52 (32) −9 −33.6 (0.1) −28.3 (2.1) 5.3

ticularly in the southern ocean region, it is suggested that
this may indicate a potential sampling bias. Future launches
should be carried out alongside independent cloud sampling
instruments to test this interpretation, but it is expected that
such a limitation could be overcome in future by increasing
the instrument sampling volume through the use of a larger
camera sensor and by improved optical filtering to avoid sun-
light saturation issues.

A secondary focus of the launch was to use co-located
holographic measurements to assist with the interpretation of
polarsonde observations. The backscatter signals were found
to be dominated by scattering from aerosols rather than cloud
particles. Variations in the overarching trends were linked
with the presence of cloud tops and bases, but otherwise no
correlation was seen between the polarsonde signals and the
presence or absence of cloud. This lack of correlation lends
credence to the low number density measurements from the
holographic imager.

A preliminary comparison between the in situ cloud obser-
vations and remote retrievals from the HIMAWARI-8 imag-

ing satellite was presented. These early results suggest sig-
nificant differences between in situ measurements and the
satellite retrievals of cloud top height, cloud effective diam-
eter, and cloud top temperature, consistent with recent re-
ports from the SOCRATES and CAPRICORN observation
campaigns over the Southern Ocean. Routine launches of
holographic instruments would allow a significant increase
in the availability of cloud microphysical measurements, as
required for robust calibration and validation of remote sens-
ing methods, and for the improvement of climate and weather
models.

Data availability. Data required to reproduce the key figures in this
paper are available via Zenodo at https://doi.org/10.5281/zenodo.
10297799 (Chambers et al., 2023). Raw holograms are available on
request.
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