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Abstract Clouds have a large effect on the radiation budget and represent a major source of uncertainty in
climate models. Supercooled liquid clouds can exist at temperatures as low as 235 K, and the radiative effect
of these clouds depends on the complex refractive index (CRI) of liquid water. Laboratory measurements have
demonstrated that the liquid-water CRI is temperature-dependent, but corroboration with field measurements
is difficult. Here we present measurements of the downwelling infrared radiance and in-situ measurements of
supercooled liquid water in a cloud at temperatures as low as 240 K, made at South Pole Station in 2001. These
results demonstrate that including the temperature dependence of the liquid-water CRI is essential for accurate
calculations of radiative transfer through supercooled liquid clouds. Furthermore, we show that when cloud
properties are retrieved from infrared radiances (using the spectral range 500-1,200 cm™") spurious ice may be
retrieved if the 300 K CRI is used for cold liquid clouds (~240 K). These results have implications for radiative
transfer in climate models as well as for retrievals of cloud properties from infrared radiance spectra.

Plain Language Summary Clouds cause both a cooling effect, through reflecting sunlight

away from the Earth, and a warming effect, through trapping infrared radiation (i.e., the greenhouse effect).
“Supercooled” liquid droplets can exist in clouds at temperatures well below 0°C. Here we present images of
liquid water in clouds over the South Pole, captured by flying a video camera on a balloon, at temperatures as
low as —33°C. Prior laboratory measurements have indicated that the trapping efficiency of such cold clouds is
different from that of warmer clouds due to changes in the index of refraction of liquid water with temperature.
We provide further evidence for this temperature dependence by comparing measurements and simulations of
the infrared radiation emitted by the cloud during the balloon flight.

1. Introduction

Clouds represent a major source of uncertainty in climate models (Boucher et al., 2013). Clouds have a strong
impact on the radiation budget, which is sensitive to thermodynamic phase. In particular, water droplets can
exist as supercooled liquid clouds at temperatures as low as 235 K (Koop et al., 2000), and are common both in
single-phase and in mixed-phase clouds in polar regions, where they play a significant role in energy balance,
with important implications for climate (Cesana et al., 2012; Cox et al., 2015; Lawson & Gettelman, 2014).
Supercooled liquid also occurs in clouds globally (e.g., Hogan et al., 2003; Hu et al., 2010; Rosenfeld & Wood-
sley, 2000; Zhang et al., 2010).

The impact of supercooled liquid clouds on the radiation budget depends on the complex refractive index (CRI)
of liquid water. Laboratory measurements have demonstrated that the CRI is temperature-dependent in the in-
frared region, becoming more similar to ice as temperature decreases from 300 K down to 240 K (Wagner
et al., 2005; Zasetsky et al., 2005). In particular, a major peak in the imaginary part of the CRI shifts from
about 550 cm™! for liquid water at 300 K to about 700 cm™! at 240 K (the ice peak is at ~800 cm™!), as shown
in Figure 1. Rowe et al. (2013, 2020) showed that failing to account for changes in the CRI with temperature
leads to spectrally dependent biases in liquid-cloud fluxes and underestimation of the overall greenhouse effect
of supercooled liquid clouds, highlighting the importance of including this temperature dependence in climate
models. However, corroboration of laboratory measurements with measurements of cloud infrared radiation is
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Figure 1. Imaginary part (k) of the complex refractive index of water ice at
240 K (ice; Warren & Brandt, 2008) and for liquid water at temperatures of
300 K (DW; Downing & Williams, 1975), 298 K (BL; Bertie & Lan, 1996),
and from 273 to 240 K (Rowe et al., 2020).

2. Measurements

difficult due to the necessity of carefully characterizing the cloud properties
and atmospheric state.

In this paper, we use data from the South Pole Atmospheric Radiation and
Cloud Lidar Experiment (SPARCLE) to study the properties of supercooled
water clouds at temperatures near 240 K. Because surface temperatures at the
South Pole are so low, South Pole can serve as a natural laboratory for stud-
ying low-temperature clouds. SPARCLE took place during austral summer
1999/2000, followed by a full year in 2001, at South Pole Station (Walden
et al., 2001). A major goal of SPARCLE was to study longwave radiation and
how it relates to climate processes.

On 2 February 2001, in-situ measurements of supercooled liquid droplets
were made (similar to those of Lawson et al., 2011), by imaging liquid drop-
lets during a flight through an ice-free cloud at ~240 K. The size distribution
of the liquid droplets was then determined. Here, we use these measurements,
together with concurrent downwelling radiance measurements and measure-
ments characterizing the atmosphere (e.g., in-situ temperature and humid-
ity; surface CO,; micropulse lidar) to show that accurate simulation of the
downwelling radiance of this supercooled liquid cloud requires the use of
supercooled liquid-water CRI.

2.1. In-Situ Cloud Particle Measurements

Cloud particles were measured in-situ using a hydrometeor videosonde (HY VIS; Murakami & Matsuo, 1990;
Orikasa & Murakami, 1997), shown in Figure 2 (reproduced from Walden et al., 2005). The HYVIS was de-
scribed by Walden et al. (2001, 2005) and is thus described briefly here. During flight, cloud particles were
drawn into the top half of the HY VIS (black tube on top of metal cover in Figure 2). The flow rate, estimated to
be 29.2 + 3.2 L/min at STP, as determined in the laboratory by A. Hills and A. Heymsfield (personal communi-
cation, 2005) was adjusted to the temperatures and pressures experienced during HY VIS flights at South Pole.

Figure 2. The hydrometeor videosonde (HY VIS) instrument, used to capture
in-situ images of cloud particles.

The cloud particles adhered to silicone-coated tape inside the HY VIS and
were illuminated by a lamp. The tape was alternately video-recorded by a
near-angle camera at high-resolution (7x) and by a wide-angle camera at low
resolution (0.33x); the video cameras were housed in the bottom half of the
HYVIS (white Styrofoam in Figure 2). Finally, the images were transmitted
to a receiver and stored digitally.

The HY VIS was flown together with a radiosonde (Vaisala RS-80) for mak-
ing concurrent in situ measurements of temperature, humidity, and pressure
(see Walden et al., 2005 for additional details).

For the in situ measurements described in this work, the HY VIS was flown
from a tethered balloon (AIR, Inc., Boulder, CO), shown in Figure 3, which
typically reached a height of 300—400 m above ground level.

During an 18-min section of a flight through a low-lying cloud on 2 February
2001, liquid droplets are evident in the images from the HY VIS, while ice
crystals are absent. This flight segment includes 66 HY VIS images. Two of
the images are shown in Figure 4 (reproduced from Walden et al., 2005). The
two images were taken at the same magnification (7x), approximately 6 min
apart (at 02:59:41 and 03:05:54 UT; note that the times on the images are
relative to 02:30 UT). Streaks in the silicone oil are evident as white lines,
while dark circles correspond to droplets. Comparing the upper and lower
panels, it is evident that droplet sizes are larger and droplet concentrations are
smaller in the lower panel (Figure 4b). These changes correspond to moving
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Figure 3. The tethered balloon from which in situ videosonde and radiosonde
measurements were made at South Pole in 2000/2001. [The image of the
tethered balloon was taken by Jeff Inglis for the Antarctic Sun.].

up through the cloud ~100 m; between the times of the images, the balloon
ascended from 270 to 380 m above the surface (3,085-3,215 m above sea
level).

The pressure, temperature, and relative humidity during the flight are shown
in Figure 5 (reproduced from Walden et al., 2005). The balloon started at the
surface at the beginning of the time period (~695 hPa), ascended to a height
of ~450 m (~650 hPa), and then descended to the surface again. The dashed
lines indicate the times corresponding to the images shown in Figure 4. After
the first image was taken, the temperature had begun increasing with height,
indicating the presence of an aloft temperature inversion, and relative humid-
ities with respect to water were 95%—100%. Temperatures were ~241 K, just
above the extreme-low limit where supercooled water is possible.

True relative humidity values were likely to be slightly higher than those
measured with the radiosonde, given that Vaisala RS80 relative humidity
measurements are known to have a daytime dry bias. This bias was estimated
to be 20%—24% at Dome C, Antarctica at solar zenith angles of 62° (Rowe
et al., 2008). The bias in this work is probably smaller because solar zenith
angles were 73.1°. Thus actual relative humidity values may be at or above
supersaturation with respect to liquid water.

Based on the droplets observed, as well as micropulse lidar data (Mahesh et al., 2005; Spinhirne, 1993; Section
S1 in Supporting Information S1) during this time period that indicated the presence of a single-layer cloud
extending from about 260 to 470 m above the surface (2835 m), a liquid-only cloud is assumed to exist between
3,095 and 3,305 m above sea level. The micropulse lidar data shows that the cloud vertical extent was fairly stable
during 5 hr encompassing the time period, with a cloud base of 250-280 and cloud top of 400-550 m (see Figure
S2a in Supporting Information S1 from 0100 until 0600 UTC; an expanded view during the flight time is given in
Figure S2b in Supporting Information S1). During the descent back down through the cloud, both liquid and ice
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Figure 4. In-situ images of cloud droplets taken by a hydrometer videosonde
over South Pole on 2 February 2001. The elapsed time from 0230 UT is shown
in each panel. Supercooled water droplets are evident as black circles. The true
image dimensions are approximately 1.6 by 1.1 mm (width by height). The
dashed box is expanded in Figure 6.

hydrometeors were observed; this coincides with a drop in relative humidity
during the descent, from about 0320 UTC on (Figure 5). To minimize the
likelihood of ice during the radiance measurement, we use the first measure-
ment occurring after the balloon entered the cloud. Thus the maximum time
difference between the HY VIS ascent up through the cloud and the time of
the radiance measurement is 18 min.

2.2. Surface-Based Infrared Radiance Measurements

Downwelling infrared radiances were measured from the South Pole surface
using the Polar Atmospheric Emitted Radiance Interferometer (PAERI) in
December 2000 and during most of 2001. The PAERI measures downwelling
radiance from ~500 to 3,000 cm~! at a resolution of 0.5 cm~! and has been
described and characterized in a number of papers (Rowe et al., 2006, 2009;
Rowe, Neshyba, Cox, & Walden, 2011; Rowe, Neshyba & Walden, 2011;
see also references therein). Here we use PAERI measurements made on 2
February 2001.

Random instrument error (noise) was calculated as in Rowe, Neshyba and
Walden (2011, see Equation 6), and was found to be <0.05 RU (1 RU = 1 mW/
[m? sr cm™']); after averaging within microwindows (Rowe et al., 2019), ran-
dom errors were reduced to <0.02 RU. Total systematic instrument errors
(one standard deviation) were estimated by Rowe et al. (2008) to be <0.1 RU
over the spectral range used in this study, from 492 to 1,200 cm~'. However,
laboratory measurements following the field season revealed an additional
source of systematic error, which was characterized by comparing simulated
radiances to 41 radiance measurements occurring during clear-sky periods
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Figure 5. Pressure, temperature, and relative humidity with respect to water
measured in situ in the atmosphere above South Pole Station on 2 February
2001. Images of cloud droplets taken at the times indicated by the vertical
dashed lines are discussed in the text.
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Figure 6. Image of water droplets on silicone-coated tape, captured in situ in
a cloud above South Pole Station on 2 February 2001. Droplet boundaries are
shown in red and are identified as described in the text.

within 10-24 UT on 2001/2/2. This analysis, described in the Supplemen-
tal, indicates the presence of a calibration bias that increases in magnitude
as the scene-view brightness temperature decreases below the temperature
of the ambient blackbody. Thus, while measured radiances are found to be
biased low by as much as 1 RU in microwindows when skies are clear, the
bias is considerably smaller when skies are partially opaque (e.g., at wave-
numbers where CO, or water vapor are strong emitters, or in the presence of
clouds). Based on this analysis, estimates of systematic errors were increased
to 0.14-0.20 RU.

3. Methods
3.1. Cloud Particle Size Distributions

The image analysis described in this section follows that given by Walden
et al. (2005). Frames containing liquid droplets were identified visually. Vid-
eo sampled at 10 frames per second was converted to Tagged Image File
Format (TIFF) files containing still images. Images were then selected that
corresponded to the high-magnification video camera, spaced ~17-18 s
apart. The spacing was chosen such that selected times occurred immediately
before the video tape advanced, in order to capture the greatest number of
hydrometeors.

Next, water droplets were discriminated from the silicone-streaked image
background. Because the background intensity varied, due to variations in il-
lumination intensity and silicone thickness, it was determined for each image.
The Matlab (The Mathworks, Natick, MA) image processing toolbox (IPT)
was used to set a threshold value for the background intensity, following the
method of Otsu (1979). A corresponding black and white image was then
created in which pixels with values below the threshold were set to white
and all other pixels were set to black. Following this, the IPT was used to
identify black objects in the image. For each object, the total pixel area was
determined, along with the major and minor axes, centroid and eccentricity.
Finally, the eccentricity of the objects (¢) was used to remove anomalous re-
sults, such as dark regions of the background, single pixels, or droplets with
overlapping borders.

An example of the resulting identification is shown in Figure 6 (correspond-
ing to the dashed box shown in Figure 4b previously). Boundaries of identi-
fied water droplets are indicated in red.

The eccentricities of ~2700 objects identified in images collected over South
Pole Station on 2 February 2001 are shown in Figure 7. Objects with € = 0,
corresponding to perfect circles, were typically just a few pixels or less and
were assumed to be anomalies (gray shading at ¢ = 0 in Figure 7). These
objects had major axes <~5 micrometers (corresponding to airborne radii
<~1.2 micrometers (see Equation 1 below). At the opposite extreme, ob-
jects with € > 0.8 were visually identified as typically corresponding to thick
layers of silicone oil, creating dark, jagged lines (gray shading at e > 0.8 in
figure; note that e = 1 corresponds to a line). The remaining objects were as-
sumed to correspond to water droplets, with a median eccentricity of ~0.45.

To determine the radii of the water droplets, first a scale factor was deter-
mined for converting from pixels to pm. A scale factor of 2.3 micrometers
per pixel was determined from images of a ruler using the high-magnification
camera (Walden et al., 2005). By measuring the HY VIS image of the ruler
scale multiple times, then determining the average and standard deviation of
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Figure 7. Histogram of eccentricities of objects identified in images from

Eccentricity

the distances, the uncertainty in the scale factor was estimated to be <1%.
Using the scale factor to convert to micrometers, the droplet diameter was de-
termined from the mean of the major and minor axes. This was then divided
by two to get the radius.

Next, to convert the impacted-droplet radius to the droplet radius in the cloud,
a relationship determined in laboratory experiments was used (see Walden
etal., 2005). The radius of impacted droplets r, was found to be related to that
of airborne water droplets, r,, by

rqe = 0.486 r;. @))]

The airborne radii from the flight upward through the cloud are then binned

in 1-micron bins to give the number density n(r, ).

0.5 1.0
Following Hansen and Travis (1974), the “effective radius” for radiative

properties is calculated from r, and the associated droplet size distribution,
n(r,), as

video-recordings made in situ in the atmosphere above South Pole Station on 2
February 2001. Objects are assumed to correspond to water droplets except for

0 o
3 2
re = ron(ra)dr, / ran(rg)dr, 2
anomalous values indicated by gray shading. ¢ (/o' e a) / < 0 e @

3.2. Downwelling Infrared Radiance Simulations

Downwelling radiances were simulated for the following combinations of cloud phase and single-scattering
parameters: (a) ice-only clouds using the ice CRI of Warren and Brandt (2008), assuming equivalent spheres
(Grenfell & Warren, 1999); (b) liquid-only cloud using the liquid CRI of Downing and Williams (1975), based
on measurements made near 300 K, (c) liquid-only cloud using a new hybrid liquid CRI based on measurements
made at temperatures near 240 K (Rowe et al., 2020); and (d) mixed-phase cloud using a combination of the 300
and 240 K CRI. Single-scattering parameters were determined from the complex indices of refraction using Mie
theory; more details are given in Cox et al. (2016; Section 2) and Rowe et al. (2020).

Downwelling radiances were simulated using a code developed for this purpose named run_disort (https://bit-
bucket.org/clarragroup/rundisort_py; Rowe et al., 2019), which takes as inputs the atmospheric temperature,
gaseous optical depths, cloud properties, liquid- and ice-water single scattering parameters, and other necessary
inputs, and runs the Discrete Ordinates Radiative Transfer (DISORT) code (Stamnes et al., 1988), with a mini-
mum of 16 streams.

Gaseous optical depths were created using LBLRTM (v. 12.8; Clough et al., 2005). LBLRTM requires atmos-
pheric profiles that characterize the atmospheric state in terms of temperature, pressure, and trace gas concentra-
tions. To create these profiles, measurements of temperature, pressure, and humidity made during the tethered
balloon flight were used. Values above the maximum height achieved by the tethered balloon were determined
from a routine radiosonde launched by the South Pole meteorological office on 2 February 2001 at 0828 UTC.
Water vapor above 9 km was set to 5 ppm. The CO, surface concentration was based on surface flask meas-
urements (Conway et al., 1994) made by the Climate Monitoring and Diagnostics Laboratory (CMDL) of the
National Oceanic and Atmospheric Administration (NOAA), and the shape of the vertical profile was determined
from CarbonTracker (Peters et al., 2007). Ozone concentrations from ozonesondes launched on 28 January 2001
at 2128 UTC and 4 February 2001 at 2056 UTC were interpolated to the time of the HY VIS measurements.
These gaseous optical depths created with LBLRTM were modified to account for the instrument resolution as
described by Rowe et al. (2019).

The cloud vertical extent was assumed based on in situ measurements to be 260—470 m above the surface (3.085—
3.3 km), as discussed previously. Additional cloud properties needed for simulating the downwelling radiance
include cloud optical depth, ice fraction, effective radius of liquid, and effective radius of ice. These cloud prop-
erties were retrieved from AERI radiances measured within a few hours of the tethered balloon sounding, us-
ing the CLoud and Atmospheric Radiation Retrieval Algorithm (CLARRA; Rowe et al., 2019). CLARRA uses
an optimal Bayesian method for iterative retrieval, following the Levenberg-Marquardt method (Rodgers, 2000;
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Rowe et al., 2019). Cloud properties were retrieved separately for each of
the combinations of cloud phase and single-scattering parameters described
above. For single-phase runs the ice fraction was fixed at 0 (combination a)
or 1 (combinations b and c¢) and only the effective radius of the phase pres-
ent was retrieved, while for mixed-phase runs all four cloud properties were
retrieved. The inverse retrieval optimizes the retrieved cloud properties for
each set, given the estimated errors in the measurement and the simulation.

Retrieving cloud properties for each combination of single-scattering param-
eter and cloud phase means that the cloud properties used in creating the sim-
ulations vary. Moreover, they are optimized such that the difference between
the resulting simulated radiance and the measurement for each combination
is as small as possible (given the a priori values). Thus we err on the side of

10 15 20 underestimating, rather than overestimating, differences between simulation

Airborne Radius (micrometers) and measurement due to using incorrect cloud properties. This also means

that the closeness of the retrieved effective radius of liquid water to the meas-

Figure 8. Number of cloud droplets identified in images taken in situ in the ured effective radius can serve as an indicator of accuracy.
atmosphere above South Pole Station on 2 February 2001.

Uncertainties in simulated radiances were estimated based on uncertainty
estimates of 0.5 K for temperature and 5% for gaseous optical depth, which
approximates uncertainties in each trace gas of 5%.

4. Results

Figure 8 shows the size distribution of all identified supercooled water droplets from the in-situ measurement
on 2 February 2001. The mode radius is about 5.5 pm and the range is ~2-20 pm. The effective radius of the
distribution, calculated according to Equation 2, is 10 pm. The collection efficiency of the HY VIS may result in
small errors in the number of droplets with small radii. Failure to identify droplets, or misidentifications, can also
result in inaccuracies in the effective radius determined.

Comparisons of simulated radiance spectra to the measured spectrum (plotted as brightness temperature) from 2
February 2001 at 0307 UTC are shown in Figure 9. The legend indicates the phase and, for simulations including
liquid (liq and mix), the temperature corresponding to the liquid-water single scattering parameters. Error bars
indicate the combined uncertainty in measured and simulated radiances (1 standard deviation); they are shown
relative to the measured radiance for clarity. Orange triangles that are obscured are behind the black circles; see
also Figure S8 in Supporting Information S1, where they are all visible. Recall that each simulated spectrum
shown uses the optimal cloud optical depth and effective radius, retrieved from the measurement using CLARRA
(for the mixed-phase case, ice fraction was also retrieved and effective radii for both ice and liquid were retrieved.
These are given in Table 1. Thus, each simulated spectrum indicates the optimal fit to the measurement for the
given phase (or phases) and single-scattering parameters.

Not surprisingly, given that no ice was observed in the in-situ measurements, the worst agreement is achieved
when an ice-only cloud is used (cyan squares). Agreement is considerably better when liquid-only droplets
are retrieved using the 300 K CRI (green stars), but agreement is worse than expected uncertainties for many
points (Table 1 gives the rms difference in RU). Furthermore, the brightness temperature is too low from 750 to
900 cm™! and too high from 1,050 to 1,200 cm™!, and the optimal effective radius (7.8 pm) is smaller than that
determined from the in-situ measurements (10 pm). Agreement further improves if the retrieval uses the 300 K
CRI for liquid water and allows for mixed-phase cloud (mix, 300 K; orange triangles), although many points still
fall outside the uncertainty limits.

Best agreement is achieved when the 240 K CRI is used to retrieve liquid-only cloud properties (black circles),
with most points agreeing to within the error at the 1 standard deviation level. The optimal effective radius re-
trieved (8.3 pm) is also closer to the value for the in-situ measurements (10 pm).
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Figure 9. Brightness temperature corresponding to downwelling radiance spectra measured at South Pole Station on 2
February 2001 at 0307 UT (Measured) compared to simulations made using complex refractive indices for: ice, liquid-water
based on measurements made at 300 K (liq, 300 K), ice and liquid-water based on measurements made at 300 K (mix,

300 K), and for liquid-water based on measurements made at 240 K (lig, 240 K). Red error bars show combined measurement
and simulation error.

5. Discussion
5.1. Cloud Properties

The in-situ cloud properties observed in this work are consistent with those observed by Lawson et al. (2011),
who also observed supercooled liquid water in clouds over South Pole (in summer 2009). They found liquid water
at cloud top at similar temperatures (241 K). However, their observed effective radii were smaller, with a range
of ~3.5-9.2 um, compared to the in-situ result for this work (10 pm). As stated previously, it is possible that the
effective radius retrieved here was slightly overestimated due to a lower collection efficiency of the HYVIS for
small droplets. Slightly smaller effective radii (4.9-8.1 pm) were retrieved from the downwelling infrared radi-
ance spectra within a few hours of the tethered balloon flight, consistent with Lawson et al. (2011).

Table 1
Cloud Properties Retrieved From PAERI Spectra Measured at South Pole Station, Antarctica, on 2001/02/02, for Sets of
Liquid Complex Refractive Indices Based on Measurements Made at the Temperature Indicated (T Lig CRI)

Phase T Liq CRI(K) Optical depth  fice rliq(pm) T (pm) LWP(g/m?) di%%)
Liquid 300 2.5 0 7.8 - 12.7 0.8
Ice - 2.6 1 - 18 0.0 2.6
Mix 300 2.6 0.3 6.3 8.0 7.5 0.23
Liquid 240 23 0 8.3 - 12.5 0.20
Mix 240 2.4 0.06 79 28 11.6 0.18

Note. For each case, the cloud phase was constrained to be either liquid, ice, or mixed (first column); for mixed phase clouds
the ice fraction (f,,,) was also retrieved. The retrieved cloud properties are: cloud optical depth referenced to the visible
is given as od, and the effective radii of liquid and ice are given as Tiig and r._. The root-mean-square difference between

ice’

measured and retrieved radiances in units of mW/ (m? sr cm™'), or RU, is given in the final column (RMS diff).

ROWE ET AL.

7of 10



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2021JD035182

5.2. Complex Refractive Indices

The infrared spectrum simulated for an ice-only cloud was found to be too low from 490 to 800 cm™' and too high
from 850 to 1,175 cm™' (cyan squares in Figure 9; recall that the simulation used the same atmospheric state and
cloud height as measured in situ, but ice-only phase was fixed while optical depth and effective radius were op-
timized for agreement with the measured spectrum). However, the opposite spectral trend was found if the phase
was instead fixed to liquid-only, and the 300 K liquid-water CRI was used. This suggests that adding ice to the
model can to a large degree compensate for using the 300 K liquid-water CRI for a supercooled cloud. Further
supporting this, the figure shows that differences between measured and simulated radiances are significantly
reduced if mixed phase clouds are retrieved, to a root-mean-square difference of 0.2 RU, which is similar to that
for liquid-only clouds with the correct CRI (Table 1). This finding is in keeping with expectations of Zasetsky
et al. (2004), who indicate that a reasonable approximation to supercooled liquid CRI is a combination of warm
liquid-water CRI and ice-water CRI.

The compensation described above has important consequences, because it indicates that using the incorrect
CRI for supercooled liquid water can result in spurious ice retrieval. Indeed, when the 300 K CRI is used and
mixed-phase clouds are permitted, a significant amount of ice is retrieved for this case (30% of the optical depth
is estimated to be due to ice; see Table 1). Furthermore, the retrieved ice effective radius (8 pm) is similar to that
expected for liquid. This negatively biases the retrieved liquid effective radius, which is reduced from 8.3 pm
(for liquid-only cloud using the 240 K CRI) to 6.3 pm, and positively biases the optical depth, which is increased
from 2.3 to 2.6. Thus, if the incorrect CRI is used, the results may appear reasonable, but biases will be incurred.

In contrast to the above, when the 240 K single scattering parameters are used, cloud phase is retrieved with high
accuracy. The retrieved ice fraction is small (6%). This indicates that for supercooled liquid clouds, given similar
uncertainty levels, retrievals of spurious ice can be avoided by using single-scattering parameters corresponding
to the correct cloud temperature.

6. Conclusions

Here we present in situ measurements of supercooled liquid water at temperatures as low as 240 K from a
summertime cloud over South Pole station in 2001, together with corresponding downwelling infrared radiance
spectra and cloud-property retrievals. Analysis of in-situ images from a hydrometeor videosonde flown in the
cloud suggests the droplets had a mode radius of 5.5 pm, a range of 2-20 pm, and an effective radius of 10 pm.

Cloud properties were retrieved from the radiance measurements using the CLoud and Atmospheric Radiation
Retrieval Algorithm (CLARRA). Retrievals used single scattering properties based on CRI measurements made
at the cloud temperature (near 240 K), as well as the CRI that has typically been used in retrievals, which are
based on measurements made at ~300 K. The results demonstrate that using the CRI for the cloud temperature
results in much better agreement between measured and simulated spectra. Furthermore, the results demonstrate
that using the CRI based on the incorrect temperature results in spurious ice retrieval in supercooled-liquid
clouds, highlighting the importance of including the temperature dependence of the CRI for accurate calculations
of radiative transfer through supercooled liquid clouds. Thus, we recommend using temperature-dependent CRI
in radiative transfer calculations and infrared retrievals of liquid-water cloud, which have been compiled by Rowe
et al. (2020; see Data for availability). These results have implications for retrievals of cloud properties from in-
frared radiance spectra, and likely also have important implications for radiative transfer in climate models (e.g.,
Rowe et al., 2013).
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