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Abstract

We present a comprehensive study of the nightside discrete electron aurora phenomenon on Mars, utilizing observations from

EMUS onboard EMM. The oxygen emission at 130.4 nm is by far the brightest FUV auroral emission line observed at Mars. We

identify auroral pixels in OI 130.4 nm disk observations, with higher sensitivity than previously possible. Our statistical analysis

reveals regional, SZA, local time, and seasonal dependencies of auroral occurrence. Higher occurrence of aurora is observed in

regions of open magnetic topology and vertical crustal magnetic fields. Aurora occurs more frequently closer to the terminator

and is more likely on the dusk versus dawn sides of the night hemisphere. A pronounced auroral feature appears close to midnight

local times in the southern hemisphere, consistent with the “spot” of energetic electron fluxes previously identified in the MGS

data. The auroral spot is more frequent after midnight than before. Additionally, some regions on Mars are “aurora voids”

where essentially no aurora occurs. The non-crustal field aurora exhibits a seasonal dependence, with major enhancements

around Ls 235° (near perihelion) and Ls 30°. This is in line with the seasonal variability in ionospheric TEC observed by Mars

Express, which is in turn related to the variability of solar irradiance and thermospheric density. Aurora occurrence also shows

an increase with the rise of Solar Cycle 25. These observations not only shed light on where and when Martian aurora occurs,

but also add to our understanding of Mars’ magnetic environment and its interaction with the heliospheric environment.
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Abstract22

We present a comprehensive study of the nightside discrete electron aurora phenomenon23

on Mars, utilizing observations from the Emirates Mars Ultraviolet Spectrometer (EMUS)24

onboard the Emirates Mars Mission (EMM). The oxygen emission at 130.4 nm is by far the25

brightest FUV (far ultraviolet) auroral emission line observed at Mars. We identify auroral26

pixels in OI 130.4 nm disk observations, with higher sensitivity than previously possible. Our27

statistical analysis reveals regional, solar zenith angle, local time, and seasonal dependencies28

of auroral occurrence. Higher occurrence of aurora is observed in regions of open magnetic29

topology and vertical crustal magnetic fields. Aurora occurs more frequently closer to the30

terminator and is more likely on the dusk versus dawn sides of the night hemisphere. A31

pronounced auroral feature appears close to midnight local times in the southern hemisphere,32

consistent with the “spot” of energetic electron fluxes previously identified in the Mars33

Global Surveyor (MGS) data. The auroral spot is more frequent after midnight than before.34

Additionally, some regions on Mars are “aurora voids” where essentially no aurora occurs.35

The non–crustal field aurora exhibits a seasonal dependence, with major enhancements36

around Ls 235° (near perihelion) and Ls 30°. This is in line with the seasonal variability37

in ionospheric Total Electron Content (TEC) observed by Mars Express, which is in turn38

related to the variability of solar irradiance and thermospheric density. Aurora occurrence39

also shows an increase with the rise of Solar Cycle 25. These observations not only shed40

light on where and when Martian aurora occurs, but also add to our understanding of Mars’41

magnetic environment and its interaction with the heliospheric environment.42

Plain Language Summary43

In our study, we explore the fascinating phenomenon of aurora on the nightside of Mars,44

using observations from the highly sensitive Emirates Mars Ultraviolet Spectrometer on the45

Emirates Mars Mission. Our analysis reveals distinct patterns in aurora occurrence on the46

planet. For instance, there’s a higher rate of auroral activity in regions where Mars’ magnetic47

field lines are open to space and in places with strong vertical magnetic fields. We also found48

that aurora is more common near the terminator, and particularly during the evening hours,49

as opposed to early morning. Interestingly, these Martian light shows also have a seasonal50

rhythm, peaking around specific times in a Martian year. This seasonal pattern aligns with51

the seasonal variation of photoelectrons in Mars’ ionosphere. Our study not only gives us a52

clearer picture of where and when the aurora occurs on Mars but also hints at the underlying53

processes influencing them, offering insights into the planet’s magnetic and charged particle54

environment.55

1 Nightside Discrete Electron Aurora on Mars56

Mars discrete electron aurora, first identified by the SPICAM (SPectroscopy for the57

Investigation of the Characteristics of the Atmosphere of Mars) ultraviolet spectrometer58

on Mars Express (Bertaux et al., 2005; Bertaux et al., 2006; Leblanc et al., 2006; Soret59

et al., 2016), are spatially confined photon emissions in Mars’ nightside upper atmosphere,60

generated by the decay of electronic states in atoms and molecules excited by suprathermal61

electrons (> a few eV). These discrete aurorae (a total of 19 detections by SPICAM: 16 in62

nadir mode and 3 in limb mode), distinguishable by their small spatial scales and association63

with strong vertical crustal magnetic fields, differ significantly from other Mars auroral types64

(Haider et al., 2022): diffuse aurora, caused by the global precipitation of solar energetic65

particles (Schneider et al., 2015; Gérard et al., 2017; Nakamura et al., 2022; Schneider et66

al., 2018), and proton aurora, resulting from solar wind protons directly entering the upper67

atmosphere after charge exchange with neutral hydrogen in the corona (Deighan et al., 2018;68

Hughes et al., 2019; Ritter et al., 2018; Gérard et al., 2019; Chaffin et al., 2022).69

–2–
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The Mars Atmosphere and Volatile EvolutioN (MAVEN) Imaging Ultraviolet Spectro-70

graph (IUVS) has expanded our understanding with over 400 detections of discrete aurora71

(278 detections in limb mode and 126 detections in nadir mode), revealing different behav-72

iors within and outside Mars’ strong crustal magnetic field region or “mini–magnetosphere”73

in the southern hemisphere which is near 177°E and 52°S (Schneider et al., 2021; Girazian74

et al., 2022; Johnston et al., 2023; Bowers et al., 2023; Soret et al., 2021; Fang et al., 2022).75

Both MEX (Mars Express) and MAVEN observations of discrete aurorae are mainly focused76

on mid ultraviolet (MUV) emissions, such as CO Cameron bands (190 to 270 nm), CO+
277

UV doublet (at 288–289 nm), and the oxygen forbidden emission (at 297.2 nm) due to their78

higher brightness (Gérard et al., 2015; Schneider et al., 2018; Soret et al., 2021).79

The Emirates Mars Ultraviolet Spectrograph (EMUS) on the Emirates Mars Mission80

(EMM) spacecraft (Amiri et al., 2022) has further advanced this research. With its large81

orbit and greater sensitivity in the extreme and far ultraviolet range (∼ 85 – 180 nm),82

EMM/EMUS has enabled systematic synoptic (disk) nearly global observations of Mars’83

upper atmosphere (Holsclaw et al., 2021). Using EMUS observations, Chaffin et al. (2022)84

reported patchy proton aurora emissions in the dayside Martian atmosphere at hydrogen85

Lyman alpha and Lyman beta wavelengths. Furthermore, England et al. (2022) reported86

dayglow structures in the EMUS observations of several disk emissions including OI 130.487

nm.88

Lillis et al. (2022) presented the first synoptic images of nightside discrete aurora using89

EMUS observations, detecting discrete aurora in over 75% of images during a time of mostly90

low solar activity. The oxygen emission lines (at 130.4 nm and 135.6 nm among others),91

carbon monoxide (CO) emission lines including the Fourth Positive Group (CO 4PG) band92

emission, and carbon emission lines are prominent among the detected extreme/far ultravi-93

olet (EUV/FUV) auroral emission features. This is expected for electron impact on CO2,94

O, and CO resulting in a range of excited states of O and CO. Lillis et al. (2022) classified95

the discrete auroral features captured by EMUS as crustal field aurora in regions of strong96

crustal magnetic fields (e.g., Figure 1a), non–crustal field sinuous aurora which are elon-97

gated, filamentary emissions usually formed away from strong crustal fields (e.g., Figure98

1b), and non–crustal field patchy aurora in spatially extended weak crustal field regions99

often with less defined edges (e.g., Figure 1c). Note that all three types of discrete aurora100

can appear simultaneously at different locations on the nightside (Lillis et al., 2022; Atri et101

al., 2022; Pacios et al., 2024). However, these studies used limited data sets and did not102

provide in–depth analyses of Mars’ discrete aurora, its variability, and drivers.103

We use OI 130.4 nm triplet emission (result of an electric dipole allowed resonance104

transition 3S → 3P of atomic oxygen), which is brightest FUV auroral emission feature in105

the Martian atmosphere – with the highest signal–to–noise ratio – for the analysis presented106

in this study. The following sections describe the instrument and data used, dependence of107

aurora on crustal field, magnetic topology, solar zenith angle (SZA), local time, and season.108

Finally, the paper concludes by summarizing the analysis and describing the prospects for109

future work.110

2 EMM EMUS Disk Observations111

The Emirates Mars Mission (EMM) spacecraft, orbiting every approximately 55 hours112

in a ∼ 20,000 × 43,000 km altitude (6.9 × 13.7 Mars radii) science orbit inclined at 25°,113

provides near–complete geographic and diurnal coverage of Mars every approximately 10114

days (Amiri et al., 2022; Almatroushi et al., 2021). Emirates Mars Ultraviolet Spectrometer115

(EMUS), an EUV/FUV spectrometer mounted on the instrument deck of the EMM orbiter,116

records photon counts from ∼ 85 – 180 nm UV light in each pixel. The light enters through a117

narrow 0.6° x 11° aperture (or “slit”) and is directed by a spherical mirror onto a diffraction118

grating, which then splits the light into its spectral components. This process results in119

a two–dimensional image (one spatial and one spectral dimension) on the detector, which120

–3–
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(a)

emm emu l2a 20230428t022817 0366 osr 46892 f v04-00.fits.gz

(c)

emm emu l2a 20220104t053418 0156 osr 19969 f v04-00.fits.gz

(b)

emm emu l2a 20221201t002750 0301 osr 38566 f v04-00.fits.gz
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Figure 1. EMUS disk images of OI 130.4 nm emission showing examples of crustal field aurora

and non–crustal field aurora: a) crustal field aurora on 2023/04/28, b) sinuous non–crustal field

aurora on 2022/12/01, and c) patchy non–crustal field aurora on 2022/01/04. The cyan and ma-

genta contours are radial (i.e., vertical) component of crustal magnetic field at -10 nT and 10 nT

respectively at an altitude of 400 km based on the model of Langlais et al. (2019).

consists of a microchannel plate stack with a cesium iodide photocathode and a photon–121

counting, cross-delay line anode that enables spectral–spatial imaging (Holsclaw et al., 2021).122

EMUS operates in various observation strategies (OS), including OS1, OS2, and OSr,123

where the slit field–of–view is dragged slowly (about 13–21 minutes) across the disk of Mars124

as seen from the spacecraft (with 7.1, 6, and 10.7 seconds integrations for OS1, OS2, and125

OSr respectively). OSr involves a single swath covering most of the disk, OS1 consists of two126

overlapping swaths, and OS2 comprises two or three swaths depending on EMM’s distance127

from Mars, covering the disk and inner corona (Holsclaw et al., 2021). This allows for the128

reconstruction of images at any desired wavelength for each swath. Holsclaw et al. (2021)129

provides a detailed description of the EMUS instrument, its data collection modes, and130

science goals.131

This study has examined the EMUS disk dataset acquired between 2021-04-21 and132

2023-08-31, which is a total of 4879 swaths (or individual images) scanning both dayside133

and nightside combining OS1 (454 swaths), OS2 (1979 swaths) and OSr (2446 swaths). We134

restricted the solar zenith angle (SZA) and phase angle to be greater than 120°, ensuring suf-135

ficient nightside disk coverage, with emission angle less than 88°, to observe discrete aurora136

if present. The SZA criterion is for picking the nightside pixels that are not contaminated137

by the UV dayglow (primarily produced by resonant scattering of sunlight at UV) and are138

away from the UV terminator (Lillis et al., 2022). The phase angle criterion is introduced139

to remove any dayside oxygen exosphere foreground contribution to the auroral brightness.140

The emission angle criterion is set to get just the disk pixels and to avoid any inner corona141

pixels. The altitude of the discrete aurora emission is around ∼130 km near the ionospheric142

peak (Soret et al., 2021). These criteria reduced our dataset to 1319 swaths (consisting143

of 732, 538, and 49 swaths in OSr, OS2, and OS1 respectively), comprising a total of ∼144

6.08×106 pixels on the nightside. We also removed any hydrogen Lyman alpha background145

to OI 130.4 nm emission by subtracting the H Lyman alpha wing from 130.4 nm oxygen146

emission (Chirakkil et al., 2023).147

Figure 1 shows three examples of EMUS disk swath observations on the nightside (in148

orthographic projection) with discrete aurora in OI 130.4 nm emission. Figure 1a is a crustal149

field aurora, where the auroral emission is from a strong crustal field region in the southern150

hemisphere (“the mini–magnetosphere”), Figures 1b and 1c are examples of non–crustal151
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Figure 2. Histograms showing the number of pixels in logarithmic brightness bins for all night-

side pixels (in black), divided into pre–midnight pixels (in blue), and post–midnight pixels (in red).

Vertical gray lines show the brightness thresholds of 5 R (dashed line) and 8 R (dotted line).

field sinuous aurora and non–crustal field patchy aurora respectively, where the emission is152

from regions away from the strong crustal fields. The contours of radial crustal field at -10153

nT (cyan) and 10 nT (magenta) are also shown for context (Langlais et al., 2019; Lillis et154

al., 2022). We can notice that the non–crustal field aurora (both patchy and sinuous) are155

connected to the dayside terminator, and this is commonly observed.156

3 Crustal Field and Magnetic Topology Dependence of Aurora157

Figure 2 shows the brightness histograms of all the nightside pixels, as well as the158

histograms divided into pre–midnight pixels (before 12 am) and post–midnight pixels (after159

12 am). An aurora is detected using a fixed brightness threshold following Lillis et al. (2022).160

The OI 130.4 nm emission brightness thresholds of 5 R and 8 R are also shown in Figure 2.161

At all brightness levels, the pre–midnight pixel counts are higher than the post–midnight162

pixel counts.163

Figure 3 shows the occurrence of aurora in geographic latitude and longitude. Occur-164

rence is calculated as a fraction of aurora pixels to all nightside pixels in each bin. Here165

we used 1° by 1° geographic bins. We did a pixel subsampling (by dividing each individual166

pixel into four subpixels) for better statistics and improved spatial resolution. A Gaussian167

filter is applied in the geographic maps to reduce the noise. The upper and lower panels168

depict the geographic occurrence maps for 5 R and 8 R thresholds, respectively, in OI 130.4169

nm emission. The crustal field contours of -10 nT (green) and 10 nT (blue) are also shown.170

We can see that the strong crustal field regions display a higher aurora occurrence that is171

localized and discrete, especially in the southern hemisphere and near the equator. The172

aurora occurrence is reduced for a threshold of 8 R as compared to 5 R. This aligns with173

the trend in Figure 2, where the number of auroral pixels decreases with increasing auroral174

brightness.175
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Figure 3. Geographic occurrence of discrete aurora in OI 130.4 nm emission using brightness

thresholds of a) 5 R and b) 8 R. Green and blue contours are the -10 nT and 10 nT levels of

radial component of crustal magnetic field respectively, at 400 km altitude according the model of

Langlais et al. (2019).

–6–



manuscript submitted to JGR: Planets

0 30 60 90 120 150 180 210 240 270 300 330 360
−90

−60

−30

0

30

60

90

L
at

it
u

d
e,

d
eg

(a) Crustal Field Strength

1

10

100

S
tr

en
gt

h
,

n
T

0 30 60 90 120 150 180 210 240 270 300 330 360
−90

−60

−30

0

30

60

90

L
at

it
u

d
e,

d
eg

(b) Crustal Field Elevation Angle

0

30

60

90

E
le

va
ti

on
A

n
gl

e,
d

eg

0 30 60 90 120 150 180 210 240 270 300 330 360
Longitude, deg

−90

−60

−30

0

30

60

90

L
at

it
u

d
e,

d
eg

(c) Open Field Topology

0

20

40

60

80

100

%
of

O
p

en
F

ie
ld

T
op

ol
og

y

0 20 40 60 80 100 120 140 160 180
Crustal Field Strength, nT

0

2

4

6

8

10

12

14

%
of

A
u

ro
ra

O
cc

u
rr

en
ce

(d)

0 10 20 30 40 50 60 70 80 90
Crustal Field Elevation Angle, deg

0

2

4

6

8

10

12

14

%
of

A
u

ro
ra

O
cc

u
rr

en
ce

CF Strength > 10 nT

(e)

0 10 20 30 40 50 60 70 80 90 100
% of Open Field Topology at 400 km at 2 am

0

2

4

6

8

10

12

%
of

A
u

ro
ra

O
cc

u
rr

en
ce

(f)

Figure 4. Geographic maps showing Mars’ a) crustal magnetic field strength (B =√
B2

r + B2
t + B2

p), b) crustal magnetic field elevation angle (Elevation Angle = arctan
(

|Br|√
B2

t
+B2

p

)
),

both at 400 km altitude according to the model of Langlais et al. (2019), and c) open field topology

probability at 400 km altitude at 2 am local time from Brain et al. (2007). Histograms showing

aurora occurrence d) as a function of crustal field strength, e) as a function of crustal field elevation

angle (for crustal field strength greater than 10 nT), and f) as a function of probability of open

field topology.
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Figure 5. Aurora occurrence as a function of crustal field elevation angle at 400 km (Langlais

et al., 2019) and probability of open field topology at 400 km at 2 am (Brain et al., 2007). Aurora

occurrence is highest for the bin of 90–100% open field topology and 80–90° crustal field elevation

angle.
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In addition to the bright crustal field patches, we also notice large areas of “aurora176

voids”, where the aurora occurrence is nearly zero. This is analogous to “plasma voids”177

observed by Mars Global Surveyor (MGS) spacecraft, and are seemed to be observed where178

closed crustal magnetic loops existed at 400 km on the nightside – i.e., they did not connect179

with the magnetosphere, and hence, suprathermal electrons could not access them (Mitchell180

et al., 2001; Steckiewicz et al., 2017; Brain et al., 2007; Lillis & Brain, 2013). A strong181

auroral occurrence feature in the southern hemisphere between ∼ 60 to 150 degrees east182

longitude and ∼ 60°S to 75°S latitude is consistent with the “spot” of energetic electron183

fluxes identified in MGS data at 2 am (Brain et al., 2007), which has also been numerically184

predicted by Fang et al. (2022). Additionally, we can see significant aurora occurrence in185

regions away from these strong crustal fields. These are more diffuse features (i.e., with less186

clear edges) in the occurrence map and are the result of mostly non–crustal field patchy187

aurora, but also less–common sinuous aurora. The coverage at high latitudes (near the188

poles) is poor due to the SZA cut–off at 120°. The geographic maps with both 5 R and 8 R189

thresholds are similar, except that the features become more sharp (with distinct boundaries)190

at higher brightness threshold. Hence for the rest of the analysis, we use a brightness191

threshold of 5 R for better pixel statistics, due to the greater number of pixels falling above192

that threshold and O corona background emission of the nightside almost never exceeding193

5 R (Lillis et al., 2022).194

Now that we know there is a crustal field dependence for discrete aurora, let us exam-195

ine it in detail. Figure 4(a–c) shows the geographic maps of crustal field strength (Figure196

4a), crustal field elevation angle (Figure 4b), and probability of open field topology (Figure197

4c). The crustal field data at 400 km altitude is according to the model of Langlais et al.198

(2019), which combines MGS magnetometer, MGS Electron Reflectometer, and MAVEN199

magnetometer data. The open field topology data is from Brain et al. (2007). The mag-200

netic topology map shows the probability of open field lines at 400 km altitude as esti-201

mated through electron pitch angle distributions from MGS Magnetometer and Electron202

Reflectometer (MAG/ER). One–sided loss cones are indicative of open field topology, while203

two–sided loss cones are indicative of closed field topology. The measurements were made204

at 400 km altitude around 2 am local time on the nightside due to the near circular and205

Sun–synchronous orbit of the MGS spacecraft (Brain et al., 2007).206

Figure 4(d–f) shows the histograms of aurora occurrence as a function of crustal field207

strength (Figure 4d), crustal field elevation angle (Figure 4e), and open field topology (Fig-208

ure 4f). Here also, the occurrence is calculated as fraction of aurora pixels to the total pixels209

in each bin. Only the elevation angles for CF strength more than 10 nT are used. These are210

global occurrence rates averaged over all geographic locations. We can see that the aurora211

occurrence increases with both higher open field topology as well as higher elevation angles212

(i.e., vertical crustal fields), while the aurora occurrence is not directly proportional to CF213

strength. This is due to the fact that there is a higher geographic occurrence in regions away214

from the strong crustal fields due to non–crustal field aurorae. As mentioned previously,215

both MEX/SPICAM and MAVEN/IUVS observations were largely focused on the crustal216

field aurora and thus obtained a direct correlation with CF strength (Gérard et al., 2015;217

Schneider et al., 2021).218

Figure 5 shows the aurora occurrence as a function of crustal field elevation angle and219

probability of open field topology. Occurrence is calculated as fraction of aurora pixels220

to the total nightside pixels in each bin. Aurora occurrence is highest for the bin of 90–221

100% open field topology and 80–90° crustal field elevation angle. Also, in general, higher222

aurora occurrence is observed when the probability of open field topology is larger than223

50% and crustal field elevation angle greater than 60°. However, when the probability of224

open field topology is less than 20%, the aurora occurrence is lower, even for larger crustal225

field elevation angles. Similarly, when the probability of open field topology is larger than226

50%, aurora occurrence is higher, even when the crustal field elevation angle is smaller. In227

this context, it is important to note that at 400 km altitude, the induced magnetic field228
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Figure 6. Pixel statistics in solar zenith angle (SZA) and local time bins: a) histogram of all

nightside pixels (SZA > 120°) and aurora pixels in SZA bins, and b) histogram of all nightside

pixels and aurora pixels in local time bins. Aurora occurrence as a function of c) SZA, and d) local

time.

dominates over the crustal magnetic field (Fang et al., 2022). That is, the magnetic field229

direction at 400 km is less determined by the intrinsic crustal field direction, although,230

for the auroral emission altitude of ∼130 km, the magnetic field direction is significantly231

determined by the intrinsic crustal field direction.232

4 Solar Zenith Angle and Local Time Variability233

The top two panels in Figure 6 show the pixel statistics in SZA (top left panel) and234

local time bins (top right panel). The blue color histogram corresponds to all nightside235

pixels and the orange color histogram corresponds to aurora pixels. The bottom panels236

show the global aurora occurrence, which is calculated as a fraction of aurora pixels to total237

nightside pixels. Interestingly, aurora shows a SZA dependence, with more aurora occurring238

close to the terminator as compared to midnight (Figure 6c). This may be attributed to239

the greater availability of photoelectrons near the terminator compared to the midnight240

sector. Figure 6d shows the aurora occurrence as a function of local time, and we can notice241

that there is a dawn–dusk asymmetry, with more aurora occurring in pre–midnight local242

times as compared to post–midnight local times. This is also consistent with the previous243

observations by MAVEN IUVS instrument on pre–midnight vs. post–midnight detection244

frequencies (Johnston et al., 2023; Bowers et al., 2023).245
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(b) SZA: 140° – 160°
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Figure 7. Geographic maps of aurora occurrence (for a brightness threshold of 5 R for OI 130.4

nm emission) for different solar zenith angle (SZA) ranges. a) For SZA from 120 to 140 degrees, b)

for SZA from 140 to 160 degrees, and c) for SZA from 160 to 180 degrees.
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(b) Local Time: Postmidnight
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Figure 8. Geographic maps of aurora occurrence (for a brightness threshold of 5 R for OI 130.4

nm emission) for a) pre–midnight (19 - 0 hours) and b) post–midnight (0 - 5 hours) intervals. c)

Shows the difference between pre–midnight and post–midnight occurrence rates.
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(b) Local Time: 22 – 0 hours
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Figure 9. Geographic maps of aurora occurrence (for a brightness threshold of 5 R for OI 130.4

nm emission) for different local time ranges. a) For 19 to 22 hours, b) 22 hours to midnight, c)

midnight to 2 hours, and d) 2 to 5 hours. The difference maps comparing these local time bins are

provided in Figure S1 of the Supporting Information.
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Figure 7 shows the geographic maps of aurora occurrence, similar to Figure 3, but for246

three different SZA ranges. The first one is for a range 120°–140° (Figure 7a), the second247

one for 140°–160° (Figure 7b), and the third one for 160°–180° (Figure 7c). Although the248

nightside geographic coverage reduces for higher SZAs, the aurora occurrence also decreases,249

as also seen in the histogram (Figure 6c).250

Figure 8 shows the geographic maps of aurora occurrence for pre–midnight (19 - 0 hours,251

Figure 8a) and post–midnight local times (0 - 5 hours, Figure 8b), as well as the map of their252

difference (Figure 8c). The auroral “spot” in the southern hemisphere mentioned previously253

is more frequent after midnight than before midnight. Figure 9 shows the geographic maps254

of aurora occurrence again split into four different local time ranges. As we can see from255

Figure 6b, the pixel coverage between ∼ 19 to 20 hours and ∼ 4 to 5 hours is smaller256

compared to other local time intervals. Hence, we average data from 19 to 22 hours local257

time for the first subplot of evening or dusk occurrence (Figure 9a), 22 to 0 hours for the258

second subplot (Figure 9b), 0 to 2 hours for the third subplot (Figure 9c), and 2 to 5 hours259

for the fourth subplot of morning or dawn occurrence (Figure 9d). The dusk and dawn260

slices (Figures 9a and 9d) show higher aurora occurrence as compared to the 22 to 2 hours261

slices (Figures 9b and 9c). Also, the dusk sector has a higher occurrence as compared to262

the dawn sector.263

The geographic maps of percentage difference in aurora occurrence for these four dif-264

ferent local time ranges are shown Figure S1 of the Supporting Information. Figure S1a265

shows the difference between dusk (19 - 22 hours) and dawn (2 - 5 hours) local times, and266

Figure S1b shows the difference between pre–midnight (22 - 0 hours) and post–midnight (0267

- 2 hours) local times. Different regions on the planet (e.g., the strong crustal field region in268

the southern hemisphere) exhibit a local time dependence with north/south (dusk/dawn)269

and east/west (pre–midnight/post–midnight) preferred activations (Figures 8c, S1a, S1b),270

possibly related to the different magnetic field configurations at these locations.271

The aurora detections and field line configuration of the strong crustal field region272

region in the southern hemisphere have been studied recently using MAVEN/IUVS and273

MAVEN/MAG observations by Johnston et al. (2023) and Bowers et al. (2023). They274

examined the local time control of aurora observations in the“mini–magnetosphere” region.275

They found a north/south local time dependence of aurora detections, and attributed this276

to the magnetic reconnection between crustal fields and draped Interplanetary Magnetic277

Field (IMF). This interaction between crustal field and draped interplanetary field is found278

to be different during evening and morning local times (Bowers et al., 2023). However, these279

studies were restricted to a small part of the strong crustal field region where the fields were280

oriented north/south.281

In another previous study on local time effects on Martian aurora, a concentration of282

inverted–V auroral particle acceleration events to midnight, with a significant shift towards283

pre–midnight at Mars was observed by Lundin, Winningham, Barabash, Frahm, Brain,284

et al. (2006) using ASPERA-3 (Analyzer of Space Plasma and Energetic Atoms)/MEX285

observations. Also, for comparison, the OI 130.4 nm emission in the Venus aurora was286

previously observed by the Pioneer Venus Orbiter (PVO) UV spectrometer (Phillips et al.,287

1986). They observed a typical aurora intensity of 10–20 R, occasionally exceeding 100 R,288

and have a dawn–dusk asymmetry in brightness, with higher brightness in the evening local289

time (Phillips et al., 1986).290

5 Seasonal Variability291

Figure 10 shows the seasonal change of aurora occurrence during MY 36 and early MY292

37. The top panel shows aurora occurrence as a function of Ls and latitude, and the bottom293

panel shows the aurora occurrence as a function of Ls averaged over all geographic locations.294

The red curve in the bottom panel (Figure 10b) shows the averaged Total Electron Content295
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Figure 10. Seasonal variability of aurora occurrence (for a brightness threshold of 5 R for OI

130.4 nm emission), a) as a function of Ls and latitude, b) as a function of Ls averaged over all

geographic locations. The red curve in panel (b) shows the averaged Total Electron Content (TEC)

from Mars Express MARSIS for MY 27–32 and for SZA = 85° digitized from Sánchez-Cano et al.

(2018).
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Figure 11. Seasonal variability of aurora occurrence as a function of Ls averaged over all

geographic locations and divided into a) crustal field aurora (crustal field strength at 400 km greater

than 10 nT and elevation angle greater than 60°), b) non–crustal field aurora (crustal field strength

at 400 km less than 10 nT). The red curve in both panels show the averaged Total Electron Content

(TEC) from Mars Express MARSIS for MY 27–32 and for SZA = 85° digitized from Sánchez-Cano

et al. (2018).
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(TEC) from Mars Express (MEX) Mars Advanced Radar for Subsurface and Ionospheric296

Sounding (MARSIS) for MY 27–32 and for SZA = 85° (digitized data from Figure 1 of297

Sánchez-Cano et al. (2018)). It is interesting to see that two distinct enhancements in298

aurora occurrence is observed, the primary enhancement from ∼ 210 to 300 degrees Ls299

and the secondary peak from ∼ 0 to 60 degrees Ls. This is matching with the primary300

and secondary enhancements identified in the ionospheric TEC measured by MARSIS. The301

annual occurrence of both TEC maxima in MARSIS data was found to be independent of302

solar conditions, such as the SZA or solar activity. Sánchez-Cano et al. (2018) attributed303

the variability in solar irradiance (peaking near perihelion) as the cause for the primary304

enhancement, while the second peak is not related to the solar irradiance variation but305

instead coincides with an increase in the thermospheric density. The thermospheric density306

increase is possibly linked to the variation in surface pressure produced by atmospheric cycles307

such as the CO2 or water cycles (Sánchez-Cano et al., 2018). This suggests a relationship308

between the ionospheric photoelectron content near–terminator and the nightside discrete309

aurora. As the Solar Cycle 25 ramped up further in MY 37 (increased solar activity, solar310

irradiance and hence a denser ionosphere (Sánchez-Cano et al., 2016)), the aurora activity311

also increased as compared to MY 36 (Figure 10).312

Additionally, we split the histogram of seasonal dependence based on the crustal field313

strength as Crustal Field Aurora (Figure 11a) and Non–Crustal Field Aurora (Figure 11b).314

We can see that the global occurrence rate of non–crustal field aurora is higher than the315

global occurrence rate of crustal field aurora. Also, non–crustal field aurora follows the To-316

tal Electron Content (TEC) variation, but the crustal field aurora is not exactly following317

the TEC variation, although the increased occurrence during perihelion season and increase318

with solar activity progression is evident in the crustal field aurora as well. Hence, we pro-319

pose that the non–crustal field aurora (predominantly the patchy non–crustal field aurora)320

is primarily contributed by the impact of ionospheric photoelectrons, while the source of321

crustal field aurora could be more energetic electrons, for example those from the magne-322

tosphere or the solar wind or the low–energy electrons (such as photoelectrons) accelerated323

downward in crustal field cusp by parallel potentials or energization of low–energy electrons324

due to magnetic reconnection and plasma waves (Lundin, Winningham, Barabash, Frahm,325

Holmström, et al., 2006; Brain, 2006; Fang et al., 2022). The denser ionosphere near per-326

ihelion is a potential source of electrons for these acceleration mechanisms, and thus the327

crustal field aurora as well.328

Variability of aurora occurrence as a function of subsolar longitude (which is analogous329

to local time) and subsolar latitude (which is analogous to seasons on Mars) is shown in330

Figure S2 of the Supporting Information.331

6 Aurora Brightness Variability332

Figure 12 shows the geographic maps of OI 130.4 nm aurora emission brightness. Figure333

12a shows the mean brightness in 1° by 1° geographic bins. Figure 12b shows the standard334

deviation of the samples in each bin, and Figure 12c shows the ratio of mean brightness and335

standard deviation in each geographic bin. Bright aurorae generally occur in strong vertical336

crustal field regions (although some of the brightest regions are also the most variable),337

including the mini–magnetosphere in the southern hemisphere. However, we can also see338

the signature of just a few bright instances of sinuous aurora in the northern hemisphere.339

A total of fewer than 100 sinuous aurora events have been detected by EMUS so far, and340

these are analyzed in another study.341

Figure 13a shows the seasonal variation of aurora brightness for MY 36 and MY 37.342

Prominent bright patches corresponds to bright aurora events (often associated with solar343

transient events such as Coronal Mass Ejections (CMEs) and Stream Interaction Regions344

(SIRs)). Previously, Brain (2006) suggested that most energetic auroral particle acceleration345

events are likely to be observed during periods of disturbed solar wind conditions, such as346
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Figure 12. Geographic maps of a) mean aurora brightness of OI 130.4 nm emission, b) standard

deviation of the population, and c) ratio of standard deviation and mean brightness.

–18–



manuscript submitted to JGR: Planets

30 60 90 120 150 180 210 240 270 300 330 0 30 60 90 120
−90

−60

−30

0

30

60

90

L
at

it
u

d
e,

d
eg

(a)

30 60 90 120 150 180 210 240 270 300 330 0 30 60 90 120
MY 36 Ls, deg MY 37

0

2000

4000

6000

#
of

A
u

ro
ra

P
ix

el
s

/
b

in (b)

5

6

7

8

9

10

M
ea

n
O

I
13

0.
4

n
m

B
ri

gh
tn

es
s,

R
Figure 13. a) Seasonal variability of mean aurora brightness of OI 130.4 nm emission as a

function of Ls and latitude, and b) histogram showing the number of aurora pixels (brightness

threshold of 5 R) as a function of Ls. We can notice that the total number of aurora pixels follows

the seasonal variability shown in Figures 10 and 11. We can also notice that the aphelion season

of MY 37 has more aurora than the aphelion season of MY 36 due to increased solar activity (i.e.,

due to the inclining phase of Solar Cycle 25).
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CMEs. The Venus aurora observations also suggested increased aurora brightness in OI347

130.4 nm during interplanetary shock events (Phillips et al., 1986).348

Nevertheless, we note that the seasonal trend in aurora occurrence is also seen in aurora349

brightness. Figure 13b shows the number of aurora pixels as a function of Martian season.350

We can notice the seasonal enhancements during perihelion (near Ls 235°) and near Ls 30°.351

The earlier period of MY 36 was mostly quiet (except the occasional bright aurora due to352

transient events, example on 2021/07/21), and the brightness is prominently increased for353

∼ 210 to 300 degrees Ls and ∼ 0 to 60 degrees Ls, primarily contributed by the non–crustal354

field patchy aurora due to an increase in the source photoelectrons. Solar Cycle 25 is rising,355

and the solar activity is observed to have an effect on observed auroral brightness. We can356

notice this solar activity enhancement in auroral brightness when comparing the aphelion357

seasons of MY 36 and MY 37 (Figure 13). The dependence of discrete aurora occurrence358

and brightness levels on upstream solar wind and Interplanetary Magnetic Field (IMF)359

conditions will be examined in a separate paper.360

7 Photoelectron precipitation on the nightside is a significant contribu-361

tor to discrete aurora362

The first measurements of discrete aurora by MEX/SPICAM were carried out in the363

strong crustal field region in the southern hemisphere, where the field lines are more likely364

open and are vertical, analogous to the terrestrial polar cusps (Lundin, Winningham,365

Barabash, Frahm, Brain, et al., 2006; Brain et al., 2006). Also, peaked electron energy366

distributions were observed, very similar to the “inverted–V” structures (characterized by367

downward traveling electrons and upward traveling planetary ions) similar to aurora on368

Earth (Lundin, Winningham, Barabash, Frahm, Holmström, et al., 2006; Brain et al., 2006;369

Dubinin et al., 2008; Lundin, Winningham, Barabash, Frahm, Brain, et al., 2006; Bisikalo370

et al., 2017). Quasi–static field–aligned potential could be one mechanism that accelerate371

electrons and ions (Lundin, Winningham, Barabash, Frahm, Brain, et al., 2006; Brain &372

Halekas, 2012). These accelerated down–going electrons encounter the atmosphere and lead373

to both enhanced ionization and auroral emission (Fillingim et al., 2007; Lillis & Brain,374

2013).375

Leblanc et al. (2006) simulated the emission rate of this aurora due to electron precip-376

itation, and suggested that the measured emissions might have been produced by electrons377

of a few tens of eV rather than by the electrons of above 100 eV. Leblanc et al. (2008)378

showed a correlation between the auroral emissions observed by SPICAM and electron flux379

observed by Analyzer of Space Plasma and Energetic Atoms (ASPERA-3) Electron Spec-380

trometer as well as with the Total Electron Content (TEC) observed by Mars Advanced381

Radar for Subsurface and Ionosphere Sounding (MARSIS) in subsurface mode – using the382

ionospheric phase distortion to the radio signal. Clear peak in TEC during the time of383

SPICAM measurement of the auroral events was noted (Leblanc et al., 2008). Hence, pho-384

toelectron transport to the nightside and acceleration by quasi–static field–aligned potentials385

above crustal field cusp were seemed to be the processes responsible for the observed aurora386

emissions. Other proposed mechanisms for electron acceleration include magnetic reconnec-387

tion, plasma waves and current sheet on the nightside (Brain & Halekas, 2012; Bowers et388

al., 2023; Uluşen & Linscott, 2008; J. S. Halekas et al., 2006; J. Halekas et al., 2008). Lillis389

et al. (2022) suggested that sinuous non–crustal field aurora observed by EMUS could be390

due to accelerated electrons in the magnetotail current sheet, which is consistent with the391

previous observations of magnetotail current sheet extending to very low altitudes on the392

nightside, and those were not associated with crustal fields (J. S. Halekas et al., 2006).393

MAVEN Solar Wind Electron Analyzer (SWEA) has also measured electron energy394

and pitch angle distributions to study the accelerated electron populations associated with395

discrete aurora (Xu et al., 2020). These auroral electron events share the same characteristics396

such as location, crustal field, etc. as the MAVEN/IUVS observed auroral emission events,397
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thus establishing a causal connection (Xu et al., 2022). MAVEN/SWEA observations also398

revealed the spectral features of accelerated electron populations which suggest that they399

originate from a cold plasma with electron temperature as low as 1 eV like the thermal400

ionosphere (Akbari et al., 2019). Fang et al. (2022) used global plasma modeling to predict401

aurora occurrence location and probability. They found aurora occurs more likely on small–402

scale patches inside strong crustal field regions, and also occurrence increases during space403

weather events (Fang et al., 2022).404

The modeling study by Fox and Stewart (1991) suggested that precipitation of very405

soft electrons into the nightside Venusian atmosphere as the source of aurora. From Mars406

Express data, low–energy electrons appear to be responsible for a subset of aurora obser-407

vations, and it is therefore expected that transport of electrons from day to night should408

occur (Liemohn et al., 2007; Brain & Halekas, 2012; Liemohn et al., 2006). The dayside409

ionospheric photoelectrons have nearly the appropriate energy distribution (tens of eV) to410

explain the auroral emission, and could be due to photoelectrons transported from day411

to night across the terminator (Leblanc et al., 2006; Bertaux et al., 2005; Leblanc et al.,412

2008), and photoelectrons have been observed well above the ionosphere of Mars (Frahm413

et al., 2006; Frahm et al., 2006). MAVEN/SWEA also observed photoelectrons deep on414

the nightside due to day–night magnetic connectivity allowing cross–terminator transport415

of electrons (Xu et al., 2016).416

The seasonal variability of discrete aurora occurrence and brightness presented here417

demonstrates for the first time that the aurora follows the variation in ionospheric photoelec-418

trons. This further supports the hypothesis that photoelectron precipitation is a significant419

contributor to discrete aurora on Mars, especially the patchy non–crustal field aurora.420

8 Conclusions and Future Prospects421

The wealth of new synoptic images from EMUS onboard EMM provides unprecedented422

observations of the nightside discrete electron aurora on Mars. Our statistical analysis of423

these synoptic images reveals the following:424

1. Aurora shows a geographic preference, with a higher aurora occurrence in regions425

having open magnetic topology and strong vertical crustal fields. Aurora voids are426

observed in areas where electron precipitation is blocked by closed crustal magnetic427

field loops.428

2. Higher aurora occurrence is observed near the terminator sector as compared to429

the midnight sector. There is a dawn–dusk asymmetry, with a greater occurrence430

of aurora in pre–midnight local times (evening) than in post–midnight local times431

(morning). This confirms the dawn–dusk asymmetry in aurora detections observed432

by MAVEN spacecraft (Johnston et al., 2023; Schneider et al., 2021). Distinct local433

time–dependent electron features (such as the electron “spot” in the southern hemi-434

sphere) previously observed by MGS (Brain et al., 2007), are also evident in EMUS435

auroral observations.436

3. Aurora shows a seasonal dependence, with a primary enhancement near Ls 235°437

and a secondary enhancement near Ls 30°. Both enhancements are consistent with438

the seasonal variability of near–terminator ionospheric TEC observed by MARSIS439

onboard MEX, which in turn depends on the solar irradiance and thermospheric440

density (Sánchez-Cano et al., 2018), implying a photoelectron source for discrete441

aurora. Aurora occurrence also shows an increase with increasing solar activity due442

to the rise of Solar Cycle 25.443

4. Classifying the seasonal variability of aurora into crustal field aurora and non–crustal444

field aurora reveals that the seasonal peaks are more prominent for the non–crustal445

field aurora, primarily contributed by the patchy non–crustal field aurora. However,446

the perihelion season enhancement in occurrence is also evident for crustal field aurora.447
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5. Aurora brightness shows a geographic distribution, with brighter features appearing in448

the strong crustal field regions (due to crustal field aurora), as well as in the northern449

hemisphere (with signatures of non–crustal field sinuous aurora). Aurora brightness450

also shows a seasonal and solar cycle variability similar to aurora occurrence.451

Further comparative studies are required to understand the dependence of aurora oc-452

currence on varying magnetic field topologies, as the topology varies with altitude, local453

time, season, IMF polarity, etc. (Xu et al., 2017, 2019; Brain et al., 2020; Weber et al.,454

2017, 2020; Fang et al., 2022). The auroral electron energy distribution can be better con-455

strained using the ratio of oxygen auroral emissions OI 130.4 nm and OI 135.6 nm (Fox456

& Stewart, 1991). As mentioned previously, dependence of aurora on upstream solar wind457

parameters and IMF parameters also needs to be examined (Girazian et al., 2022; Schneider458

et al., 2021). Furthermore, the mechanisms for particle precipitation and aurora formation459

require detailed exploration (Bowers et al., 2023; Haider et al., 2022; Brain & Halekas, 2012).460

The consequences of aurora, such as enhanced ionization (creating a “patchy” ionosphere),461

Joule heating of the upper atmosphere, changes in chemical composition, and enhanced ion462

escape via auroral flux tubes, need further investigation (Fillingim et al., 2007; Shematovich463

et al., 2017; Brain & Halekas, 2012).464

In summary, the insights gathered from EMM/EMUS observations not only advances465

our understanding of Martian discrete aurora but also sets the stage for future explorations466

that promise to unravel the complex interplay between Sun’s activity, Martian magnetic467

fields, ionospheric and magnetospheric dynamics. This endeavor will not only enhance our468

knowledge of Mars’ present–day environment but also contribute to our broader understand-469

ing of weakly magnetized planetary atmospheres and their interactions with space weather.470
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Abstract22

We present a comprehensive study of the nightside discrete electron aurora phenomenon23

on Mars, utilizing observations from the Emirates Mars Ultraviolet Spectrometer (EMUS)24

onboard the Emirates Mars Mission (EMM). The oxygen emission at 130.4 nm is by far the25

brightest FUV (far ultraviolet) auroral emission line observed at Mars. We identify auroral26

pixels in OI 130.4 nm disk observations, with higher sensitivity than previously possible. Our27

statistical analysis reveals regional, solar zenith angle, local time, and seasonal dependencies28

of auroral occurrence. Higher occurrence of aurora is observed in regions of open magnetic29

topology and vertical crustal magnetic fields. Aurora occurs more frequently closer to the30

terminator and is more likely on the dusk versus dawn sides of the night hemisphere. A31

pronounced auroral feature appears close to midnight local times in the southern hemisphere,32

consistent with the “spot” of energetic electron fluxes previously identified in the Mars33

Global Surveyor (MGS) data. The auroral spot is more frequent after midnight than before.34

Additionally, some regions on Mars are “aurora voids” where essentially no aurora occurs.35

The non–crustal field aurora exhibits a seasonal dependence, with major enhancements36

around Ls 235° (near perihelion) and Ls 30°. This is in line with the seasonal variability37

in ionospheric Total Electron Content (TEC) observed by Mars Express, which is in turn38

related to the variability of solar irradiance and thermospheric density. Aurora occurrence39

also shows an increase with the rise of Solar Cycle 25. These observations not only shed40

light on where and when Martian aurora occurs, but also add to our understanding of Mars’41

magnetic environment and its interaction with the heliospheric environment.42

Plain Language Summary43

In our study, we explore the fascinating phenomenon of aurora on the nightside of Mars,44

using observations from the highly sensitive Emirates Mars Ultraviolet Spectrometer on the45

Emirates Mars Mission. Our analysis reveals distinct patterns in aurora occurrence on the46

planet. For instance, there’s a higher rate of auroral activity in regions where Mars’ magnetic47

field lines are open to space and in places with strong vertical magnetic fields. We also found48

that aurora is more common near the terminator, and particularly during the evening hours,49

as opposed to early morning. Interestingly, these Martian light shows also have a seasonal50

rhythm, peaking around specific times in a Martian year. This seasonal pattern aligns with51

the seasonal variation of photoelectrons in Mars’ ionosphere. Our study not only gives us a52

clearer picture of where and when the aurora occurs on Mars but also hints at the underlying53

processes influencing them, offering insights into the planet’s magnetic and charged particle54

environment.55

1 Nightside Discrete Electron Aurora on Mars56

Mars discrete electron aurora, first identified by the SPICAM (SPectroscopy for the57

Investigation of the Characteristics of the Atmosphere of Mars) ultraviolet spectrometer58

on Mars Express (Bertaux et al., 2005; Bertaux et al., 2006; Leblanc et al., 2006; Soret59

et al., 2016), are spatially confined photon emissions in Mars’ nightside upper atmosphere,60

generated by the decay of electronic states in atoms and molecules excited by suprathermal61

electrons (> a few eV). These discrete aurorae (a total of 19 detections by SPICAM: 16 in62

nadir mode and 3 in limb mode), distinguishable by their small spatial scales and association63

with strong vertical crustal magnetic fields, differ significantly from other Mars auroral types64

(Haider et al., 2022): diffuse aurora, caused by the global precipitation of solar energetic65

particles (Schneider et al., 2015; Gérard et al., 2017; Nakamura et al., 2022; Schneider et66

al., 2018), and proton aurora, resulting from solar wind protons directly entering the upper67

atmosphere after charge exchange with neutral hydrogen in the corona (Deighan et al., 2018;68

Hughes et al., 2019; Ritter et al., 2018; Gérard et al., 2019; Chaffin et al., 2022).69
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The Mars Atmosphere and Volatile EvolutioN (MAVEN) Imaging Ultraviolet Spectro-70

graph (IUVS) has expanded our understanding with over 400 detections of discrete aurora71

(278 detections in limb mode and 126 detections in nadir mode), revealing different behav-72

iors within and outside Mars’ strong crustal magnetic field region or “mini–magnetosphere”73

in the southern hemisphere which is near 177°E and 52°S (Schneider et al., 2021; Girazian74

et al., 2022; Johnston et al., 2023; Bowers et al., 2023; Soret et al., 2021; Fang et al., 2022).75

Both MEX (Mars Express) and MAVEN observations of discrete aurorae are mainly focused76

on mid ultraviolet (MUV) emissions, such as CO Cameron bands (190 to 270 nm), CO+
277

UV doublet (at 288–289 nm), and the oxygen forbidden emission (at 297.2 nm) due to their78

higher brightness (Gérard et al., 2015; Schneider et al., 2018; Soret et al., 2021).79

The Emirates Mars Ultraviolet Spectrograph (EMUS) on the Emirates Mars Mission80

(EMM) spacecraft (Amiri et al., 2022) has further advanced this research. With its large81

orbit and greater sensitivity in the extreme and far ultraviolet range (∼ 85 – 180 nm),82

EMM/EMUS has enabled systematic synoptic (disk) nearly global observations of Mars’83

upper atmosphere (Holsclaw et al., 2021). Using EMUS observations, Chaffin et al. (2022)84

reported patchy proton aurora emissions in the dayside Martian atmosphere at hydrogen85

Lyman alpha and Lyman beta wavelengths. Furthermore, England et al. (2022) reported86

dayglow structures in the EMUS observations of several disk emissions including OI 130.487

nm.88

Lillis et al. (2022) presented the first synoptic images of nightside discrete aurora using89

EMUS observations, detecting discrete aurora in over 75% of images during a time of mostly90

low solar activity. The oxygen emission lines (at 130.4 nm and 135.6 nm among others),91

carbon monoxide (CO) emission lines including the Fourth Positive Group (CO 4PG) band92

emission, and carbon emission lines are prominent among the detected extreme/far ultravi-93

olet (EUV/FUV) auroral emission features. This is expected for electron impact on CO2,94

O, and CO resulting in a range of excited states of O and CO. Lillis et al. (2022) classified95

the discrete auroral features captured by EMUS as crustal field aurora in regions of strong96

crustal magnetic fields (e.g., Figure 1a), non–crustal field sinuous aurora which are elon-97

gated, filamentary emissions usually formed away from strong crustal fields (e.g., Figure98

1b), and non–crustal field patchy aurora in spatially extended weak crustal field regions99

often with less defined edges (e.g., Figure 1c). Note that all three types of discrete aurora100

can appear simultaneously at different locations on the nightside (Lillis et al., 2022; Atri et101

al., 2022; Pacios et al., 2024). However, these studies used limited data sets and did not102

provide in–depth analyses of Mars’ discrete aurora, its variability, and drivers.103

We use OI 130.4 nm triplet emission (result of an electric dipole allowed resonance104

transition 3S → 3P of atomic oxygen), which is brightest FUV auroral emission feature in105

the Martian atmosphere – with the highest signal–to–noise ratio – for the analysis presented106

in this study. The following sections describe the instrument and data used, dependence of107

aurora on crustal field, magnetic topology, solar zenith angle (SZA), local time, and season.108

Finally, the paper concludes by summarizing the analysis and describing the prospects for109

future work.110

2 EMM EMUS Disk Observations111

The Emirates Mars Mission (EMM) spacecraft, orbiting every approximately 55 hours112

in a ∼ 20,000 × 43,000 km altitude (6.9 × 13.7 Mars radii) science orbit inclined at 25°,113

provides near–complete geographic and diurnal coverage of Mars every approximately 10114

days (Amiri et al., 2022; Almatroushi et al., 2021). Emirates Mars Ultraviolet Spectrometer115

(EMUS), an EUV/FUV spectrometer mounted on the instrument deck of the EMM orbiter,116

records photon counts from ∼ 85 – 180 nm UV light in each pixel. The light enters through a117

narrow 0.6° x 11° aperture (or “slit”) and is directed by a spherical mirror onto a diffraction118

grating, which then splits the light into its spectral components. This process results in119

a two–dimensional image (one spatial and one spectral dimension) on the detector, which120
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(a)

emm emu l2a 20230428t022817 0366 osr 46892 f v04-00.fits.gz

(c)

emm emu l2a 20220104t053418 0156 osr 19969 f v04-00.fits.gz

(b)

emm emu l2a 20221201t002750 0301 osr 38566 f v04-00.fits.gz
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Figure 1. EMUS disk images of OI 130.4 nm emission showing examples of crustal field aurora

and non–crustal field aurora: a) crustal field aurora on 2023/04/28, b) sinuous non–crustal field

aurora on 2022/12/01, and c) patchy non–crustal field aurora on 2022/01/04. The cyan and ma-

genta contours are radial (i.e., vertical) component of crustal magnetic field at -10 nT and 10 nT

respectively at an altitude of 400 km based on the model of Langlais et al. (2019).

consists of a microchannel plate stack with a cesium iodide photocathode and a photon–121

counting, cross-delay line anode that enables spectral–spatial imaging (Holsclaw et al., 2021).122

EMUS operates in various observation strategies (OS), including OS1, OS2, and OSr,123

where the slit field–of–view is dragged slowly (about 13–21 minutes) across the disk of Mars124

as seen from the spacecraft (with 7.1, 6, and 10.7 seconds integrations for OS1, OS2, and125

OSr respectively). OSr involves a single swath covering most of the disk, OS1 consists of two126

overlapping swaths, and OS2 comprises two or three swaths depending on EMM’s distance127

from Mars, covering the disk and inner corona (Holsclaw et al., 2021). This allows for the128

reconstruction of images at any desired wavelength for each swath. Holsclaw et al. (2021)129

provides a detailed description of the EMUS instrument, its data collection modes, and130

science goals.131

This study has examined the EMUS disk dataset acquired between 2021-04-21 and132

2023-08-31, which is a total of 4879 swaths (or individual images) scanning both dayside133

and nightside combining OS1 (454 swaths), OS2 (1979 swaths) and OSr (2446 swaths). We134

restricted the solar zenith angle (SZA) and phase angle to be greater than 120°, ensuring suf-135

ficient nightside disk coverage, with emission angle less than 88°, to observe discrete aurora136

if present. The SZA criterion is for picking the nightside pixels that are not contaminated137

by the UV dayglow (primarily produced by resonant scattering of sunlight at UV) and are138

away from the UV terminator (Lillis et al., 2022). The phase angle criterion is introduced139

to remove any dayside oxygen exosphere foreground contribution to the auroral brightness.140

The emission angle criterion is set to get just the disk pixels and to avoid any inner corona141

pixels. The altitude of the discrete aurora emission is around ∼130 km near the ionospheric142

peak (Soret et al., 2021). These criteria reduced our dataset to 1319 swaths (consisting143

of 732, 538, and 49 swaths in OSr, OS2, and OS1 respectively), comprising a total of ∼144

6.08×106 pixels on the nightside. We also removed any hydrogen Lyman alpha background145

to OI 130.4 nm emission by subtracting the H Lyman alpha wing from 130.4 nm oxygen146

emission (Chirakkil et al., 2023).147

Figure 1 shows three examples of EMUS disk swath observations on the nightside (in148

orthographic projection) with discrete aurora in OI 130.4 nm emission. Figure 1a is a crustal149

field aurora, where the auroral emission is from a strong crustal field region in the southern150

hemisphere (“the mini–magnetosphere”), Figures 1b and 1c are examples of non–crustal151
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Figure 2. Histograms showing the number of pixels in logarithmic brightness bins for all night-

side pixels (in black), divided into pre–midnight pixels (in blue), and post–midnight pixels (in red).

Vertical gray lines show the brightness thresholds of 5 R (dashed line) and 8 R (dotted line).

field sinuous aurora and non–crustal field patchy aurora respectively, where the emission is152

from regions away from the strong crustal fields. The contours of radial crustal field at -10153

nT (cyan) and 10 nT (magenta) are also shown for context (Langlais et al., 2019; Lillis et154

al., 2022). We can notice that the non–crustal field aurora (both patchy and sinuous) are155

connected to the dayside terminator, and this is commonly observed.156

3 Crustal Field and Magnetic Topology Dependence of Aurora157

Figure 2 shows the brightness histograms of all the nightside pixels, as well as the158

histograms divided into pre–midnight pixels (before 12 am) and post–midnight pixels (after159

12 am). An aurora is detected using a fixed brightness threshold following Lillis et al. (2022).160

The OI 130.4 nm emission brightness thresholds of 5 R and 8 R are also shown in Figure 2.161

At all brightness levels, the pre–midnight pixel counts are higher than the post–midnight162

pixel counts.163

Figure 3 shows the occurrence of aurora in geographic latitude and longitude. Occur-164

rence is calculated as a fraction of aurora pixels to all nightside pixels in each bin. Here165

we used 1° by 1° geographic bins. We did a pixel subsampling (by dividing each individual166

pixel into four subpixels) for better statistics and improved spatial resolution. A Gaussian167

filter is applied in the geographic maps to reduce the noise. The upper and lower panels168

depict the geographic occurrence maps for 5 R and 8 R thresholds, respectively, in OI 130.4169

nm emission. The crustal field contours of -10 nT (green) and 10 nT (blue) are also shown.170

We can see that the strong crustal field regions display a higher aurora occurrence that is171

localized and discrete, especially in the southern hemisphere and near the equator. The172

aurora occurrence is reduced for a threshold of 8 R as compared to 5 R. This aligns with173

the trend in Figure 2, where the number of auroral pixels decreases with increasing auroral174

brightness.175
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Figure 3. Geographic occurrence of discrete aurora in OI 130.4 nm emission using brightness

thresholds of a) 5 R and b) 8 R. Green and blue contours are the -10 nT and 10 nT levels of

radial component of crustal magnetic field respectively, at 400 km altitude according the model of

Langlais et al. (2019).
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(c) Open Field Topology
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Figure 4. Geographic maps showing Mars’ a) crustal magnetic field strength (B =√
B2

r + B2
t + B2

p), b) crustal magnetic field elevation angle (Elevation Angle = arctan
(

|Br|√
B2

t
+B2

p

)
),

both at 400 km altitude according to the model of Langlais et al. (2019), and c) open field topology

probability at 400 km altitude at 2 am local time from Brain et al. (2007). Histograms showing

aurora occurrence d) as a function of crustal field strength, e) as a function of crustal field elevation

angle (for crustal field strength greater than 10 nT), and f) as a function of probability of open

field topology.

–7–



manuscript submitted to JGR: Planets

0 10 20 30 40 50 60 70 80 90
Crustal Field Elevation Angle, deg

0

10

20

30

40

50

60

70

80

90

100

%
of

O
p

en
F

ie
ld

T
op

ol
og

y

4

6

8

10

12

14

16

%
of

A
u

ro
ra

O
cc

u
rr

en
ce

Figure 5. Aurora occurrence as a function of crustal field elevation angle at 400 km (Langlais

et al., 2019) and probability of open field topology at 400 km at 2 am (Brain et al., 2007). Aurora

occurrence is highest for the bin of 90–100% open field topology and 80–90° crustal field elevation

angle.
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In addition to the bright crustal field patches, we also notice large areas of “aurora176

voids”, where the aurora occurrence is nearly zero. This is analogous to “plasma voids”177

observed by Mars Global Surveyor (MGS) spacecraft, and are seemed to be observed where178

closed crustal magnetic loops existed at 400 km on the nightside – i.e., they did not connect179

with the magnetosphere, and hence, suprathermal electrons could not access them (Mitchell180

et al., 2001; Steckiewicz et al., 2017; Brain et al., 2007; Lillis & Brain, 2013). A strong181

auroral occurrence feature in the southern hemisphere between ∼ 60 to 150 degrees east182

longitude and ∼ 60°S to 75°S latitude is consistent with the “spot” of energetic electron183

fluxes identified in MGS data at 2 am (Brain et al., 2007), which has also been numerically184

predicted by Fang et al. (2022). Additionally, we can see significant aurora occurrence in185

regions away from these strong crustal fields. These are more diffuse features (i.e., with less186

clear edges) in the occurrence map and are the result of mostly non–crustal field patchy187

aurora, but also less–common sinuous aurora. The coverage at high latitudes (near the188

poles) is poor due to the SZA cut–off at 120°. The geographic maps with both 5 R and 8 R189

thresholds are similar, except that the features become more sharp (with distinct boundaries)190

at higher brightness threshold. Hence for the rest of the analysis, we use a brightness191

threshold of 5 R for better pixel statistics, due to the greater number of pixels falling above192

that threshold and O corona background emission of the nightside almost never exceeding193

5 R (Lillis et al., 2022).194

Now that we know there is a crustal field dependence for discrete aurora, let us exam-195

ine it in detail. Figure 4(a–c) shows the geographic maps of crustal field strength (Figure196

4a), crustal field elevation angle (Figure 4b), and probability of open field topology (Figure197

4c). The crustal field data at 400 km altitude is according to the model of Langlais et al.198

(2019), which combines MGS magnetometer, MGS Electron Reflectometer, and MAVEN199

magnetometer data. The open field topology data is from Brain et al. (2007). The mag-200

netic topology map shows the probability of open field lines at 400 km altitude as esti-201

mated through electron pitch angle distributions from MGS Magnetometer and Electron202

Reflectometer (MAG/ER). One–sided loss cones are indicative of open field topology, while203

two–sided loss cones are indicative of closed field topology. The measurements were made204

at 400 km altitude around 2 am local time on the nightside due to the near circular and205

Sun–synchronous orbit of the MGS spacecraft (Brain et al., 2007).206

Figure 4(d–f) shows the histograms of aurora occurrence as a function of crustal field207

strength (Figure 4d), crustal field elevation angle (Figure 4e), and open field topology (Fig-208

ure 4f). Here also, the occurrence is calculated as fraction of aurora pixels to the total pixels209

in each bin. Only the elevation angles for CF strength more than 10 nT are used. These are210

global occurrence rates averaged over all geographic locations. We can see that the aurora211

occurrence increases with both higher open field topology as well as higher elevation angles212

(i.e., vertical crustal fields), while the aurora occurrence is not directly proportional to CF213

strength. This is due to the fact that there is a higher geographic occurrence in regions away214

from the strong crustal fields due to non–crustal field aurorae. As mentioned previously,215

both MEX/SPICAM and MAVEN/IUVS observations were largely focused on the crustal216

field aurora and thus obtained a direct correlation with CF strength (Gérard et al., 2015;217

Schneider et al., 2021).218

Figure 5 shows the aurora occurrence as a function of crustal field elevation angle and219

probability of open field topology. Occurrence is calculated as fraction of aurora pixels220

to the total nightside pixels in each bin. Aurora occurrence is highest for the bin of 90–221

100% open field topology and 80–90° crustal field elevation angle. Also, in general, higher222

aurora occurrence is observed when the probability of open field topology is larger than223

50% and crustal field elevation angle greater than 60°. However, when the probability of224

open field topology is less than 20%, the aurora occurrence is lower, even for larger crustal225

field elevation angles. Similarly, when the probability of open field topology is larger than226

50%, aurora occurrence is higher, even when the crustal field elevation angle is smaller. In227

this context, it is important to note that at 400 km altitude, the induced magnetic field228
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Figure 6. Pixel statistics in solar zenith angle (SZA) and local time bins: a) histogram of all

nightside pixels (SZA > 120°) and aurora pixels in SZA bins, and b) histogram of all nightside

pixels and aurora pixels in local time bins. Aurora occurrence as a function of c) SZA, and d) local

time.

dominates over the crustal magnetic field (Fang et al., 2022). That is, the magnetic field229

direction at 400 km is less determined by the intrinsic crustal field direction, although,230

for the auroral emission altitude of ∼130 km, the magnetic field direction is significantly231

determined by the intrinsic crustal field direction.232

4 Solar Zenith Angle and Local Time Variability233

The top two panels in Figure 6 show the pixel statistics in SZA (top left panel) and234

local time bins (top right panel). The blue color histogram corresponds to all nightside235

pixels and the orange color histogram corresponds to aurora pixels. The bottom panels236

show the global aurora occurrence, which is calculated as a fraction of aurora pixels to total237

nightside pixels. Interestingly, aurora shows a SZA dependence, with more aurora occurring238

close to the terminator as compared to midnight (Figure 6c). This may be attributed to239

the greater availability of photoelectrons near the terminator compared to the midnight240

sector. Figure 6d shows the aurora occurrence as a function of local time, and we can notice241

that there is a dawn–dusk asymmetry, with more aurora occurring in pre–midnight local242

times as compared to post–midnight local times. This is also consistent with the previous243

observations by MAVEN IUVS instrument on pre–midnight vs. post–midnight detection244

frequencies (Johnston et al., 2023; Bowers et al., 2023).245
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(b) SZA: 140° – 160°
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Figure 7. Geographic maps of aurora occurrence (for a brightness threshold of 5 R for OI 130.4

nm emission) for different solar zenith angle (SZA) ranges. a) For SZA from 120 to 140 degrees, b)

for SZA from 140 to 160 degrees, and c) for SZA from 160 to 180 degrees.
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(a) Local Time: Premidnight
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(b) Local Time: Postmidnight
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Figure 8. Geographic maps of aurora occurrence (for a brightness threshold of 5 R for OI 130.4

nm emission) for a) pre–midnight (19 - 0 hours) and b) post–midnight (0 - 5 hours) intervals. c)

Shows the difference between pre–midnight and post–midnight occurrence rates.
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(b) Local Time: 22 – 0 hours
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Figure 9. Geographic maps of aurora occurrence (for a brightness threshold of 5 R for OI 130.4

nm emission) for different local time ranges. a) For 19 to 22 hours, b) 22 hours to midnight, c)

midnight to 2 hours, and d) 2 to 5 hours. The difference maps comparing these local time bins are

provided in Figure S1 of the Supporting Information.
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Figure 7 shows the geographic maps of aurora occurrence, similar to Figure 3, but for246

three different SZA ranges. The first one is for a range 120°–140° (Figure 7a), the second247

one for 140°–160° (Figure 7b), and the third one for 160°–180° (Figure 7c). Although the248

nightside geographic coverage reduces for higher SZAs, the aurora occurrence also decreases,249

as also seen in the histogram (Figure 6c).250

Figure 8 shows the geographic maps of aurora occurrence for pre–midnight (19 - 0 hours,251

Figure 8a) and post–midnight local times (0 - 5 hours, Figure 8b), as well as the map of their252

difference (Figure 8c). The auroral “spot” in the southern hemisphere mentioned previously253

is more frequent after midnight than before midnight. Figure 9 shows the geographic maps254

of aurora occurrence again split into four different local time ranges. As we can see from255

Figure 6b, the pixel coverage between ∼ 19 to 20 hours and ∼ 4 to 5 hours is smaller256

compared to other local time intervals. Hence, we average data from 19 to 22 hours local257

time for the first subplot of evening or dusk occurrence (Figure 9a), 22 to 0 hours for the258

second subplot (Figure 9b), 0 to 2 hours for the third subplot (Figure 9c), and 2 to 5 hours259

for the fourth subplot of morning or dawn occurrence (Figure 9d). The dusk and dawn260

slices (Figures 9a and 9d) show higher aurora occurrence as compared to the 22 to 2 hours261

slices (Figures 9b and 9c). Also, the dusk sector has a higher occurrence as compared to262

the dawn sector.263

The geographic maps of percentage difference in aurora occurrence for these four dif-264

ferent local time ranges are shown Figure S1 of the Supporting Information. Figure S1a265

shows the difference between dusk (19 - 22 hours) and dawn (2 - 5 hours) local times, and266

Figure S1b shows the difference between pre–midnight (22 - 0 hours) and post–midnight (0267

- 2 hours) local times. Different regions on the planet (e.g., the strong crustal field region in268

the southern hemisphere) exhibit a local time dependence with north/south (dusk/dawn)269

and east/west (pre–midnight/post–midnight) preferred activations (Figures 8c, S1a, S1b),270

possibly related to the different magnetic field configurations at these locations.271

The aurora detections and field line configuration of the strong crustal field region272

region in the southern hemisphere have been studied recently using MAVEN/IUVS and273

MAVEN/MAG observations by Johnston et al. (2023) and Bowers et al. (2023). They274

examined the local time control of aurora observations in the“mini–magnetosphere” region.275

They found a north/south local time dependence of aurora detections, and attributed this276

to the magnetic reconnection between crustal fields and draped Interplanetary Magnetic277

Field (IMF). This interaction between crustal field and draped interplanetary field is found278

to be different during evening and morning local times (Bowers et al., 2023). However, these279

studies were restricted to a small part of the strong crustal field region where the fields were280

oriented north/south.281

In another previous study on local time effects on Martian aurora, a concentration of282

inverted–V auroral particle acceleration events to midnight, with a significant shift towards283

pre–midnight at Mars was observed by Lundin, Winningham, Barabash, Frahm, Brain,284

et al. (2006) using ASPERA-3 (Analyzer of Space Plasma and Energetic Atoms)/MEX285

observations. Also, for comparison, the OI 130.4 nm emission in the Venus aurora was286

previously observed by the Pioneer Venus Orbiter (PVO) UV spectrometer (Phillips et al.,287

1986). They observed a typical aurora intensity of 10–20 R, occasionally exceeding 100 R,288

and have a dawn–dusk asymmetry in brightness, with higher brightness in the evening local289

time (Phillips et al., 1986).290

5 Seasonal Variability291

Figure 10 shows the seasonal change of aurora occurrence during MY 36 and early MY292

37. The top panel shows aurora occurrence as a function of Ls and latitude, and the bottom293

panel shows the aurora occurrence as a function of Ls averaged over all geographic locations.294

The red curve in the bottom panel (Figure 10b) shows the averaged Total Electron Content295
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Figure 10. Seasonal variability of aurora occurrence (for a brightness threshold of 5 R for OI

130.4 nm emission), a) as a function of Ls and latitude, b) as a function of Ls averaged over all

geographic locations. The red curve in panel (b) shows the averaged Total Electron Content (TEC)

from Mars Express MARSIS for MY 27–32 and for SZA = 85° digitized from Sánchez-Cano et al.

(2018).
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Figure 11. Seasonal variability of aurora occurrence as a function of Ls averaged over all

geographic locations and divided into a) crustal field aurora (crustal field strength at 400 km greater

than 10 nT and elevation angle greater than 60°), b) non–crustal field aurora (crustal field strength

at 400 km less than 10 nT). The red curve in both panels show the averaged Total Electron Content

(TEC) from Mars Express MARSIS for MY 27–32 and for SZA = 85° digitized from Sánchez-Cano

et al. (2018).
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(TEC) from Mars Express (MEX) Mars Advanced Radar for Subsurface and Ionospheric296

Sounding (MARSIS) for MY 27–32 and for SZA = 85° (digitized data from Figure 1 of297

Sánchez-Cano et al. (2018)). It is interesting to see that two distinct enhancements in298

aurora occurrence is observed, the primary enhancement from ∼ 210 to 300 degrees Ls299

and the secondary peak from ∼ 0 to 60 degrees Ls. This is matching with the primary300

and secondary enhancements identified in the ionospheric TEC measured by MARSIS. The301

annual occurrence of both TEC maxima in MARSIS data was found to be independent of302

solar conditions, such as the SZA or solar activity. Sánchez-Cano et al. (2018) attributed303

the variability in solar irradiance (peaking near perihelion) as the cause for the primary304

enhancement, while the second peak is not related to the solar irradiance variation but305

instead coincides with an increase in the thermospheric density. The thermospheric density306

increase is possibly linked to the variation in surface pressure produced by atmospheric cycles307

such as the CO2 or water cycles (Sánchez-Cano et al., 2018). This suggests a relationship308

between the ionospheric photoelectron content near–terminator and the nightside discrete309

aurora. As the Solar Cycle 25 ramped up further in MY 37 (increased solar activity, solar310

irradiance and hence a denser ionosphere (Sánchez-Cano et al., 2016)), the aurora activity311

also increased as compared to MY 36 (Figure 10).312

Additionally, we split the histogram of seasonal dependence based on the crustal field313

strength as Crustal Field Aurora (Figure 11a) and Non–Crustal Field Aurora (Figure 11b).314

We can see that the global occurrence rate of non–crustal field aurora is higher than the315

global occurrence rate of crustal field aurora. Also, non–crustal field aurora follows the To-316

tal Electron Content (TEC) variation, but the crustal field aurora is not exactly following317

the TEC variation, although the increased occurrence during perihelion season and increase318

with solar activity progression is evident in the crustal field aurora as well. Hence, we pro-319

pose that the non–crustal field aurora (predominantly the patchy non–crustal field aurora)320

is primarily contributed by the impact of ionospheric photoelectrons, while the source of321

crustal field aurora could be more energetic electrons, for example those from the magne-322

tosphere or the solar wind or the low–energy electrons (such as photoelectrons) accelerated323

downward in crustal field cusp by parallel potentials or energization of low–energy electrons324

due to magnetic reconnection and plasma waves (Lundin, Winningham, Barabash, Frahm,325

Holmström, et al., 2006; Brain, 2006; Fang et al., 2022). The denser ionosphere near per-326

ihelion is a potential source of electrons for these acceleration mechanisms, and thus the327

crustal field aurora as well.328

Variability of aurora occurrence as a function of subsolar longitude (which is analogous329

to local time) and subsolar latitude (which is analogous to seasons on Mars) is shown in330

Figure S2 of the Supporting Information.331

6 Aurora Brightness Variability332

Figure 12 shows the geographic maps of OI 130.4 nm aurora emission brightness. Figure333

12a shows the mean brightness in 1° by 1° geographic bins. Figure 12b shows the standard334

deviation of the samples in each bin, and Figure 12c shows the ratio of mean brightness and335

standard deviation in each geographic bin. Bright aurorae generally occur in strong vertical336

crustal field regions (although some of the brightest regions are also the most variable),337

including the mini–magnetosphere in the southern hemisphere. However, we can also see338

the signature of just a few bright instances of sinuous aurora in the northern hemisphere.339

A total of fewer than 100 sinuous aurora events have been detected by EMUS so far, and340

these are analyzed in another study.341

Figure 13a shows the seasonal variation of aurora brightness for MY 36 and MY 37.342

Prominent bright patches corresponds to bright aurora events (often associated with solar343

transient events such as Coronal Mass Ejections (CMEs) and Stream Interaction Regions344

(SIRs)). Previously, Brain (2006) suggested that most energetic auroral particle acceleration345

events are likely to be observed during periods of disturbed solar wind conditions, such as346
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Figure 12. Geographic maps of a) mean aurora brightness of OI 130.4 nm emission, b) standard

deviation of the population, and c) ratio of standard deviation and mean brightness.
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Figure 13. a) Seasonal variability of mean aurora brightness of OI 130.4 nm emission as a

function of Ls and latitude, and b) histogram showing the number of aurora pixels (brightness

threshold of 5 R) as a function of Ls. We can notice that the total number of aurora pixels follows

the seasonal variability shown in Figures 10 and 11. We can also notice that the aphelion season

of MY 37 has more aurora than the aphelion season of MY 36 due to increased solar activity (i.e.,

due to the inclining phase of Solar Cycle 25).
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CMEs. The Venus aurora observations also suggested increased aurora brightness in OI347

130.4 nm during interplanetary shock events (Phillips et al., 1986).348

Nevertheless, we note that the seasonal trend in aurora occurrence is also seen in aurora349

brightness. Figure 13b shows the number of aurora pixels as a function of Martian season.350

We can notice the seasonal enhancements during perihelion (near Ls 235°) and near Ls 30°.351

The earlier period of MY 36 was mostly quiet (except the occasional bright aurora due to352

transient events, example on 2021/07/21), and the brightness is prominently increased for353

∼ 210 to 300 degrees Ls and ∼ 0 to 60 degrees Ls, primarily contributed by the non–crustal354

field patchy aurora due to an increase in the source photoelectrons. Solar Cycle 25 is rising,355

and the solar activity is observed to have an effect on observed auroral brightness. We can356

notice this solar activity enhancement in auroral brightness when comparing the aphelion357

seasons of MY 36 and MY 37 (Figure 13). The dependence of discrete aurora occurrence358

and brightness levels on upstream solar wind and Interplanetary Magnetic Field (IMF)359

conditions will be examined in a separate paper.360

7 Photoelectron precipitation on the nightside is a significant contribu-361

tor to discrete aurora362

The first measurements of discrete aurora by MEX/SPICAM were carried out in the363

strong crustal field region in the southern hemisphere, where the field lines are more likely364

open and are vertical, analogous to the terrestrial polar cusps (Lundin, Winningham,365

Barabash, Frahm, Brain, et al., 2006; Brain et al., 2006). Also, peaked electron energy366

distributions were observed, very similar to the “inverted–V” structures (characterized by367

downward traveling electrons and upward traveling planetary ions) similar to aurora on368

Earth (Lundin, Winningham, Barabash, Frahm, Holmström, et al., 2006; Brain et al., 2006;369

Dubinin et al., 2008; Lundin, Winningham, Barabash, Frahm, Brain, et al., 2006; Bisikalo370

et al., 2017). Quasi–static field–aligned potential could be one mechanism that accelerate371

electrons and ions (Lundin, Winningham, Barabash, Frahm, Brain, et al., 2006; Brain &372

Halekas, 2012). These accelerated down–going electrons encounter the atmosphere and lead373

to both enhanced ionization and auroral emission (Fillingim et al., 2007; Lillis & Brain,374

2013).375

Leblanc et al. (2006) simulated the emission rate of this aurora due to electron precip-376

itation, and suggested that the measured emissions might have been produced by electrons377

of a few tens of eV rather than by the electrons of above 100 eV. Leblanc et al. (2008)378

showed a correlation between the auroral emissions observed by SPICAM and electron flux379

observed by Analyzer of Space Plasma and Energetic Atoms (ASPERA-3) Electron Spec-380

trometer as well as with the Total Electron Content (TEC) observed by Mars Advanced381

Radar for Subsurface and Ionosphere Sounding (MARSIS) in subsurface mode – using the382

ionospheric phase distortion to the radio signal. Clear peak in TEC during the time of383

SPICAM measurement of the auroral events was noted (Leblanc et al., 2008). Hence, pho-384

toelectron transport to the nightside and acceleration by quasi–static field–aligned potentials385

above crustal field cusp were seemed to be the processes responsible for the observed aurora386

emissions. Other proposed mechanisms for electron acceleration include magnetic reconnec-387

tion, plasma waves and current sheet on the nightside (Brain & Halekas, 2012; Bowers et388

al., 2023; Uluşen & Linscott, 2008; J. S. Halekas et al., 2006; J. Halekas et al., 2008). Lillis389

et al. (2022) suggested that sinuous non–crustal field aurora observed by EMUS could be390

due to accelerated electrons in the magnetotail current sheet, which is consistent with the391

previous observations of magnetotail current sheet extending to very low altitudes on the392

nightside, and those were not associated with crustal fields (J. S. Halekas et al., 2006).393

MAVEN Solar Wind Electron Analyzer (SWEA) has also measured electron energy394

and pitch angle distributions to study the accelerated electron populations associated with395

discrete aurora (Xu et al., 2020). These auroral electron events share the same characteristics396

such as location, crustal field, etc. as the MAVEN/IUVS observed auroral emission events,397
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thus establishing a causal connection (Xu et al., 2022). MAVEN/SWEA observations also398

revealed the spectral features of accelerated electron populations which suggest that they399

originate from a cold plasma with electron temperature as low as 1 eV like the thermal400

ionosphere (Akbari et al., 2019). Fang et al. (2022) used global plasma modeling to predict401

aurora occurrence location and probability. They found aurora occurs more likely on small–402

scale patches inside strong crustal field regions, and also occurrence increases during space403

weather events (Fang et al., 2022).404

The modeling study by Fox and Stewart (1991) suggested that precipitation of very405

soft electrons into the nightside Venusian atmosphere as the source of aurora. From Mars406

Express data, low–energy electrons appear to be responsible for a subset of aurora obser-407

vations, and it is therefore expected that transport of electrons from day to night should408

occur (Liemohn et al., 2007; Brain & Halekas, 2012; Liemohn et al., 2006). The dayside409

ionospheric photoelectrons have nearly the appropriate energy distribution (tens of eV) to410

explain the auroral emission, and could be due to photoelectrons transported from day411

to night across the terminator (Leblanc et al., 2006; Bertaux et al., 2005; Leblanc et al.,412

2008), and photoelectrons have been observed well above the ionosphere of Mars (Frahm413

et al., 2006; Frahm et al., 2006). MAVEN/SWEA also observed photoelectrons deep on414

the nightside due to day–night magnetic connectivity allowing cross–terminator transport415

of electrons (Xu et al., 2016).416

The seasonal variability of discrete aurora occurrence and brightness presented here417

demonstrates for the first time that the aurora follows the variation in ionospheric photoelec-418

trons. This further supports the hypothesis that photoelectron precipitation is a significant419

contributor to discrete aurora on Mars, especially the patchy non–crustal field aurora.420

8 Conclusions and Future Prospects421

The wealth of new synoptic images from EMUS onboard EMM provides unprecedented422

observations of the nightside discrete electron aurora on Mars. Our statistical analysis of423

these synoptic images reveals the following:424

1. Aurora shows a geographic preference, with a higher aurora occurrence in regions425

having open magnetic topology and strong vertical crustal fields. Aurora voids are426

observed in areas where electron precipitation is blocked by closed crustal magnetic427

field loops.428

2. Higher aurora occurrence is observed near the terminator sector as compared to429

the midnight sector. There is a dawn–dusk asymmetry, with a greater occurrence430

of aurora in pre–midnight local times (evening) than in post–midnight local times431

(morning). This confirms the dawn–dusk asymmetry in aurora detections observed432

by MAVEN spacecraft (Johnston et al., 2023; Schneider et al., 2021). Distinct local433

time–dependent electron features (such as the electron “spot” in the southern hemi-434

sphere) previously observed by MGS (Brain et al., 2007), are also evident in EMUS435

auroral observations.436

3. Aurora shows a seasonal dependence, with a primary enhancement near Ls 235°437

and a secondary enhancement near Ls 30°. Both enhancements are consistent with438

the seasonal variability of near–terminator ionospheric TEC observed by MARSIS439

onboard MEX, which in turn depends on the solar irradiance and thermospheric440

density (Sánchez-Cano et al., 2018), implying a photoelectron source for discrete441

aurora. Aurora occurrence also shows an increase with increasing solar activity due442

to the rise of Solar Cycle 25.443

4. Classifying the seasonal variability of aurora into crustal field aurora and non–crustal444

field aurora reveals that the seasonal peaks are more prominent for the non–crustal445

field aurora, primarily contributed by the patchy non–crustal field aurora. However,446

the perihelion season enhancement in occurrence is also evident for crustal field aurora.447
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5. Aurora brightness shows a geographic distribution, with brighter features appearing in448

the strong crustal field regions (due to crustal field aurora), as well as in the northern449

hemisphere (with signatures of non–crustal field sinuous aurora). Aurora brightness450

also shows a seasonal and solar cycle variability similar to aurora occurrence.451

Further comparative studies are required to understand the dependence of aurora oc-452

currence on varying magnetic field topologies, as the topology varies with altitude, local453

time, season, IMF polarity, etc. (Xu et al., 2017, 2019; Brain et al., 2020; Weber et al.,454

2017, 2020; Fang et al., 2022). The auroral electron energy distribution can be better con-455

strained using the ratio of oxygen auroral emissions OI 130.4 nm and OI 135.6 nm (Fox456

& Stewart, 1991). As mentioned previously, dependence of aurora on upstream solar wind457

parameters and IMF parameters also needs to be examined (Girazian et al., 2022; Schneider458

et al., 2021). Furthermore, the mechanisms for particle precipitation and aurora formation459

require detailed exploration (Bowers et al., 2023; Haider et al., 2022; Brain & Halekas, 2012).460

The consequences of aurora, such as enhanced ionization (creating a “patchy” ionosphere),461

Joule heating of the upper atmosphere, changes in chemical composition, and enhanced ion462

escape via auroral flux tubes, need further investigation (Fillingim et al., 2007; Shematovich463

et al., 2017; Brain & Halekas, 2012).464

In summary, the insights gathered from EMM/EMUS observations not only advances465

our understanding of Martian discrete aurora but also sets the stage for future explorations466

that promise to unravel the complex interplay between Sun’s activity, Martian magnetic467

fields, ionospheric and magnetospheric dynamics. This endeavor will not only enhance our468

knowledge of Mars’ present–day environment but also contribute to our broader understand-469

ing of weakly magnetized planetary atmospheres and their interactions with space weather.470
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Aurora occurrence difference maps comparing local time bins

Figure S1 shows the percentage of difference in aurora occurrence for the four different

local time ranges shown in Figure 9. Figure S1a shows the difference between dusk (19

- 22 hours) and dawn (2 - 5 hours) local times, and Figure S1b shows the difference

between pre–midnight (22 - 0 hours) and post–midnight (0 - 2 hours) local times. We can

see regions on the planet that activate during different local times. The strong crustal

field region in the southern hemisphere exhibits a local time control with north/south

(dusk/dawn) and east/west (pre–midnight/post–midnight) preferred activations, possibly

related to the different magnetic field configurations at these locations.

Variability of aurora occurrence with subsolar longitude and subsolar latitude

Figure S2 shows the aurora occurrence as a function of subsolar longitude and subsolar

latitude. The subsolar longitude, which corresponds to the longitude on Mars where the

sun is directly overhead at any given moment, changes as the planet rotates (varying

between 0 to 360 degrees), making it analogous to local time. The subsolar latitude how-

ever is the latitude on Mars where the sun is directly overhead at noon, and its variation

over a Mars year is primarily determined by the axial tilt of Mars (the subsolar latitude

varies between approximately +25.19 degrees and -25.19 degrees for Mars). Hence, this is

analogous to the concept of seasons on Mars. Higher aurora occurrence is observed when

the subsolar longitude is between ∼ 140 and 320 degrees and subsolar latitude is between

∼ -15 to -25 degrees. This corresponds to perihelion season, and is consistent with the

seasonal dependence seen in Figure 10.
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Figure S1. Geographic maps showing percentage of difference in aurora occurrence for the

four different local time ranges shown in Figure 9. a) Difference between dusk (19 - 22 hours)

and dawn (2 - 5 hours) local times, and b) difference between pre–midnight (22 - 0 hours) and

post–midnight (0 - 2 hours) local times.
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Figure S2. Aurora occurrence as a function of a) subsolar longitude and geographic latitude

(all data from MY 36 and MY 37), and b) subsolar latitude and geographic latitude (only MY

36 data).
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