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Abstract The properties of Martian aerosols are an integral part of the planetary climatology. Global
dust storms (GDS) significantly alter spatial and vertical distributions of dust and water ice aerosols

and their microphysical properties. We explored the 2018/Martian year 34 GDS with the Atmospheric
Chemistry Suite instrument onboard the ESA-Roscosmos Trace Gas Orbiter mission. Solar occultation
observations of thermal infrared and near infrared channels in the 0.7-6 um spectral range with >10°
signal-to-noise ratio are used to constrain the vertical dependence and the temporal evolution of the
particle properties of water ice and dust (effective radius, effective variance, number density, and mass
loading) before the 2018 GDS and during its onset and decay phases. In most of the observations, the
particle size of dust and water ice decreases with altitude. The effective radius of dust and water ice
particles ranges in 0.1—3.5 um and 0.1-5.5 pm, respectively. The largest aerosol particles (> 2.5 um for
dust and > 3.5 um for water ice) are present below 10 km before the onset and during the GDS decay
phase. During the peak of the GDS, dust reached altitudes of 85 km; the most frequently observed
effective radius is 1-2 um with 0.1-1 cm ™ number density and 0.1 effective variance. Detached layers of
water ice composed of 0.1-1 pm particles are systematically observed at 50-100 km during this period.
Below, at 0-50 km, we see the dust mixed with the main water ice layer comprising 1-4 pm particles.

Plain Language Summary Suspended in the air, mineral dust and water ice particles play

a key role in thermal balance and circulation of the atmosphere of Mars and its climate. In that context,
global dust storms are rare but powerful events that significantly alter spatial and vertical distributions of
dust and water ice particles and their properties. The most recent event, which occurred in the summer of
2018, was monitored by the Atmospheric Chemistry Suite instrument onboard the ESA-Roscosmos Trace
Gas Orbiter mission. Solar occultation observations carried out in the visible and the middle infrared
spectral ranges enabled monitoring of dust and water ice particles properties such as size, number of
particles and their mass per unit volume, and the width of their size distribution during the evolution of
the storm. Dust was lifted to 85 km, while water ice clouds were observed at even higher altitudes, up to
100 km.

1. Introduction

Dust and water ice aerosols play a major role in the energy budget and circulation of the atmosphere of
Mars and its climate. Dust affects the thermal structure and the dynamics of the atmosphere. Water ice
clouds play an important part in the water cycle by altering the global transport of water vapor (Montmessin
et al., 2004; Richardson & Wilson, 2002), by influencing the Martian climate radiatively (Madeleine et al.,
2012; Wilson et al., 2008), and by changing the dust distribution through the scavenging of dust aerosols’
particles due to the condensation of ice (Navarro et al., 2014; Pearl et al. 2001). Information on the aerosols
physical properties is needed for a better understanding and modeling of Martian climate (Guzewich et al.,
2013; Madeleine et al., 2012; Navarro et al., 2014; Shaposhnikov et al., 2018).

Global dust storms (hereafter GDS, also known as global dust events and planet-encircling dust events) are
rare and still unpredictable phenomena on Mars happening during the southern spring/summer seasons
on Mars from solar longitude (Ls) 185° to 300°. They typically occur one out of three Martian years (MY;
Smith, 2008; Wang & Richardson, 2015) and span several months (Cantor, 2007; Smith, 2009). The 2018
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GDS (corresponding to MY 34 according to the MY numbering proposed by Clancy et al. [2000]) started
from two regional dust storms appearing at Ls ~ 181° in the Northern hemisphere and at Lg ~ 188° in the
Southern hemisphere that later merged to become a full GDS at Ly ~ 193° (Bertrand et al., 2020; Guzewich
et al., 2019). Mars Climate Sounder (MCS) onboard the Mars Reconnaissance Orbiter (MRO) has observed
one of these regional dust storms in Acidalia Planitia (Shirley et al., 2019).

GDS, through lifting and advection of dust, warm the atmosphere of Mars and modify atmospheric circu-
lation as well as the CO, and water cycles, and, thus, directly influence the distribution of dust and water
ice aerosol particles in the atmosphere of Mars (Cantor, 2007; Conrath, 1975; Haberle et al., 1982; Leovy &
Zurek, 1979; Zurek, 1982).

At low and moderate dust conditions, values of dust effective radius r.; and effective variance v meas-
ured from the rovers and orbiters are in the range of rey = 1-2 pm and v = 0.2-0.4 (see reviews in Clancy
et al., 2019; Kahre et al., 2017; Korablev et al., 2005; Smith, 2008). During the GDSs, larger dust particles
were observed: rer = 1.8-2.5 um during the 2001 (MY 25) GDS (Clancy et al., 2010) and re > 4 pm during
the 2018 GDS (Lemmon et al., 2019). The effective radius and effective variance of water ice aerosols were
constrained in the ranges of rer = 1-4 um and vy = 0.1-0.4 throughout the MY (Chassefiere et al., 1992;
Clancy et al., 2019, 2003; Fedorova et al., 2009; Guzewich & Smith, 2019; Guzewich et al, 2014; Korablev et
al., 1993).

Vertical distribution of aerosols is of particular interest in modeling atmospheric circulation and climate
of Mars. The IR channel of Spectroscopy for Investigation of Characteristics of the Atmosphere of Mars in-
strument (SPICAM—IR) onboard the Mars Express (MEX) spacecraft has already retrieved particle sizes and
number densities of aerosols from solar occultation observations for more than 15 years (Fedorova et al.,
2009; Miittidnen et al., 2013; Montmessin et al., 2006, 2017), without the capability to distinguish between
dust and water ice particles. OMEGA/MEX can retrieve the vertical structure of aerosols from limb images
of the Martian atmosphere (Bibring et al., 2004; Vincendon et al., 2008). MCS/MRO produces data enabling
the retrieval of dust and water ice vertical abundance in the form of extinction at specific thermal infrared
wavelengths (Heavens et al., 2011; Kleinbohl et al., 2020, 2009; Montabone et al., 2015). Atmospheric Chem-
istry Suite (ACS) and Nadir and Occultation for Mars Discovery (NOMAD) instruments onboard Trace Gas
Orbiter (TGO) permit the retrieval of vertical profiles of particle size distribution and the number density of
aerosols from solar occultation observations (Fedorova et al., 2020; Vandaele et al., 2019).

In this study, we present the evolution of water ice and dust particle properties (vertical distributions of
effective radius, effective variance, number density, and mass loading) during the 2018 GDS retrieved from
ACS/TGO multiwavelength solar occultation observations in a broad spectral range. Section 2 contains a
description of the instruments and analyzed data sets. In Section 3, retrieval methods for the aerosol ex-
tinction, effective radius, effective variance, number density, and mass loading are described. Results are
then presented in Section 4. Section 5 gives a summary and a discussion of the major findings, with main
conclusions of the work proposed in Section 6.

2. Data Set

The ExoMars TGO is a joint ESA-Roscosmos mission with a primary goal to study trace gases in Mars'
atmosphere and provide long-term monitoring of the atmospheric composition and temperature (Vago et
al., 2015). One of the instruments concerned with making these measurements is the ACS (Korablev et al.,
2018). ACS is a set of three spectrometers (Near InfraRed [NIR], Mid-InfraRed [MIR], and TIRVIM) intend-
ed to observe Mars' atmosphere in solar occultations, nadir, and limb geometry.

2.1. TIRVIM Instrument Description

The TIRVIM (Thermal InfraRed in honor of Professor Vassily Ivanovich Moroz) channel is a Fourier-trans-
form spectrometer based on a 2-in. double pendulum interferometer (Korablev et al., 2018; Shakun et al,,
2018). Its concept is similar to that of the Planetary Fourier Spectrometer (Formisano et al., 2005) onboard
MEXx, while TIRVIM features a cryogenic detector and can observe in solar occultation together with other

LUGININ ET AL.

2 of 22

85U8017 SUOWWIOD BANER.D 3(eot(dde ay) Aq peusenob ae sajole YO ‘8sN JO SanJ Joj ARiq1TaUIIUO A8]IM LD (SUO N IPUCO-PUR-SWLBIALID™AS | IMA I 1[Bu [UO//Sty) SUORIPUOD pUe SWLB L 8U) 89S *[220Z/0T/TT] Uo AfiqITauliuO AB|IM ‘BAIuN [UONEN Uelesisny 8y L Aq 6T#900300202/620T OT/I0p/L0d A8 | Aeiqijpul|uo'sgndnfe//sdny Wwolj pepeojumod ‘TT ‘0202 ‘00T669TZ



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2020JE006419

ACS channels. The most beneficial mode for aerosol properties retrieval proved to be the so-called clima-
tology mode, essentially a nadir operation sequence with a solar occultation pointing. This mode provides
a better signal-to-noise ratio (SNR) at the expense of lower spectral resolution. The full continuous spectral
range of 1.7-17 um is recorded every 0.4 s with spectral resolution <1 cm™.

To characterize aerosols, we use spectra obtained at 19 wavenumbers within the 1,760-5,030 cm™ (2-6 um)
spectral range outside of strong gas absorption bands: 1,760, 2,510, 2,600, 2,700, 2,800, 2,900, 3,027, 3,072,
3,263, 3,400, 3,446, 3,919, 4,033, 4,116, 4,346, 4,478, 4,584, 4,646, and 5,030 cm™'. Wavenumbers at 3,027,
3,072, 3,263, 3,400, and 3,446 cm ™" located inside the water ice absorption feature allow for an unambiguous
separation of dust and water ice particles.

The full TIRVIM field of view (FOV) corresponds to a 2.8° circle. During the solar occultation measurement,
the effective FOV is limited by the solar disk diameter ~0.35° (typically ~10 km at the limb). To increase the
SNR, spectra are averaged using a moving average over a 50-cm™' spectral window and a 2-km altitude win-
dow; the number of averaged spectral points depends on the altitude sampling and typically equals 400-800.
After averaging, the resulting FOV of TIRVIM equals ~12 km. The typical value of SNR during TIRVIM
solar occultation measurements is > 10°. SNR changes over the spectral range due to spectral dependence
of detector sensitivity; the ratio of SNR between the most and the least sensitive wavenumbers is < 2.

2.2. NIR Instrument Description

The NIR channel is an echelle spectrometer with a selection of diffraction orders by an acousto-optical tun-
able filter (Korablev et al., 2018; Trokhimovsky et al., 2017). ACS NIR covers the 0.7-1.7 um spectral range
in diffraction orders 101 through 49 with a resolving power of A/AA = 25,000. It observes Mars in nadir and
solar occultation modes. During an occultation, NIR measures 10 preselected diffraction orders in 2 s, main-
ly tuned to the absorption bands of H,0O (1.13, 1.38, 1.40 um) and CO, (1.27, 1.43, 1.54, 1.57 um). Two orders
(0.86 and 0.99 um) are specifically dedicated to aerosols. The vertical FOV of NIR is limited by the slit width
(1.2 arcmin) or 0.7 km at the limb. NIR typical vertical resolution is determined by the smearing of the FOV
on the limb during the exposure time and the number of spectra averaged and is roughly equal to 1 km.

To characterize aerosols, we use “aerosol” orders 78 (10,052-10,170 cm™") and 90 (11,500-11,734 cm™"),
with no strong gas absorption bands, as well as orders 49 (6,316-6,389 cm™), 56 (7,217-7,302 cm™), and
101 (13,016-13,170 cm™") which contain CO,, H,0, and O, absorptions. CO, density, temperature, and water
vapor mixing ratio are retrieved from orders 49 and 56 (see Fedorova et al., 2020). To improve the SNR, 6-20
lines on the NIR detector are averaged, depending on the mode of observation.

During the solar occultation, the effective FOV of TIRVIM is several times larger than that of the NIR. We
have applied a moving average over a 10-km window to NIR spectra profiles to simulate a coarser FOV of
TIRVIM, which additionally improves the SNR by a factor of ~2. A typical value of SNR for ACS NIR solar
occultation measurements is better than 10°.

2.3. Observations

TGO started its science operations in the near-circular 400-km orbit in April 2018, with the first occultation
observed on 21 April 2018. In this work, we analyze the data acquired from 266 occultation sessions, from
the first TIRVIM climatology occultation on 5 May 2018 (Lg = 170°, orbit #1990) until 22 September 2018 (Lg
= 255°, orbit #3706). In 135 occultations, TIRVIM observed simultaneously with NIR. Geographical coor-
dinates of observations are intrinsically connected to the parameters of the spacecraft orbit. Figure 1 shows
a map of all the observations analyzed in this work. A list of observations analyzed in this study, as well as
other Supporting Information, is available to download, see “Data availability” section.

There were no solar occultations observations in the period from 2 until 12 July (Ls = 204°-210°) because
of the unfavorable properties of TGO orbit in that period. From 16 July until 31 August (Ls = 216°-242°),
TIRVIM was mostly not operating due to instrumental problems. During this period, only three occultations
were carried out, on 21 July and on 5 August.
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Figure 1. (a) Temporal and latitudinal distribution of Atmospheric Chemistry Suite observations from orbit #1990 (5 May 2018) to orbit #3706
(22 September 2018). Red circles and blue triangles represent thermal infrared observations made at the morning and at the evening terminators,
respectively. Observations with near infrared data available are shown with black outline. (b) Latitudinal-longitudinal map of observations with the

solar longitude given by the color code.

During the period of interest, 36% of the observations were made at high latitudes (Ilatitudel > 60°), 45% at
middle latitudes (30° < llatitudel < 60°), and only 19% at low latitudes (llatitudel < 30°). During this time,
the majority of observations at the morning terminator were carried out in the southern hemisphere (132
occurrences or 90%). In contrast, observations at the evening terminator occurred mostly in the northern
hemisphere (103 or 87%).

3. Retrieval of Vertical Profiles
3.1. Transmission

The procedure to obtain transmittances from the TIRVIM data set is straightforward. The reference spec-
trum I,(A) for an occultation is calculated from averaging a large number of spectra measured when observ-
ing the Sun out of the atmosphere, which is between 130 and 250 km of altitude. The number of averaged
spectra equals 200-600 for TIRVIM and 30-100 for NIR. Inside the atmosphere, the solar irradiance I(1) is
attenuated by aerosols and gases integrated over the line-of-sight (LOS). The ratio of this flux to the refer-
ence defines a spectrum of atmospheric transmission at a target altitude: Tr(A) = I(A)/Io(1). Figure 2 shows
TIRVIM transmission spectra recorded during an ingress occultation observed at orbit #2578.

As mentioned above, for TIRVIM we choose wavenumbers outside of strong gas absorption bands, which
means that extinction can be calculated directly from transmission Tr(%). For NIR, this is true only for or-
ders 78 and 90. For orders 49, 56, and 101, the continuum transmission was estimated as a by-product of
CO,, H,0, and O, abundances retrieval, respectively, as described by Fedorova et al. (2020).

3.2. Slant Optical Depth and Extinction

Once we have calculated the transmission, the slant optical depth is deduced from the Beer-Lambert law as
T(A) = —In (Tr(A)). Corresponding uncertainty &, is calculated using the propagation of error relationship &,
= &1,/Tr, where &, is the transmission uncertainty.
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Figure 2. Transmission spectra recorded during #2578 ingress occultation. Spectra at different altitudes are shown in different colors. Black vertical lines
indicate 19 thermal infrared wavenumbers, used for the aerosol properties retrieval. CO and CO, gaseous absorption bands, and the center of the characteristic
water ice absorption band, are also indicated. Triangles indicate near infrared spectra.

The procedure for the retrieval of extinction profiles from slant optical depth is standard for solar occul-
tation measurements (Fedorova et al., 2014, 2009; Korablev et al., 1993; Luginin et al., 2016; Méittdnen

et al., 2013) and is based on the “onion peeling” method (Rodgers, 2000). Extinction coefficient k; at the
i-th layer is k; = (ri - Z:;jﬁl k jKU.)/KH, where 1; is the slant optical depth for the i-th layer, Kj is the part
of the geometric length of the i-th LOS traversed by the light in the j-th layer, N is the number of the
highest layer. K is calculated as K;; = 2 - (\/R2 - R? - \/RJZ - R? j, where R; is the distance from the

j+l1
center of Mars to the bottom of the j-th layer. The extinction uncertainty at the i-th layer §y; is calculated
as 87, = (52i + Z.J/:l’,\i | Sij K;) /K2, where 8 is the uncertainty of slant optical depth at the i-th layer. The

ii”
smallest detectable extinction is determined by SNR and equals to ~10~° km™ in most cases yet depends on
wavelength. Figure 3 shows transmission, slant optical depth, and extinction profiles from TIRVIM and NIR

recorded during #2578 ingress occultation.

3.3. Direct Modeling of Extinction

The aerosol extinction is modeled according to the classical Mie theory. To compute light scattering by
polydisperse spherical particles using the Lorenz-Mie theory, we apply the code by Mishchenko et al.
(1999) (https://www.giss.nasa.gov/staff/mmishchenko/Lorenz-Mie.html). As a result, we obtain extinction
cross-section o integrated over the whole ensemble of particles defined by their size distribution n(r) and
refractive index m:

c(?»,m) = fner(k,r,m)n(r)dr,

where Q is the efficiency factor of extinction of a particle with size r and refractive index m at a wavelength A.
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Figure 3. (a) Transmission, (b) slant optical depth, and (c) extinction coefficient profiles retrieved from thermal infrared (TIRVIM) and near infrared (NIR)
data during #2578 ingress occultation. Color code shows wavelength. NIR data are shown with black and dark brown, TIRVIM data are shown in purple, blue,
green, yellow, and white. Error bars correspond to 1—c uncertainty level.

Real and imaginary parts of water ice refractive index strongly depend on the temperature (Figure 4). We
have used temperature profiles retrieved from the order 49 of NIR spectra, containing the CO, absorption
band at 1.57 um, which provides temperature thanks to hydrostatic equilibrium and the temperature de-
pendence of rotational lines (Fedorova et al., 2020). For the TIRVIM individual occultations, we have used
temperature predictions from the Mars Climate Database (Millour et al., 2018).

For direct modeling of o, we adopt refractive indices from Wolff et al. (2009) for dust aerosols and from War-
ren and Brandt (2008) and Clapp et al. (1995) for water ice aerosols, hereinafter referred to as W09, WB03,
and C95, respectively. W09 estimates the refraction index of Martian dust from Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) spectra onboard MRO (Murchie et al., 2007). WB08 and C95 are
compilations of laboratory data on water ice refractive index, from UV to radio waves at 266 K (WB08), and
for the 800-4,000 cm™" (2.5-12.5 um) spectral range at temperatures from 130 to 210 K, every 10 K (C95).
The imaginary part of the refractive index from C95 significantly fluctuates in the spectral region 3,600
4,000 cm ™. These data were disregarded. The optical constants from W09, WB08, and C95 in our spectral
range are shown in Figure 4.

In C95, there are no data on the water ice refractive index in the 4,000-13,000 cm™" spectral range for T <
266 K, therefore, we use the real part of the refractive index from WB08. We also scale the imaginary part
from WBO0S to the appropriate temperature using a gradient of 0.6% K™, as advised in WB08. For T < 130 K
and T > 266 K, we use data from C95 and WBO08, respectively, with the same approach. For 130K < T < 266
K, we use linear interpolation of the real part and linear interpolation of the logarithm of the imaginary part
between WB08 and C95 data. Table 1 summarizes the adopted refractive indices of water ice.

For most of the widely used size distributions, single-scattering properties of spherical particles coincide if
their effective radii r.; and effective variances vegare the same (Hansen & Travis, 1974). To describe the particle

1 2
size distribution of aerosols, we use log-normal distribution n(r) = 2—exp[—(ln r—1In rg) 21n* g],
no,r
8
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Figure 4. (a) Real and (b) imaginary parts of refractive index for dust from Wolff et al. (2009) (red curve) and for water ice from Warren and Brandt (2008)
(solid blue curve) and Clapp et al. (1995) at 130 and 210 K (dotted and dashed blue curves). Blue and red areas mark thermal infrared (TIRVIM) and near
infrared (NIR) spectral regions. Solid black circles indicate TIRVIM and NIR wavenumbers.

following Fedorova et al. (2014) and Montmessin et al. (2002). Parameters 7, and o, are directly connected to
Ve ANd Vegr AS 75 = rgexp(Z.SIn2 c, ) Vegp = exp(ln2 cg) — 1. In this study, veg runs over a range 0.1-0.6 with

a 0.1 step.

We have computed look-up tables of ¢ for mineral dust and water ice in the range 0.1-10 um with 0.1 pum
step for rer and in the range 0.1-0.6 with 0.1 for v at all wavelengths chosen for aerosol retrievals. For wa-
ter ice, the variation with temperature is also accounted for, with values distributed in the range 100-270 K
with 5 K step. Extinction coefficient k is readily calculated from o and the total number of particles per unit
volume N (number density) as k(k) =N 6(7\,).

We have conducted a sensitivity study of TIRVIM and NIR channels to the dust and water ice particle size
(see Data sets S1-S3 and Figures S1-S4 in the Supporting Information). The retrieval boundaries are 0.1

Table 1
Adopted Refractive Indices of Water Ice

Temperature (K)

Spectral range T <130 130 < T <210 210 < T £ 266 T > 266
Real part
0.7-2.5 pm (3,600-14,000 cm™)  WBO08 ‘WB08 ‘WB08 ‘WB08
2.5-6 um (1,700-3,600 cm ™) C95 Linear interpolation between C95 Linear interpolation between C95 and WB08 WB08
Imaginary part
0.7-2.5 um (3,600-14,000 cm™")  Scaled WB08* Scaled WB08* Scaled WB08* Scaled WB08*
2.5-6 um (1,700-3,600 cm™") Scaled C95* Log-interpolation between C95 Log-interpolation between WB08 and C95 Scaled WB08*

Abbreviations: C95, Clapp et al. (1995); WB08, Warren and Brandt (2008).
“Imaginary part scaled to appropriate temperature using 0.6% K" gradient, as advised in WB0S.
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pum < rer < 5 pm for dust and 0.1 um < re < 6 um for water ice. To distinguish between dust particles with
Ter = 4 pm and re = 5 pm, 5% relative accuracy is required. In the case of water ice, we need ~6% relative
accuracy to distinguish between re = 5 um and regr = 6 um.

3.4. Effective Radius, Number Density, and Mass Loading

The procedure is substantially the same as the one used for aerosol properties retrieval in Fedorova et al.
(2014) and Luginin et al. (2016). To retrieve effective radius, number density, and mass loading profiles, we
compose an auxiliary quantity x(A) = k(1)/k(A,), which is used for fitting the model to the experimental data.
Ao is chosen independently in each individual case and corresponds to the wavelength with the lowest un-
certainties to minimize the x uncertainty §,, which is calculated using the propagation of error relationship.

As the composition of aerosols is a priori unknown, the retrieval algorithm is split into several steps:

1. We assume a unimodal distribution of aerosol consisting of either dust or water ice and apply an exhaus-

mod 2

1 Z M (%i - )
i=1 2
M-p~! 5,

where the subscript i denotes wavelength from 1 to M, p is the number of free parameters, and

. kmod (7\’[) Gmod (7\'1) ) ) ) 0 0
2™ ( i) =— = - is a modeled x;. This gives values of r and v that are used as a
Mo (7\’0) ™Mo (7\’0)
first guess for the Levenberg-Marquardt fitting procedure with a single free parameter 7. During this

' . . . . o2 2
fit, effective variance is not altered and equals v, = voy. The result is the best fit with X~ = Xmiy and 7t

tive search through the tabulated data that minimizes a merit function 1=

s

and v for each type of aerosol. The fit is considered satisfying if 3%, < 1. If the fit is satisfying only for
one type of aerosol, we proceed to step 3; if it is satisfying for both types of aerosol, such measurement is
disregarded; if no fit is satisfying, we proceed to step 2.

2. We assume the simultaneous presence of both types of aerosol, forming a bimodal log-
normal distribution. In this case, extinction coefficient is composed of two components
k(k) = Nc, (l) + Nzcz(k) =N, (cl(k) + 76, (k)), where G,(k),i =1,2 is defined in Section 3.3, and

N o, (A )+ yo, (A
v = —% is the number densities ratio of two modes. Here, " () = M Again, we

i i
N Oy (7“0) + Yﬁz(xo)
apply an exhaustive search and find first guess values for the fitting procedure rc(zf,l, vgff’l, rgﬁz, vgff’z, and

v°. We then apply the fitting procedure with constant effective variances Vgt 1 = ngf.l’ and vgff’z, and three
2
free parameters: 7, |, 7 5, and y. The fit is considered satisfying if x* < min (X"’T“‘,S} These values were

determined empirically.
Uncertainties of the free parameters are calculated from diagonal elements of the covariance matrix.
Uncertainties of effective variance(s) are discussed in Data set S4 of Supporting Information. Example
fits for different cases of aerosol composition are shown in Figure 5.

3. Once a satisfying fit is found, and all parameters are retrieved, the corresponding number density is cal-

culated as N = %Zf‘il k(\;) / o(A;) . In the bimodal case, number densities of mode 1 and mode 2 are
calculated as N and yN, respectively.
Number density uncertainty dy for the unimodal case and for mode 1 in the bimodal case is estimated as

) 1
8y T M1 m8 (1) 1o () + M-

M (N — k(%) 7 0(7»;))2. To get 8y for mode 2, 8*N? should be
added to the previous equation.

Resulting number density profiles of particles with known effective radii are recomputed into mass loading
profiles as m = %nrfﬁNp, where p is assumed to be 0.9 g cm™ for the ice particles and 2.5 g cm™ for the

dust particles.
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Figure 5. Example fits illustrating different cases of aerosol composition. Relative extinction x obtained from the experiment is shown in red. The best fits
assuming pure dust are in green, the best fits assuming pure water ice are in blue, the best fits for the simultaneous presence of dust, and water ice are shown
in black. Retrieved values of 7., Ve, and N are indicated. (a) Pure dust. (b) Dominating dust with an admixture of water ice. (c) Dominating water ice with an
admixture of dust. (d) Pure water ice. Error bars correspond to 1—o uncertainty level.

Some occultations featured aerosol detached layer(s) (DLs). A DL is identified as an inversion in the mass
loading profile of dust or water ice (very rarely inversion of both types of aerosols is detected at the same al-
titude) or as a layer separated by >10 km from other aerosols located below. For examples of DLs containing
water ice aerosol particles, see Data set S5 and Figures S6-S8 in the Supporting Information.

In Figure 6, we show a sequence of data processing from transmission Tr through extinction k to mass
loading m as well as retrieved profiles of effective radius r, effective variance veg, and number density N
for an example occultation #2199 ingress, acquired on 22 May (Ls = 179.7°, 68°N, 228°E). This occultation
featured several DLs (panel c of Figure 6):

1. Inversions in the altitude range 6-17 km, in both dust and water ice mass loading profiles (although
altitudes of the inversion points are not the same).
2. A DL of dust at altitudes 20-25 km.

3.5. Data Filtering and Cut-Off Values

The best SNR of the processed transmissions is achieved near the middle altitude of the profile, where Tr ~
0.5. In the upper part the extinction is confidently retrieved when 1—Tr exceeds noise. The lower boundary
of the profiles is variable and reflects the overall amount of aerosols suspended in the atmosphere. It can be
estimated as Tr > 1/SNR. As discussed below, the best conditions for aerosol retrievals are at high latitudes;
and the presence of a GDS significantly increases the lowest sounded altitude.
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Figure 6. Vertical profiles of (a) transmission, (b) extinction , (c) mass loading, (d) effective radius, (¢) number density, and (f) effective variance, retrieved
from occultation #2199, ingress. Dust and water ice particles are shown as red and blue areas. Detached layers, identified as inversions in the mass loading
profile, are detected at altitudes 6-17 km and 20-25 km. The error bars or shaded regions in the profiles correspond to 1—c uncertainty level.

In order to remove low-signal observations and to reduce the amount of untrustworthy data, we have ap-
plied data filtering procedures throughout the data processing sequence. On each processing step, we use
a 2—o cut-off value, that is, spectra with S < 2 X oy are disregarded, where S represents the row signal from
the detector I, transmission Tr, slant optical depth 1, extinction k, and relative extinction x. This procedure
was repeated at every processing step as each operation increases the relative uncertainty. Additionally, we
remove spectra for which transmission is close to unity (1 - Tr) < 2 x oy, Also, all the points of the profile
for which the goodness of the fit is not satisfied in step 1 or 2 (see Section 3.4) are excluded.

4. Results
4.1. Evolution of Dust and Water Ice during the Global Dust Storm

We have processed all available occultations made from May to October 2018 (see Figure 1). Figure 7 shows
the evolution of dust and water ice mass loading during this period for the two hemispheres. The first two
TIRVIM measurements were made on 5 May (Ls = 170°) and were systematic after 21 May (Ls = 180°). The
period before the GDS (before intense dust lifting was observed by ACS) lasted until 18 June in the northern
hemisphere (Ls = 195.3°, 59°N, 267°E) and until 22 June in the southern hemisphere (Ls = 198.1°, 77°S,
138°E). During this period, at high latitudes in both hemispheres, dust was observed at 0-30 km, reaching
50 km near the equator (Figure 7, panels c and d). Water ice was detected at altitudes 0-40 km at high lati-
tudes and up to 70 km near the equator. A high-altitude DL consisting of water ice was observed once on 10
June (Ls = 190.8°, 72°N, 80°E) at 70-78 km (Figure 7, panel e).

The first observations of the GDS by TIRVIM and NIR solar occultations occurred on 20 June in the north-
ern hemisphere (Ls = 196.6°, 54°N, 242°E) and on 23 June in the southern hemisphere (Ls = 198.3°, 76°S,
20°E). During these measurements, dust was observed ~15 km higher compared to the most recent previ-
ous observations. The peak in the GDS activity, characterized by the highest dust elevation and a maximum
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Figure 7. Evolution of dust and water ice mass loading from May till October 2018 for two hemispheres. Latitude distribution of (a, b) observations, (c, d) dust
mass loading, and (e, f) water ice mass loading.

dust mass loading, was observed around 24 June (Ls = 199°), where dust was observed up to 85 km (Figure
7, panels ¢ and d). In southern polar latitudes, we saw an abrupt increase of water ice aerosols, extending
from the ground up to 90 km. In the low-to-mid latitudes of the northern hemisphere, two layers of water
ice were detected: one at 0-40 km, corresponding to that seen also during the pre-GDS period, but with
higher mass loading; and a detached one, located at 60-90 km. Such DLs were often separated by >20 km
from other aerosols located below. Due to larger optical depth, the minimal sounding altitude raised to
20-25 km near the equator compared to 0-5 km before the GDS.

Starting from 13 July (Ls = 211°), the dust top subsided ~20 km lower, although the mass loading was ap-
proximately the same compared to the previous period. In the low-to-mid latitude regions, water ice exhib-
ited two layers, but the detached one was located 5-10 km lower. Ingress occultation #2844, performed on
13 July (L = 211°, 41°S, 96°E), captured three thin (1-2 km) DLs with mass loading ~10™" g/cm’, located
at 60, 74, and 83 km (Figure 7, panel f). The minimum sounding altitude was 30 km during this period.
As explained in Section 2.3, almost no occultations were made from 16 July to 31 August (Ls = 216°-242°)
during the decay of the GDS.

Systematic observations were resumed in September and were carried out using a 2-week cadence, starting
on 1 September (Ls = 242°) and on 15 September (Ls = 251°). At mid-to-high latitudes (llatitudel < 45°),
dust was observed from 5-20 km to 50-60 km, while at 60°S dust was observed at 5-40 km. At 60°S, water
ice was detected at 5-40 km, in some cases forming DLs at 70-80 km. At high and middle latitudes, water
ice was typically located from the lowest sounded altitudes to 80 km; DLs were also present, although less
frequently. A local maximum of water ice was detected at 10°S-30°S at 40-60 km.

On this basis, we can distinguish three periods in the evolution of the GDS, captured by ACS TIRVIM and
NIR observations:

1. The period before the GDS (Ls = 180°-195° in the northern hemisphere and Lg = 180°-198° in southern
hemisphere), also referred to as pre-GDS period.
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Figure 8. Altitude distribution of dust detections (left column, panels a, f, k), latitude-altitude cross-sections of effective radius (second column, panels b, g, 1),
number density (third column, panels c, h, m), effective variance (fourth column, panels d, i, n), and mass loading (fifth column, panels e, j, 0) averaged in three
L bins arranged in three rows from the top to the bottom: before the GDS (panels a—e), during the onset and peak of the GDS (panels f-j), and during the decay

of the GDS (panels k-o0).

2. The outbreak and the peak of the GDS (Lg = 196°-212° in the northern hemisphere and Lg = 198°-212°
in the southern hemisphere), referred to as the peak of the GDS in the text.
3. The decay of the GDS (Lg = 242°-255°).

We will present the results of our analysis in the form of latitude-altitude cross-sections of effective radius,
number density, effective variance, and mass loading for dust (Figure 8, Table 2) and water ice (Figure 9,
Table 3) for the three selected Lg bins.

4.2. Dust Maps
4.2.1. Before the Global Dust Storm

Altitude distribution of dust detection (Figure 8, panel a) showed a narrow peak at 15 km detaching from an
otherwise thick haze extending up to 30 km. The effective radius varied between 0.1 and 3.5 um. The most
massive particles (3-3.5 um) were found at 2-10 km at 75-90°N and 65°S-75°S, while the smallest particles
(<0.5 um) were present between 15 and 30 km at 55°N-90°N and 65°S-75°S (Figure 8, panel b). Number
density varied in the range 0.04-40 cm™ (Figure 8, panel c).

For most effective radii values, we found an associated effective variance of 0.1-0.2 (Figure 8, panel d).
For larger particles (2.5-3.5 um), the effective variance was higher, 0.5-0.6. Intermediate cases were rarely
observed. Mass loading was distributed in the range 107*~107'° g/cm?®, decreased with altitude, and, for the
same altitude level, was larger at low latitudes (Figure 8, panel e).

4.2.2. The Peak of the Global Dust Storm

At this time, dust extended from 10 to 60 km, with a maximum at 40 km (Figure 8, panel f). In a few cases,
dust reached up to 85 km. Large particles (ror = 2.5-3.4 um, N = 0.1-0.4 cm™>, v = 0.5-0.6, m = 2x107"'-
107" g/cm®) were observed only at the lowest sounded altitudes and very rarely, due to increased optical
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Table 2
Properties of the Dust Aerosol During the Three Phases of the GDS
Latitude (°) H (km) Fegr (um) N(cm™) Vet m (g/cm?)
Before the GDS
Ls=180°-195° in the northern hemisphere and Ly = 180°-198° in the southern hemisphere
75°S—85°S 0-25 0.1-2 0.1-10 0.1-0.6 107P-3x 107"
60°S—75°S 0-35 0.1-3.5 0.1-20 0.1,0.6 107P=5x 107"
0°S—55°S 5-55 0.1-2 0.1-10 0.1-0.2 3x107*—8 x 107"
55°N—75°N 5-35 0.1-3 0.05-10 0.1-0.6" 10 -4 x107"
SON_00°N 5-10 2.5-3.5 0.05-0.2 0.6 107"=5x 107"
10-30 0.1-1 0.5-30 0.1 107°-3x 107"
The outbreak and the peak of the GDS
Ls=196°-212° in the northern hemisphere and Ly = 198°-212° in the southern hemisphere
60°S—80°S 5-85 0.1-1.6 0.2-3 0.1-0.2 3x107%-3x 107"
40°S—55°S 20-50 0.8-1.8 0.2-0.8 0.1-0.6 2x107?-8 x 107"
15°N—25°N 20-80 0.6-1.4 0.1-1 0.1-0.3 107?-3x 107"
30°N—55°N 5-90 0.5-1.8 0.05-1 0.1-03  3x10"-3x107"
All of the above Lowest sound altitudes 2.5-3.5 0.1-0.4 0.5-0.6 2x1071"=107"
The decay of the GDS. Lg = 242°-255°
55°S—65°S 5-50 0.3-1.5 0.2-1 0.1-02  3x107"-2x107"
10°S—40°S 10-60 0.2-2.2 0.2-0.6 0.1-02  3x107°-3x107"
5-10 1.6-2.8 0.1-0.5 04-0.6  3x107"-3x107"
50°N—65°N
10-60 0.2-1.5 0.1-1 0.1-03  2x107"-3x107"
Abbreviation: GDS, global dust storm.
“vegr = 0.1 was observed in ~50% of cases, other values are distributed evenly.
depth during this period (Figure 8, panel g). The size of the dust particles was typically 1-2 um. For most
of the observations, the number density was 0.1-1 cm >, reaching values < 0.05 cm ™ and > 3 cm ™ in a few
cases (Figure 8, panel h). Effective variance was found to be 0.1 in 50% of cases, 0.2-0.3 in ~40% of cases.
Values > 0.3 were observed in ~10% of observations only (Figure 8, panel i). Mass loading distribution had
a maximum at 107" g/cm’, rapidly decreasing to 10" g/cm®; values > 3 x 10" g/cm’® were found only at
lowest altitudes (Figure 8, panel j).
Observations made at Lg = 211°-212°, 40°S-55°S showed a prominent downward motion of the dust layer.
Dust particles (e = 0.8-1.8 im, N = 0.2-0.8 cm >, Veis = 0.1-0.6) were detected at 20-50 km. The top altitude
was 10-20 km lower compared to the altitude top at 40-60°N recorded during the maximum of GDS and
that was not affected by the GDS. The lowest sounded altitude was the same as in the northern hemisphere,
and 10 km higher compared to the previous period. The mass loading was 2 x 107*-8 x 10™"! g/cm®, 2-3
times greater than at Ly = 210°-211°, 15°N—25°N (Figure 8, panel j).
4.2.3. The Decay of the Global Dust Storm
During the decay of the GDS, dust extended from 5 to 50 km, with a maximum at 27 km (Figure 8, panel k).
The most frequently observed size of dust particles was 0.2-1.4 um, with larger particles (2-3 wm) detect-
ed at 5-10 km at 50°N-65°N, and smaller particles (0.1-0.2 um) at 50-60 km (Figure 8, panel 1). Number
density was distributed mostly in the range from 0.2 to 0.6 cm™, while a few observations lay outside this
range, yielding values of 0.01 and 4 cm ™ (Figure 8, panel m). Effective variance was 0.1-0.2 in >80% of
cases, with values up to 0.4-0.6 corresponding to large particles at 5-10 km at 50°N-65°N (Figure 8, panel
LUGININ ET AL. 13 of 22
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Figure 9. The same as in Figure 8 for water ice.

n). Mass loading decreased gradually from 2x10™"* g/cm?® at 5-20 km to 3x10™"* g/cm’at 40-50 km (Figure
8, panel o).

4.3. Water Ice Maps
4.3.1. Before the Global Dust Storm

Water ice particles were observed at 0-40 km at the poles and up to 70 km near the equator in what appears
to be DLs located between 30 and 70 km. Overall, the effective radius ranged from 0.1 to 5.5 um and de-
creased with altitude (Figure 9, panel b). Large particles (3.5-5.5 um) were detected at almost all latitudes
(except for regions 60°S-75°S and 75°N-90°N) at the lowest sounded altitudes. Small particles (< 0.5 um)
were present in the upper parts of the profiles. Equatorial DLs consisted of large particles (2-3.5 um) at
30-50 km. DLs were also detected at 77°S, 43°S, and 72°N at 54-58, 58-62, and 70-78 km, respectively, con-
sisting of 0.1-0.2 um water ice particles with a 1-10 cm ™ number density (Figure 9, panels b and c). Overall,

most of the observed number densities were within 0.04-40 cm™.

Nearly half of observations yielded an effective variance of 0.1, other retrieved values were distributed
evenly from 0.2 to 0.6 (Figure 9, panel d). A broad distribution was characteristic of the largest particles (3-5
um), but also of particles smaller than 0.5 um. Mass loading varied in the range 3x10™*-3x10™"! g/cm”® and
was generally higher at low latitudes (Figure 9, panel e). Meanwhile, high latitudes of the northern hemi-
sphere were densely populated with ice particles, showing a mass loading of 2-5 times higher than average.

4.3.2. The Peak of the Global Dust Storm

The altitude distribution of water ice aerosols (Figure 9, panel f) showed two maxima: the main layer, lo-
cated at 0-50 km, and the detached one at 50-100 km. The main layer was composed of 1-3.5 um particles
at 30°N-55°N and of 0.1-4 um particles at 70-80°S (Figure 9, panel g), while the DL consisted of smaller
particles (0.1-1 um). In the lower layer, effective variance was 0.1 in 80% of the cases, while in the DL, it
was spread almost evenly from 0.1 to 0.5 (Figure 9, panel i). The mass loading in the lower layer varied from
107" to 107" g/cm’, while in the DL it was an order of magnitude smaller (Figure 9, panel j).
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Table 3
Properties of the Water Ice Aerosol During the Three Phases of the GDS
Latitude (°) H (km) Fegr (Wm) N(cm™) Vet m (g/cm?)
Before the GDS
Ls=180°-195° in the northern hemisphere and Ly = 180°-198° in the southern hemisphere
75°S—85°S 0-40 0.1-4.5 0.01-10 0.1-0.6* 3x107*-107"
60°S—75°S 0-40 0.2-2.5 0.1-10 0.1-0.6* 2x107%=2x 107"
40°S—55°S 5-60 0.1-4.5 0.04-40 0.1-0.6* 3%x107=3x 107"
5-35 1.5-4.5 0.03-3 0.1-0.6* 3x1072—2x 107"
10°S—20°S a -
DL:35-70 0.1-3 0.04-40 0.1-0.6* 107%-10"
0°S—10°S DL: 30—60 0.1-3.5 0.05-50 0.1, 0.6 3x107?=107"
55°N—75°N 5-45 0.1-4 0.01-30 0.1-0.6* 8x107*—5x 107"
75°N—90°N 0-45 0.2-1.5 0.3-10 0.1 8x107*-8 x 107"
The outbreak and the peak of the GDS
Ls = 196°-212° in the northern hemisphere and Lg = 198°-212° in the southern hemisphere
0-50 0.1-4 0.01-40 0.1-0.6* 5x1072-8 x 107"
70°S—80°S
DL: 50—90 0.1-1 0.3-50 0.1-0.6* 3x107-8x 107"
40°S—55°S 20-50 1.5-4.5 0.01-0.5 0.1-0.2,0.5-0.6  5x10 =3 x 107"
20-50 2.5-3 0.01-0.1 0.1 5x10""2-107"
15°N—25°N
DL: 50—90 0.1-0.7 4-20 0.1-0.2 2x1072-107"
5-40 1-3.5 0.01-0.1 0.1 1075-8 x 107"
30°N—55°N ] ” 13
DL: 40—95 0.1-0.6 0.2-100 0.1-0.6* 2X107"=5%x10"
The decay of the GDS. Ly = 242°-255°
5-40 0.5-2.8 0.01-1 0.1 3x107"=5x 107"
55°—65°S » .
DL: 65-85 0.1-0.7 0.1-50 0.1-0.6 5X1077"=-2x 10"
10-25 2.5-3.5 0.02-0.1 0.1 2x107%=5x 107"
10°S—40°S
DL: 30—85 0.1-3 5%x107°-2 x 10* 0.1-0.2 5%107*-8 x 107"
5-25 1-5.5 0.01-0.5 0.4-0.6 1072-107"
50°N—65°N 1 .
DL: 30-85 0.1-0.7 0.1-30 0.1-0.3 2x107=5x 107"
Abbreviations: DL, detached layer; GDS, global dust storm.
Ve = 0.1 was observed in ~50% of cases, other values are distributed evenly.
Observations at Ly = 211°-212°, 40°S-55°S showed a single layer of medium and large water ice particles
(Tetr = 1.5-4.5 um) located at 20-50 km with v.g = 0.1-0.2 or 0.5-0.6. Mass loading was 5 X 10™"*-3x10™"!
g/cm’. Three thin (1-2 km) DLs were observed only once during occultation #2844, ingress (Ls = 210.7°,
42°S, 96°W), at 60, 74, and 83 km. They consisted of 0.1-0.4 um particles with 0.4-6 cm™ number density
and very narrow size distribution (Ve = 0.1-0.2), and a mass loading equaled 5x10™"*-2x107"* g/cm>. It is
possible that this profile captured water ice clouds in the early stages of formation.
4.3.3. The Decay of the Global Dust Storm
The altitude distribution of detected clouds showed two distinct peaks (Figure 9, panel k): the smaller one
located at 5-30 km and the larger one at 30-85 km.
During this period, observations suggest a significant hemispheric dichotomy. We can directly compare
observations made at 55°N-65°N and at 55°S-65°S. Two layers of water ice were present in both cases: the
main one at 5-25 km (5-40 km) and the detached one at 30-85 km (65-85 km) in the northern (southern)
hemisphere (Figure 9, panel o). The main layer demonstrated gradual decrease of the radius and mass
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loading with altitude in both hemispheres. However, in the northern hemisphere it consisted of larger par-
ticles with a higher number density, resulting in more than an order of magnitude higher mass loading in
the north. The main difference between the hemispheres is the altitude and the extent of DLs. In the south,
the maximum of water ice was located at 70-80 km with a thinner aerosol layer extending 5 km below and
above. Below, at altitudes 50-70 km, no aerosols were detected. In the north, the DL was located at 50-70
km, with a thinner aerosol layer extending 15 km above and 25 km below, where it connected with the main
aerosol layer.

The region at 10°S-40°S can be divided into two domains:

1. An almost uniform cloud layer at 10-25 km with 7 = 2.5-3.5 um, N = 0.02-0.1 em ™, Ve = 0.1, m =2
x 10725 x 107 g/cm®.

2. A peculiar cloud feature at 30-70 km. Its altitude was raised toward the pole starting from 40 to 60 km
at 20°S (Figure 9, panel o), while the particle radius was decreasing. It was formed of larger and more
densely populated particles compared to underlying levels (reaching 2-3 um at 30-50 km at 10°S-20°S),
while the effective variance was 0.1-0.2. The mass loading over the whole feature amounted to 10~
107" g/em’.

Overall, the effective variance remained small in most cases (Ve < 0.2), becoming larger (veg > 0.4) only for
Yeir > 3 um or (rarely) for reg < 0.2 pm.

5. Summary and Discussion
5.1. Dust

Before, during the peak and during the decay of the GDS, dust was detected in 259 out of all observed 267
occultations (97%). Two hundred and forty-one profiles (90%) showed both dust and water ice particles
together. Eight profiles without dust detection were obtained either before the GDS (three sessions at Ls =
183°-184°) or during the decay phase (five sessions at Ly = 243°-246°, 253°-256°). In these cases, the lowest
sounded altitudes were 20-30 km.

Before the GDS, dust reached higher altitudes at low latitudes, in agreement with Heavens et al. (2011),
Kleinbohl et al. (2009), Méittdnen et al. (2013), and Smith et al. (2013). During the decay phase, the same
distribution was observed, though in the southern hemisphere only, due to narrow latitude coverage in the
north. At the peak of the GDS, no clear dependence of the highest dust altitude on latitude can be deter-
mined. MCS/MRO was observing the Martian atmosphere using limb scanning over the duration of the
GDS in the thermal IR range (463 cm™" or 21.6 um; Kleinb6hl et al., 2020). We can qualitatively compare
our retrieved dust mass loadings (Figure 8, panels e and j) with MCS dust extinctions (top and middle
panels of Figure 2 from Kleinbghl et al., 2020 and accompanying text), noting that the aerosol extinction
can be considered as a proxy to aerosol mass loading, as shown by Fedorova et al. (2020). The MCS obser-
vations before and during the peak of the GDS performed at local times of 3 a.m. and 3 p.m. were related to
ACS observations at the morning and at the evening terminators, respectively. Before the GDS, MCS dust
top altitude (corresponding to the lowest detectable extinction of 107> cm™") was 40-45 km at the equator
(20°S-20°N) and 10-15 km in polar latitudes (70°S-90°S and 70°N-90°N) both on the dayside and on the
nightside. ACS, observing at shorter wavelengths, is more sensitive to smaller dust particles, which extend
higher, up to 45-50 km near the equator (20°S-0°) and 20-30 km at polar latitudes. During the peak of the
GDS, dust was observed up to altitudes of 65-70 km by MCS and 75-85 km by ACS. Overall, except for the
polar latitudes before the GDS, we can see good qualitative agreement between the two sets of observations.

In the majority of observations, effective radius profiles of dust particles demonstrated a smooth decrease
with altitude. The radius of observed dust particles varied from 0.1 to 3.5 um. Retrieved effective variances
were from 0.1 to 0.6, with the largest values corresponding to the largest particle sizes (> 2.5 um). Our re-
trieved i appears generally larger than commonly accepted values of 1-2 um, see, for example, reviews
by Kahre et al. (2017) or Korablev et al. (2005). In particular, Clancy et al. (2003) analyzed emission phase
function observations by Thermal Emission Spectrometer (TES) onboard the Mars Global Surveyor space-
craft (MGS) and reported typically 1.5-um dust particles, with occasionally smaller (1 um) or larger (1.8-2.5
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um) particles. Solar occultation observations by SPICAM/MEXx in the near-IR range showed the presence of
dust particles with 7. = 0.5-1 pm and veg > 0.4 at 10-30 km (Fedorova et al., 2009). Combined with UV data,
these observations pointed to a bimodal dust distribution with ~0.7 um and 0.04-0.07 um particles (Fedor-
ova et al., 2014). The effective variances for the two modes were assumed to be 0.35 and 0.1, respectively.
Analysis of CRISM/MRO limb scans revealed almost flat vertical profiles of 1 um particles (vegr = 0.3 used
in retrievals) at 10-40 km (Guzewich et al., 2014). Above 50 km, the same data set allowed for the detection
of dust (¥efr = 0.2-0.7 pum, vegr = 0.3) in < 3% of cases only (Clancy et al., 2019).

All above listed results refer to the non-GDS period, mostly at altitudes > 10 km. We report larger particle
sizes (> 2.5 um) at lower altitudes (< 10 km), where the sounding conditions permit. This occurred mostly
during the pre-GDS period in polar latitudes, 65°S-75°S and 75°N-90°N. During the peak of the GDS, we
have detected particles larger than 3 um in five occultation sessions at altitudes 10-20 km. Such a small
amount of observations is explained by the overall increase of optical depth and, as a result, higher sounded
altitudes. During the decay phase, large particles were detected in 18 occultation sessions at 5-30 km. These
detections are in agreement with past GDS observations, such as Toon et al. (1977) (~3 um) during the decay
of 1971 GDS (MY 9) or Clancy et al. (2010), who detected particles of up to 2 um during the 2001 GDS (MY
25). The observations of the 2018 GDS from the surface by the Curiosity Rover yielded > 4 pum particles
(Lemmon et al., 2019).

5.2. Water Ice

Overall, water ice was observed in 249 out of a total of 267 occultations (93%). Sixteen measurements with-
out clouds were made during the decay phase at middle latitudes (10 sessions at 56°S-65°S and 6 sessions
at 57°N-60°N).

Before the GDS, we see water ice at 0-40 km at the poles and at 30-70 km as DLs at low latitudes, 20°S-0°S.
Clouds were also seen at 10-30 km between 10°S and 20°S, but not at 0°S-10°S, in agreement with MCS/
MRO observations analyzed in Heavens et al. (2011). Their zonally averaged water ice density-scaled opacity
maps at Lg 180° show water ice at 5-40 km at 60°S-90°S and 60°N-90°N at both 3 p.m. and 3 a.m. (panels g
and h of Figure 3 in Heavens et al., 2011). MCS low-latitude data show differences between day and night.
Our morning terminator observations at 0°S-20°S reveal the presence of water ice DLs at 40-60 km, in
agreement with MCS night observations (panel g of Figure 3 in Heavens et al., 2011).

Our results on water ice clouds can be analyzed together with simultaneous water vapor measurements by
ACS NIR. Figure 10 (panels a-c) shows temperature and water vapor profiles from NIR spectra (Fedorova
et al., 2020) and water ice mass loading retrieved as described above. Before the GDS, water ice particles at
high and middle latitudes were found where the water contents and the temperature were low (< 1 ppm
vmr of water and T < 150 K), suggesting that nearly all water vapor has condensed. At low latitudes, wa-
ter ice clouds coexisted with higher mixing ratios of water vapor (50-100 ppm) and higher temperatures
(170-180 K).

During the GDS peak, we observed an intense and abrupt appearance of high altitude (50-100 km) DLs
consisting of submicron (0.1-0.8 um) water ice particles. The high-altitude ice clouds were also observed
with the ACS MIR channel (Stcherbinine et al., 2020). During the 2001 GDS (MY 25), TES/MGS also ob-
served small (ro < 1 um) water ice particles at 60-80 km (Clancy et al., 2010). Such rapid formation of
water ice aerosols during the dust storm can be explained by an increase in the high-altitude water vapor
(panels a and d of Figure 10; Aoki et al., 2019, Neary et al., 2020, Vandaele et al., 2019; see also Fedorova et
al., 2018; Shaposhnikov et al., 2019 for the 2007 GDS) in the presence of condensation nuclei (panels a and
d of Figure 8).

During the GDS decay, the northern hemisphere water ice corresponded to local minima in water vapor vmr
and temperature (panels g, h, i of Figure 10). In the southern hemisphere, water vapor peaked at 40-60 km
at 10°S-65°S. Clouds were located above and below this maximum, suggesting a depletion of water vapor
due to condensation. The observed increase of water vapor abundance and temperature at higher latitudes
corresponds to the decrease in water ice mass loading. Observations made during the GDS decay are in
agreement with MCS results at Lg = 270° for a non-GDS year (panels g, h of Figure 7 in Heavens et al., 2011),
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Figure 10. Latitude-altitude maps of temperature (panels a, d, g), water vapor volume mixing ratio (panels b, e, h), water ice mass loading (panels c, f, )
averaged in three Lg bins: before the GDS (panels a-c), during the onset and peak of the GDS (panels d-f), and during the decay of the GDS (panels g-i).

although we find mid-latitude DLs at higher altitudes. This difference could be explained by a more intense
vertical transport of water vapor during the GDS.

In the majority of observations, effective radius profiles of water ice particles gradually decreased with alti-
tude both in the main cloud layer and the DL. The radius of observed water ice particles varied in the range
Terr = 0.1-5.5 um. The effective variance was highly variable within our full considered range of 0.1-0.6; the
largest valued correspond to the largest particle sizes (¥ > 3.5 um), and, in some cases of high altitude water
ice clouds, to very small particles (re < 0.2 um). Similar to dust particles, the size of ice particles during the
GDS was larger. TES/MGS emission phase function observations identified two types of water ice cloud with
Tesr = 1-2 pum and re = 3-4 pm particles (Clancy et al., 2003). The larger type was associated with the apheli-
on cloud belt (Clancy et al., 1996; Montmessin et al., 2004). SPICAM—IR/MEX solar occultations during the
northern fall of MY 28 (Lg = 130°-160°) revealed 0.5-1 um particles (if assumed to be of water ice nature)
at 15-30 km and 0.1-0.3 pm particles at 50-60 km (Fedorova et al., 2009), while in the northern summer of
MY 29 (Ls = 56°-97°) 0.7-1.2 um particles were observed at 10-50 km (Fedorova et al., 2014). CRISM/MRO
limb observations demonstrated the presence of water ice particles with an effective radius ranging from
1 um up to 3 um at low latitudes at Ly = 180°-210° (Guzewich & Smith, 2019), in agreement with our results.

We note that all observations taken at 75°S-90°S before the GDS (eight occultation sessions) below 10 km
resulted in 1-2 pm dust particles and very large (3.5-5.5 pm) water ice particles, while measurements at
60°S-75°S at the same altitudes gave 1.5-3.5 um and 1-2.5 um for dust and water ice, respectively. Also, the
water ice number density was an order of magnitude higher in the latter case. The discussed observations
took place in the beginning of the southern spring. At 75°S-90°S, still cold polar winter conditions, associat-
ed with an ample supply of water vapor above 30 km (see panel a of Figure 10), develop dense water clouds
below. General circulation modeling predicts even larger water ice particles (> 6 um; Figure 8 in Montmes-
sin et al., 2004). At 60°S-75°S, we might have captured the sublimation of the polar cap, freeing trapped dust
particles, including the large ones. As effective radius is an integral of r° over the size distribution, even the
small relative quantity of large particles will increase the resulting effective radius.
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Table 4
Statistics on Detected Detached Layers

Number of occultations DL composition

With DL(s)  With a single With double With triple Water ice
Total (%) DL (%) DLs (%) DLs (%) (%) Dust (%) Total

Before the GDS
Ls=180°-195° in the northern hemisphere and Ly = 180°-198° in the southern hemisphere
61 21 (34) 13 (21) 5(8) 3(5) 27 (84) 5(16) 32
The outbreak and the peak of the GDS
Ls=196°-212° in the northern hemisphere and Ly = 198°-212° in the southern hemisphere
32 29 (91) 15 (47) 10 (31) 4(13) 28 (60) 19 (40) 47
The decay of the GDS. Ly = 242°-255°
165 84 (51) 62 (38) 19 (11) 3(2) 90 (83) 19 (17) 109

Abbreviations: DL, detached layer; GDS, global dust storm.

5.3. Detached Layers

Here, we present a summary of encountered DLs (Table 4), leaving a detailed analysis of their properties
for a dedicated study. Before the GDS, DLs were observed in 34% of occultations, with double or triple DLs
during one occultation detected in 13% of observations. The majority of DL were composed of water ice
particles (84%). During the GDS, the frequency of DLs observations increased to 91%, and in nearly half
of the cases, we saw multiple DLs. The number of dust DLs increased to 40%. During the GDS decay, we
saw DLs in 51% of occultations, while the frequency of multiple DLs and their composition reverted to the
pre-GDS state.

DLs, located above the main aerosol layer, were always composed of water ice. In some cases, the particles
within a DL were significantly larger than below and above, while in others the particle size was similar
but the number density was several times greater in the DL. We note this variety for both types of aerosols.

A comprehensive study of DLs based on SPICAM/MEX stellar occultations in 2004-2011, including the
2007 GDS (MY 28), is given by Méittdnen et al. (2013). The DLs were detected in nearly half of occultation
profiles, mostly above the main aerosol layer. Sometimes, the layers appeared as structures inside the main
layer. Multiple (up to three) layers were observed in 13% of cases. Although UV observations by Médittdnen
et al. (2013) do not distinguish between dust and ice particles, they concluded that the DLs were formed of
larger or equal particles compared to the surroundings, in agreement with our results. They also speculated
that the larger particles in DLs are predominantly composed of water ice, a concept not confirmed by our
observations, as we saw larger particles of both types.

6. Conclusions

In this study, we present the analysis of aerosol properties and abundances in the Martian atmosphere
before (Ls < 195° in the north and Lg < 198° in the south), during the peak (Ls 196°-212° in the north and
Ls198°-212° in the south) and during the decay (Lg 242°-255°) phases of the 2018 (MY 34) GDS using ACS
TIRVIM and NIR solar occultation observations. Usage of high (>10°) SNR spectra measured in an unprec-
edentedly wide (for solar occultations) spectral region (0.8-6 um) that includes a water ice absorption band
at ~3 um allows unambiguous simultaneous detection of water ice and dust aerosols from 0 to 100 km as
well as retrieval of respective particle sizes, distribution widths, and number densities. The key results of
the study are as follows:

1. In most of the observations, the particle size of dust decreased with altitude. Dust effective radius ranged
from 0.1 to 3.5 um, with the largest particles observed at 0-10 km before and after the GDS. Number
density was confined between 107>-10” cm™>. The effective variance was mostly 0.1-0.2, reaching 0.5-0.6
for > 2.5 um particles. Mass loading was observed in the range 107"°-5 x 107" g/cm’.
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2. Inthe case of water ice, the same general trend of decreasing particle size with the altitude was observed.
We detected particles with 0.1-5.5 um effective radii, the largest particles, just as for dust, found below 10
km before the onset and during the decay phase of the GDS. Number density was confined between 102
and 10° cm ™. The effective variance was small (0.1-0.2) for most of the observations, reaching 0.5-0.6
for 3-5.5 um particles, and, in some cases, for < 0.5 um particles. Mass loading was observed in the range
107-107"" g/cm’.

3. At the peak of the GDS, dust reached altitudes up to 85 km. The most frequently observed effective ra-
dius was 1-2 um with 0.1-1 cm ™ number density and 0.1 effective variance. Detached layers formed of
0.1-1 um water ice particles were observed at high altitudes (50-100 km) during this period. Below the
detached layer, at 0-50 km, the main water ice layer of 1-4 um particles was observed.

4. At the beginning of the southern summer season (Lg = 240°-245°), water ice detached layers were ob-
served at 30-70 km at 10°S-40°S. The altitude of water ice aerosols increased when moving poleward
following the trend of water vapor and temperature.

5. Detached layers were present in half of our observations, with double and triple detached layers ob-
served during a single occultation in some cases. The majority of the observed detached layers consisted
of water ice particles. During the GDS, the number of detached dust layers increased several fold. For
both dust and ice, the particles in the detached layer may be larger than the particles below and above,
or their number density may be several times greater but have approximately the same effective radius.

To conclude, in this study, we show that the MY 34 GDS has noticeably modified the vertical and spatial
distribution of dust and water ice aerosols and their microphysical properties, lifting the dust up to 85 km
and prompting water ice clouds at altitudes up to 100 km during the peak of the GDS.

Data Availability Statement

Raw ACS data are available from ESA's Planetary Science Archive at https://archives.esac.esa.int/
psa/#!Table%20View/ACS=instrument. The effective radius, number density, effective variance, and mass
loading profiles for dust and water ice retrieved from the ACS measurements and analyzed in this article
are available at http://exomars.cosmos.ru/Aerosols from ACS during 2018 GDS ieQivhYGPB2KrntN-
GLo04Y/ and from Luginin (2020).
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