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Key Points: 12 

 MAVEN/NGIMS observed increased of CO2 and Ar densities observed in the upper 13 

atmosphere (160 – 250 km) corresponding to the peak of the dust event. 14 

 Unexpected decrease in O densities in the upper atmosphere (160 – 250 km) was 15 

simultaneously observed. 16 

 Comparisons between model and data results show good agreement with scale height and 17 

temperatures, further M-GITM model revisions needed to capture circulation effects.  18 
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Abstract 19 

The onset of the Planet Encircling Dust Event (PEDE-2018) started around 1 June 2018 20 

as observed by MRO/MARCI, peaking around 7-10 July, and persisting through mid-October 21 

2018. After the onset of the event the upper atmosphere underwent significant changes in density 22 

and thermal structures. MAVEN NGIMS had a good opportunity to observe these changes from 23 

the first detection in the upper atmosphere and throughout the duration of the PEDE. The 24 

compositional changes included increased density at a constant altitude for CO2 and Ar while the 25 

O decreased from the peak throughout the decay of the bulk of the PEDE. 26 

Plain Language Summary 27 

From June through October 2018 Mars experienced a Planet Encircling Dust Event 28 

(PEDE-2018), a fairly rare event last observed in 2007. The dust storm grew from a local event 29 

to cover the entire planet and was opaque enough that so that little sunlight reached the surface 30 

that the solar-powered Opportunity rover ceased operations and all attempts to re-establish 31 

contact with it were unsuccessful. Meanwhile, the orbiter MAVEN was able to observe changes 32 

in the upper atmosphere in the composition as a result of this globally extensive PEDE. MAVEN 33 

observed increases in both the CO2 and Ar while also observing an unexpected reduction in the 34 

O densities.  35 

1 Introduction 36 

The recent Planet Encircling Dust Event (PEDE-2018) started around 1 June 2018, as 37 

viewed in context imaging from the MRO/Mars Color Imager (MARCI) [Cantor et al., This 38 

issue]. The dust storm peaked around 7 – 10 July when the horizontal redistribution of dust 39 

around the planet was maximized, resulting in substantial warming of middle atmosphere (~25-40 
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80 km) temperatures increasing atmospheric densities as determined by remote sensing data from 41 

the MRO/Mars Climate Sounder (MCS)  [Kass et al., This issue]. The progression of the storm is 42 

outlined in Table 1, which maps the significant events of the storm to date, Ls, latitude, and local 43 

solar time (TLST). These events are used as markers for the data and the model. Corresponding 44 

upper atmosphere (~160-300 km) responses in neutral densities and temperatures were measured 45 

in-situ by the MAVEN/ Neutral Gas and Ion Mass Spectrometer (NGIMS) during the first 46 

detection in the upper atmosphere and peak period. Unlike MCS, which has the ability to 47 

monitor remotely the middle to upper atmosphere climate and produce derived profiles of 48 

atmospheric densities and temperatures below 90 km, NGIMS, as an in-situ mass spectrometer, 49 

directly measures the density and composition of the upper atmosphere routinely above 150 km, 50 

the MAVEN nominal periapsis. This is the first PEDE at Mars to be observed with both an in-51 

situ mass spectrometer and the remote sensors like MCS in orbit that is able to paint a picture of 52 

the compositional and structural changes in the upper atmosphere.  53 

NGIMS sampling was conducted from solar zenith angle (SZA) 50
o
 (dayside) to SZA 54 

150
o
 (nightside) from mid-latitudes in the southern hemisphere (~27°S) to high latitudes in the 55 

northern hemisphere (~55°N) during this dust storm period (Ls ~ 184 to 270). NGIMS measured 56 

neutral composition of the major gas species (He, O, CO, N2, Ar and CO2) [Mahaffy et al., 57 

2015].  Thermospheric scale heights and temperatures were derived from neutral density vertical 58 

structure using a fit method of the log (density) vs altitude as described in the Software Interface 59 

Specification (SIS) for the level 3 scale height product [Benna and Elrod, 2019]. This study 60 

focuses on the temporal variations in the NGIMS density and scale height for Ar, CO2 and O 61 

during this PEDE event. 62 
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Previous observations have shown that the lower and middle atmosphere, specifically the 63 

CO2 atmosphere, are heated by the influx of radiatively active dust into the atmosphere during 64 

dust events [Heavens et al., 2014, 2011, and references therein]. The MAVEN Accelerometer 65 

(ACC) is able to give a picture of the thermospheric mass density responses during the PEDE 66 

dust storm [Zurek et al., 2018], while NGIMS provides the density and temperature variations of 67 

the Ar, CO2, and O, from ~160 – 200 km. Consistent with the thermodynamic characterizations 68 

of the middle atmosphere observations from MCS and the higher altitude ACC data that 69 

observed  an increase in the total neutral densities, NGIMS also observed substantial 70 

enhancement in Ar and CO2 densities corresponding with the peak of the dust event. However, 71 

different and unexpected from these observations, NGIMS observed a reduction in atomic O 72 

densities during the peak of the PEDE.  73 

The new observation of reduction of O during the PEDE indicates that there are a number 74 

of dynamical effects going on during the dust events that will change and improve thermospheric 75 

modeling simulations like those conducted using The Mars Global Ionosphere-Thermosphere 76 

Model (M-GITM) [Bougher et al., 2015]. NGIMS wind data measurements taken during the first 77 

detection in the upper atmosphere and peak of the PEDE and monthly throughout the mission are 78 

helping to constrain the M-GITM model [Roeten et al., 2019, Benna et al., 2019]. These models 79 

are working on compensating for the modified circulation during the dust storm. This oxygen 80 

reduction may also be partially linked to photochemistry beyond the modified thermospheric 81 

circulation dynamics.  82 

2 Methods and Data 83 

MAVEN NGIMS is a quadropole mass spectrometer capable of measuring neutral and 84 

ion species from mass 1.5 – 150 Da in 0.1 increments. It is capable of creating accurate profiles 85 
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of the neutral atmosphere from periapsis (~150 – 160km for nominal science operations, ~125km 86 

for deep dip or aerobraking campaigns) to ~300km for major atmospheric species (Ar, CO2, N2, 87 

CO, O, and He). Regular science orbits switch between neutral and ion modes of observation 88 

throughout the orbit allowing for nearly simultaneous measurements of ion and neutral densities 89 

from ~400km to periapsis at ~150km for ion masses 2 – 60 in 1 Da increments. At the beginning 90 

of the PEDE, NGIMS conducted two 10 orbit wind campaigns, which does not produce regular 91 

neutral density data, these are not included. With emphasis on the Ar, CO2, and O abundances, 92 

the neutral density data used in this study were obtained from the MAVEN NGIMS level 2 (csn-93 

abund) data products version 8 revision 1, and the scale heights were obtained from the NGIMS 94 

level 3 (res-sht) data products version 6 revision 1. All MAVEN NGIMS data products are 95 

available on the Planetary Data System (PDS). 96 

In order to track the changes in the atmosphere during the dust event, we examined the 97 

NGIMS-provided inbound neutral Ar, CO2, and O density at a constant altitude of 170 km 98 

before, during, and after the PEDE (Fig. 1a). Figure 1a plots the Ar (blue), CO2 (red) and O 99 

(black), with abundances in particles/cc, from just prior to the onset and peak of the PEDE 100 

through the decay phase of the dust storm as the atmosphere began to reach equilibrium again. 101 

The solid lines represent 10-orbit averages throughout the data. The thick vertical purple line 102 

indicates the first upper atmosphere detection of the PEDE, and the thick vertical green line 103 

indicates the start of the decay phase of the PEDE. The black dashed line marks the SZA for this 104 

time period for reference. Figure 1b is a zoomed in view of figure 1a and focuses on just the first 105 

detection in the upper atmosphere and peak of the dust event in order to showcase the 106 

enhancement of the Ar and CO2 while the O is decreasing over the same interval. The MAVEN 107 

observations were made from dayside (SZA <85
o
) to nightside SZA >105

o
) from the beginning 108 
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of the PEDE to the end of the PEDE and from mid southern latitudes to high northern latitudes 109 

(at 170 km).  110 

(a) 111 

(b) 112 

Fig 1: (a) CO2 (red line), Ar (blue line), O (black solid line) densities (cm
-3

) at 170km the 113 

dark lines are a 10-orbit average and the dots are the individual orbits indicating the orbit 114 
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to orbit scatter. The solid vertical purple line marks the first upper atmosphere detection 115 

of the PEDE, the solid vertical green line marks the start of the decay phase of the PEDE.  116 

The black dashed line is the observed SZA for MAVEN NGIMS. (b) A zoomed-in 117 

segment of (a) that highlights just the first detection in the upper atmosphere through the 118 

peak and start of the decay period of the PEDE. Using this enlargement of 1a it is easier 119 

to see the enhancement of CO2 and Ar while the O is decreasing at the same time 120 

highlighting the decoupling of these species during the dust storm.  121 

In order to determine how much of a change occurred as a result of the PEDE we divided 122 

the NGIMS data into a pre-PEDE section from MY 33 and MY 34 prior to the dust storm and 123 

cutting off before the smaller regional dust storms in MY 33 and data from the PEDE. This 124 

allows the pre-PEDE data to contain nominal Mars atmospheric data over most latitudes, solar 125 

zenith angles (SZA), and longitudes. We then divided the data from the PEDE into two sections 126 

of data: 1) from the first upper atmosphere detection through the start of the decay phase (on 127 

figure 1a between purple and green lines)  (PEDE data), and 2) from the start of the decay phase 128 

through mid-decay (Ls 240 – 250) (decay data). Finally, a section was defined for the post decay 129 

through end 2018 (post-PEDE). These sections of data were each first binned at a constant 130 

altitude of 170 km then binned by SZA from 0 to 150 degrees in 10-degree bins. We chose 170 131 

km since it is high enough above periapsis to reduce the horizontal observational errors, and low 132 

enough that data is above the background for all species. We then computed the ratio of PEDE to 133 

pre-PEDE by SZA at 170 km. Figure 2a plots the ratio between the PEDE and pre-PEDE 134 

densities for Ar (blue), CO2 (red) and O (purple). In this figure if the ratio is >1 the abundances 135 

experienced an increase during the PEDE and if the ratio is <1 then the atmosphere or species 136 

experienced reduction during the PEDE. Figure 2a indicates that Ar and CO2 densities increased 137 
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significantly, by about a factor of 5, on the nightside (SZA >110
o
). Additionally, we collected all 138 

the NGIMS inbound neutral density data from the pre-PEDE and the PEDE data and binned 139 

these measurements by log10(densCO2) from 3 to 14 in 0.1 steps. This allows for examination of 140 

all data over all sampling altitudes and SZA. By continuing to divide this between PEDE and 141 

pre-PEDE periods, this allows us to examine how much the Ar and CO2 increased vs the total 142 

(Ar + CO2 + O) atmosphere and how O decreased. Figure 2b plots the density of Ar (red-PEDE 143 

magenta pre-PEDE) CO2 (black-PEDE, yellow-pre-PEDE) and oxygen (blue-PEDE cyan pre-144 

PEDE).  Atomic O underwent a decrease in the densities during the event of approximately 20% 145 

during both day and nightside. Figure 2 a&b demonstrate that while Ar and CO2 track well 146 

together, O not only was more affected by the global circulation during the PEDE but also saw a 147 

significant decrease during the PEDE.  148 

(a) 149 
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(b) 150 

Fig 2: (a)CO2 (red x’s), Ar (blue squares), O (purple diamonds), ratio of PEDE to pre-151 

PEDE density (part/cc) at ~170km versus SZA. A ratio of 1 would indicate no change 152 

between the peak of the PEDE and the average density, > 1 indicates the density 153 

increased during the dust event, and < 1 indicates decrease during the PEDE. (b) Plot of 154 

Ar (red PEDE and magenta pre-PEDE) CO2 (black PEDE and yellow pre-PEDE) and O 155 

(blue PEDE and cyan pre-PEDE) data binned by log10 dens(CO2) from 3 to 12 by 0.1 156 

steps. (Dashed curves are all pre-PEDE, solid curves are PEDE) 157 

3 Model comparison and Discussion 158 

NGIMS has ram pointing on the MAVEN spacecraft, the orbital geometry transitioned 159 

from the dayside to the nightside of the planet during the PEDE-2018 event. The time-evolving 160 

dust storm as well as latitude/local time sampling biases are convolved in MAVEN observations 161 

and disentangling these drivers requires the use of 3-D Global Circulation Model (GCM). The 162 
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Mars Global Ionosphere-Thermosphere Model (M-GITM) is utilized to simulate thermospheric 163 

impacts during this dust event, thereby incorporating both of these drivers. [e.g. Bougher et al., 164 

2018]. 165 

The M-GITM code is a 3-D spherical model that was developed to address the physics of 166 

the entire Mars atmosphere system, capturing the basic observed features of the dynamical, 167 

thermal, and composition of the atmosphere from ground to ~250 km [Bougher et al., 2015]. The 168 

M-GITM framework was built from the terrestrial GITM framework [Ridley et al., 2006], now 169 

including Mars fundamental physical parameters, ion-neutral chemistry, and key radiative 170 

processes [Bougher et al., 2015].  Typically, the model is setup to run with a 5°x 5° latitude-171 

longitude grid, and a 2.5 km resolution. 172 

This ground to exosphere code is built upon existing parameterizations and physical 173 

formulations found in other modern GCMs (see details in Bougher et al., 2015). Features 174 

important for this PEDE study are briefly outlined. For the Mars lower atmosphere (0-80 km), 175 

dust opacity distributions can be prescribed based upon empirical dust opacity maps obtained 176 

from several Martian years of measurements [e.g. Smith, 2004, 2009; Montabone et al., 2015]. 177 

For the Mars upper atmosphere (~80 to 250 km), a fast and modern formulation for non-LTE 178 

CO2 15-micron cooling was recently implemented within the M-GITM code [e.g. Gonzalez-179 

Galindo et al., 2013] to accurately capture the CO2 cooling rates [e.g. Bougher et al., 2018].  180 

Further upgrades to the M-GITM code were implemented to permit accurate solar 181 

irradiance and dust opacity inputs to be utilized for the PEDE simulations.  First, the solar EUV-182 

UV fluxes measured at Mars by the MAVEN Extreme Ultraviolet Monitor (EUVM) instrument 183 

have been used to assemble the FISM-M (Flare Irradiance Spectral Model – Mars) empirical 184 

model, yielding daily averaged full solar spectra [Thiemann et al., 2017]. These daily averaged 185 
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datasets provide solar EUV-UV fluxes to M-GITM corresponding to MAVEN-specific orbit 186 

measurements.  Second, model inputs for time varying dust integrated optical depths and vertical 187 

dust distributions during the PEDE are utilized. The latter is based upon MRO/MCS dust opacity 188 

datasets (V.5.2.7) [e.g Heavens et al., 2014; Kass et al., this issue] as a function of derived 189 

pressure intervals (103) and zonally averaged latitude elements (36) to match the M-GITM 190 

horizontal resolution. The 3-D dust distribution fields possessing zonally uniform but vertical 191 

and latitude structure are used to calculate aerosol heating rates within the M-GITM code. These 192 

3-D maps are derived from MCS opacity datasets for 9-reference time intervals (Table 1) 193 

corresponding to major milestones during the PEDE evolution. Linear interpolation in time 194 

between these reference intervals is conducted, yielding vertical and latitudinal (and zonally 195 

uniform) dust distributions for use by the M-GITM code throughout each simulated day. Future 196 

updates to this M-GITM formulation will relax these assumptions and make use of updated MCS 197 

datasets (V5.3) for this PEDE period.  198 

Densities (CO2, Ar, and O), scale heights, and temperatures corresponding to NGIMS 199 

thermospheric measurements are extracted from the M-GITM output data-cubes throughout this 200 

simulated PEDE evolution. Extraction requires the use of NGIMS trajectory files for each orbit, 201 

detailing the latitude, longitude, local time and altitude coordinates of measurements conducted 202 

along the orbit path below ~250 km. A M-GITM flythrough routine is utilized for this extraction 203 

at each actual measurement location, yielding the corresponding M-GITM densities, 204 

temperatures, and scale heights at the same location and time.  205 

Figures 3 a & b show comparisons between the NGIMS data and the results from the M-206 

GITM modeling from the PEDE peak period (Ls ~185 – 240). Figure 3a compares the Ar 207 

(NGIMS red, M-GITM magenta) and CO2 (NGIMS blue, M-GITM cyan) scale heights (top 208 
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panel) from NGIMS data to corresponding M-GITM values. 10-orbit averaged (orbit range 7143 209 

– 7640) and corresponding 1- error bars are presented for these NGIMS scale heights.  Scale 210 

heights from NGIMS data are determined by log(density) vs altitude linear fits. The NGIMS 211 

temperatures plotted in the bottom panel of Figure 3a are derived from the Ar scale heights using 212 

T = mgH/k where m is mass, g is gravitation, H is scale height and k is Boltzmann constant since 213 

Ar is the non-reactive species and best for temperature measurements [Benna and Elrod, 2019]. 214 

However, since M-GITM is primarily a climate model that includes solar fluxes on a daily 215 

cadence, it does not reproduce well the high orbit-to-orbit variability observed by NGIMS during 216 

the PEDE. 217 

(a) 218 

This article is protected by copyright. All rights reserved.



Confidential manuscript submitted to Geo Res Let 

 

(b) 219 

Figure 3(a): NGIMS scale height (km) of CO2 (red), Ar (blue), and M-GITM Ar 220 

(magenta) and CO2 (cyan) scale heights vs Ls, for the peak of the dust event (top panel). 221 

Temperature (K) for NGIMS (black) and M-GITM (green) (bottom panel). Vertical bars 222 

are 1- error bars of the orbit-to-orbit variability. (b) Ratio of M-GITM model densities 223 

to NGIMS densities from the PEDE dust first upper atmosphere detection and peak 224 

period. Ar (blue) CO2 (green) and O (red).  225 

In comparing the densities between the model and the NGIMS data, however, the 226 

hydrostatic expansion of the heated lower-to-middle atmosphere during the PEDE plus the 227 

simulated thermospheric circulation created a substantial difference in the results. Figure 3b plots 228 
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the ratio of M-GITM to NGIMS for Ar, CO2 and O densities during the first upper atmosphere 229 

detection and peak of the PEDE. A ratio of 1 would indicate that these values agree, <1 would 230 

indicate that the model underestimates the observed densities and >1 the model overestimates the 231 

observed densities. Ar (blue) and CO2 (green) trend higher by a factor of ~3-5 throughout the 232 

PEDE, while O (red) is overestimated by a larger factor of ~10-20 throughout the PEDE. This 233 

indicates the model is not warming the lower and middle atmosphere enough or that the 234 

circulation has changed. The NGIMS scale heights appear to be somewhat higher during the 235 

PEDE which suggests downwelling motion and adiabatic warming along the MAVEN periapsis 236 

track. 237 

Simulated atomic O distributions are particularly subject to transport from day to 238 

nightside resulting in local bulges in the upper thermosphere near the evening terminator [e.g. 239 

Bougher et al., 2015]. These bulges were not observed at the same locations in the NGIMS data 240 

during the PEDE peak period (fig 3b). These results indicate that the M-GITM model will need 241 

some further updates, including modifications of circulation, wind, and transport dynamics, to 242 

improve atomic oxygen densities throughout the PEDE. 243 

The differences in the predicted model data densities provide a pathway for improvement 244 

of the modeling efforts thereby enhancing our understanding of how the thermospheric 245 

circulation is maintained impacted during dust events. The absence in the model of gravity wave 246 

momentum and energy deposition is likely a major contributor to the predawn data-model 247 

discrepancies, especially at high latitudes [Zurek et al., 2017]. In addition, when the atmosphere 248 

is highly turbulent (variable) like it is on the night side or as it was during this PEDE dust event, 249 

obtaining good data-model agreement can be particularly difficult [Zurek et al., 2017]. The new 250 
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results from this PEDE dust storm will help improve detailed model investigations and dust 251 

storm period thermospheric circulation studies [e.g. Bell et al., 2007; Medvedev, et al., 2013]. 252 

In addition to the circulation and vertical transport mechanisms, there are other 253 

photochemical effects in the middle and upper atmosphere that could have an impact on the 254 

decrease in atomic oxygen during the PEDE. Oxygen is a highly volatile element and is reactive 255 

with ice, water, CO, CO2, OH, and all associated ions. During the PEDE water ice clouds were 256 

observed higher in the atmosphere (~80 km) [Cantor et al., 2019]. It is possible that this ice 257 

formation is an atomic oxygen sink since the oxygen sticks to the ice. With the higher opacity in 258 

the atmosphere due to the dust the photodissociation from the ice is reduced keeping the oxygen 259 

on the ice until the tail end of the storm. Another possibility, though smaller effect, could be due 260 

to photoionization of the oxygen from top down. Ion data indicates that there was an increase in 261 

water group ions (H2O
+
, OH

+
, H3O

+
). This is something to consider in future studies.  262 

Table 1: Progression of the PEDE dust storm timeline based on MRO/MCS observations. 263 

 
Date 
(2018) 

 
Ls 
(deg) 

*Periapsis 
Latitude 
(deg) 

*Periapsis 
TLST 
(hours) 

 
Milestone 

June 1 185.2 27.0 S 8.8 Onset of storm 

June 8 189.2 19.0 S 7.8 1
st
 upper 

atmosphere 
detection 

June 12 191.6 16.0S 7.4 Growth Phase 
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June 16 194.0 13.0S 7.1 Growth Phase 

June 17 194.5 10.0 S 6.7 PEDE declared 

June 27 200.4 5.0 S 6.0 MAVEN Periapsis 
to nightside 

July 7-10 207-208 4.0 N 5.0 Peak of PEDE 

August 15 230.5 27.0 N 2.0 Early Decay 
Phase 

Sept 15 250.1 55.0N 21.7 Mid- Decay Phase 

 264 

4 Summary & Conclusions 265 

The PEDE dust event that began 1 June 2018 on Mars caused increases of the upper 266 

atmosphere (~150-270 km) CO2 and Ar densities at a constant altitude as observed by MAVEN 267 

NGIMS instrument while simultaneously and unexpectedly decreasing the atomic O densities. 268 

Observations of PEDE dust storms made by MRO/MCS also observed an increase of the middle 269 

and upper CO2 atmosphere temperatures (~80-120 km) [Kass et al., this issue]. M-GITM 270 

modeling efforts to describe the thermospheric structure and circulation during the PEDE dust 271 

storm produced scale height, temperature and densities for comparison with NGIMS data. This 272 

comparison showed some agreement with the 170 km temperatures and scale heights within the 273 

1- error of the NGIMS data while the later suggested somewarming, perhaps associated with 274 

downward motion and adiabatic warming. However, when comparing the M-GTIM density 275 
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results with the NGIMS measurements, the much higher computed densities at 170km suggest 276 

the hydrostatic expansion of the heated lower-to-middle atmosphere and the associated M-GITM 277 

thermospheric dynamics are in need of revision. The scale heights and temperatures respond to 278 

local effects making the M-GITM computed results and observed NGIMS results more 279 

consistent. However, CO2 and Ar densities respond to the hydrostatically integrated atmosphere 280 

(and for atomic O local thermospheric transport) and are therefore subject to changes from 281 

below. Both of these effects combine to control thermospheric structure and dynamics during the 282 

PEDE and help to explain why the computed and observed densities are so different [Thiemann 283 

et al., 2018].  284 

The novel observations made during this PEDE dust event include the observations of the 285 

depletion of oxygen during the peak of the dust storm. The O was depleted by approximately 286 

20% at the peak of the storm and returned to normal levels slowly throughout the decay of the 287 

storm. Future work will include examining the smaller regional dust storms that occurred in MY 288 

33 and the secondary storms after this PEDE that occurred in the beginning of 2019 for a similar 289 

effect on the neutral O. This future work will also include examination of the ionosphere and 290 

possible photochemistry from the middle and lower atmosphere. 291 
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