
1.  Introduction
Polar stratospheric clouds (PSCs), which form in the polar stratosphere during winter and early spring, play 
an important role in the stratospheric chemistry processes which deplete stratospheric ozone in the Polar 
Regions (see e.g., Solomon, 1999). The PSC particles provide surfaces on which inactive forms of chlorine 
are converted into reactive, ozone-destroying forms. In addition, they remove nitrogen compounds that 
moderate the destructive impact of chlorine. Several particle types are observed in PSCs, both in liquid and 
solid phase, containing sulfuric acid, nitric acid, and water. All PSC particles form on the underlying sulfu-
ric acid and water (sulfate) aerosol which blankets the stratosphere. These sulfate aerosols form from the 
condensation of oxidized sulfur which reaches the stratosphere from surface production of OCS and SO2 
and from volcanic outbursts and biomass burning (Kremser et al., 2016; Thomason & Peter, 2006). These 
stratospheric aerosols then form the condensation sites for PSCs in the polar regions.

The microphysical formation processes of PSCs depend on the availability of condensation nuclei, on the 
temperature and on the number density of water and nitric acid molecules in the gas phase. Detailed discus-
sions of these processes can be found in Grooß et al. (2014), Hamill et al. (1996), Engel et al. (2013), Lowe 
and MacKenzie (2008), and Peter (1997).

Quite simply for fixed concentrations of water and nitric acid the particle type is a function of tempera-
ture. The first particle type which could exist in equilibrium with its environment is nitric acid trihydrate 
(NAT) at about 6 K above the ice frost point. Hanson and Mauersberger (1988) determined the stratospheric 
equilibrium temperatures for NAT, TNAT, using laboratory measurements. Field measurements, however, 
indicated that NAT does not form readily (e.g., Dye et al., 1992), leading to investigation of NAT formation 
below TNAT. Suggestions include NAT formation by homogeneous nucleation (Koop et al., 1995; Tabazadeh 
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et al., 2002), heterogeneous nucleation on ice (Luo et al., 2003) and on other preexisting condensation nu-
clei (Engel et al., 2013; Hoyle et al., 2013; Voigt et al., 2005), while others have investigated the nucleation 
rate for NAT using field measurements (Voigt et al., 2005; Ward et al., 2014). At temperatures near 3 K above 
the ice frost point nitric acid, water, and sulfuric acid can exist in the liquid phase as a supercooled ternary 
solution (STS) (Carslaw et al., 1995). Laboratory studies of STS (Anthony et al., 1997) investigated refrac-
tive indices for liquid aerosols of variable composition. At the ice frost point, ice seems to appear readily 
(Deshler et al., 2003). Water ice PSCs have a relative short formation time (the order of minutes), while STS 
and NAT need hours or days to grow (see e.g., Grooß et al., 2014; Hoyle et al., 2013) due to the much lower 
HNO3 number densities with respect to the water vapor. As a consequence, ice PSCs form quickly below 
the ice frost point (Tice) and evaporate fast above Tice. While STS forms readily at about 3 K above Tice, there 
is a nucleation barrier for NAT. Both STS and NAT will persist for days and weeks below their equilibrium 
temperatures, and may survive for some hours or days below the ice frost point and also above their forma-
tion temperature (Pitts et al., 2018). Since stratospheric aerosols grow by the uptake of water and nitric acid, 
their formation and possibly their successive removal by gravitational settling leads to a dehydration and 
denitrification of the stratosphere.

All Chemistry Climate Models (CCMs) must include a PSC module (e.g., Morgenstern et al., 2010, 2017; 
Zhu et al., 2018) to provide surface area density (SAD) and volume density (VD) of PSCs (mostly NAT 
and ice) to account for polar ozone loss. Instead of a detailed microphysics scheme to reproduce the 
formation of PSCs, these models use semi empirical algorithms based on temperature and mixing ratios 
of water and nitric acid to estimate SAD and VD. SAD is required because the heterogeneous reactions 
on PSCs producing reactive chlorine are proportional to SAD. VD is required to estimate dehydration 
and denitrification, due to the uptake of water vapor and nitric acid, and subsequent sedimentation of 
large PSC particles. Most CCMs are regularly compared to each other (e.g., Eyring et al., 2016) and to 
observations (e.g., Mercer et al.,  2007). Differences in estimated ozone loss may lead to comparisons 
involving PSC observations. An estimate of SAD and VD from lidar measurements is a possible source 
of validation for the PSC output of CCMs. PSCs have been observed in Antarctica since the 1990s with 
ground-based lidars (Adriani et al., 2004; Córdoba-Jabonero et al., 2013; David et al., 2005; Di Liberto 
et al., 2014; Snels et al., 2019, 2020, 2021) and since 2006 with the satellite-borne CALIOP lidar (Pitts 
et al., 2018).

Because of the importance of obtaining aerosol extinction, and hence optical depth (Ridley et al., 2014), 
SAD and VD from lidar backscattering measurements, there have been various estimates of extinction, SAD, 
and VD from backscatter ratios (Jäger & Deshler, 2002, 2003; Jäger & Hofmann, 1991; Prata et al., 2017; 
Thomason et al., 2018). These studies have primarily focused on the extinction to backscatter ratio, with 
less emphasis on SAD and VD to backscatter ratio, and these studies have not included measurements in 
PSCs. Here we use coincident ground-based lidar and balloon-borne optical particle counter (OPC) meas-
urements of PSCs at McMurdo Station, Antarctica, to derive an approximate relation between the particle 
backscatter coefficient and SAD and VD, for STS and NAT mixtures.

This study is organized as follows. Section 2 is dedicated to the OPC and lidar instruments and the meas-
urement protocols. Prior to using the OPC estimates of SAD and VD for comparison with the lidar backs-
catter coefficient it is necessary to establish that the lidar and OPC, which drifts downwind from the lidar, 
are measuring quite similar PSCs during the coincident period. The most direct way to accomplish this is 
to calculate backscatter coefficient profiles from the OPC size distributions and compare these with the 
measured backscatter coefficient profiles of the lidar. In Section 3, we will show some typical coincident 
OPC and lidar measurements and explain how we calculated βOPC from the size distributions. In Section 4, 
an empirical relation between the lidar backscatter coefficient and SAD and VD, calculated from the OPC 
size distributions is discussed.

2.  Measurements
2.1.  Optical Particle Counter Measurements

The OPC used for the measurements follows the principles of the instrument developed by Rosen (1964) 
but with a modified scattering angle and larger flow rate (167 cm3 s−1) to make it applicable to PSC particle 
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sizes (Hofmann & Deshler,  1991). The instrument uses white light to 
measure scattering at 40° in the forward direction from particles passing 
through a dark field microscope. Mie theory and a model of the OPC 
response function are used to determine aerosol size throughout the size 
range from 0.15 to 10.0 μm radius. To include in the size distributions a 
measure of the total aerosol population a similar OPC with a flow rate 
of 17  cm3 s−1 coupled with a chamber to supersaturate the sample air 
stream with ethylene glycol vapor, a condensation nuclei (CN) counter, 
is used. Particles larger than 0.01 μm in the sample stream grow to op-
tical detection thresholds and are counted (Campbell & Deshler,  2014; 
Rosen et al., 1978). The fundamental balloon-borne OPC measurements 
provide vertical profiles of size resolved aerosol concentration at 8–12 siz-
es, while a measurement of total concentration of aerosol > 0.01 μm is 
determined by a measurement with a CN counter in close proximity to 
the OPC measurement. From these measurements, unimodal/bimodal 

lognormal size distributions can be fitted to represent the measurements (Deshler et al., 2003). A number 
of aerosol parameters can then be calculated including SAD, VD, and aerosol extinction and backscatter co-
efficients for comparison with satellite sensors (Deshler et al., 2003; Hervig & Deshler, 1998, 2002; Kremser 
et al., 2016).

Discrepancies with satellite measurements of aerosol extinction after the decay of the Pinatubo stratospher-
ic aerosol (e.g., Deshler et  al.,  2003) led Kovilakam and Deshler  (2015) to an analysis of three possible 
systematic biases of the OPC measurements: anisokinetic sampling, particle evaporation in the inlet, and 
counting efficiency. The impact of these three issues on the measurements are: minimal, modest, and con-

siderable. To account for the modest biases due to particle evaporations, 
Kovilakam and Deshler developed a model to account for particle evapo-
ration which, depending on the altitude and size distribution, can lead to 
an underestimate of aerosol moments by 10%–15%. Using Kovilakam and 
Deshler's model, all OPC measurements are now corrected for particle 
evaporation in the inlet. The considerable overestimation of the instru-
ment counting efficiency was discovered from laboratory counting effi-
ciency measurements. These laboratory measurements led to a reanalysis 
of the calibration procedure and uncovered a calibration error which en-
tered into the standard operating procedures during development of the 
40° OPC for PSC measurements (Hofmann & Deshler, 1991).

While Kovilakam and Deshler suggested an algorithm to correct the OPC 
aerosol concentrations for this calibration error, this algorithm was never 
implemented. Instead a more fundamental approach to correct for the 
calibration error was developed by Deshler et al. (2019). Deshler and cow-
orkers reanalyzed the laboratory measurements of Kovilakam and Desh-
ler, implementing several further refinements of the measurements, and 
came to the conclusion that the proper way to correct for the calibration 
error, was not by correcting the number concentration, but by adjusting 
the size of each channel boundary to be at the 50% counting efficiency 
point which is assumed of all OPCs. Further they pointed out that OPC 
counting efficiencies are not simple Heaviside step functions, but more 
complicated cumulative distribution functions of Gaussian distribu-
tions, with the mean of the cumulative distribution function defining the 
channel boundary. Including this counting efficiency function into the 
measurement description led to a revision of the method to derive uni/bi-
modal lognormal size distributions from the OPC measurements. These 
revisions have now been applied to all the measurements and lead to a 
significant improvement in the agreement of OPC derived extinctions, 
from fitted size distributions, with satellite measured extinctions (Desh-
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Laser Nd:YAG, Q-switched

Pulse energy at 532 nm 150 mJ

Repetition rate 10 Hz

Receiver Newtonian

Diameter receiver 41.5 cm

Field of view 0.6 mrad

Vertical resolution 1994–1995 75 m

Vertical resolution 1996–1999 225 m

Table 1 
The Specifications of the Lidar System

Day Month Year OPC launch time Lidar start time
Used in 
analysis

23 8 1994 10:19 11:00 Yes

5 9 1994 10:34 11:30 Yes

12 9 1994 06:29 08:30 Yes

16 9 1994 13:55 14:30 Yes

22 8 1995 1:00 2:00 No

26 8 1995 5:00 6:50 No

29 8 1995 14:24 14:35 Yes

2 9 1995 10:34 10:00 Yes

23 8 1996 10:05 09:40 Yes

22 8 1997 07:41 08:40 Yes

15 9 1998 02:53 02:20 Yes

14 7 1999 22:48 23:00 Yes

2 8 1999 22:45 22:57 No

21 8 1999 03:22 05:15 Yes

28 8 1999 02:38 02:40 Yes

30 8 1999 01:12 02:00 Yes

7 9 1999 20:24 21:10 Yes

16 9 1999 01:55 01:25 Yes

Note. The last column indicates which data have been used in our analysis.
Abbreviation: OPC, optical particle counter.

Table 2 
A List of Coincident OPC and Lidar Data is Reported, Together With the 
Launch Time of the Balloon and the Start Time of the Lidar Acquisition, 
Both in UTC
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ler et al., 2019). The corrections of the OPC measurements for particle evaporation and counting efficiency 
have been applied to all the OPC measurements presented here.

OPC measurements do not allow a straightforward classification of PSC particles. However, an approximate 
classification can be made, based on the local temperature and the size of the particles. At temperatures 
above TNAT, only sulfate aerosols are possible. NAT may or may not be present at T < TNAT while STS will 
only appear near T < TNAT–3 K. Due to the absence of a nucleation barrier, STS particle growth tends to be 
limited so that STS particles have greater number density and smaller particle dimensions than NAT par-
ticles which are expected to be of smaller number density, but with a radius generally larger than 0.5 μm. 
Due to the greater availability of water vapor, ice particles can grow larger, often with linear dimensions 
larger than 4–5 μm.

2.2.  McMurdo Lidar Observations of PSCs

The lidar observations reported here have been recorded with a lidar system employed from 1990 to 2003 at 
McMurdo which consisted of a laser emitting at 532 nm and a Newton telescope with two detection chan-
nels for lidar signals with parallel and perpendicular polarization with respect to the linear polarization 
of the laser (Adriani et al., 2004). The main characteristics of this lidar are displayed in Table 1 (see also 
Adriani et al., 1992). In 2004, this lidar was replaced with a lidar system with superior characteristics which 
was operational until 2010 (Di Liberto et al., 2014) at McMurdo and was then moved to Dome C where it 
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Figure 1.  Particle backscatter coefficient as observed by the lidar versus the calculated value obtained from four coincident OPC measurements. The dates are 
indicated in the figure. OPC, optical particle counter.
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has been active since 2014 (Snels et al., 2020, 2021). The lidar used from 
1990 to 2003 allowed the measurement of backscatter ratio, volume depo-
larization and aerosol depolarization from 10 to 23 km. The backscatter 
ratio is defined as

 



 particles molecules

molecules
R� (1)

and the volume polarization as

� (2)

The aerosol polarization can be expressed as

� (3)

where

� (4)

The backscatter coefficient was retrieved using the Klett algorithm and a correction was applied to account 
for the attenuation by molecules and particles (the latter by using the formulas reported by Gobbi, 1995). 
The depolarization was calibrated following the method described in Snels et al. (2009). The lidar was oper-
ated by science technicians of the National Science Foundation (NSF) during the Antarctic winter, typically 
from the end of May until the end of September to cover the whole period of PSC occurrence from 1991 
until 2010. Typically the measurements were integrated over 30–60 min. The vertical resolution of the raw 
data was 75 m in 1994 and 1995 and 225 m in the other years. For comparison with the OPC data which has 
been averaged to a vertical resolution of 250 m, the OPC data have been interpolated on the vertical grid 
of the lidar data. Potential vorticity reanalysis shows that McMurdo is well within the stratospheric polar 
vortex from mid-June to the end of September, except for rare events of major vortex perturbation. A clas-
sification of the observed PSCs has been made by using the optical parameters; liquid PSCs have negligible 
aerosol depolarization (δaerosol < 0.03 and R > 1.25), while ice clouds have a high backscatter ratio (R > 10 
and δaerosol > 0.03). Solid NAT particles have intermediate backscatter ratio and depolarization (all measure-
ments with 1.15 < R < 10 and δaerosol > 0.03). All observations with R < 1.15 or negative values for δaerosol are 
not considered PSCs. Experimental errors in the backscatter ratio R are estimated to be 5%, but not less than 
0.05, while the error in the aerosol depolarization is about 10%–15% (Adriani et al., 2004).

3.  Comparison of Coincident OPC and Lidar Measurements
The purpose of this study is to derive approximate relations between the particle backscatter coefficient 
observed by lidar and the SAD and VD calculated from size distributions obtained from coincident OPC 
measurements. An ideal coincident measurement assumes that both instruments observe the same air mass 
at the same time. The balloon-borne OPC is launched at a short distance from the lidar station and should 
keep the same distance from the column of air probed by the lidar as long as the wind velocity is negligible. 
In reality, the balloon carrying the OPC drifts 50–100 km downrange from the lidar and the OPC will meas-
ure PSCs that were earlier in the vicinity of the lidar with some variations introduced by wind direction and 
the horizontal scale of the PSCs. Table 2 summarizes the times of the lidar and OPC measurements con-
sidered for comparison including some of which were ruled out due to differences in the vertical structure 
of the PSCs. The duration of the lidar acquisition is usually about 30–60 min, while the ascending balloon 
takes about 60 min to reach 20 km of altitude, thus the PSCs, which generally occur between 15 and 22 km, 
are measured by the OPC between 40 and 80 min after the release of the balloon.






vol

    
  
   

 
  

(1 ) (1 )
(1 ) (1 )

aerosol mol vol vol mol
aerosol

aerosol mol vol
R
R






mol
mol

mol

SNELS ET AL.

10.1029/2020JD033572

5 of 14

Figure 2.  Particle backscatter coefficient as observed by the lidar versus 
the calculated value obtained from a coincident OPC measurement on the 
26th August of 1995. OPC, optical particle counter.
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Considering the horizontal and temporal differences in all available coin-
cident lidar and OPC measurements over McMurdo, we needed a method 
to ensure that the PSCs measured by both instruments were relatively 
similar. This required that we calculate particle backscatter coefficients 
from the OPC size distributions for comparison with the lidar profiles of 
backscatter. Thus we have calculated the particle backscatter coefficient 
profile for all the possible coincident OPC data using Mie scattering the-
ory for spherical particles and appropriate indices of refraction for the 
observed PSC types.

3.1.  Comparison of Some Coincident OPC and Lidar 
Measurements

In total, we have 18 coincident OPC lidar measurements (see Table 2), 
with a small time difference between the launch of the balloon-borne 
OPC and the start of the lidar measurement. Typically the time difference 
is less than 1 h.

Figure 1 shows four examples of coincident profiles used for the present 
analysis. In almost all profiles, the main features have been captured by 
the two instruments, and 70% of the observations agree within the error 
bars. The discrepancies that are larger than the sum of the errorbars are 
probably due to the fact that both instruments do not probe exactly the 
same air masses and because of the approximate assumptions for the cal-
culation of the backscatter coefficient from OPC size distributions. The 
calculation of βOPC will be explained below. After visually comparing all 
coincident measurements a subset of 15 profiles (see Table 2) has been 
used to obtain empirical relations between the lidar particle backscatter 

coefficient and SAD and VD from OPC data. In one profile there is an evident altitude shift between lidar 
and OPC data, shown in Figure 2. This profile has been excluded from our analysis, as well as two other 
profiles with negligible presence of PSCs. Furthermore all lidar data points, within a profile, with a signal-
to-noise ratio smaller than 2 have been excluded from our analysis.

3.2.  Calculation of the Backscatter Coefficient From the OPC Size Distribution

3.2.1.  Choice of Refractive Indices

The refractive index for ice is well known (Warren & Brandt, 2008), and is much lower than that for the 
other PSC classes (STS, NAT) and volcanic aerosol. The refractive index for STS depends on the relative con-
centrations of H2SO4, H2O, and HNO3; Luo et al. (1996) calculated a value of 1.43 for typical stratospheric 
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Class
Refractive 

index
Wavelength 

(nm) Ref

Volcanic aerosol 1.39–1.47 532 Adriani et al. (1995)

Sulfates 1.47 550 Erlick (2006)

STS 1.36–1.42 532 Adriani et al. (1995)

STS 1.43 532 Luo et al. (1996)

STS 1.45 532 Mehrtens et al. (1999)

STS 1.43–1.49 532 Deshler et al. (2000)

STS 1.51–1.55 532 Scarchilli et al. (2005)

α-NAT 1.51 632 Middlebrook et al. (1994)

β-NAT ≥1.46 632 Middlebrook et al. (1994)

NAT 1.38–1.46 532 Adriani et al. (1995)

NAT 1.46–1.54 532 Deshler et al. (2000)

NAT 1.37–1.45 532 Scarchilli et al. (2005)

Ice 1.31–1.33 532 Adriani et al. (1995)

Ice 1.31–1.33 532 Scarchilli et al. (2005)

Ice 1.31 532 Warren and Brandt (2008)

Abbreviations: NAT, nitric acid trihydrate; STS, supercooled ternary 
solutions.

Table 3 
The Real Part of the Refractive Index Around 532 nm for Different Aerosol 
Types as Reported in Literature

Temperature Radius Classification Refractive index

T > TNAT All Volcanic aerosols or sulfates 1.44

TNAT–3 K < T < TNAT All NAT 1.48

Tice< T < TNAT–3 K R < 0.5 μm STS 1.44

Tice< T < TNAT–3 K R > 0.5 μm NAT 1.48

T < Tice R < 0.5 μm STS 1.44

T < Tice 0.5 μm < R < 4 μm NAT 1.48

T < Tice R > 4 μm Ice 1.31

Abbreviations: NAT, nitric acid trihydrate; OPC, optical particle counter; STS, supercooled ternary solutions.

Table 4 
The Classification of the Particles Measured by the OPC
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conditions (55 mbar, 5 ppm H2O, 10 ppb HNO3, 0.46 ppb H2SO4). Lab-
oratory measurements of the refractive index of NAT in two different 
crystalline forms, α and β NAT (Weiss et al., 2016) have been performed 
(Middlebrook et al., 1994), producing values between 1.46 (β NAT) and 
1.51 (α NAT). The β form is the more stable one, and prevails at temper-
atures above 185 K.

Several efforts have been made to combine coincident OPC and backs-
catter measurements to derive a range of values for the refractive indices 
of different PSC classes. Adriani et al. (1995) examined lidar and OPC 
observations above McMurdo (78°S) in 1992, and determined refractive 
indices of 1.39–1.47, 1.36–1.42, 1.38–1.46, and 1.31–1.33 for volcanic 
aerosols, STS, NAT, and ice, respectively. Deshler et al. (2000) used a se-
ries of OPC and optical scattering measurements above Andoya (69°N) 
to estimate the refractive index for nondepolarizing (STS) and depolar-
izing particles (NAT), resulting in values of 1.43–1.49 and 1.46–1.54 for 
STS and NAT respectively. Scarchilli et al. (2005) used a combination of 
balloon-borne OPC and backscatter sonde measurements to infer the 
refractive index of PSCs observed on two balloon flights above Kiru-
na in 2000 and 2001. They used T-matrix calculations to calculate the 
backscatter coefficients from particle size distributions obtained with 
the OPC and tried to obtain the best match with the backscatter sonde 
data. They considered all particles with a radius below 0.56 μm as liquid 
particles and all larger particles as solid oblate or prolate spheroids. with 

an aspect ratio. By varying aspect ratio and refractive index, they determined a range of values that pro-
vided the best match, 1.37–1.45 for NAT particles, 1.51–1.55 for liquid particles, and 1.31–1.33 for ice. The 
indices of refraction reported in literature just discussed, for wavelengths around 532 nm are summarized 
in Table 3.

These different analyses of simultaneous observations with OPC and lidar or backscatter sonde and the 
different laboratory measurements do not allow for a straightforward comparison.

Here we decided to use values of 1.31, 1.44, and 1.48 for ice, STS, and NAT respectively, values that were 
shown to be compatible with the large PSC data set produced by the CALIPSO observations (Hoyle 
et al., 2013; Pitts et al., 2018), and that are intermediate between those reported for STS and NAT by Adriani 
et al. (1995), Deshler et al. (2000), and Scarchilli et al. (2005). For the background aerosol, that is, those 
present at T > TNAT, we assume a refractive index of 1.44 (Steele & Hamill, 1981).

Generally, a size distribution of particles measured by the OPC may consist of different species, de-
pending on the size and the temperature. Thus size and temperature have been used for dividing the 
size distribution in different parts assigned to the different PSC types (STS, NAT mixtures, and ice) 
according to the criteria displayed in Table 4. The backscatter coefficient for each size distribution has 
been calculated as the sum of the contributions of each species, adopting the proper refractive index 
for each of them.

PSC observations by the ground-based and satellite-borne lidar, CALIOP, showed that ice is observed al-
most exclusively below the ice frost point, while STS and NAT have been observed in a wider temperature 
range, from below the ice frost point to above the equilibrium temperature for STS and NAT (e.g., Pitts 
et al., 2018). Here we assume that all particles observed above TNAT are sulfates. At temperatures between 
TNAT–3K and TNAT, only NAT can exist. For temperatures below TNAT–3K, we adopt a threshold radius of 
0.5 μm, similar to the one proposed in Scarchilli et al.  (2005), to distinguish between NAT and STS; all 
particles with a radius less than 0.5 μm are STS while larger particles are NAT. Since there is no nucleation 
barrier for STS, it is fair to assume that all the smaller particles are primarily STS. If the temperature is be-
low the ice frost point, we might have liquid STS, NAT, and ice particles at the same time. In this case, we 
assign the larger particles to ice, and the smaller to STS or NAT, by assuming a minimum threshold radius 
for ice (e.g., 4 μm).
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Figure 3.  Calculated backscatter coefficient from the OPC size 
distributions without a correction for asphericity for NAT and ice versus 
the particle backscatter coefficient as observed by lidar. NAT, nitric acid 
trihydrate; STS, supercooled ternary solutions; OPC, optical particle 
counter.
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In Figure 3, the backscatter coefficient calculated from the OPC size dis-
tributions is compared to the particle backscatter coefficient obtained 
from coincident lidar observations. We used all lidar data from 12 to 
22 km. All OPC data have been obtained at a vertical grid of 250 m, while 
the grid of the lidar measurements varied throughout the years, from 75 
to 225 m. To compare OPC and lidar data, all OPC data have been inter-
polated on the lidar vertical grid. In average, the calculated values for 
the NAT mixtures are about 60% too high, while the STS values are only 
slightly higher.

It is well known that the backscatter coefficient calculated for solid parti-
cles requires a correction for asphericity. An educated guess of the magni-
tude of such correction can be provided by looking at studies comparing 
the phase function and the backscatter cross section calculated with the 
T-matrix method for aspherical scatterers compared to spherical scatter-
ers (see e.g., Mishchenko et al., 1996). The ratio of these varies from 0.65 
to 0.35 for oblate and prolate spheroids with an asymmetry parameter 
varying from 1.4 to 2.0 (Mishchenko et al., 1996). Other studies suggest 
to use an ensemble of spheroids with different aspect ratios to simulate 
the scattering properties of aspherical particles (Dubovik et al., 2006; Liu 
et al., 2006; Mishchenko et al., 1997). A detailed study of the correction 
of the calculated backscatter coefficient for aspherical particles would 
require a computational effort which is beyond the scope of this work. 
Thus we propose a simplified correction for the aspherical particles by 
multiplying the calculated backscatter coefficient for NAT and ice with 
a factor of 0.5, of course limited to the NAT and ice particle fraction in 

each size distribution, to take into account their asphericity. When applying this correction for the solid 
particles in the calculations, by multiplying the contribution of the solid particles by a factor of 0.5, the 
agreement becomes much better, as can be seen in Figure 4. Note that the asphericity correction has an 
effect only on the calculated backscatter coefficient of the solid particles, and not on the total backscatter 
coefficient, which includes also liquid particles. It can be seen that the correction for asphericity has also 
a small impact on the STS mixtures, since the STS mixtures may contain a small subset of solid particles. 
This agreement can be quantified by fitting log(βopc) = A + B log(βlidar), resulting in log(βopc) = −0.15 + 0.97 
log(βlidar) for the STS mixtures and log(βopc) = −0.10 + 0.98 log(βlidar) for the NAT mixtures. The slopes of 

these fits near 1.0 and the small offsets indicate that the two instruments 
are measuring quite similar PSCs within the coincident data set, and 
that the OPC does a reasonable job of simulating the lidar backscatter 
measurements.

We can estimate the impact of our choices of refractive index, classifi-
cation method, and asphericity correction on the calculated backscatter 
coefficients. To obtain such an estimate we vary all parameters with re-
spect to the ones used in the calculations and compute the variation on 
the backscatter coefficient, averaged over all the altitudes between 12 and 
22 km of all coincident profiles. The results are displayed in Table 5. The 
choice of the two threshold radii was found to be not very critical; while 
increasing the threshold radius to separate STS from NAT, from 0.5 μm 
to 0.75 and 1  μm, the particle backscatter coefficient, calculated as in-
dicated below, increased by only 3.9% and 7.5% respectively. The upper 
threshold radius, separating NAT and ice was also varied from 4 to 5 μm, 
leading to an average increase of 0.7% in the calculated backscatter coef-
ficient. While the choice of the refractive indices has a minor impact on 
the calculations, the correction for asphericity has a major effect. It is also 
evident from Table 5 that different choices of the parameters may also 
provide a reasonable agreement with the lidar profiles.

SNELS ET AL.

10.1029/2020JD033572

8 of 14

Figure 4.  Calculated backscatter coefficient from the OPC size 
distributions with a correction of 0.5 for NAT and ice versus the 
particle backscatter coefficient as observed by lidar with errorbars, 
The black and red lines are linear fits for STS and NAT mixtures 
with log(βopc) = −0.15 + 0.97 log(βlidar) for the STS mixtures and 
log(βopc) = −0.10 + 0.98 log(βlidar) for the NAT mixtures. NAT, nitric 
acid trihydrate; OPC, optical particle counter; STS, supercooled ternary 
solutions.

Parameter Value Reference value Difference (%)

Radius 1 (μm) 0.75 0.5 +3.9

Radius 1 (μm) 1.0 0.5 +7.5

Radius 2 (μm) 5 4 +0.7

Refractive index STS 1.42 1.44 −4.6

Refractive index STS 1.46 1.44 +4.8

Refractive index NAT 1.46 1.48 −1.6

Refractive index NAT 1.50 1.48 +0.7

Asph. correction 0.7 0.5 +14.7

Asph. correction 0.9 0.5 +29.4

Abbreviations: NAT, nitric acid trihydrate; STS, supercooled ternary 
solutions.

Table 5 
The Difference (βvar−βcalc)/βcalc, Averaged Over all Calculated Values is 
Displayed in Function of Radius 1 and 2, Discriminator Between STS and 
NAT and NAT and Ice, Respectively, the Refractive Indices of STS and 
NAT, and the Correction for Aspherical Particles
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4.  Empirical Relation Between the Lidar Particle Backscatter Coefficient and 
SAD and VD From OPC Data
Several authors tried to obtain a functional relation linking the particle backscatter coefficient βp with 
SAD and VD. Gobbi (1995) calculated backscatter and extinction coefficients, as well as SAD and VD 
for a variety of particle densities and size distributions. He used a Monte Carlo technique to gener-
ate random bimodal lognormal distributions, whose parameters were constrained by observations of 
clouds in the stratosphere, mostly at mid-latitude (between 26° − 42°N). Most simulations used refrac-
tive indices from 1.43 to 1.45. However, the refractive indices of several Monte Carlo runs were set from 
1.3 to 1.5 in order to include PSC particles, but without changing the boundaries of the bilognormal 
distributions. SAD, VD and particle extinction coefficients σp were then calculated for all assumed size 
distributions within the boundaries set for the bilognormal distributions and refractive indices and fit-

ted to relations of the form log(Y) = A + B log(βp) + C log(βp)2, where 
Y = SAD, VD, or σp. Although PSCs are possibly included in some of 
the simulations, the results are not specific for PSCs.

Recently Pitts et al.  (2018) reported calculations of SAD and VD for 
both liquid and solid PSCs based on a number of assumptions sup-
ported by lidar observations. For spherical liquid particles, a unimodal 
lognormal distribution was assumed with σ = 1.6 and a mode radius 
depending on the number density of the liquid particles and the equi-
librium condensed liquid particle VD (Carslaw et al., 1995). SAD and 
VD were also calculated for NAT and ice PSCs, assuming unimodal 
lognormal distributions with σ = 1.38 and a range of volume-equiv-
alent radii from 0.25 to 15 μm. The backscatter coefficients were cal-
culated using Mie scattering theory (Mishchenko et  al.,  1996), with 
refractive indices of 1.44 and 1.48, for STS and NAT mixtures, respec-
tively. NAT mixtures were assumed to be prolate spheroids with an 
aspect ratio of 0.9. More details can be found in Pitts et al. (2018). A 
polynomial function of the form log(SAD/VD)  =  A  +  B log(βp)  +  C 
log(βp)2 + D log(βp)3 was fitted to a multitude of lognormal distribu-
tions for liquid PSCs.

Here we start from particle backscatter coefficients measured by the lidar, 
limited to those with a sufficiently high signal-to-noise ratio and disre-
garding obviously “bad” coincidences such as can be seen in Figure 2. 
We also exclude all data where the signal-to-noise ratio of the measured 
backscatter coefficient is less than two. The SAD and VD have been calcu-
lated from coincident OPC size distributions, interpolated on the vertical 
grid of the lidar data.
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Wrt backscatter coefficient lidar Wrt calculated backscatter coefficient

(km−1sr−1) (km−1sr−1)

STS mixtures NAT mixtures STS mixtures NAT mixtures

Constant A B A B A B A B

Surface area density (μm2 cm−3) 4.17(14) 0.80(4) 4.41(16) 0.89(4) 4.30(4) 0.83(1) 4.29(4) 0.86(2)

Volume density (μm3 cm−3) 4.24(17) 1.05(4) 3.95(18) 0.96(5) 4.24(7) 1.05(1) 3.93(6) 0.96(2)

Note. The numbers between parentheses are the statistical errors in the last digits.
Abbreviations: NAT, nitric acid trihydrate; SAD, surface area density; STS, supercooled ternary solutions; VD, volume density.

Table 6 
The Parameters Resulting From the Fit Log(Y) = A + B Log(βp), Where Y = (SAD, VD), Comparing Fits With Respect to the Backscatter Coefficients Obtained 
From the 15 Coincident Lidar Measurements and Those Calculated From the Same Coincident OPC Data

Figure 5.  SAD versus particle backscatter coefficient for the coincident 
data, divided in STS mixtures (black squares) and NAT mixtures (red 
squares). The thick black and red lines are linear fits of the form 
log(VD) = A + B log(βp) for the STS and NAT mixtures. The thin black 
lines are a factor of two lower/higher than the fit for STS. The green line 
uses the relation between βp and SAD derived in Pitts et al. (2018). NAT, 
nitric acid trihydrate; SAD, surface area density; STS, supercooled ternary 
solutions; VD, volume density.
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This analysis uses the most extensive data set of coincident OPC and li-
dar observations in polar regions up to now, consisting of 15 coincident 
measurements recorded from 1994 to 1999, mostly from the 22nd of Au-
gust until the 16th of September above McMurdo (see Table 2), showing 
mainly liquid PSCs and mixtures of solid NAT particles and STS as well 
as background aerosols, ice never being observed.

Since we want to compare our results with those of Pitts et al. (2018), we 
have performed the analysis for STS and NAT mixtures separately, using 
the classification obtained from the optical parameters measured by the 
lidar.

A fit of the coincident data for STS and the NAT mixtures to the func-
tional relation of the form log(SAD/VD) = A + B log(βp) yields four sets 
of constants A and B (see Table 6 and Figures 5 and 6). Of course these 
values are valid only in the range of backscatter coefficients reported in 
Figures 5 and 6.

In Figure 5, one can observe that the SAD for STS can be reasonably well 
fitted to the equation log(SAD) = A + B log(βp), although with a large 
spread around the fit. Pitts et  al.  (2018) derived curves for the SAD of 
liquid particles and a range of values for NAT mixtures and ice, with es-
timated uncertainties of ±1, ±2.5 and ± 5 μm2 cm−3, for β = 10−5, 10−4 
and 5  ×  10−4  km−1sr−1, respectively. The spread of the points derived 
from the coincident measurements with respect to the empirical fit for 
liquid particles is generally larger than the uncertainties reported by Pitts 
et al. (2018). This is most probably due to the experimental uncertainties 

and to the fact that the coincidence of the air masses observed by lidar and OPC is not perfect. NAT mix-
tures are generally located below the STS empirical fit, in good agreement with computations by Pitts and 
coworkers (see Figure 8 in Pitts et al., 2018).

Figure 6 shows how VD of STS is fitted by the expression log(VD) = A + B 
log(βp). The uncertainties in the curve derived by Pitts et al. are ±0.05, 
±0.15 and ± 1 μm3 cm−3, for β = 10−5, 10−4, and 5 × 10−4 km−1sr−1, re-
spectively. Again, the spread of the experimental points around the fit 
to the coincident measurements is larger than the uncertainties report-
ed for the curve from Pitts et al., probably for the same reasons as for 
the SAD fit, but still 70% of all STS points are within a factor of two of 
the fit.

According to Pitts et al. (2018), the VD of the NAT mixtures should be 
distributed above and below the liquid particle approximation (see Figure 
9 in Pitts et al., 2018), but with a preference for higher values. Here we ob-
serve that the VD of the NAT mixtures is slightly above the fit for the STS 
data, which is again in good agreement with Pitts et al. (2018). Figures 5 
and 6 are in agreement with the calculations made by Pitts et al. (2018), 
although the observed OPC size distributions are often bimodal lognor-
mal distributions, instead of the ensemble of single-mode lognormal dis-
tributions used by Pitts et al. (2018).

A different approach would be to start from the particle backscatter co-
efficients calculated from the size distributions measured by the OPC, 
following the method explained above. If we want to distinguish be-
tween STS and NAT mixtures, we have to restrict the fits to OPC data 
coincident with the lidar measurements, since the classification of PSC 
types from OPC data alone is not contemplated here. Thus fits of cal-
culated particle backscatter coefficients to calculated SAD and VD were 
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Figure 6.  VD versus particle backscatter coefficient for the coincident 
data, divided in STS mixtures (black squares) and NAT mixtures (red 
squares). The thick black and red lines are linear fits of the form 
log(VD) = A + B log(βp) for the STS and NAT mixtures. The thin black 
lines are a factor of two lower/higher than the fit for STS. The green line 
uses the relation between βp and VD derived in Pitts et al. (2018). NAT, 
nitric acid trihydrate; SAD, surface area density; STS, supercooled ternary 
solutions; VD, volume density.

Figure 7.  SAD versus particle backscatter coefficient calculated from the 
coincident OPC data, divided in STS mixtures (black squares) and NAT 
mixtures (red squares). The thick black and red lines are linear fits of the 
form log(VD) = A + B log(βp) for the STS and NAT mixtures. NAT, nitric 
acid trihydrate; OPC, optical particle counter; SAD, surface area density; 
STS, supercooled ternary solutions; VD, volume density.
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performed using the same OPC data set as used in the coincident meas-
urements above and show essentially the same results (see Figures  7 
and 8), but with a lower scattering of the data with respect to the fitted 
line. The small spread of the fitted quantities from the fitted line when 
using the OPC particle backscatter coefficients, compared to the fits 
using the lidar measured backscatter, may in large part be due to the 
imperfect match of the PSCs captured by the coincident lidar and OPC 
measurements. When the OPC is used for calculating both backscat-
ter and SAD/VD, there is no question but what the measurements are 
in the same PSC. The similarity of the fitting parameters (see Table 6) 
between the fits using lidar measured backscatter and OPC calculat-
ed backscatter, further justifies the selection of the coincident profiles. 
For VD, the fitting parameters between the two approaches are nearly 
identical.

5.  Conclusions
A series of optical particle counter measurements at McMurdo from 
1994 to 1999, coincident with ground-based lidar observations, has 
been used to obtain, for STS and NAT mixtures, an empirical rela-
tion between the particle backscatter coefficient measured by the li-
dar and SAD and VD calculated from the size distributions produced 
by the OPC. This approach has been pursued by other authors (Gob-
bi,  1995; Pitts et  al.,  2018), but starting from assumed particle size 
distributions.

To verify that lidar and OPC were observing the same scene, we have calculated the particle backscatter 
coefficients from the size distributions measured by the OPC, by using the Mie scattering theory in the ap-
proximation for spherical particles, while using appropriate refractive indices for the different PSC species, 
as reported in other similar studies (Hoyle et al., 2013; Pitts et al., 2018). The contribution of the NAT par-
ticles to the backscatter coefficients was then corrected by a factor 0.5 to account for the asphericity of the 
solid particles. Although the choice of refractive indices and the correction for the asphericity of the solid 
particles might be open to discussion, we showed that other, slightly different assumptions did not have 
a large impact on the calculated particle backscatter coefficients. Thus a subset of 15 profiles was chosen 
among a larger set of coincident measurements, eliminating profiles with obvious disagreements between 
lidar and OPC profiles.

This subset of 15 profiles, to our knowledge the largest data base used for this kind of study of polar strat-
ospheric clouds, was then used to obtain empirical expressions of SAD and VD as a function of the particle 
backscatter coefficient. A least mean square fit of the form log(SAD) = A + B log(β) and log(VD) = A + B 
log(β), was performed, using the particle backscatter coefficients measured with the lidar and calculated 
SAD and VD from coincident OPC measurements. To compare with calculations by Pitts et al. (2018) for 
an ensemble of size distributions of STS particles, the lidar and OPC data have been classified as STS and 
NAT mixtures, ice being almost absent in these measurements. The fits performed on STS show a good 
agreement with the calculations by Pitts et al. (2018), within about 50%, which is nearly within the exper-
imental uncertainty of the OPC calculations of SAD/VD which is ±40%. Additionally, there will be some 
uncertainty introduced by small geophysical variations in the PSCs captured by the coincident measure-
ments which suffer from some space and time separation. An alternative approach, by fitting SAD and 
VD to the calculated particle backscatter coefficients, showed very similar results, but a smaller spread of 
the data.

Conflict of Interest
The authors declare that no competing interests are present.

SNELS ET AL.

10.1029/2020JD033572

11 of 14

Figure 8.  SAD versus particle backscatter coefficient calculated from the 
coincident OPC data, divided in STS mixtures (black squares) and NAT 
mixtures (red squares). The thick black and red lines are linear fits of the 
form log(VD) = A + B log(βp) for the STS and NAT mixtures. NAT, nitric 
acid trihydrate; OPC, optical particle counter; SAD, surface area density; 
STS, supercooled ternary solutions; VD, volume density.
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Data Availability Statement
The lidar data are available at the NDACC web site ftp://ftp.cpc.ncep.noaa.gov/ndacc/station/mcmurdo/
ames/lidar/. The OPC data files and size distributions are reported at the web site hosting the Wyoming in 
situ data http://www-das.uwyo.edu/~deshler/Data/Aer_Meas_Wy_read_me.htm and can be downloaded 
from ftp://cat.uwyo.edu/pub/permanent/balloon/Aerosol_InSitu_Meas/Ant_McMur.
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