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1. Introduction
Discrete aurora at Mars were discovered by the Spectroscopy for Investigation of Characteristics of the Atmos-
phere of Mars (SPICAM) Ultraviolet (UV) spectrometer instrument on Mars Express (Bertaux et  al.,  2006). 
The first observed UV auroral emissions, detected during a nightside limb scan, emanated from a small patch of 
atmosphere (with a horizontal scale of ∼30 km) near one of the strongest crustal magnetic field regions in the 
southern hemisphere. Subsequent SPICAM aurora observations indicated that these two characteristics—(1) a 
small spatial scale and (2) a general tendency to form near strong crustal field regions—are common features of 
discrete aurora (Gérard et al., 2015; Leblanc et al., 2006). These characteristics also distinguish discrete aurora 
from diffuse aurora and proton aurora, which are the other two types of auroras that have been observed at Mars 
(Deighan et al., 2018; Hughes et al., 2019; Ritter et al., 2018; Schneider et al., 2015).

UV spectra of discrete auroral emissions, also collected by the MEX UV instrument, indicate that the aurora are 
produced by collisional processes between precipitating electrons (which are tied to magnetic fields) and atmos-
pheric species. Specifically, the UV aurora are observed as excess emissions in the CO Fourth positive bands 
between 135 and 170 nm, CO Cameron bands between 190 and 270 nm, the 𝐴𝐴 CO

+

2
 UV doublet at 289 nm, and the 

excited oxygen emission line at 297.2 nm (Bertaux et al., 2005; Gérard et al., 2015; Leblanc et al., 2006; Soret 
et al., 2016). In total, however, the SPICAM UV instrument observed only ∼20 discrete aurora, all of which were 
near the strongest crustal magnetic field region in the southern hemisphere of Mars.

Abstract Discrete aurora at Mars, characterized by their small spatial scale and tendency to form near 
strong crustal magnetic fields, are emissions produced by particle precipitation into the Martian upper 
atmosphere. Since 2014, Mars Atmosphere and Volatile EvolutioN's (MAVEN's) Imaging Ultraviolet 
Spectrograph (IUVS) has obtained a large collection of UV discrete aurora observations during its routine 
periapsis nightside limb scans. Initial analysis of these observations has shown that, near the strongest crustal 
magnetic fields in the southern hemisphere, the IUVS discrete aurora detection frequency is highly sensitive 
to the interplanetary magnetic field (IMF) clock angle. However, the role of other solar wind properties in 
controlling the discrete aurora detection frequency has not yet been determined. In this work, we use the 
IUVS discrete aurora observations, along with MAVEN observations of the upstream solar wind, to determine 
how the discrete aurora detection frequency varies with solar wind dynamic pressure, IMF strength, and IMF 
cone angle. We find that, outside of the strong crustal field region (SCFR) in the southern hemisphere, the 
aurora detection frequency is relatively insensitive to the IMF orientation, but significantly increases with 
solar wind dynamic pressure, and moderately increases with IMF strength. Interestingly however, although 
high solar wind dynamic pressures cause more aurora to form, they have little impact on the brightness of 
the auroral emissions. Alternatively, inside the SCFR, the detection frequency is only moderately dependent 
on the solar wind dynamic pressure, and is much more sensitive to the IMF clock and cone angles. In the 
SCFR, aurora are unlikely to occur when the IMF points near the radial or anti-radial directions when the 
cone angle (arccos(Bx/|B|)) is less than 30° or between 120° and 150°. Together, these results provide the first 
comprehensive characterization of how upstream solar wind conditions affect the formation of discrete aurora at 
Mars.
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Recently, a more comprehensive set of discrete aurora observations has been obtained by the Mars Atmos-
phere and Volatile EvolutioN (MAVEN) Imaging Ultraviolet Spectrograph (IUVS; Schneider et al., 2021; Soret 
et al., 2021). Since 2014, IUVS has gathered ∼300 discrete aurora detections during routine nightside periapsis 
limb scans. Using this larger database of observations, Schneider et al. (2021) (hereafter Schneider21) discovered 
several new features of the discrete aurora. They found that, although aurora are more commonly observed near 
strong crustal fields (∼4% detection frequency), they also can occur nearly anywhere on the planet (<1% detec-
tion frequency). Schneider21 also showed there is a peculiar local time and interplanetary magnetic field (IMF) 
dependence for aurora that occur near the strongest crustal magnetic field region in the southern hemisphere. 
Inside this region, which Schneider21 defines as a rectangle spanning 30°S−60°S in latitude and 150°E−210°E 
in longitude, discrete aurora are observed almost exclusively at evening local times when the IMF clock angle is 
negative (IMF BY < 0). This particular geometry, then, may be favorable for magnetic reconnection, which allows 
particles to access this region of the atmosphere and produce aurora. Interestingly, outside the strong crustal field 
rectangle, the discrete aurora detection frequency is only weakly dependent on local time and IMF clock angle.

The energetic electrons (hundreds of eV) that produce discrete aurora have also been observed by instruments 
on several spacecraft. These electrons have peaked electron energy distributions that are similar to the electron 
energy distributions responsible for discrete aurora at Earth (D. A. Brain et al., 2006; Leblanc et al., 2008; Gérard 
et al., 2015; Xu et al., 2020). They are also concentrated near crustal magnetic field cusps (D. Brain & Hale-
kas, 2013). These “inverted-v” electron signatures at Mars suggest an analogy with Earth's auroral oval, where 
electrons are accelerated downward toward the open-closed magnetic field boundary (Birn et al., 2012). At Mars 
the process appears somewhat analogous, but the aurora are more scattered across the planet due to the more 
disorganized crustal magnetic fields. However, despite these similarities between Earth and Mars, the electron 
acceleration mechanisms at Mars are not yet fully understood (D. Brain & Halekas, 2013; Akbari et al., 2019).

In this work we use MAVEN IUVS observations to determine how the discrete aurora detection frequency 
varies with upstream solar wind conditions. We focus, in particular, on the solar wind dynamic pressure, IMF 
strength, IMF clock angle, and IMF cone angle measured contemporaneously by MAVEN instruments. Our 
results provide constraints for future theoretical and modeling studies aimed at understanding discrete aurora 
formation mechanisms.

2. Observations
2.1. Discrete Aurora

MAVEN IUVS (McClintock et al., 2015) observes discrete aurora during routine nightside periapsis limb scans. 
The limb scan dataset used in this work is the same as described in Schneider21, and we refer readers to that 
publication for a detailed description of dataset, the IUVS observing mode, and data caveats. Here we present 
only a brief description.

During each periapsis pass IUVS obtains 12–24 limb scans that cover a small range of latitudes, longitudes, 
and local times. The scans are combined to construct a two dimensional image of atmospheric UV emissions 
projected against the planetary limb. The UV spectra observed in each pixel are used to isolate and extract the 
emission brightness in the CO Cameron bands. Scans that contain a statistically robust CO Cameron band bright-
ness are considered a discrete auroral detection. Note that the IUVS sensitivity limit in the CO Cameron bands is 
∼0.5 kR. The IUVS dataset contains 33,319 scans from 4,314 MAVEN orbits covering 1 December 2014 through 
8 May 2020. There are 278 scans containing confirmed discrete aurora detections.

2.2. Solar Wind

We use orbit-averaged solar wind properties from MAVEN's Magnetometer (MAG) and Solar Wind Ion Analyzer 
(SWIA), derived with the method described in Halekas et al. (2017). Using this method, averages of solar wind 
properties are computed for each orbit using observations obtained during the apoapsis segment of MAVENs 
orbit when the spacecraft was outside the Martian bow shock. SWIA provides observations of the solar wind 
proton density (ρ) and velocity (Vsw) which are used to calculate the solar wind dynamic pressure as 𝐴𝐴 𝐴𝐴𝐴𝐴

2
𝑠𝑠𝑠𝑠 . MAG 

provides observations of the solar wind IMF vector components which are used to calculate the IMF clock and 
cone angles.
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In Mars-Solar-Orbital (MSO) coordinates (XMSO points from Mars to the 
Sun, YMSO points opposite Mars' orbital velocity, and ZMSO is determined 
by the right-hand-rule), the clock angle describes the direction of the IMF 
projected onto the YMSO-ZMSO plane. We define it as

𝜃𝜃clock = arctan (𝐵𝐵𝑦𝑦∕𝐵𝐵𝑧𝑧) (1)

where By and Bz are the IMF components. The angle is defined such that 0° 
corresponds to pointing along the ZMSO axis, +90° corresponds to pointing 
along the YMSO axis, and −90° corresponds to pointing anti-parallel to the 
YMSO axis. The sign of θclock is the same as the sign of the By component.

The IMF cone angle describes the direction of the IMF with respect to the 
XMSO axis (the Mars-Sun line). We define the cone angle as

𝜃𝜃cone = arccos
(
𝐵𝐵𝑥𝑥∕|�⃗�𝐵|

)
 (2)

where 𝐴𝐴 |�⃗�𝐵| is the IMF magnitude. With this definition, 0° corresponds to 
pointing along the XMSO axis (anti-radially from Mars toward the Sun) and 
90° corresponds to an IMF perpendicular to the Mars-Sun line. Cone angles 
less than 90° correspond to positive Bx components while cone angles greater 
than 90° correspond to negative Bx components.

We wish to assign the solar wind properties to each IUVS limb scan, but there 
are two complications. First, MAVEN's solar wind coverage is incomplete 
because the spacecraft only traverses beyond the bow shock during orbits 
that have their apoapsis segment on the dayside. Second, the solar wind prop-
erties are obtained during apoapsis but the IUVS limb scans are conducted 
during periapsis, making the two measurements separated by at least a few 
hours. Therefore, to assign solar wind properties to a limb scan, we require 
the observations be separated by no more than one MAVEN orbital period 

(3.6–4.6 hr). Nearly all the measurements have a separation between 1.0 and 2.5 hr. This separation leads to some 
uncertainty in our analysis because solar wind conditions can change on shorter timescales, but is likely short 
enough to conduct an accurate study (Marquette et al., 2018). After assigning the solar wind properties our final 
dataset contains 31,308 limb scans from 3,718 MAVEN orbits covering 1 December 2014 through 1 May 2020. 
There are 248 scans containing confirmed discrete aurora detections that could be assigned solar wind properties.

Figure 1 (top) shows the latitude and longitude coverage of the IUVS observations (detections plus non-detec-
tions). The coverage is somewhat uniform across most latitudes but there are fewer observations in the polar 
regions. Figure 1 (bottom) shows the locations of the discrete aurora detections overlaid against a map of the 
radial crustal magnetic field strength at 400 km (Morschhauser et al., 2014). The discrete aurora are concentrated 
near strong radial crustal field regions, as has been discussed in previous work (Gérard et al., 2015; Leblanc 
et al., 2008), but also form near weak crustal field regions in smaller quantities (Schneider et al., 2021).

3. Method
With upstream solar wind properties assigned to each IUVS observation we can address our primary goal of 
determining how the discrete aurora detection frequency depends on upstream solar wind conditions. Our method 
is simple: plot histograms of the detection frequency as a function of solar wind dynamic pressure, IMF clock 
angle, and IMF cone angle and look for trends. The detection frequencies, f, are percentages calculated using

𝑓𝑓 = 100

(
𝐷𝐷

𝐷𝐷 +𝑁𝑁

)
 (3)

where D is the number of limb scans with a discrete aurora detection and N is the number of limb scans without 
a discrete aurora detection.

Figure 1. Observational coverage of the IUVS observations used in this 
study. The top panel shows number of IUVS nightside limb scans in squares 
spanning 10° latitude and 10° longitude. The bottom panel shows the locations 
of the discrete aurora detections (red x's). The rectangle outlines the “strong 
crustal field region”. In both panels, contours of the radial crustal magnetic 
field strength at 400 km are shown using levels of 5 nT, 20 nT, 50 nT, 100 nT, 
and 200 nT (Morschhauser et al., 2014).
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We must be cautious when interpreting the detection frequency trends because multiple variables are convolved 
within the observations. Furthermore, the results of Schneider21 show that the detection frequency within the 
strongest crustal field region on Mars is highly sensitive to the IMF clock angle and that, in general, the detection 
frequency increases with increasing radial crustal magnetic field strength. To account for these known trends, we 
compute our histograms after separating the data into several subsets.

First, we separate the data based on their location with respect to the strong crustal field region (SCFR). We 
adopt the same method used in Schneider21: observations inside a rectangle spanning 30°S−60°S in latitude and 
150°E−210°E in longitude are considered to be “inside” the SCFR and all other locations are considered to be 
“outside” the SCFR. Then, for each solar wind property, we compute five detection frequency histograms using 
data from inside the SCFR, and five detection frequency histograms using data from outside the SCFR. The first 
histograms are computed using all of the data in each regional subset. The next two histograms are computed after 
separating the regional subsets into categories of positive or negative IMF clock angle. The last two histograms 
are computed after separating regional subsets into categories of weak or strong radial crustal field strength. 
The radial crustal field strengths are determined the same way as in Schneider21, using the average radial field 
strength below 250 km as measured by MAVEN (T. D. Weber, 2020).

4. Results
4.1. Solar Wind Dynamic Pressure

Figure 2 shows the discrete aurora detection frequencies as a function of solar wind dynamic pressure. Histograms 
for aurora inside and outside the SCFR region are shown in the top and bottom rows of Figure 2, respectively. The 

Figure 2. Discrete aurora detection frequencies as a function of solar wind dynamic pressure. The top three panels are for 
inside the strong crustal field region while the bottom three panels are for outside the strong crustal field region. In each panel 
the solid lines show the detection frequencies (left vertical axis) and the dashed lines shows the total number of observations 
(right vertical axis). The two left panels show all the data either inside or outside the strong crustal field region, the middle 
panels show data separated into categories of negative and positive IMF clock angle, and the right panels show data separated 
into categories of weak (<20 nT) and strong (>20 nT) radial crustal magnetic field strength. The error bars shown for each 
histogram are calculated using Poisson counting statistics. To make the trends more clear, the vertical axes in the top panels 
have different ranges than the vertical axes in the bottom panels. The highest dynamic pressure bin is wider than others to 
include more observations and improve the statistical significance.
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left two panels show the detection frequencies (solid lines) and number of observations (dashed lines) for all the 
data in each crustal field subset. Both inside and outside the SCFR, the number of observations histograms are 
consistent with the expected distribution of solar wind dynamic pressures at Mars (Marquette et al., 2018). The 
pressures range between 0.1 and 12.5 nPa with a mean of 0.7 nPa and a median of 0.56 nPa.

The detection frequency histograms in the left two panels of Figure 2 show that, inside the SCFR, there is a 
moderate correlation between the detection frequency and solar wind dynamic pressure. The detection frequency 
inside the SCFR increases with increase dynamic pressure but, because there are so few observations in the two 
highest dynamic pressure bins, the trend is not statistically robust. Outside the SCFR, however, there is statisti-
cally significant trend and the detection frequency increases monotonically with increasing dynamic pressure. 
The detection frequency outside the SCFR increases from 0.13(±0.09)% at low dynamic pressure (0.2 nPa) to 
2.0(±0.3)% at high dynamic pressure (2–10 nPa).

Inspection of the top-middle panel in Figure 2 reveals that the trend inside the SCFR is only present for negative 
clock angles. This is expected given the results in Schneider21 that showed the discrete aurora in this region are 
observed almost exclusively at evening local times and negative clock angles. Further, as shown in the top-right 
panel, the trend inside the SCFR is most prominent in regions of strong radial crustal magnetic field. This is also 
expected given that the vast majority of observations inside the SCFR have radial crustal field strengths greater 
than 20 nT.

Outside the SCFR, inspection of the bottom-middle and bottom-right panels in Figure 2 reveals that the clock 
angle and radial field strength have some affect on the aurora detection frequency. In both panels there is a diver-
gence between the two histograms at high dynamic pressures. This suggests that, outside the SCFR, the detection 
frequency is most sensitive to the dynamic pressure for negative IMF clock angles and in strong crustal field 
regions. In summary, these results show that the auroral detection frequency outside the SCFR is very sensitive 
to the solar wind dynamic pressure. Higher dynamic pressures lead to higher detection frequencies. Inside the 
SCFR, the detection frequency is only moderately dependent on the dynamic pressure and more observations are 
needed to fully determine the trend.

4.2. IMF Strength

Figure 3 shows the discrete aurora detection frequencies as a function of IMF strength using the same format 
as Figure 2. Inside the SCFR, the detection frequency is somewhat higher at increased IMF strengths but the 
trend is not monotonic nor particularly robust. Outside the SCFR, the trend is more convincing with the detec-
tion frequency increasing monotonically with increasing IMF strength, from 0.32(±0.14)% at the lowest IMF 
strengths (0.75 nT) to 1.2(±0.17)% at the highest IMF strengths (3–8 nT).

We must be cautious when interpreting this trend because there is a strong positive correlation between the IMF 
strength and dynamic pressure. In our solar wind data, the Pearson correlation coefficient between the IMF 
strength and dynamic pressure is 0.49, making it difficult to isolate the effects of the two parameters on the aurora 
detection frequency. Nonetheless, we can gain confidence that the dynamic pressure is the dominant controlling 
parameter through inspection of Figure 4, which shows the detection frequency as a function of IMF strength for 
fixed dynamic pressure levels (left panel), and the detection frequency as a function of dynamic pressure for fixed 
IMF strengths (right panel). The left panel shows the trends in detection frequency with IMF strength are weak 
at all three dynamic pressure levels. Alternatively, the right panel shows the trends in detection frequency with 
dynamic pressure are strong at all three IMF strength levels. This demonstrates that the dynamic pressure is more 
of a controlling factor than the IMF strength outside the SCFR.

4.3. IMF Cone Angle

Figure 5 shows the detection frequencies as a function of IMF cone angle. The most striking feature inside the 
SCFR is the lack of any detections at cone angles less than 30°. This suggests discrete aurora inside the SCFR are 
unlikely to occur when the IMF is pointing from Mars toward the Sun along the XMSO axis (anti-radially). Inter-
estingly, the same is not true for cone angles near 180° when IMF is pointing in the opposite direction. Instead, 
the detection frequency drops significantly for near-radial cone angles between 120° and 150°.
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Outside the SCFR there is no strong trend in the detection frequency as a function of IMF cone angle, although 
the detection frequency is smaller for cone angles between 120° and 150° at locations where the radial field 
strength exceeds 20 nT. These results show that the detection frequency is only weakly dependent on the IMF 
cone angle, especially in regions of weak radial crustal magnetic field.

Figure 3. Similar to Figure 2 but showing detection frequency as a function of IMF strength.

Figure 4. The left panel shows the discrete aurora detection frequencies as a function of IMF strength for fixed solar wind 
dynamic pressure bins of <0.4 nPa, 0.4–0.8 nPa, and >0.8 nPa. The right panel shows the detection frequencies as a function 
of solar wind dynamic pressure for fixed IMF strength bins of <1.5 nT, 1.5–2.5 nT, and >2.5 nT. Error bars are calculated 
using Poisson counting statistics.
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5. Discussion and Conclusions
Table 1 summarizes how solar wind conditions qualitatively affect the discrete aurora detection frequency inside 
and outside the SCFR. For each region, the extent in which the detection frequency depends on each solar wind 
parameter is described as either “weak”, “moderate”, or “strong”. One caveat to keep in mind when interpret-
ing the results is that our derived detection frequencies are based on IUVS nightside limb scans, which have a 
detection threshold brightness of ∼0.5 kR in the CO Cameron bands (Schneider et al., 2021). This adds some 
uncertainty to our results since some limb scans may contain aurora that are too dim to be detected.

Our most conclusive finding is that, outside the SCFR, the detection frequency is strongly dependent on the 
solar wind dynamic pressure. The detection frequency increases nearly monotonically as the solar wind dynamic 
pressure increases. This finding is consistent with previous work showing that high solar wind dynamic pres-
sures increase the percentage of open magnetic field lines on the nightside (D. A. Brain et al., 2020; T. Weber 
et al., 2020) and lead to higher electron precipitation rates (Lillis & Brain, 2013; Lillis et al., 2018). It also suggests 

that discrete aurora are more common during transient space weather events 
such as interplanetary coronal mass ejections (ICMEs), stream interaction 
regions (SIRs), and corotating interaction regions (CIRs), which are accom-
panied by sudden increases in the dynamic pressure (Allen et al., 2021; Lee 
et al., 2010, 2017). Recent modeling work by Fang et al. (2022) also predicts 
that discrete aurora should be more common during ICMEs. Alternatively, 
inside the SCFR, the detection frequency is primarily controlled by the orien-
tation of the IMF, being most sensitive to the IMF clock angle.

Figure 6 shows the auroral emission brightness as a function of radial crustal 
field strength (left) and solar wind dynamic pressure (right). The left panel 
shows the emission brightness increases with radial field strength, confirm-
ing what was previously shown in Figure 8 of Schneider21. Interestingly, 
though, the right panel shows the emission brightness is insensitive to the 
dynamic pressure. Hence, increased dynamic pressures result in more aurora 
across the planet, but do not lead to brighter aurora. This suggests the energy 

Figure 5. Similar to Figure 2 but showing detection frequency as a function of IMF cone angle.

Inside SCFR Outside SCFR

Dynamic Pressure Moderate Strong

IMF Strength Moderate Moderate

Cone Angle Moderate a Weak

Clock Angle b Strong Weak

Note. For each solar wind parameter, the dependence is qualitatively 
described as either “weak”, “moderate”, or “strong”.
 aFew detections when the clock angle is <30° or 120°–150°.  bClock angle 
results first reported in Schneider et al. (2021).

Table 1 
Summary of How the Discrete Aurora Detection Frequency Depends on 
Different Solar Wind Properties Both Inside and Outside the Strong Crustal 
Field Region (SCFR)
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flux of the auroral electrons does not increase with solar wind dynamic pressure. Again this is consistent with the 
interpretation that more aurora are observed during high dynamic pressures because there is a higher fraction of 
open field topology and expanded magnetic cusp regions (T. Weber et al., 2019).

Our results also show that the detection frequency inside the SCFR has an interesting IMF cone angle depend-
ence, with few aurora observed at cone angles less than 30° or between 120° and 150°. The detection frequency 
in this region also has a strong clock angle and local time dependence, with aurora occurring almost exclusively 
at evening local times and negative clock angles (Schneider21). Both of these findings point to the importance 
of the IMF orientation—which affects the magnetic field draping pattern (Fang et al., 2018) and low-altitude 
magnetic topology (T. Weber et al., 2020)—in controlling the formation of discrete aurora in the SCFR. Positive 
clock angles and cone angles less than 30° or between 120° and 150° appear to make conditions unfavorable for 
magnetic reconnection or particle acceleration in the SCFR.

Finally, it is interesting that outside the SCFR the aurora detection frequency has a much weaker dependence on 
the IMF clock and cone angles. The weaker crustal fields in this region appear to make the IMF orientation a less 
important factor in determining aurora formation. Instead, the aurora outside the SCFR are primarily controlled 
by the solar wind dynamic pressure.

In conclusion, our results presented here reveal new aspects in regards to how upstream solar wind conditions 
affect the formation of discrete aurora at Mars. These new constraints on the aurora detection frequency with 
upstream solar wind conditions will be useful for future theoretical and modeling studies that attempt to unveil 
the physics and formation mechanisms of discrete aurora at Mars.

Data Availability Statement
All of the MAVEN solar wind data used in this study are publicly available from the Planetary Data System 
(https://pds-ppi.igpp.ucla.edu/search/?sc=MAVEN&t=Mars). As described in Schneider et al. (2021), the IUVS 
limb scan data used in this work (Jain & Schneider, 2021) is publicly archived on the FAIR-compliant CU Scholar 
Repository at https://doi.org/10.25810/2a0h-9w11.
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