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Abstract

Mars and Venus have atmospheres but lack large-scale intrinsic magnetic fields. Consequently, the solar wind interaction at each
planet results in the formation of an induced magnetosphere. Our work aims to compare the low-altitude (< 250 km) component
of the induced magnetic field at Venus and Mars using observations from Pioneer Venus Orbiter (PVO) and Mars Atmosphere
and Volatile EvolutioN (MAVEN). The observations from Mars are restricted to regions of weak crustal magnetism. At Venus,
it has long been known the vertical structure of the induced magnetic field profiles have recurring features that enable them to
be classified as either magnetized or unmagnetized. We find the induced field profiles at Mars are more varied, lack recurring
features, and are unable to be classified in the same way. The solar zenith angle dependence of the low-altitude field strength
at both planets is controlled by the shape of the magnetic pileup boundary. Also, because the ionospheric thermal pressure at
Venus is often comparable to the solar wind dynamic pressure, the induced fields are weaker than required to balance the solar
wind by themselves. By contrast, induced fields at Mars are stronger than required to achieve pressure balance. Lastly, we find
the induced fields in the magnetized ionosphere of Venus have a weaker dependence on solar wind dynamic pressure than the
induced fields at Mars. Our results point to planetary properties, such as planet-Sun distance, having a major effect on the

properties of induced fields at nonmagentized planets.
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Key Points:

+ Unlike Venus, the induced magnetic field profiles at Mars are unable to be cat-
egorized into magnetized and unmagentized states.

e At both planets, the solar zenith angle dependence of the induced field strength
is controlled by the shape of the magnetic pileup boundary.

 Induced fields at Mars are stronger than expected if assuming the fields form to
achieve pressure balance with the oncoming solar wind.
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Abstract

Mars and Venus have atmospheres but lack large-scale intrinsic magnetic fields. Con-
sequently, the solar wind interaction at each planet results in the formation of an induced
magnetosphere. Our work aims to compare the low-altitude (< 250 km) component of
the induced magnetic field at Venus and Mars using observations from Pioneer Venus
Orbiter (PVO) and Mars Atmosphere and Volatile EvolutioN (MAVEN). The observa-
tions from Mars are restricted to regions of weak crustal magnetism. At Venus, it has
long been known the vertical structure of the induced magnetic field profiles have recur-
ring features that enable them to be classified as either magnetized or unmagnetized. We
find the induced field profiles at Mars are more varied, lack recurring features, and are
unable to be classified in the same way. The solar zenith angle dependence of the low-
altitude field strength at both planets is controlled by the shape of the magnetic pileup
boundary. Also, because the ionospheric thermal pressure at Venus is often compara-

ble to the solar wind dynamic pressure, the induced fields are weaker than required to
balance the solar wind by themselves. By contrast, induced fields at Mars are stronger
than required to achieve pressure balance. Lastly, we find the induced fields in the mag-
netized ionosphere of Venus have a weaker dependence on solar wind dynamic pressure
than the induced fields at Mars. Our results point to planetary properties, such as planet-
Sun distance, having a major effect on the properties of induced fields at nonmagentized
planets.

1 Introduction

A magnetosphere is a region of space around a planetary body where charged par-
ticles are deflected by the body’s magnetic field. For bodies with active intrinsic field gen-
eration, this region is usually large (e.g., ~10 planetary radii on the sun-facing side for
Earth). For bodies without active intrinsic field generation, this region is smaller (< 1
planetary radii) and an induced magnetosphere forms as the magnetic field of the solar
wind interacts with the electrically conductive ionosphere (Bertucci et al., 2011). As it
encounters the obstacle, an electric current is induced in the ionosphere (Daniell Jr &
Cloutier, 1977; Ramstad, 2020). The induced magnetosphere that results from this in-
teraction tends to balance the dynamic pressure from the oncoming solar wind (Luhmann
et al., 2004). Typically, an induced field is much weaker than an intrinsic global field.
Induced magnetospheres occur on bodies that have an atmosphere but lack a dynamo-
generated global magnetic field. Both Venus and Mars fall into this category as unma-
gentized planets containing atmospheres, and thus both planets have induced magne-
tospheres. In this paper, we focus on understanding and comparing the structure and
variability of the low-altitude (< 250 km) induced magnetic fields of Venus and Mars.

The Pioneer Venus Orbiter (PVO) is the only spacecraft to have consistently mea-
sured the low-altitude induced magnetic fields at Venus. Analyses of the PVO data con-

firmed that Venus has a magnetic field induced solely by interaction with the solar wind (Luhmann

& Russell, 1983). They also found most vertical profiles of the induced magnetic field
strength can, based on their features, be classified as either magnetized or unmagentized
(Luhmann et al., 1980; Luhmann & Cravens, 1991). When the solar wind pressure ex-
ceeds the peak ionospheric thermal pressure, the planet’s induced field is classified as be-
ing in a magnetized state. In the magnetized state, the vertical profile contains a local
minimum near 200 km and a local maximum near 170 km with peak field strengths up
to 150 nT. Alternatively, when the solar wind pressure is less than the peak ionospheric
thermal pressure, the ionosphere is in an unmagnetized state (Luhmann & Cravens, 1991).
In the unmagnetized state, the ionosphere excludes most of the external field and the
low-altitude induced field strength is weaker (< 30 nT). These profiles lack distinct max-
ima or minima at low altitudes, but instead contain many small-scale (~10 km) spikes
characterized as flux ropes (Elphic et al., 1980; Phillips et al., 1984a; Elphic & Russell,
1983).
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Some basic characteristics of the low-altitude field strengths in the magnetized iono-
sphere of Venus have also been reported. The low-altitude field strength was found to
decrease with increasing solar zenith angle (SZA) (Luhmann & Cravens, 1991). Addi-
tionally, the field strength was found to increase with increasing solar wind dynamic pres-
sure (Luhmann et al., 1980; Kar & Mahajan, 1987). Both of these variations are expected
if pressure balance is satisfied across the near-space environment and the induced field
is required to balance the dynamic pressure of the oncoming solar wind (Luhmann & Cravens,
1991; Sanchez-Cano et al., 2020). Starting in the pristine solar wind and moving inward,
the dominant pressure terms are as follows: the dynamic pressure in the solar wind, the
plasma thermal pressure in the sheath, the magnetic pressure in the magnetic pileup re-
gion, and the sum of the plasma thermal pressure and induced magnetic pressure below
the magnetic pileup boundary. Essentially, the perpendicular component of the solar wind
dynamic pressure is ultimately converted into magnetic pressure in the magnetic pileup
region.

Mars Global Surveyor (MGS) provided the first comprehensive magnetic field mea-
surements at Mars, discovering the total field is a combination of induced fields and crustal
fields that are scattered across the planet (Connerney et al., 2001; Brain, 2003). How-
ever, MGS was unable to measure the induced magnetic field at low altitudes. Arriving
at Mars in 2014, the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission be-
came the first spacecraft to routinely measure low-altitude magnetic fields. Recently, Fang
et al. (2023) analyzed low-altitude magnetic field data from MAVEN. They found the
induced field strength on the dayside is usually around 15-50 nT, decreases with increas-
ing SZA, and increases with increasing solar wind dynamic pressure. Huang et al. (2023)
found the vertical profiles often resemble a reversed “L”: above ~200 km the field has
a constant value, and below ~200 km the field abruptly decreases in strength. Several
studies have also examined the ubiquitous small scale features (10-50 km) present in the
observed magnetic field profiles, including waves, slabs, flux ropes, and flux tubes (Hamil
et al., 2022; Bowers et al., 2021; Cravens et al., 2023). These structures are thought to
form through a variety of processes such as variations in the upstream solar wind, global
plasma dynamics, and plasma instabilities.

Models have been used in attempt to reproduce the observed low-altitude magnetic
field profiles at both planets. For Venus, models from the PVO era (Cloutier, 1984; Cravens
et al.,; 1984; Luhmann et al., 1984; Shinagawa & Cravens, 1988; Luhmann & Cravens,
1991) and more recent iterations (Y. Ma et al., 2020, 2023), have been quite successful
at reproducing the observed large-scale magnetic fields present in the magnetized iono-
sphere. They are able to reproduce several features of the magnetized profiles, includ-
ing the local minimum near 200 km and the local maximum near 170 km (Cravens et
al., 1984; Phillips et al., 1984b; Cloutier, 1984; Shinagawa & Cravens, 1988). Similar mod-
els for the induced field at Mars have been somewhat successful at reproducing the ob-
served profiles (Shinagawa & Cravens, 1989; Y. J. Ma et al., 2017; Fang et al., 2018; Huang
et al., 2023). Generally, however, the observed induced field profiles at Mars have more
small-scale features that models are unable to fully reproduce.

In these models, the evolution of the induced magnetic field, B;,q4, is described by
the magnetic diffusion equation (Luhmann & Cravens, 1991):

% =V X (u X Bing) = V X 0V X Bina) (1)
where t is time, u is the plasma flow speed, and 7, is the magnetic diffusivity. The first
term in Equation 1 represents the convection of magnetic flux with plasma flow. The sec-
ond term represents the diffusion or dissipation of the magnetic field as the electrical cur-
rents associated with the field are dampened through collisions (Luhmann & Cravens,
1991). At the top of the ionosphere, which is sometimes called the magnetic pileup bound-
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ary or ionopause (Espley, 2018), densities are so low that the first term dominates and
the draped solar wind field is convected into the ionosphere by downward flowing plasma.
As the field is convected downward, the diffusion term eventually takes over as increased
ion-neutral collisions between the induced current and neutral molecules causes the field
to dissipate. The vertical structure of the induced magnetic field profile is, to first or-

der, controlled by these processes. An interesting aspect of this picture is that variations
in upstream solar wind conditions, such as a change in dynamic pressure, will not have

an immediate affect in the low-altitude induced field because the effects take time to prop-
agate through the sheath and into the ionosphere (Luhmann et al., 1984; Y. Ma et al.,
2020; Hamil et al., 2022; Cravens et al., 2023).

In this work, our aim is to compare the structure and variability of the low-altitude
induced magnetic fields at Venus and Mars. Our focus is on large scale structures as op-
posed to the small-scale structures like flux ropes. Our primary goals are to (1) inves-
tigate if the vertical structure of the induced magnetic field profiles at Mars can, like at
Venus, be classified as magnetized or unmagnetized; (2) compare the induced field strengths
at each planet and investigate if they are consistent with pressure balance, and (3) de-
termine if the low-altitude induced magnetic field strengths vary with SZA and solar wind
dynamic pressure in similar ways.

2 Data and Method
2.1 Pioneer Venus Orbiter

PVO collected the bulk of its low-altitude in situ measurements between Decem-
ber 1978 and July 1980 when its orbital period was 24 hours, and periapsis altitude was
maintained near 160 km for nearly 700 orbits (Brace & Kliore, 1991). During this time,
the periapsis segment evolved to cover a wide range of local times and solar zenith an-
gles, but stayed near mid-latitudes throughout (10°S-40°N).

For magnetic field data, we use the low resolution magnetometer (OMAG) obser-
vations that have 12-second time resolution (C. T. Russell et al., 1980). The files con-
tain the magnetic field vector, spacecraft altitude, solar zenith angle, and latitude of each
observation. Each orbit is split into an inbound and outbound segment and the obser-
vations are trimmed to only include altitudes below 500 km. For upstream solar wind
data, we use the upstream measurements from PVO that were obtained when PVO was
located outside the bow shock. The IMF vector was measured by OMAG and the so-
lar wind density and velocity were measured by the Plasma Analyzer instrument (Intriligator
et al., 1980). The data are provided as hourly averages but we assign a single value to
each half-orbit (inbound and outbound) by taking the solar wind measurement closest
in time to the low-altitude magnetic field (periapsis) measurement. Periapsis segments
without a solar wind measurement within 10 hours were not included. The dataset pro-
vides solar wind proton densities and velocities from which we calculate the dynamic pres-
sure using Py, = pV? where P,,, is the solar wind dynamic pressure, p is the solar wind
mass density, and V is the bulk flow velocity.

2.2 MAVEN

The Mars low-altitude in situ measurements cover October 2014 through August
2020 when MAVEN’ orbital period was 4.5 hours and periapsis altitude varied between
~150-200 km. A handful of the observations come from times when periapsis was low-
ered down to ~125 km for week-long “deep dip” campaigns (Jakosky et al., 2015). The
location of MAVEN’s periapsis segment slowly evolves throughout the mission, cover-
ing a wide range of latitudes, local times, and SZAs. For magnetic field data, we use the
Key Parameter (KP) data products. The KP data are a bundle that includes measure-
ments from every MAVEN in situ instrument along with spacecraft ephemeris informa-
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tion, all on a uniformly sampled 4-second time grid. The KP files are compiled from the
instrument’s fully calibrated Level 2 data products. As with the Venus data, each or-
bit is split into an inbound and outbound segment and trimmed to only include obser-
vations at an altitude below 500 km.

For solar wind data, we use observations from MAVEN’s Magnetometer (MAG)
and Solar Wind Ton Analyzer (SWIA) that were obtained while MAVEN was outside the
bowshock. The data are derived using the method described in (Halekas et al., 2017),
which provides averages of solar wind properties for each orbit. The SWIA observations
contain the solar wind proton density and velocity which are used to calculate the so-
lar wind dynamic pressure. Periapsis segments without a solar wind measurement within
10 hours were not included. However, many of the orbits do not have upstream solar wind
measurements within 10 hours of the periapsis observations. To fill these gaps, we use
the Ruhunusiri et al. (2018) solar wind proxy model, which predicts upstream solar wind
conditions based on MAVEN observations in the sheath. Of the 2625 MAVEN profiles
in the final dataset, 1151 were assigned upstream conditions based on SWIA observa-
tions, 1069 were assigned from the proxy model, and 405 could not be assigned.

2.3 Caveats

When comparing results derived from the MAVEN and PVO observations, several
differences between the two datasets must be considered. First, the PVO data were ob-
tained during the maximum of Solar Cycle 21 (Brace & Kliore, 1991), while the MAVEN
data were obtained during the declining phase of the rather weak Solar Cycle 24 (Lee
et al., 2017). Second, the PVO periapsis is confined to mid-latitudes, while the MAVEN
periapsis covers latitudes between 75° N and 75° S (see Figure 1). Additionally, because
the spacecraft moves both vertically and horizontally during each periapsis pass, the struc-
tures we observe in the magnetic field profiles may not strictly be in the vertical direc-
tion.

Differences between the planets themselves must also be kept in mind when com-
paring results from the two planets. For example, Mars has rather pronounced seasons
due to its eccentric orbit and 25° axial tilt, while Venus has no seasons because of its cir-
cular orbit and < 3° axial tilt. Other differences to consider include, but are not lim-
ited to, planetary rotation rate, the presence of crustal magnetic fields at Mars but not
Venus, planetary size, and planet-Sun distance.

2.4 Method

The vertical structure of the induced magnetic field profiles at Venus can gener-
ally be categorized into one of two states: "magnetized” or "unmagnetized”. We cate-
gorize the Venus profiles in this manner based on the descriptions in Luhmann and Cravens
(1991). If the global minimum of a trimmed magnetic field profile is below 300 km, and
the profile has low-altitude (< 250 km) maximum field strength greater than 30 nT, it
is classified as magnetized. If a profile has a low-altitude magnetic field strength greater
than 50 nT, it is also classified as magnetized. Alternatively, If a profile has a low-altitude
maximum field strength less than 30 nT, it is classified as unmagnetized. A small num-
ber of profiles remain categorized because they they do not match either criteria.

Figure 3 shows six examples of Venus magnetic field profiles observed by PVO. The
examples in the left column show magnetized profiles. They contain a peak below 200
km, a wide minimum near 200-250 km, and a nearly-constant topside. These features
are all absent in unmagnetized profiles, examples of which are shown in the right col-
umn of Figure 3. Instead, the unmagnetized profiles are nearly featureless, lacking dis-
tinct maxima or minima, and have weaker field strengths at nearly all altitudes.
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on Figure 4 shows six examples of magnetic field profiles observed by MAVEN. These

212 profiles are much more complicated than profiles from Venus and they lack recognizable

213 features that would allow them to be sorted easily into two categories. This issue will

214 be explored further in Section 3.1.

215 Since we are interested in comparing the strength and variability of the low-altitude

216 induced fields at Venus and Mars, we focus our analysis on the maximum magnetic field

217 strength below 250 km altitude (Bjnaz). To derive By,,. for both inbound and outbound

218 segments of an orbit, we locate the maximum field strength below 250 km. This altitude

210 cutoff of 250 km was chosen because it will capture the low-altitude peaks around 170

220 km in the magnetized profiles at Venus (Luhmann & Cravens, 1991), and be flexible enough
221 to capture peaks in the Mars profiles at a wide range of altitudes. The B,,,, derived from
22 each Venus profile is marked in Figure 3. For magnetized profiles, B4, is the field strength
223 at the location of the low-altitude peak near 170 km. For unmagnetized profiles, B;,qx

204 is the maximum field strength below 250 km, but is not at the location of any specific

25 feature. The same method is used to extract B,,q, from the Mars profiles, which are marked
226 in Figure 4. Since the vertical structure varies much more from profile to profile, the de-

207 rived By,q. 1S not extracted from a recurring distinct feature, as in the case of the mag-

28 netized Venus profiles.

220 We note that there are several cases when the location of the derived B, is ei-

230 ther at the bottom of the profile (periapsis) or at the top of the profile (near the top al-
231 titude cutoff of 250 km). For cases when the derived By, is near the top of the pro-
232 file, the low-altitude field strength never exceeds the field strength at 250 km. Exam-

233 ples of this case can be seen in Figures 3E and 4B. For these, B, is likely overestimated
234 because our method does not pick any low-altitude feature that has a local maximum

235 below 250 km. For cases when B, is near periapsis, the derived B4, likely under-

236 estimates the true local maximum in the low-altitude magnetic field profile because the
237 true maximum may reside below periapsis where there are no observations. Examples

238 of this case can be seen in Figure 3C and 4D. With these caveats in mind, we include

239 these cases in our final dataset.

240 Another important consideration is the crustal magnetic fields at Mars that are not
211 at Venus. We wish to remove these crustal fields from our analysis to enable a more di-
212 rect comparison between the two planets, focusing solely on the induced component of
243 the magnetic field. The Morschhauser et al. (2014) empirical model of crustal magnetic
244 field strength is used to omit MAVEN observations where the crustal field strength is

25 comparable to the induced field strength. More concretely, we exclude any profiles that

26 have Beryst/Bmaz > 0.2 where Bepys: is the crustal field strength at the location of B,y
247 Figure 2 shows the locations of B, that remain after applying this crustal field filter-

248 ing. It demonstrates the chosen B,,,;’s are confined to outside the crustal field regions.
249 To focus on the dayside interaction region, in our final dataset we only use profiles
250 that have Bj,q. at SZA < 90°. In total, the final filtered dataset for Venus includes 475
251 magnetic field profiles of which 188 are categorized as magnetized, 260 as unmagentized,

252 and 27 as uncategorized. Of the 188 magnetized profiles, 39 have B, at the bottom

253 of the profile and 25 have B, at the top altitude cutoff of 250 km. Of the 260 unma-
254 gentized profiles, 6 have By,,, at the bottom of the profile and 30 have B, at 250 km.
255 The final filtered dataset for Mars includes 2625 profiles. Of these, 220 have B,,,, at the
256 bottom of the profile and 112 have B,,., at the top altitude cutoff of 250 km.

257 3 Analysis

258 3.1 Categorizing the Magnetic Field Profiles
250 As discussed in Section 2.4 and shown in Figure 3, the induced magnetic field pro-
260 files at Venus have reccurring vertical structures that can generally be categorized as ei-
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ther “magnetized” or “unmagnetize” (Luhmann & Cravens, 1991). Using our classifi-
cation criteria, we find ~40% of the profiles can be classified as magnetized and ~55%
can be classified as unmagnetized. These percentages are loosely consistent with the oc-
currence rates reported by Luhmann et al. (1980), who categorized 30% as magnetized
and 70% as unmagnetized. However, they used somewhat different classification crite-
ria.

We attempted to categorize the Mars profiles based on visual inspection but quickly
found they could not be categorized into Venus-like magnetized and unmagentized ver-
tical structures. This is demonstrated in Figure 4, which shows the Mars profiles lack
distinct features that would enable them to be easily categorized. In particular, they lack
a consistent minimum near 300 km or a clear single low-altitude peak, features that are
present in the Venus magnetized profiles. Instead, the Mars profiles are more varied and
have more complex small-scale structures (tens of kilometers). These structures are present
even when the crustal field component is much lower than induced field strength.

We conclude the vertical structure of the induced magnetic fields at Mars are too
varied to be classified into simple magnetized and unmagnetized states. Further, it is gen-
erally accepted that Mars is magnetized more often than Venus, meaning the ionospheric
thermal pressure is usually insufficient to exclude the external field from penetrating into
the ionosphere (Zhang & Luhmann, 1992; Chu et al., 2021; Holmberg et al., 2019; Sénchez-
Cano et al., 2020). Profiles resembling the magnetized ionosphere of Venus, such as the
profile shown in Figure 4C, do exist but are quite rare.

Although the induced magnetic field profiles at Mars are unable to be categorized
into simple states like at Venus, there are some reoccurring features that are worth re-
porting. First, the profiles often have a distinct prominent peak between 250-300 km.
Examples of such profiles can be seen in Figure 4A, B, and D. Some profiles have many
peaks, such as the one shown in Figure 4E. These multiple peaks at low altitudes may
be due to a combination of both horizontal and vertical variations in the magnetic field
strength (the spacecraft trajectory is not strictly vertical). Generally, magnetized pro-
files at Venus lack such a complicated structure.

Neither the complicated multi-peaked structures, nor a peak between 250-300 km
were predicted by the earliest MHD models (Shinagawa & Cravens, 1989). More recent
MHD studies that include the time-dependent effects of changing solar wind conditions
do predict more complicated structures including a peak between 250-350 km (Y. J. Ma
et al., 2014, 2017). The peaks are caused by vertical gradients in the downward plasma
flow speed as a result of solar wind pressure variations on hour long timescales. Solar
wind variations may be responsible for some of these small scale features (Cravens et al.,
2023), but other processes such as plasma instabilities and global plasma dynamics likely
play a role (Hamil et al., 2022).

3.2 Solar Zenith Angle Variations

To first order, we expect pressure balance to be maintained through the space en-
vironment. Given this assumption, the maximum induced magnetic field strength should
depend on the solar wind dynamic pressure and the ionospheric thermal pressure. To
achieve pressure balance, higher solar wind dynamic pressures should lead to stronger
induced fields, while higher ionospheric thermal pressures should be able to exclude the
solar wind field more efficiently, resulting in weaker induced fields. Mathematically, if
pressure balance is satisfied throughout the low-altitude ionosphere then

P,co8*(x) = Py + P (2)
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where Py, cos?x is the normal component of the solar wind dynamic pressure (Crider
et al., 2003), x is SZA, Py, is the ionospheric thermal pressure, and Pg = Bfnd/Quo is
the induced magnetic field pressure. If we also assume Pg >> P, which is often the
case at Mars (Holmberg et al., 2019; Sénchez-Cano et al., 2020), then we expect the in-
duced field strength to approximately follow

Bina = (200 Psw) '/ ?cos(x) (3)

where i, is the vacuum permeability. This equation predicts that, when magnetized (Pg >
P,1,), the induced magnetic field strength should be approximately proportional to co-
sine of the SZA. We examine this prediction for both Venus and Mars.

Figure 5 shows B4, plotted against SZA for both planets. The Venus observa-
tions are separated into their magnetized and unmagnetized classifications, but not sep-
arated based on solar wind dynamic pressure because of data scarcity. The Mars obser-
vations are sorted into groups based on solar wind dynamic pressure since the induced
field will increase with increasing solar wind pressure (see Section 3.4). The data are binned
along the SZA axis using uneven bin sizes so that each bin has a comparable number of
data points.

At Venus the maximum field strengths of the unmagnetized profiles do not have
a SZA dependence and are around 20 nT, which is consistent with previous studies (Elphic
et al., 1984). The low field strengths are expected because, when unmagnetized, the ex-
ternal magnetic field is excluded from the ionosphere by the high ionospheric thermal
pressure, and thus the induced field strength is not expected to be driven by the solar
wind pressure. In these cases Pg << Py, so Eq. 3 is not applicable and we do not ex-
pect any cosine dependence. In contrast, the maximum field strengths of the magnetized
profiles decrease with increasing SZA up to a SZA of ~65°. The bin-averaged maximum
field strength decreases from ~80 nT near the subsolar point to ~40 nT near 65° SZA.
This is consistent with previous work which has shown that this SZA trend is approx-
imately satisfied in the magnetized Venus ionosphere, but the analysis was conducted
with few observational data points (C. Russell et al., 1983).

Similarly, the maximum field strengths at Mars decrease from ~70 nT (35 nT) at
the subsolar point to ~40 nT (25 nT) around 75° SZA during high (low) solar wind dy-
namic pressure. There is also clear separation between the dynamic pressure bins, with
higher maximum field strengths occurring during higher solar wind dynamic pressures,
as predicted by Equation 3. The solar wind dynamic pressure trends at both planets will
be further explored in Section 3.4.

The dotted lines shown in Figure 5 are fits to the data using SZA for y in Equa-
tion 3. Specifically, we fit the binned averages to By,q = Bocos(x) where By is a fit
parameter that represents the subsolar induced field strength. In both cases, the data
are poorly fit. We suggest this deviation from the prediction is a consequence of SZA
being only an approximation of the angle between the solar wind bulk flow velocity and
the obstacle. We refit the data after replacing x with 6, where € is the angle between
the solar wind flow and the MPB (Crider et al., 2003). For Venus we use the MPB shape
found by Xu et al. (2021) and for Mars we use the MPB shape given in Vignes et al. (2000).
The fits are markedly improved when using 6 in place of SZA. It is especially apparent
at Mars that the trend follows the shape of the MPB rather than of cosine of SZA. The
fit parameter (Byg) for Venus is 79.5£0.9. The fit parameters for Mars are 79.24+0.4, 51.742.0,
and 40.1+1.4 for the high, medium, and low solar cases , respectively.

From these two plots we conclude low-altitude maximum field strength follows the
predicted cosine trend (Eq. 3) up to at least 60° when in a magnetized state, but only
if the angle between the solar wind flow and the MPB is used (#). However, near the ter-
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Figure 5: The solar zenith angle (SZA) variation of By, for Venus (left) and Mars
(right). The dotted lines are fits to Bpae = Bocos(x) (see Equation 3) using SZA for .
The dashed lines are fits using 6 (the angle between the solar wind flow and the magnetic
pileup boundary) in place of x (Vignes et al., 2000; Xu et al., 2021). The Venus data are
sorted into magnetized and unmagnetized cases while the Mars data are sorted into solar
wind dynamic pressure bins. Error bars show the standard error in each bin. The solar
zenith angle bins for Venus have edges at 0°, 20°, 30°, 40°, 50°, 60°, 70°, and 90°. The
SZA bins for Mars have edges at 0°, 40°, 50°, 60°, 70°, 80°, and 90°.

minator By,,, is higher than predicted at both planets. We currently do not have an ex-
planation for this observed deviation.

3.3 Peak Magnetic Field Distributions

In Figure 6A, we plot histograms of B4, with the Venus data separated into mag-
netized and unmagnetized categories (Section 3.1). All the B4, values from Mars and
all the magnetized B4, values from Venus are corrected to the subsolar point by di-
viding them by cos(#). Only B, values at SZA < 60° are included (Section 3.2). The
histogram of the unmagnetized B, values at Venus form a sharp peak around 20 nT,
which is the typical magnitude of the induced field when unmagnetized. The histogram
of the magnetized B,,,, values at Venus form a much wider distribution, but demon-
strates the clear demarcation between magnetized and unmagentized states. The mag-
netized distribution has a mean of 77.8 (£29.2) nT and a median of 75.7 nT. Compar-
atively, the distribution of the Mars B4, values has a mean of 62.9 (+£29.4) nT and a
median of 55.7 nT.

At the subsolar point, Equation 3 predicts Byaz = (2460 Psw)'/? (Fang et al., 2023).
Since Ps,, scales as the inverse square of the planet-Sun distance, we expect larger Bj,qx
values at Venus than Mars, which is confirmed in Figure 6. Given the inverse square law,
Equation 3 predicts %’ZZ‘S: ~ é:?ﬁg ~ 2.1. However, the observed ratio is only 1.2
if using the means of the distributions (77.8 nT/62.9 nT), or 1.4 if using the medians (75.7
nT/55.7 nT). If we account for the crustal field component at Mars, that is at most 20%
of Bpaz (in most cases is less than 10% of Bi,az), then the observed ratio is at most 1.75

(1.4/0.8), still implying the observed ratio is smaller than the prediction of 2.2.

To explore why the ratio is smaller than predicted, Figure 6B shows a comparison
of the observed and predicted Bi,.,- In particular, the histograms show the ratio between
the observed B,,.; and the predicted B,,., for each profile. Only observations with SZA
< 60° are included. The Venus ratios are usually less than one, having a mean of 0.66

—12—



381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

407

408

409

410

412

413

414

415

416

417

418

423

424

425

426

427

428

429

430

431

(£0.22) nT. A possible explanation is that Equation 3 relies on two assumptions: (1) pres-
sure balance throughout the space environment and (2) the ionospheric thermal pres-

sure is negligible compared to the magnetic pressure. At Venus, the second assumption

is often not satisfied (Luhmann et al., 1987) leading to a reduction in the induced field
strength via Equation 2.

At Mars, the ratios are usually greater than one, with a mean of 1.38 (40.22) nT.
If we consider a 20% crustal field component, the mean would decrease to at least 1.1,
still implying the induced field strengths at Mars are somewhat larger than predicted
by Equation 3. Since the second assumption is usually satisfied at Mars (Holmberg et
al., 2019; Chu et al., 2021; Sédnchez-Cano et al., 2020), it might be expected that Equa-
tion 3 is a good predictor of the maximum induced field strength. A possible explana-
tion for why Bj,q. is usually larger than the prediction is the presence of small-scale fea-
tures in the magnetic field profile. These small scale features are much more prevalent
at Mars than at Venus. They result in small-scale spikes and bumps that can lead to a
higher B,,,, than predicted. These small scale structures arise from a variety of processes,
such as waves, rotations, plasma instabilities (Hamil et al., 2022; Cravens et al., 2023).

Lastly, Figure 6¢ shows histograms of the altitude where B4, is observed. At Venus,

the altitude of the low-altitude maximum induced field, when magnetized, is consistently
around 170 km. There are rarer cases where the altitude of B4, is much higher, includ-
ing a number of profiles with the altitude bin in the highest histogram bin near 250 km.
These are the edge cases discussed in Section 3.3 and are profiles similar to Figure 3E.
The peak altitude at Mars is typically between 160-200 km, but the distribution is much
wider than the distribution at Venus. The distribution is likely wider because of seasonal
variations in the upper atmosphere of Mars, which causes constant pressure levels to rise
and fall over the year owing to the changing insolation from Mars’ elliptical orbit.

3.4 Solar Wind Dynamic Pressure

It is expected that with increasing solar wind pressure, the induced field strength
will increase. Assuming pressure balance across the magnetic pileup boundary and into
the ionosphere, and negligible ionospheric thermal pressure, the induced field strength
should vary as the square root of the solar wind dynamic pressure (Eq. 3). Previous work
has shown that the magnetic field at the MPB does respond in this manner to solar wind
dynamic pressure variations (Crider et al., 2003; Xu et al., 2021). Below the MPB, we
still expect the induced field to increase with increasing dynamic pressure because the
fields at the MPB are convected downward into the ionosphere.

Figure 7 shows the dependence B4, on solar wind dynamic pressure. The mag-
netized Venus data, and the Mars data, are corrected to the subsolar point by dividing
them by cos(#) (see Section 3.2). The plot only contains data with SZA < 60°. We fit
a power law to the observations: By,q, = BoPy,, where By is the best-fit subsolar B,y
and n is the best-fit exponent. B,,,; increases with solar wind pressure for both Venus
(when magnetized) and Mars with power law exponents n = 0.57+0.13 and n = 0.45+
0.02 respectively. These are consistent with each other within error, however the Venus
fit has significant uncertainty due to having much fewer data points and a more narrow
range of solar wind pressure coverage compared to Mars. The R-squared value of the fits

is 0.2 for Venus (magnetized) and 0.6 for Mars.

The coefficient By of the power law fit for Venus (magnetized) is 27.74£6.1 whereas
the coefficient for Mars is 65.240.7. This implies that for a solar wind pressure of 1 nPa,
Mars would have a higher induced field, which is expected since Venus tends to exclude
the external magnetic field more effectively than Mars (consistent with figure 6¢). How-
ever, Venus is more likely to experience higher solar wind dynamic pressure since it is
closer to the Sun. As a result, the average Bj,q, for Venus (when magnetized) is higher
than at Mars (see Section 3.3).
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32 The induced field strength of the unmagentized ionosphere of Venus has virtually

433 no dependence on solar wind dynamic pressure. The best-fit exponent is zero and the

a3 R-squared value is 0.01. This lack of dependence on solar wind pressure is expected be-
a3 cause, when unmagnetized, the solar wind magnetic field is excluded from low altitudes
436 by the ionospheric thermal pressure.

437 4 Discussion and Conclusions

438 In this study, we compare low-altitude induced magnetic fields at Venus and Mars.
430 Our main results are as follows:

440 1. The magnetic field profiles at Venus and Mars have different altitude structures.

a1 The magnetized profiles at Venus have distinct, identifiable features, namely a peak
w2 in magnetic field around 170 km, a wide minimum around 200 km, and a nearly

a3 constant topside above 250 km. But the Mars profiles lack these distinct, repeat-
a4 able large-scale features that would allow them to be classified into magnetized

a5 and unmagnetized categories like Venus.

a6 2. The maximum low-altitude magnetic field strength (Bj,q,) in the unmagnetized

aa7 ionosphere of Venus has no dependence on SZA. The B4, in the magnetized iono-
48 sphere of Venus, and the B,,,. at Mars, have a SZA dependence where B,,q.

49 cos(f) where 6 is the angle between the solar wind velocity and the MPB normal
450 vector (Eq. 3). However, at both planets, By, is larger near the terminator than
451 this trend predicts.

52 3. The mean Venus By, (77.8 nT) is greater than the mean Mars B4, (62.9 nT)
453 which is expected since Venus is exposed to higher solar wind pressures. When

a5 comparing By,q, with the prediction from Eq. 3 — which is derived assuming pres-
455 sure balance is maintained and Py, << Pg — the By, at Venus (magnetized)

456 is lower than predicted by a factor of 0.66. The B4, at Mars, alternatively, is

457 higher than predicted by a factor between 1.1 and 1.38.

458 4. When unmagnetized, Venus B, has no dependence on solar wind dynamic pres-
459 sure (Ps,). When magnetized, Venus B,,q, has a dependence of B,qz o< (P )% 713
460 which is potentially consistent with the prediction from Equation 3 of an expo-
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nent of 0.5. However, the fit is poor and the dynamic pressure can only account
for 20% of the variation in B,,q;. The Mars B,,qz, in contrast, has a dependence
of Braz < (Psy)?4%02 and the dynamic pressure can account for 60% of the
variation in B, q-

The vertical structure of the magnetic field profiles at Mars is highly varied and
inconsistent, in contrast with the Venus profiles which tend to have the same recurring
large-scale features. A likely explanation is the ubiquitous presence of small-scale struc-
tures in the magnetic field profiles at Mars, which are much less common in the mag-
netized ionosphere of Venus. This explanation was also put forth by Huang et al. (2023)
to explain the varied magnetic field profiles at Mars. They attributed the varied struc-
tures to time-dependent variations in the up stream solar wind, such as variations in the
solar wind dynamic pressure. The vertical structure of the Venus magnetic field profiles
can be successfully reproduced by models, even under steady solar wind conditions (Luhmann
et al., 1984; Cravens et al., 1984; Shinagawa & Cravens, 1988; Luhmann & Cravens, 1991).
However, models have been less successful at reproducing the vertical structure of the
Mars profiles. Additional physical processes likely need to be included to capture the small-
scale structures (Hamil et al., 2022; Cravens et al., 2023).

We find both similarities and differences between the low-altitude magnetic field
strengths. The main similarity arises between Mars and the magnetized ionosphere of
Venus, providing further evidence that the ionosphere of Mars is magnetized most of the
time (Sdnchez-Cano et al., 2020). In particular, the low-altitude field strengths have the
same SZA dependence, including higher than expected fields near the terminator. Fur-
ther, at both planets the SZA variation of the low-altitude field strengths are modeled
best when the angle between solar wind velocity and the normal vector of the MPB is
used in Equation 3 (as opposed to SZA). In other words, since the low-altitude magnetic
fields are convected downward from the MPB (Equation 1), the shape of the MPB con-
trols how the strength of the low-altitude induced fields vary across the dayside iono-
sphere.

Major differences include higher induced field strengths in the magnetized ionosphere
of Venus (means of 77.8 nT vs. 62.9 nT), which is expected given Venus is exposed to
higher solar wind dynamic pressures due to its proximity to the Sun. Additionally, when
magnetized, the low-altitude field at Venus is weaker than predicted under the assump-
tions of pressure balance and Pi, << Pp (Eq. 3). This is consistent with the fact that
the assumption of Py, << Ppg is often unsatisfied at Venus because the ionospheric ther-
mal pressure is often comparable to or greater than the solar wind dynamic pressure, es-
pecially during the PVO observations at solar maximum (Luhmann, 1986; Zhang & Luh-
mann, 1992). Consequently, the induced magnetic pressure does not have to be as large
as the solar wind pressure to achieve pressure balance (Eq. 2).

In contrast, on Mars, low-altitude field strengths are higher than predicted by Equa-
tion 3, even after accounting for possible contributions from crustal fields. One possi-
ble explanation is again related to small scale features that are common at Mars but not
at Venus. These observed small scale features may be either spatial (Hamil et al., 2022)
or temporal (Huang et al., 2020) variations, and are likely driven by processes such as
varying solar wind conditions, large-scale plasma dynamics, plasma instabilities, or cur-
rent sheets (Hamil et al., 2022). The small scale features, such as the localized layers seen
in Figure 4E, can increase the maximum low-altitude field strength so that is larger than
predicted by Equation 3.

The increased presence of small-scale structures at Mars may be related to the con-
vection and diffusion timescales, which characterize the time for the low-altitude induced
fields to form and dissipate (Eq. 1). Recent calculations suggest the convection and dif-
fusion timescales are on the order of a few hours at Venus (Y. Ma et al., 2020), but only
on the order of tens of minutes at Mars (Huang et al., 2020). Given the timescales at
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Mars can be shorter than the time it takes for MAVEN complete a low-altitude periap-
sis pass (~10 minutes), it is possible some of the observed small-scale features are caused
by temporal variations in the upstream solar wind, as suggested by Huang et al. (2020).
However, these calculations are somewhat uncertain because they are strongly controlled
by vertical plasma velocities, which are small (tens of m/s) and have not been directly
measured (Y. Ma et al., 2020).

Taken together, our results reveal some interesting similarities and differences be-
tween the induced magnetic fields at Venus and Mars. They point to how planetary prop-
erties, such as planet-Sun distance, can affect the structure and variability of induced
fields at unmagnetized planets. Being closer to the Sun, Venus has a higher ionospheric
thermal pressure that is often comparable to or greater than the solar wind dynamic pres-
sure (at least at solar maximum during the PVO observations). Consequently, it exhibits
a dichotomy of magnetized and unmagnetized states, and in each state the induced field
strength has a different dependence on SZA and solar wind dynamic pressure. Mars, be-
ing further from the Sun, has a lower ionospheric thermal pressure (from reduced solar
EUV flux) and so the ionosphere is magnetized most of the time and does not exhibit
a dichotomy of states. Further, the shape of the MPB controls the SZA variation of the
induced fields at both planets, when in a magnetized state. This work focuses exclusively
on weak crustal field regions at Mars, and future work focusing on strong crustal fields
regions may reveal even more interesting differences between the low-altitude induced
magentic fields at Venus and Mars.

5 Open Research

The data used in this work are publicly archived. The Venus magnetometer data
can be found at https://pds-ppi.igpp.ucla.edu/search/view/?f=yes\&id=pds://
PPI/PV0-V-OMAG-4--SCCOORDS-24SEC-V2.0 and the Venus upstream solar wind data
can be found at https://cdaweb.gsfc.nasa.gov/cgi-bin/evall.cgi. The Mars Key
Parameters data can be found at https://lasp.colorado.edu/maven/sdc/public/
data/sci/kp/ and the Mars upstream solar wind data can be found at https://homepage
.physics.uiowa.edu/~jhalekas/drivers.html. The derived maximum low-altitude
magnetic field strengths are publicly archived at https://zenodo.org/uploads/10278080
for both Venus and Mars.
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Properties of Mars’ Dayside Low-Altitude Induced
Magnetic Field and Comparisons with Venus
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Key Points:

+ Unlike Venus, the induced magnetic field profiles at Mars are unable to be cat-
egorized into magnetized and unmagentized states.

e At both planets, the solar zenith angle dependence of the induced field strength
is controlled by the shape of the magnetic pileup boundary.

 Induced fields at Mars are stronger than expected if assuming the fields form to
achieve pressure balance with the oncoming solar wind.

Corresponding author: Susanne Byrd, susbyrd@uiowa.edu



18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

Abstract

Mars and Venus have atmospheres but lack large-scale intrinsic magnetic fields. Con-
sequently, the solar wind interaction at each planet results in the formation of an induced
magnetosphere. Our work aims to compare the low-altitude (< 250 km) component of
the induced magnetic field at Venus and Mars using observations from Pioneer Venus
Orbiter (PVO) and Mars Atmosphere and Volatile EvolutioN (MAVEN). The observa-
tions from Mars are restricted to regions of weak crustal magnetism. At Venus, it has
long been known the vertical structure of the induced magnetic field profiles have recur-
ring features that enable them to be classified as either magnetized or unmagnetized. We
find the induced field profiles at Mars are more varied, lack recurring features, and are
unable to be classified in the same way. The solar zenith angle dependence of the low-
altitude field strength at both planets is controlled by the shape of the magnetic pileup
boundary. Also, because the ionospheric thermal pressure at Venus is often compara-

ble to the solar wind dynamic pressure, the induced fields are weaker than required to
balance the solar wind by themselves. By contrast, induced fields at Mars are stronger
than required to achieve pressure balance. Lastly, we find the induced fields in the mag-
netized ionosphere of Venus have a weaker dependence on solar wind dynamic pressure
than the induced fields at Mars. Our results point to planetary properties, such as planet-
Sun distance, having a major effect on the properties of induced fields at nonmagentized
planets.

1 Introduction

A magnetosphere is a region of space around a planetary body where charged par-
ticles are deflected by the body’s magnetic field. For bodies with active intrinsic field gen-
eration, this region is usually large (e.g., ~10 planetary radii on the sun-facing side for
Earth). For bodies without active intrinsic field generation, this region is smaller (< 1
planetary radii) and an induced magnetosphere forms as the magnetic field of the solar
wind interacts with the electrically conductive ionosphere (Bertucci et al., 2011). As it
encounters the obstacle, an electric current is induced in the ionosphere (Daniell Jr &
Cloutier, 1977; Ramstad, 2020). The induced magnetosphere that results from this in-
teraction tends to balance the dynamic pressure from the oncoming solar wind (Luhmann
et al., 2004). Typically, an induced field is much weaker than an intrinsic global field.
Induced magnetospheres occur on bodies that have an atmosphere but lack a dynamo-
generated global magnetic field. Both Venus and Mars fall into this category as unma-
gentized planets containing atmospheres, and thus both planets have induced magne-
tospheres. In this paper, we focus on understanding and comparing the structure and
variability of the low-altitude (< 250 km) induced magnetic fields of Venus and Mars.

The Pioneer Venus Orbiter (PVO) is the only spacecraft to have consistently mea-
sured the low-altitude induced magnetic fields at Venus. Analyses of the PVO data con-

firmed that Venus has a magnetic field induced solely by interaction with the solar wind (Luhmann

& Russell, 1983). They also found most vertical profiles of the induced magnetic field
strength can, based on their features, be classified as either magnetized or unmagentized
(Luhmann et al., 1980; Luhmann & Cravens, 1991). When the solar wind pressure ex-
ceeds the peak ionospheric thermal pressure, the planet’s induced field is classified as be-
ing in a magnetized state. In the magnetized state, the vertical profile contains a local
minimum near 200 km and a local maximum near 170 km with peak field strengths up
to 150 nT. Alternatively, when the solar wind pressure is less than the peak ionospheric
thermal pressure, the ionosphere is in an unmagnetized state (Luhmann & Cravens, 1991).
In the unmagnetized state, the ionosphere excludes most of the external field and the
low-altitude induced field strength is weaker (< 30 nT). These profiles lack distinct max-
ima or minima at low altitudes, but instead contain many small-scale (~10 km) spikes
characterized as flux ropes (Elphic et al., 1980; Phillips et al., 1984a; Elphic & Russell,
1983).
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Some basic characteristics of the low-altitude field strengths in the magnetized iono-
sphere of Venus have also been reported. The low-altitude field strength was found to
decrease with increasing solar zenith angle (SZA) (Luhmann & Cravens, 1991). Addi-
tionally, the field strength was found to increase with increasing solar wind dynamic pres-
sure (Luhmann et al., 1980; Kar & Mahajan, 1987). Both of these variations are expected
if pressure balance is satisfied across the near-space environment and the induced field
is required to balance the dynamic pressure of the oncoming solar wind (Luhmann & Cravens,
1991; Sanchez-Cano et al., 2020). Starting in the pristine solar wind and moving inward,
the dominant pressure terms are as follows: the dynamic pressure in the solar wind, the
plasma thermal pressure in the sheath, the magnetic pressure in the magnetic pileup re-
gion, and the sum of the plasma thermal pressure and induced magnetic pressure below
the magnetic pileup boundary. Essentially, the perpendicular component of the solar wind
dynamic pressure is ultimately converted into magnetic pressure in the magnetic pileup
region.

Mars Global Surveyor (MGS) provided the first comprehensive magnetic field mea-
surements at Mars, discovering the total field is a combination of induced fields and crustal
fields that are scattered across the planet (Connerney et al., 2001; Brain, 2003). How-
ever, MGS was unable to measure the induced magnetic field at low altitudes. Arriving
at Mars in 2014, the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission be-
came the first spacecraft to routinely measure low-altitude magnetic fields. Recently, Fang
et al. (2023) analyzed low-altitude magnetic field data from MAVEN. They found the
induced field strength on the dayside is usually around 15-50 nT, decreases with increas-
ing SZA, and increases with increasing solar wind dynamic pressure. Huang et al. (2023)
found the vertical profiles often resemble a reversed “L”: above ~200 km the field has
a constant value, and below ~200 km the field abruptly decreases in strength. Several
studies have also examined the ubiquitous small scale features (10-50 km) present in the
observed magnetic field profiles, including waves, slabs, flux ropes, and flux tubes (Hamil
et al., 2022; Bowers et al., 2021; Cravens et al., 2023). These structures are thought to
form through a variety of processes such as variations in the upstream solar wind, global
plasma dynamics, and plasma instabilities.

Models have been used in attempt to reproduce the observed low-altitude magnetic
field profiles at both planets. For Venus, models from the PVO era (Cloutier, 1984; Cravens
et al.,; 1984; Luhmann et al., 1984; Shinagawa & Cravens, 1988; Luhmann & Cravens,
1991) and more recent iterations (Y. Ma et al., 2020, 2023), have been quite successful
at reproducing the observed large-scale magnetic fields present in the magnetized iono-
sphere. They are able to reproduce several features of the magnetized profiles, includ-
ing the local minimum near 200 km and the local maximum near 170 km (Cravens et
al., 1984; Phillips et al., 1984b; Cloutier, 1984; Shinagawa & Cravens, 1988). Similar mod-
els for the induced field at Mars have been somewhat successful at reproducing the ob-
served profiles (Shinagawa & Cravens, 1989; Y. J. Ma et al., 2017; Fang et al., 2018; Huang
et al., 2023). Generally, however, the observed induced field profiles at Mars have more
small-scale features that models are unable to fully reproduce.

In these models, the evolution of the induced magnetic field, B;,q4, is described by
the magnetic diffusion equation (Luhmann & Cravens, 1991):

% =V X (u X Bing) = V X 0V X Bina) (1)
where t is time, u is the plasma flow speed, and 7, is the magnetic diffusivity. The first
term in Equation 1 represents the convection of magnetic flux with plasma flow. The sec-
ond term represents the diffusion or dissipation of the magnetic field as the electrical cur-
rents associated with the field are dampened through collisions (Luhmann & Cravens,
1991). At the top of the ionosphere, which is sometimes called the magnetic pileup bound-
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ary or ionopause (Espley, 2018), densities are so low that the first term dominates and
the draped solar wind field is convected into the ionosphere by downward flowing plasma.
As the field is convected downward, the diffusion term eventually takes over as increased
ion-neutral collisions between the induced current and neutral molecules causes the field
to dissipate. The vertical structure of the induced magnetic field profile is, to first or-

der, controlled by these processes. An interesting aspect of this picture is that variations
in upstream solar wind conditions, such as a change in dynamic pressure, will not have

an immediate affect in the low-altitude induced field because the effects take time to prop-
agate through the sheath and into the ionosphere (Luhmann et al., 1984; Y. Ma et al.,
2020; Hamil et al., 2022; Cravens et al., 2023).

In this work, our aim is to compare the structure and variability of the low-altitude
induced magnetic fields at Venus and Mars. Our focus is on large scale structures as op-
posed to the small-scale structures like flux ropes. Our primary goals are to (1) inves-
tigate if the vertical structure of the induced magnetic field profiles at Mars can, like at
Venus, be classified as magnetized or unmagnetized; (2) compare the induced field strengths
at each planet and investigate if they are consistent with pressure balance, and (3) de-
termine if the low-altitude induced magnetic field strengths vary with SZA and solar wind
dynamic pressure in similar ways.

2 Data and Method
2.1 Pioneer Venus Orbiter

PVO collected the bulk of its low-altitude in situ measurements between Decem-
ber 1978 and July 1980 when its orbital period was 24 hours, and periapsis altitude was
maintained near 160 km for nearly 700 orbits (Brace & Kliore, 1991). During this time,
the periapsis segment evolved to cover a wide range of local times and solar zenith an-
gles, but stayed near mid-latitudes throughout (10°S-40°N).

For magnetic field data, we use the low resolution magnetometer (OMAG) obser-
vations that have 12-second time resolution (C. T. Russell et al., 1980). The files con-
tain the magnetic field vector, spacecraft altitude, solar zenith angle, and latitude of each
observation. Each orbit is split into an inbound and outbound segment and the obser-
vations are trimmed to only include altitudes below 500 km. For upstream solar wind
data, we use the upstream measurements from PVO that were obtained when PVO was
located outside the bow shock. The IMF vector was measured by OMAG and the so-
lar wind density and velocity were measured by the Plasma Analyzer instrument (Intriligator
et al., 1980). The data are provided as hourly averages but we assign a single value to
each half-orbit (inbound and outbound) by taking the solar wind measurement closest
in time to the low-altitude magnetic field (periapsis) measurement. Periapsis segments
without a solar wind measurement within 10 hours were not included. The dataset pro-
vides solar wind proton densities and velocities from which we calculate the dynamic pres-
sure using Py, = pV? where P,,, is the solar wind dynamic pressure, p is the solar wind
mass density, and V is the bulk flow velocity.

2.2 MAVEN

The Mars low-altitude in situ measurements cover October 2014 through August
2020 when MAVEN’ orbital period was 4.5 hours and periapsis altitude varied between
~150-200 km. A handful of the observations come from times when periapsis was low-
ered down to ~125 km for week-long “deep dip” campaigns (Jakosky et al., 2015). The
location of MAVEN’s periapsis segment slowly evolves throughout the mission, cover-
ing a wide range of latitudes, local times, and SZAs. For magnetic field data, we use the
Key Parameter (KP) data products. The KP data are a bundle that includes measure-
ments from every MAVEN in situ instrument along with spacecraft ephemeris informa-
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tion, all on a uniformly sampled 4-second time grid. The KP files are compiled from the
instrument’s fully calibrated Level 2 data products. As with the Venus data, each or-
bit is split into an inbound and outbound segment and trimmed to only include obser-
vations at an altitude below 500 km.

For solar wind data, we use observations from MAVEN’s Magnetometer (MAG)
and Solar Wind Ton Analyzer (SWIA) that were obtained while MAVEN was outside the
bowshock. The data are derived using the method described in (Halekas et al., 2017),
which provides averages of solar wind properties for each orbit. The SWIA observations
contain the solar wind proton density and velocity which are used to calculate the so-
lar wind dynamic pressure. Periapsis segments without a solar wind measurement within
10 hours were not included. However, many of the orbits do not have upstream solar wind
measurements within 10 hours of the periapsis observations. To fill these gaps, we use
the Ruhunusiri et al. (2018) solar wind proxy model, which predicts upstream solar wind
conditions based on MAVEN observations in the sheath. Of the 2625 MAVEN profiles
in the final dataset, 1151 were assigned upstream conditions based on SWIA observa-
tions, 1069 were assigned from the proxy model, and 405 could not be assigned.

2.3 Caveats

When comparing results derived from the MAVEN and PVO observations, several
differences between the two datasets must be considered. First, the PVO data were ob-
tained during the maximum of Solar Cycle 21 (Brace & Kliore, 1991), while the MAVEN
data were obtained during the declining phase of the rather weak Solar Cycle 24 (Lee
et al., 2017). Second, the PVO periapsis is confined to mid-latitudes, while the MAVEN
periapsis covers latitudes between 75° N and 75° S (see Figure 1). Additionally, because
the spacecraft moves both vertically and horizontally during each periapsis pass, the struc-
tures we observe in the magnetic field profiles may not strictly be in the vertical direc-
tion.

Differences between the planets themselves must also be kept in mind when com-
paring results from the two planets. For example, Mars has rather pronounced seasons
due to its eccentric orbit and 25° axial tilt, while Venus has no seasons because of its cir-
cular orbit and < 3° axial tilt. Other differences to consider include, but are not lim-
ited to, planetary rotation rate, the presence of crustal magnetic fields at Mars but not
Venus, planetary size, and planet-Sun distance.

2.4 Method

The vertical structure of the induced magnetic field profiles at Venus can gener-
ally be categorized into one of two states: "magnetized” or "unmagnetized”. We cate-
gorize the Venus profiles in this manner based on the descriptions in Luhmann and Cravens
(1991). If the global minimum of a trimmed magnetic field profile is below 300 km, and
the profile has low-altitude (< 250 km) maximum field strength greater than 30 nT, it
is classified as magnetized. If a profile has a low-altitude magnetic field strength greater
than 50 nT, it is also classified as magnetized. Alternatively, If a profile has a low-altitude
maximum field strength less than 30 nT, it is classified as unmagnetized. A small num-
ber of profiles remain categorized because they they do not match either criteria.

Figure 3 shows six examples of Venus magnetic field profiles observed by PVO. The
examples in the left column show magnetized profiles. They contain a peak below 200
km, a wide minimum near 200-250 km, and a nearly-constant topside. These features
are all absent in unmagnetized profiles, examples of which are shown in the right col-
umn of Figure 3. Instead, the unmagnetized profiles are nearly featureless, lacking dis-
tinct maxima or minima, and have weaker field strengths at nearly all altitudes.
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Figure 1: The latitudes and solar zenith angles at periapsis for the orbits used in this
study, demonstrating the observational coverage of PVO (blue triangles) and MAVEN
(gray circles) are quite different.
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Figure 2: Locations of the MAVEN observations used in our analysis. Grey X’s show
locations of low-altitude maximum magnetic field strengths (B,,q.) for each inbound and
outbound profile. Green contours are a map of the Martian radial crustal field strength
at 400 km (Morschhauser et al., 2014). These locations are chosen because they are from
weak crustal field regions, making them more comparable to Venus.



on Figure 4 shows six examples of magnetic field profiles observed by MAVEN. These

212 profiles are much more complicated than profiles from Venus and they lack recognizable

213 features that would allow them to be sorted easily into two categories. This issue will

214 be explored further in Section 3.1.

215 Since we are interested in comparing the strength and variability of the low-altitude

216 induced fields at Venus and Mars, we focus our analysis on the maximum magnetic field

217 strength below 250 km altitude (Bjnaz). To derive By,,. for both inbound and outbound

218 segments of an orbit, we locate the maximum field strength below 250 km. This altitude

210 cutoff of 250 km was chosen because it will capture the low-altitude peaks around 170

220 km in the magnetized profiles at Venus (Luhmann & Cravens, 1991), and be flexible enough
221 to capture peaks in the Mars profiles at a wide range of altitudes. The B,,,, derived from
22 each Venus profile is marked in Figure 3. For magnetized profiles, B4, is the field strength
223 at the location of the low-altitude peak near 170 km. For unmagnetized profiles, B;,qx

204 is the maximum field strength below 250 km, but is not at the location of any specific

25 feature. The same method is used to extract B,,q, from the Mars profiles, which are marked
226 in Figure 4. Since the vertical structure varies much more from profile to profile, the de-

207 rived By,q. 1S not extracted from a recurring distinct feature, as in the case of the mag-

28 netized Venus profiles.

220 We note that there are several cases when the location of the derived B, is ei-

230 ther at the bottom of the profile (periapsis) or at the top of the profile (near the top al-
231 titude cutoff of 250 km). For cases when the derived By, is near the top of the pro-
232 file, the low-altitude field strength never exceeds the field strength at 250 km. Exam-

233 ples of this case can be seen in Figures 3E and 4B. For these, B, is likely overestimated
234 because our method does not pick any low-altitude feature that has a local maximum

235 below 250 km. For cases when B, is near periapsis, the derived B4, likely under-

236 estimates the true local maximum in the low-altitude magnetic field profile because the
237 true maximum may reside below periapsis where there are no observations. Examples

238 of this case can be seen in Figure 3C and 4D. With these caveats in mind, we include

239 these cases in our final dataset.

240 Another important consideration is the crustal magnetic fields at Mars that are not
211 at Venus. We wish to remove these crustal fields from our analysis to enable a more di-
212 rect comparison between the two planets, focusing solely on the induced component of
243 the magnetic field. The Morschhauser et al. (2014) empirical model of crustal magnetic
244 field strength is used to omit MAVEN observations where the crustal field strength is

25 comparable to the induced field strength. More concretely, we exclude any profiles that

26 have Beryst/Bmaz > 0.2 where Bepys: is the crustal field strength at the location of B,y
247 Figure 2 shows the locations of B, that remain after applying this crustal field filter-

248 ing. It demonstrates the chosen B,,,;’s are confined to outside the crustal field regions.
249 To focus on the dayside interaction region, in our final dataset we only use profiles
250 that have Bj,q. at SZA < 90°. In total, the final filtered dataset for Venus includes 475
251 magnetic field profiles of which 188 are categorized as magnetized, 260 as unmagentized,

252 and 27 as uncategorized. Of the 188 magnetized profiles, 39 have B, at the bottom

253 of the profile and 25 have B, at the top altitude cutoff of 250 km. Of the 260 unma-
254 gentized profiles, 6 have By,,, at the bottom of the profile and 30 have B, at 250 km.
255 The final filtered dataset for Mars includes 2625 profiles. Of these, 220 have B,,,, at the
256 bottom of the profile and 112 have B,,., at the top altitude cutoff of 250 km.

257 3 Analysis

258 3.1 Categorizing the Magnetic Field Profiles
250 As discussed in Section 2.4 and shown in Figure 3, the induced magnetic field pro-
260 files at Venus have reccurring vertical structures that can generally be categorized as ei-
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ther “magnetized” or “unmagnetize” (Luhmann & Cravens, 1991). Using our classifi-
cation criteria, we find ~40% of the profiles can be classified as magnetized and ~55%
can be classified as unmagnetized. These percentages are loosely consistent with the oc-
currence rates reported by Luhmann et al. (1980), who categorized 30% as magnetized
and 70% as unmagnetized. However, they used somewhat different classification crite-
ria.

We attempted to categorize the Mars profiles based on visual inspection but quickly
found they could not be categorized into Venus-like magnetized and unmagentized ver-
tical structures. This is demonstrated in Figure 4, which shows the Mars profiles lack
distinct features that would enable them to be easily categorized. In particular, they lack
a consistent minimum near 300 km or a clear single low-altitude peak, features that are
present in the Venus magnetized profiles. Instead, the Mars profiles are more varied and
have more complex small-scale structures (tens of kilometers). These structures are present
even when the crustal field component is much lower than induced field strength.

We conclude the vertical structure of the induced magnetic fields at Mars are too
varied to be classified into simple magnetized and unmagnetized states. Further, it is gen-
erally accepted that Mars is magnetized more often than Venus, meaning the ionospheric
thermal pressure is usually insufficient to exclude the external field from penetrating into
the ionosphere (Zhang & Luhmann, 1992; Chu et al., 2021; Holmberg et al., 2019; Sénchez-
Cano et al., 2020). Profiles resembling the magnetized ionosphere of Venus, such as the
profile shown in Figure 4C, do exist but are quite rare.

Although the induced magnetic field profiles at Mars are unable to be categorized
into simple states like at Venus, there are some reoccurring features that are worth re-
porting. First, the profiles often have a distinct prominent peak between 250-300 km.
Examples of such profiles can be seen in Figure 4A, B, and D. Some profiles have many
peaks, such as the one shown in Figure 4E. These multiple peaks at low altitudes may
be due to a combination of both horizontal and vertical variations in the magnetic field
strength (the spacecraft trajectory is not strictly vertical). Generally, magnetized pro-
files at Venus lack such a complicated structure.

Neither the complicated multi-peaked structures, nor a peak between 250-300 km
were predicted by the earliest MHD models (Shinagawa & Cravens, 1989). More recent
MHD studies that include the time-dependent effects of changing solar wind conditions
do predict more complicated structures including a peak between 250-350 km (Y. J. Ma
et al., 2014, 2017). The peaks are caused by vertical gradients in the downward plasma
flow speed as a result of solar wind pressure variations on hour long timescales. Solar
wind variations may be responsible for some of these small scale features (Cravens et al.,
2023), but other processes such as plasma instabilities and global plasma dynamics likely
play a role (Hamil et al., 2022).

3.2 Solar Zenith Angle Variations

To first order, we expect pressure balance to be maintained through the space en-
vironment. Given this assumption, the maximum induced magnetic field strength should
depend on the solar wind dynamic pressure and the ionospheric thermal pressure. To
achieve pressure balance, higher solar wind dynamic pressures should lead to stronger
induced fields, while higher ionospheric thermal pressures should be able to exclude the
solar wind field more efficiently, resulting in weaker induced fields. Mathematically, if
pressure balance is satisfied throughout the low-altitude ionosphere then

P,co8*(x) = Py + P (2)

—10—



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

where Py, cos?x is the normal component of the solar wind dynamic pressure (Crider
et al., 2003), x is SZA, Py, is the ionospheric thermal pressure, and Pg = Bfnd/Quo is
the induced magnetic field pressure. If we also assume Pg >> P, which is often the
case at Mars (Holmberg et al., 2019; Sénchez-Cano et al., 2020), then we expect the in-
duced field strength to approximately follow

Bina = (200 Psw) '/ ?cos(x) (3)

where i, is the vacuum permeability. This equation predicts that, when magnetized (Pg >
P,1,), the induced magnetic field strength should be approximately proportional to co-
sine of the SZA. We examine this prediction for both Venus and Mars.

Figure 5 shows B4, plotted against SZA for both planets. The Venus observa-
tions are separated into their magnetized and unmagnetized classifications, but not sep-
arated based on solar wind dynamic pressure because of data scarcity. The Mars obser-
vations are sorted into groups based on solar wind dynamic pressure since the induced
field will increase with increasing solar wind pressure (see Section 3.4). The data are binned
along the SZA axis using uneven bin sizes so that each bin has a comparable number of
data points.

At Venus the maximum field strengths of the unmagnetized profiles do not have
a SZA dependence and are around 20 nT, which is consistent with previous studies (Elphic
et al., 1984). The low field strengths are expected because, when unmagnetized, the ex-
ternal magnetic field is excluded from the ionosphere by the high ionospheric thermal
pressure, and thus the induced field strength is not expected to be driven by the solar
wind pressure. In these cases Pg << Py, so Eq. 3 is not applicable and we do not ex-
pect any cosine dependence. In contrast, the maximum field strengths of the magnetized
profiles decrease with increasing SZA up to a SZA of ~65°. The bin-averaged maximum
field strength decreases from ~80 nT near the subsolar point to ~40 nT near 65° SZA.
This is consistent with previous work which has shown that this SZA trend is approx-
imately satisfied in the magnetized Venus ionosphere, but the analysis was conducted
with few observational data points (C. Russell et al., 1983).

Similarly, the maximum field strengths at Mars decrease from ~70 nT (35 nT) at
the subsolar point to ~40 nT (25 nT) around 75° SZA during high (low) solar wind dy-
namic pressure. There is also clear separation between the dynamic pressure bins, with
higher maximum field strengths occurring during higher solar wind dynamic pressures,
as predicted by Equation 3. The solar wind dynamic pressure trends at both planets will
be further explored in Section 3.4.

The dotted lines shown in Figure 5 are fits to the data using SZA for y in Equa-
tion 3. Specifically, we fit the binned averages to By,q = Bocos(x) where By is a fit
parameter that represents the subsolar induced field strength. In both cases, the data
are poorly fit. We suggest this deviation from the prediction is a consequence of SZA
being only an approximation of the angle between the solar wind bulk flow velocity and
the obstacle. We refit the data after replacing x with 6, where € is the angle between
the solar wind flow and the MPB (Crider et al., 2003). For Venus we use the MPB shape
found by Xu et al. (2021) and for Mars we use the MPB shape given in Vignes et al. (2000).
The fits are markedly improved when using 6 in place of SZA. It is especially apparent
at Mars that the trend follows the shape of the MPB rather than of cosine of SZA. The
fit parameter (Byg) for Venus is 79.5£0.9. The fit parameters for Mars are 79.24+0.4, 51.742.0,
and 40.1+1.4 for the high, medium, and low solar cases , respectively.

From these two plots we conclude low-altitude maximum field strength follows the
predicted cosine trend (Eq. 3) up to at least 60° when in a magnetized state, but only
if the angle between the solar wind flow and the MPB is used (#). However, near the ter-
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Figure 5: The solar zenith angle (SZA) variation of By, for Venus (left) and Mars
(right). The dotted lines are fits to Bpae = Bocos(x) (see Equation 3) using SZA for .
The dashed lines are fits using 6 (the angle between the solar wind flow and the magnetic
pileup boundary) in place of x (Vignes et al., 2000; Xu et al., 2021). The Venus data are
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wind dynamic pressure bins. Error bars show the standard error in each bin. The solar
zenith angle bins for Venus have edges at 0°, 20°, 30°, 40°, 50°, 60°, 70°, and 90°. The
SZA bins for Mars have edges at 0°, 40°, 50°, 60°, 70°, 80°, and 90°.

minator By,,, is higher than predicted at both planets. We currently do not have an ex-
planation for this observed deviation.

3.3 Peak Magnetic Field Distributions

In Figure 6A, we plot histograms of B4, with the Venus data separated into mag-
netized and unmagnetized categories (Section 3.1). All the B4, values from Mars and
all the magnetized B4, values from Venus are corrected to the subsolar point by di-
viding them by cos(#). Only B, values at SZA < 60° are included (Section 3.2). The
histogram of the unmagnetized B, values at Venus form a sharp peak around 20 nT,
which is the typical magnitude of the induced field when unmagnetized. The histogram
of the magnetized B,,,, values at Venus form a much wider distribution, but demon-
strates the clear demarcation between magnetized and unmagentized states. The mag-
netized distribution has a mean of 77.8 (£29.2) nT and a median of 75.7 nT. Compar-
atively, the distribution of the Mars B4, values has a mean of 62.9 (+£29.4) nT and a
median of 55.7 nT.

At the subsolar point, Equation 3 predicts Byaz = (2460 Psw)'/? (Fang et al., 2023).
Since Ps,, scales as the inverse square of the planet-Sun distance, we expect larger Bj,qx
values at Venus than Mars, which is confirmed in Figure 6. Given the inverse square law,
Equation 3 predicts %’ZZ‘S: ~ é:?ﬁg ~ 2.1. However, the observed ratio is only 1.2
if using the means of the distributions (77.8 nT/62.9 nT), or 1.4 if using the medians (75.7
nT/55.7 nT). If we account for the crustal field component at Mars, that is at most 20%
of Bpaz (in most cases is less than 10% of Bi,az), then the observed ratio is at most 1.75

(1.4/0.8), still implying the observed ratio is smaller than the prediction of 2.2.

To explore why the ratio is smaller than predicted, Figure 6B shows a comparison
of the observed and predicted Bi,.,- In particular, the histograms show the ratio between
the observed B,,.; and the predicted B,,., for each profile. Only observations with SZA
< 60° are included. The Venus ratios are usually less than one, having a mean of 0.66
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(£0.22) nT. A possible explanation is that Equation 3 relies on two assumptions: (1) pres-
sure balance throughout the space environment and (2) the ionospheric thermal pres-

sure is negligible compared to the magnetic pressure. At Venus, the second assumption

is often not satisfied (Luhmann et al., 1987) leading to a reduction in the induced field
strength via Equation 2.

At Mars, the ratios are usually greater than one, with a mean of 1.38 (40.22) nT.
If we consider a 20% crustal field component, the mean would decrease to at least 1.1,
still implying the induced field strengths at Mars are somewhat larger than predicted
by Equation 3. Since the second assumption is usually satisfied at Mars (Holmberg et
al., 2019; Chu et al., 2021; Sédnchez-Cano et al., 2020), it might be expected that Equa-
tion 3 is a good predictor of the maximum induced field strength. A possible explana-
tion for why Bj,q. is usually larger than the prediction is the presence of small-scale fea-
tures in the magnetic field profile. These small scale features are much more prevalent
at Mars than at Venus. They result in small-scale spikes and bumps that can lead to a
higher B,,,, than predicted. These small scale structures arise from a variety of processes,
such as waves, rotations, plasma instabilities (Hamil et al., 2022; Cravens et al., 2023).

Lastly, Figure 6¢ shows histograms of the altitude where B4, is observed. At Venus,

the altitude of the low-altitude maximum induced field, when magnetized, is consistently
around 170 km. There are rarer cases where the altitude of B4, is much higher, includ-
ing a number of profiles with the altitude bin in the highest histogram bin near 250 km.
These are the edge cases discussed in Section 3.3 and are profiles similar to Figure 3E.
The peak altitude at Mars is typically between 160-200 km, but the distribution is much
wider than the distribution at Venus. The distribution is likely wider because of seasonal
variations in the upper atmosphere of Mars, which causes constant pressure levels to rise
and fall over the year owing to the changing insolation from Mars’ elliptical orbit.

3.4 Solar Wind Dynamic Pressure

It is expected that with increasing solar wind pressure, the induced field strength
will increase. Assuming pressure balance across the magnetic pileup boundary and into
the ionosphere, and negligible ionospheric thermal pressure, the induced field strength
should vary as the square root of the solar wind dynamic pressure (Eq. 3). Previous work
has shown that the magnetic field at the MPB does respond in this manner to solar wind
dynamic pressure variations (Crider et al., 2003; Xu et al., 2021). Below the MPB, we
still expect the induced field to increase with increasing dynamic pressure because the
fields at the MPB are convected downward into the ionosphere.

Figure 7 shows the dependence B4, on solar wind dynamic pressure. The mag-
netized Venus data, and the Mars data, are corrected to the subsolar point by dividing
them by cos(#) (see Section 3.2). The plot only contains data with SZA < 60°. We fit
a power law to the observations: By,q, = BoPy,, where By is the best-fit subsolar B,y
and n is the best-fit exponent. B,,,; increases with solar wind pressure for both Venus
(when magnetized) and Mars with power law exponents n = 0.57+0.13 and n = 0.45+
0.02 respectively. These are consistent with each other within error, however the Venus
fit has significant uncertainty due to having much fewer data points and a more narrow
range of solar wind pressure coverage compared to Mars. The R-squared value of the fits

is 0.2 for Venus (magnetized) and 0.6 for Mars.

The coefficient By of the power law fit for Venus (magnetized) is 27.74£6.1 whereas
the coefficient for Mars is 65.240.7. This implies that for a solar wind pressure of 1 nPa,
Mars would have a higher induced field, which is expected since Venus tends to exclude
the external magnetic field more effectively than Mars (consistent with figure 6¢). How-
ever, Venus is more likely to experience higher solar wind dynamic pressure since it is
closer to the Sun. As a result, the average Bj,q, for Venus (when magnetized) is higher
than at Mars (see Section 3.3).
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32 The induced field strength of the unmagentized ionosphere of Venus has virtually

433 no dependence on solar wind dynamic pressure. The best-fit exponent is zero and the

a3 R-squared value is 0.01. This lack of dependence on solar wind pressure is expected be-
a3 cause, when unmagnetized, the solar wind magnetic field is excluded from low altitudes
436 by the ionospheric thermal pressure.

437 4 Discussion and Conclusions

438 In this study, we compare low-altitude induced magnetic fields at Venus and Mars.
430 Our main results are as follows:

440 1. The magnetic field profiles at Venus and Mars have different altitude structures.

a1 The magnetized profiles at Venus have distinct, identifiable features, namely a peak
w2 in magnetic field around 170 km, a wide minimum around 200 km, and a nearly

a3 constant topside above 250 km. But the Mars profiles lack these distinct, repeat-
a4 able large-scale features that would allow them to be classified into magnetized

a5 and unmagnetized categories like Venus.

a6 2. The maximum low-altitude magnetic field strength (Bj,q,) in the unmagnetized

aa7 ionosphere of Venus has no dependence on SZA. The B4, in the magnetized iono-
48 sphere of Venus, and the B,,,. at Mars, have a SZA dependence where B,,q.

49 cos(f) where 6 is the angle between the solar wind velocity and the MPB normal
450 vector (Eq. 3). However, at both planets, By, is larger near the terminator than
451 this trend predicts.

52 3. The mean Venus By, (77.8 nT) is greater than the mean Mars B4, (62.9 nT)
453 which is expected since Venus is exposed to higher solar wind pressures. When

a5 comparing By,q, with the prediction from Eq. 3 — which is derived assuming pres-
455 sure balance is maintained and Py, << Pg — the By, at Venus (magnetized)

456 is lower than predicted by a factor of 0.66. The B4, at Mars, alternatively, is

457 higher than predicted by a factor between 1.1 and 1.38.

458 4. When unmagnetized, Venus B, has no dependence on solar wind dynamic pres-
459 sure (Ps,). When magnetized, Venus B,,q, has a dependence of B,qz o< (P )% 713
460 which is potentially consistent with the prediction from Equation 3 of an expo-
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nent of 0.5. However, the fit is poor and the dynamic pressure can only account
for 20% of the variation in B,,q;. The Mars B,,qz, in contrast, has a dependence
of Braz < (Psy)?4%02 and the dynamic pressure can account for 60% of the
variation in B, q-

The vertical structure of the magnetic field profiles at Mars is highly varied and
inconsistent, in contrast with the Venus profiles which tend to have the same recurring
large-scale features. A likely explanation is the ubiquitous presence of small-scale struc-
tures in the magnetic field profiles at Mars, which are much less common in the mag-
netized ionosphere of Venus. This explanation was also put forth by Huang et al. (2023)
to explain the varied magnetic field profiles at Mars. They attributed the varied struc-
tures to time-dependent variations in the up stream solar wind, such as variations in the
solar wind dynamic pressure. The vertical structure of the Venus magnetic field profiles
can be successfully reproduced by models, even under steady solar wind conditions (Luhmann
et al., 1984; Cravens et al., 1984; Shinagawa & Cravens, 1988; Luhmann & Cravens, 1991).
However, models have been less successful at reproducing the vertical structure of the
Mars profiles. Additional physical processes likely need to be included to capture the small-
scale structures (Hamil et al., 2022; Cravens et al., 2023).

We find both similarities and differences between the low-altitude magnetic field
strengths. The main similarity arises between Mars and the magnetized ionosphere of
Venus, providing further evidence that the ionosphere of Mars is magnetized most of the
time (Sdnchez-Cano et al., 2020). In particular, the low-altitude field strengths have the
same SZA dependence, including higher than expected fields near the terminator. Fur-
ther, at both planets the SZA variation of the low-altitude field strengths are modeled
best when the angle between solar wind velocity and the normal vector of the MPB is
used in Equation 3 (as opposed to SZA). In other words, since the low-altitude magnetic
fields are convected downward from the MPB (Equation 1), the shape of the MPB con-
trols how the strength of the low-altitude induced fields vary across the dayside iono-
sphere.

Major differences include higher induced field strengths in the magnetized ionosphere
of Venus (means of 77.8 nT vs. 62.9 nT), which is expected given Venus is exposed to
higher solar wind dynamic pressures due to its proximity to the Sun. Additionally, when
magnetized, the low-altitude field at Venus is weaker than predicted under the assump-
tions of pressure balance and Pi, << Pp (Eq. 3). This is consistent with the fact that
the assumption of Py, << Ppg is often unsatisfied at Venus because the ionospheric ther-
mal pressure is often comparable to or greater than the solar wind dynamic pressure, es-
pecially during the PVO observations at solar maximum (Luhmann, 1986; Zhang & Luh-
mann, 1992). Consequently, the induced magnetic pressure does not have to be as large
as the solar wind pressure to achieve pressure balance (Eq. 2).

In contrast, on Mars, low-altitude field strengths are higher than predicted by Equa-
tion 3, even after accounting for possible contributions from crustal fields. One possi-
ble explanation is again related to small scale features that are common at Mars but not
at Venus. These observed small scale features may be either spatial (Hamil et al., 2022)
or temporal (Huang et al., 2020) variations, and are likely driven by processes such as
varying solar wind conditions, large-scale plasma dynamics, plasma instabilities, or cur-
rent sheets (Hamil et al., 2022). The small scale features, such as the localized layers seen
in Figure 4E, can increase the maximum low-altitude field strength so that is larger than
predicted by Equation 3.

The increased presence of small-scale structures at Mars may be related to the con-
vection and diffusion timescales, which characterize the time for the low-altitude induced
fields to form and dissipate (Eq. 1). Recent calculations suggest the convection and dif-
fusion timescales are on the order of a few hours at Venus (Y. Ma et al., 2020), but only
on the order of tens of minutes at Mars (Huang et al., 2020). Given the timescales at
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Mars can be shorter than the time it takes for MAVEN complete a low-altitude periap-
sis pass (~10 minutes), it is possible some of the observed small-scale features are caused
by temporal variations in the upstream solar wind, as suggested by Huang et al. (2020).
However, these calculations are somewhat uncertain because they are strongly controlled
by vertical plasma velocities, which are small (tens of m/s) and have not been directly
measured (Y. Ma et al., 2020).

Taken together, our results reveal some interesting similarities and differences be-
tween the induced magnetic fields at Venus and Mars. They point to how planetary prop-
erties, such as planet-Sun distance, can affect the structure and variability of induced
fields at unmagnetized planets. Being closer to the Sun, Venus has a higher ionospheric
thermal pressure that is often comparable to or greater than the solar wind dynamic pres-
sure (at least at solar maximum during the PVO observations). Consequently, it exhibits
a dichotomy of magnetized and unmagnetized states, and in each state the induced field
strength has a different dependence on SZA and solar wind dynamic pressure. Mars, be-
ing further from the Sun, has a lower ionospheric thermal pressure (from reduced solar
EUV flux) and so the ionosphere is magnetized most of the time and does not exhibit
a dichotomy of states. Further, the shape of the MPB controls the SZA variation of the
induced fields at both planets, when in a magnetized state. This work focuses exclusively
on weak crustal field regions at Mars, and future work focusing on strong crustal fields
regions may reveal even more interesting differences between the low-altitude induced
magentic fields at Venus and Mars.

5 Open Research

The data used in this work are publicly archived. The Venus magnetometer data
can be found at https://pds-ppi.igpp.ucla.edu/search/view/?f=yes\&id=pds://
PPI/PV0-V-OMAG-4--SCCOORDS-24SEC-V2.0 and the Venus upstream solar wind data
can be found at https://cdaweb.gsfc.nasa.gov/cgi-bin/evall.cgi. The Mars Key
Parameters data can be found at https://lasp.colorado.edu/maven/sdc/public/
data/sci/kp/ and the Mars upstream solar wind data can be found at https://homepage
.physics.uiowa.edu/~jhalekas/drivers.html. The derived maximum low-altitude
magnetic field strengths are publicly archived at https://zenodo.org/uploads/10278080
for both Venus and Mars.
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