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Abstract The nightside Martian ionosphere is thought to be contributed by day-to-night transport
and electron precipitation, of which the former has not been well studied. In this work, we evaluate the
role of day-to-night transport based on the total electron content (TEC) measurements made by the Mars
Advanced Radar for Subsurface and Ionospheric Sounding on board Mars Express. This is accomplished by
an examination of the variation of nightside TEC in the time domain rather than the traditional solar zenith
angle domain. Our analyses here, being constrained to the Northern Hemisphere where the effects of crustal
magnetic fields can be neglected, reveal that day-to-night transport serves as the dominant source for
the nightside Martian ionosphere from terminator crossing up to time in darkness of ≈5.3×103 s, beyond
which it is surpassed by electron precipitation. The observations are compared with predictions from a
simplified time-dependent ionosphere model. We conclude that the solid body rotation of Mars is
insufficient to account for the observed depletion of nightside TEC but the data could be reasonably
reproduced by a zonal electron flow velocity of ≈1.9 km s−1.

1. Introduction

The dayside Martian ionosphere contains a well-defined primary layer and a low altitude secondary layer
that have frequently drawn analogy to the terrestrial F1 and E layers [Rishbeth and Mendillo, 2004]. The
former is produced by solar EUV ionization and the latter by solar X-ray ionization along with impact
ionization by photoelectrons and their secondaries [e.g., Fox and Yeager, 2006]. Existing studies have
revealed that both layers vary with solar zenith angle (SZA) and solar ionizing flux as predicted by the
idealized Chapman theory [e.g.,Withers, 2009, and references therein, Fox and Yeager, 2009; Fox and Weber,
2012]. In contrast, the nightside Martian ionosphere is patchy and sporadic [Gurnett et al., 2008], with impact
ionization by precipitating electrons and day-to-night transport generally thought to be the two most
important sources [e.g., Zhang et al., 1990].

Investigations of the electron density profiles from the Mars Express (MEx) Radio Science (RS) data have
demonstrated that the nightside peak electron density decreases systematically with increasing SZA up to
≈115◦, suggesting day-to-night transport as the dominant source [Withers et al., 2012]. Similar conclusions
were also made by Nĕmec et al. [2010] and Duru et al. [2011] based on the MEx Mars Advanced Radar for
Subsurface and Ionospheric Sounding (MARSIS) measurements. These authors examined the SZA variation
of either the occurrence rate of the nightside ionosphere or the in situ near-terminator electron density
at ≈200–400 km.

The above data analysis works were accompanied by several modeling efforts that evaluated the
importance of day-to-night transport in the Martian ionosphere. In an early investigation, Fox et al. [1993]
obtained a peak electron density of ≈1.3×104 cm−3 assuming a nightside downward flux identical to the
dayside upward flux derived in Fox [1993]. Ma et al. [2004] in their multispecies magnetohydrodynamic
(MHD) modeling calculated the day-to-night ion transport rate to be ≈3×1024 s−1 for high solar activity and
≈1×1024 s−1 for low solar activity, driven by pressure gradient and convective electric field under nominal
Solar Wind (SW) conditions. More recently, Chaufray et al. [2014] made three-dimensional modeling of
day-to-night transport in the Martian ionosphere driven by pressure gradient and collisional coupling with
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the neutral winds. They calculated the day-to-night ion flow velocity to be ≈ (0.5–1) km s−1 at an altitude of
≈250 km for intermediate solar activity.

Day-to-night transport has been found to be able to support a substantial nightside ionosphere both on
Venus [Knudsen et al., 1980; Spenner et al., 1981; Knudsen and Miller, 1992] and on Titan [Cui et al., 2009,
2010]. It is the purpose of the present study to investigate in detail the role of such a mechanism on Mars.
In section 2, we start with a brief description of the data used for subsequent analyses. This is followed
by section 3 where we define a quantity, time in darkness, and examine the variation of the nightside
ionosphere in the time domain, to be distinguished from previous investigations in the SZA domain. Two
simplified models are then constructed based on the column-integrated continuity equation for thermal
electrons, including the solid body rotation model in section 4.1 and the zonal transport model in
section 4.2. The latter is used to derive the zonal electron flow velocity required to support the nightside
Martian ionosphere. Section 5 is devoted to the comparison with existing results, where we also discuss
possible mechanisms driving the day-to-night transport. Finally, we end the paper with discussions and
conclusions in section 6.

2. Data Description

Our information on the structure of the nightside Martian ionosphere comes primarily from the radio
occultation data acquired by MEx RS and/or the radar sounding data acquired by MEx MARSIS. The former
provide the full electron density profiles both above and below the main ionospheric peak [Pätzold et al.,
2005]. The latter is available in either the Active Ionospheric Sounding (AIS) mode or the Subsurface (SS)
mode [Picardi et al., 2005]. In the AIS mode, the ionospheric echo intensity as a function of time delay and
frequency, usually termed as an ionogram, can be used to extract the electron density distribution of the
topside ionosphere above the main peak [Gurnett et al., 2005]. In the SS mode, the frequency-dependent
phase distortion in the radar signal provides information on the ionospheric TEC, as well as the integrals
of higher-order moments of electron distribution, but the detailed electron density profile is unknown
[e.g., Safaeinili et al., 2003;Mouginot et al., 2008].

The present study relies exclusively on the MEx MARSIS data obtained in the SS mode. These data, along
with the required ephemeris information, are accessible at the Geosciences Node of the NASA Planetary
Data System (PDS) Public Archives in tabulated forms. A total number of 1.4 million individual measure-
ments are available from 19 Jun 2005 to 1 Oct 2007 (under solar minimum conditions with a median solar
10.7 cm radio flux index of ≈78 at the Earth), of which 0.73 million were obtained at SZA ≳ 90◦. Since our
focus here is the global behavior of day-to-night transport, we further exclude all measurements made
over the Southern Hemisphere where the presence of strong crustal magnetic fields [e.g., Acuña et al.,
1999; Connerney et al., 2001] may complicate the problem by introducing localized features of ionospheric
electrodynamics [e.g., Ulusen and Linscott, 2008; Fillingim et al., 2010, 2012]. With this, 0.27 million individual
measurements are left for subsequent analyses. Both TEC and the second-order moment of electron
distribution are used in this work.

3. Variation of theNightside Ionosphere
3.1. Time in Darkness

To assess the importance of day-to-night transport, previous authors have investigated the SZA variation
of the nightside Martian ionosphere [e.g., Nĕmec et al., 2010; Duru et al., 2011;Withers et al., 2012], but this
is not a rigorous approach because the observed trend of a diminishing nightside ionosphere with increas-
ing SZA may simply be a geometrical effect in that the Martian ionosphere beyond the terminator is not
completely in the shadow with the sunlit portion continuously shrinking as SZA increases. In this study,
we switch from the traditional SZA domain to the time domain, by defining a quantity, time in darkness
(hereafter TD) as the time elapsed since a given location in the Martian ionosphere crosses the termina-
tor (at SZA=90◦). When a given location on Mars rotates progressively to enter the shadow, its SZA and TD
increase. However, TD is not a unique function of SZA, and also depends strongly on latitude, LAT.

As an example, we show in Figures 1a–1c the variations of TEC, LAT, and SZA with ephemeris time relative
to terminator crossing along the MEx orbit No. 1873. Over the time duration of ≈1400 s shown in the
figure, MEx moved northward from LAT ≈19◦S to ≈66◦N and nightward from SZA≈79◦ to ≈112◦.Two
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Figure 1. The variations of (a) TEC, (b) LAT, (c) SZA, and (d) time in darkness,
TD, with ephemeris time relative to terminator crossing for the MEx orbit
No. 1873. Two representative locations are marked by vertical dashed lines
and labeled as I and II. The variations of SZA with relative ephemeris time
for these locations are shown in the bottom panels. In each panel, TD is
given by the width of the shadowed region.

representative locations on Mars
are marked by vertical dashed lines
(labeled as I and II) with LAT ≈21◦N
and 54◦N. They are intercepted by the
MEx orbit at 250 s, 750 s and with SZA
of ≈97◦, 109◦, respectively.

Following the approach outlined in
Allison [1997] and Allison and McEwen

[2000], we calculate the variations
of SZA with relative ephemeris time
over several full Martian days around
the times of orbit interception, for
the two representative locations (I)
and (II). The results between 3×104 s
prior to and 2×104 s after the times
of orbit interception are presented in
Figure 1 (bottom). TD corresponds to
the time interval between terminator
crossing and orbit interception, indi-
cated by the width of the shadowed
region in each panel. TD as a function
of relative ephemeris time for all indi-
vidual measurements along the orbit
is shown in Figure 1d for reference.

Figure 2. The variations of TD with LAT at SZA=95◦ (solid) and
SZA=105◦ (dashed), respectively, assuming LON=150◦E near 00:48 A.M.
on 1 Jan 2007. TD increases with increasing SZA for fixed LAT and increases
with increasing LAT for fixed SZA. The grey dots characterize the sample
distribution in TD and LAT. To improve visibility, only 2000 randomly
chosen measurements are indicated.

In Figure 2, we show the variations
of TD with LAT for several represen-
tative choices of SZA, solid for 95◦

and dashed for 105◦. These variations
are generated assuming LON=150◦E
near 00:48 A.M. on 1 Jan 2007. The
dependences of TD on LON and
ephemeris time are relatively weak,
which are ignored throughout the
rest of the paper. TD increases with
increasing SZA for fixed LAT and
increases with increasing LAT for
fixed SZA. The grey dots in Figure 2
characterize the sample distribution
in TD and LAT. To improve visibility,
only 2000 randomly chosen mea-
surements are indicated. The figure
demonstrates that the sample cov-
ers a continuous time domain from
terminator crossing up to at least
TD ≈1×104 s only at low latitude
and midlatitude. This feature has
some impacts on the modeling of
day-to-night transport presented in
section 4.

3.2. Time Evolution of the

Nigthside Ionosphere

We show in Figure 3 the variations
of TEC with TD for several selected
SZA bins centered at 92.5◦, 97.5◦,
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Figure 3. The variations of TEC with TD for several predefined SZA bins centered around 92.5◦ , 97.5◦ , 103.5◦ , 106.5◦ ,
112.5◦ , and 124.5◦ , respectively. The bin width is set as 1◦ such that any SZA variation within the bin is negligible.
For each bin, the available TEC measurements are sorted by TD and divided into 15 consecutive TD ranges with equal
number of measurements over which the median values of TD and TEC are calculated and shown with the filled circles.
The error bars cover the range from 25% to 75% quartiles. Note that the horizontal error bars are usually too small to be
observable. (top row) TEC decreases systematically with increasing TD, but such (bottom row) a trend is not obvious.

103.5◦, 106.5◦, 112.5◦, and 124.5◦, respectively. The bin width is set as 1◦ such that any SZA variation within

a given bin is negligible. For each bin, the available TEC measurements are sorted by TD and divided into

15 consecutive TD ranges with equal number of measurements over which the median values of TD and

TEC are calculated and shown with the filled circles. The error bars cover the range from 25% to 75% quar-

tiles. Figure 3 (top row) reveals a clear trend of decreasing TEC with increasing TD, as indicated by correlation

coefficients of ≈−0.41, −0.46, and −0.48 based on Spearman’s � test. This is expected by the scenario of

day-to-night transport with dayside thermal electrons progressively depleted via recombination as moving

into the shadow. In contrast, a similar trend is not seen in Figure 3 (bottom row) for relatively large SZA, with

Spearman’s � correlation coefficients of ≈ 0.02, 0.02, and −0.03, respectively. The absence of any correlation

between TD and TEC in these panels implies an alternative nightside source at work, presumably electron

precipitation.

It could be shown that the above difference between Figure 3 top and bottom rows is related to the

different TD ranges involved, with the former characterized by a TD range reaching as low as ≈1×103 s,

over which the signature of day-to-night transport is easily seen, and the latter characterized by a signifi-

cantly higher TD range, over which the signature disappears as most of the dayside thermal electrons have

already depleted and the residual amount is surpassed by that produced via in situ electron impact ioniza-

tion. For further illustration, we show in Figure 4 (top) the Spearman’s � correlation coefficients between

TD and TEC over a large and continuous SZA range with a fixed bin width of 1◦. In Figure 4 (bottom), the

variation of the corresponding TD range is indicated, with the filled circles giving the median values and the

vertical error bars encompassing the 25% and 75% quartiles. The figure shows roughly two regions (labeled

by A and B) separated at SZA ≈106◦, with a transition in Spearman’s � correlation coefficient from a median

level of ≈−0.40 for SZA≲106◦, characteristic of day-to-night transport, to a median level of ≈−0.01 for

SZA≳106◦, characteristic of electron precipitation. The dividing SZA of 106◦ corresponds to TD levels that

vary with LAT, but a median level of TD ≈7×103 s could be obtained based on our sample. We emphasize

that previous authors made a similar separation between the two different nightside sources in the SZA

domain [e.g., Nĕmec et al., 2010; Duru et al., 2011;Withers et al., 2012], but here the separation is made

explicitly in the time domain, which is physically more intuitive. Specifically, we take into full account the

variation of TD with both SZA and LAT.
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Figure 4. (top) The Spearman’s � correlation coefficient between TD
and TEC as a function of SZA. (bottom) The corresponding TD range is
shown, with the solid circles giving the median values and the vertical
error bars encompassing the 25% and 75% quartiles. The figure shows
roughly two regions (labeled by A and B) separated at SZA≈106◦, with
a transition in Spearman’s � correlation coefficient from a median level
of ≈−0.40 for SZA≲106◦ , characteristic of day-to-night transport, to
a median level of ≈−0.01 for SZA≳106◦ , characteristic of electron
precipitation. The median correlation coefficients in both regions are
indicated by the horizontal dashed lines.

4. Modeling of the

Day-to-Night Transport

We show in section 3 that day-to-night
transport helps to maintain a substantial
nightside ionosphere within several
103s as a given location on Mars passes
through the terminator and rotates
into the shadow. A natural question
is whether the observed depletion of
the nightside ionosphere with time can
be fully interpreted by the solid body
rotation of the planet, and if not, one
may further wonder what the required
electron flow velocity is.

4.1. Solid Body Rotation Model

The solid body rotation of a planet with
a static ionosphere could be considered
as the limiting case for day-to-night
transport [e.g., Cui et al., 2009]. Ignoring
horizontal flow in the noninertial,
rotating frame fixed to the solid body
surface of Mars, we may write the time
evolution of TEC, Ne, as

dNe

dt
= Pph + Pel − Ldr, (1)

where Pph and Pel are the
column-integrated electron production
rates due to solar EUV/X-ray radiation

and electron precipitation, respectively, Ldr is the column-integrated electron loss rate due to dissociative
recombination with O+

2 , the most abundant ion species in the Martian ionosphere [Hanson et al., 1977].

The loss term, Ldr, can be written as

Ldr = �Me, (2)

where � is the O+
2 dissociative recombination coefficient, andMe is the second-order moment of electron

number density, ne, with Me=∫iono n2edr (r is the radial coordinate and the integration is over the vertical
extent of the entire ionosphere). For the nominal choice, we adopt a constant � of ≈2.4×10−7 cm3 s−1

appropriate for a reference electron temperature of 300 K [Peverall et al., 2001].

Assuming an ideal Chapman profile for the dayside electron distribution [Withers, 2009, and references
therein], we write the photoionization term, Pph, as

Pph = �
Me,sub

Ch
, (3)

where Me,sub is the subsolar value of Me and Ch is the Chapman grazing incidence function depending
on SZA.

In regions where the effect of photoionization is vanishingly small and where most of the dayside thermal
electrons have depleted via recombination, impact ionization by precipitating electrons serves as the only
source for the nightside ionosphere with the solution to equation (1) becomingMe=Pel∕�. Accordingly, the
electron precipitation term, Pel, could be replaced by

Pel = �Me,prec, (4)

whereMe,prec is the value ofMe contributed by electron precipitation only.
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Figure 5. Observations and modeling results for the nightside Martian ionosphere over the meridional band of
10◦N–20◦N. (a) The variation of SZA with time in darkness, TD, along with the best fit second-order polynomial. (b) The
variation of the second-order moment of electron distribution, Me, with TEC, Ne , along with the best fit power law
relation (see equation (6) in the text). (c) The observed time evolution of nightside TEC, with the solid line representing
the expected behavior for the solid body rotation model and the dashed line for the best fit zonal transport model
assuming a constant zonal electron flow velocity of ≈1.9 km s−1 . In all these panels, the solid circles give the median
values and the error bars encompass the range from 25% to 75% quartiles. (d) The contributions of various production/
loss rates as a function of TD, including solar radiation (solid), electron precipitation (dashed), day-to-night transport
(dash dotted), and dissociative recombination (dotted), respectively.

Combining the above equations gives

dNe

dt
= �

(

Me,sub

Ch
+Me,prec −Me

)

, (5)

of which the two parameters, Me,sub and Me,prec, are fully constrained by the data. For Me,sub, we fit the
dayside data at SZA ≲75◦ byMe=Me,sub∕Ch. Unlike the normal Chapman fitting [e.g.,Morgan et al., 2008;
Fox and Yeager, 2009], we exclude the data at 75◦≲SZA≲90◦ to avoid the contribution of day-to-night
transport, which is already important there (see below). For Me,prec, we take the median value of all Me

measurements made at SZA≳110◦ (to avoid geometrically partial photoionization) and simultaneously
at TD≳8×103 s (to avoid day-to-night transport).

To solve equation (5), the information on the variation of Ch (or equivalently SZA) with TD is required, which
scatters considerably in response to the difference in LAT (see Figure 2). Therefore, the model should be
applied to a narrow meridional band within which SZA is a monotonic and well-defined function of TD. As
an example, we consider the MEx MARSIS measurements made at LAT≈10◦N–20◦N. The corresponding
relation between SZA and TD is shown in Figure 5a, where the filled circles stand for the median values and
the error bars cover the range from 25% to 75% quartiles. The best fit second-order polynomial is given by
the solid line for reference.

Me and Ne are two unknowns in equation (5), thus an extra relation between them is also required. For
simplicity, we adopt in this study an empirical relation given by

Me = Me,term

(

Ne

Ne,term

)�

, (6)

whereMe,term and Ne,term are the values ofMe and Ne at SZA = 90◦ and � is a power index, all of which are
to be constrained by the data. For the meridional band quoted above, these parameters are estimated to be
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�≈1.45,Me,term≈8.1 × 1015cm−5, and Ne,term≈2.2 × 1011 cm−2, respectively, the last of which agrees with
the values from Safaeinili et al. [2007] and Lillis et al. [2010]. The variation ofMe with Ne is shown in Figure 5b,
along with the best fit model predicted by equation (6).

With the above approximations, equation (5) is solved numerically based on the fourth-order Runge-Kutta
method with the initial condition of Ne=Ne,term≈2.2×1011 cm−2 at t=0 according to our definition of TD.
The other parameters required areMe,sub ≈ 8.3 × 1016 cm−5 andMe,prec≈1.9 × 1014 cm−5, both determined
for the meridional band under consideration. The latter corresponds to a column-integrated electron impact
ionization rate of Pel≈4.6 × 107 cm−2 s−1 (see equation (4)). In Figure 5c, we show the observed time
evolution of TEC, with the solid circles representing median values and the error bars encompassing the
range from 25% to 75% quartiles. For comparison, the model time evolution predicted by equation (5) is
given by the solid line. According to the model, TEC declines to half of its terminator value at TD≈3.4×102 s
(hereafter referred to as depletion time constant), whereas the observation exhibits a much longer deple-
tion time constant of ≈1.3×103 s. Clearly, solid body rotation is insufficient to account for the observation
and a considerable day-to-night flow in the noninertial, rotating frame of Mars is required.

It is instructive to evaluate how the choice of the O+
2 dissociative recombination coefficient would affect

the model time evolution. The dashed line in Figure 5c corresponds to the solid body rotation model with
an imaginary recombination coefficient of ≈2.6 × 10−8 cm3 s−1 which is a factor of ≈8 lower than our
nominal choice represented by the solid line in the same panel. Interestingly, such a model agrees well with
the observed depletion of nightside TEC. All existing measurements of the O+

2 dissociative recombination
coefficient, �, at 300 K agree within 15% [McLain et al., 2004]. Meanwhile, since � is proportional to electron
temperature to the power of −0.7 [Peverall et al., 2001;McLain et al., 2004], the reduced value of � reported
above would then imply an exceptionally high electron temperature of ≈7.2 × 103 K, which, at ionospheric
altitudes, is not predicted by any existing models [e.g., Matta et al., 2014; Withers et al., 2014]. Strictly
speaking, � in equation (2) refers to the O+

2 dissociative recombination coefficient weighted by electron
density squared. Therefore, even if very high electron temperatures (and thus very low recombination
coefficients) could be reached well above the ionospheric peak due to the sharp increase in electron
temperature with increasing altitude [Hanson and Mantas, 1988], they should not have an appreciable
influence on our model solution obtained with the nominal choice of � ≈2.4 × 10−7 cm3 s−1. For instance,
assuming an asymptotic topside electron temperature of ≈3 × 103 K [Hanson and Mantas, 1988] and using
the empirical electron density profile of Nĕmec et al. [2011] in the diffusion region, it could be estimated that
the contribution of � above 200 km is no more than 2%. This is appropriate for SZA ≈44◦ where the only
measurement of electron temperature in the Martian ionosphere is available, but we expect a quantitatively
similar result for near-terminator conditions as well. The above discussions indicate that the disagreement in
the depletion time constant cannot be reconciled by the uncertainty in the O+

2 dissociative recombination
coefficient. However, we show below that it could be favorably interpreted by an imposed day-to-night
electron flow velocity.

4.2. Zonal Transport Model

We now generalize the solid body rotation model to a model also including electron transport. When
column integrated over the entire ionosphere, the advection term of the continuity equation for thermal
electron density becomes

∫iono

[

�(neVr)

�r
+

1
r

�(neV�)

��
+

1
r cos �

�(neV	)

�	

]

dr ≈
V	

RM cos �

�Ne

�	
, (7)

where � and 	 represent LAT and LON, Vr, V� , and V	 are the radial, meridional, and zonal components
of the electron flow velocity, RM is the mean Mars radius, and other quantities have been defined above.
Several assumptions are implicitly used in reaching equation (7). First, the slabness of the Martian
ionosphere is small compared to the mean Mars radius [e.g., Lillis and Brain, 2013] and therefore r is fixed
with r=RM≈3390 km. Second, the zonal flow is characterized by a constant velocity, V	, at ionospheric
altitudes, whereas the meridional electron flow is ignored for simplicity. Third, we assume no electron
outflow at the top of the Martian ionosphere and therefore the integral involving Vr on the left hand side
of equation (7) disappears.
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Table 1. The Subsolar TEC, Ne,sub , the Near-Terminator TEC , Ne,term, and the TEC in the Deep Nightside Ionosphere
Contributed by Electron Precipitation Only, Ne,prec , for Different Meridional Bands on Marsa

Ne, sub Ne, term Ne, prec 
SB 
trans �∕�eff V	 
eq

LAT (cm−2) (cm−2) (cm−2) (s) (s) (km s−1) (s)

0◦N–10◦N 9.3 × 1011 2.2 × 1011 2.0 × 1010 4.7 × 102 1.4 × 103 8.7 1.9 4.8 × 103

10◦N–20◦N 9.2 × 1011 2.2 × 1011 1.8 × 1010 3.4 × 102 1.3 × 103 9.3 2.0 5.0 × 103

20◦N–30◦N 9.1 × 1011 2.7 × 1011 1.7 × 1010 2.0 × 102 1.1 × 103 9.4 1.9 5.3 × 103

30◦N–40◦N 8.1 × 1011 2.5 × 1011 1.5 × 1010 1.8 × 102 1.2 × 103 10 1.9 5.6 × 103

40◦N–50◦N 9.5 × 1011 2.5 × 1011 1.6 × 1010 4.1 × 102 1.7 × 103 12 1.9 6.6 × 103

Median 9.2 × 1011 2.5 × 1011 1.7 × 1010 3.4 × 102 1.3 × 103 9.4 1.9 5.3 × 103

Uncertainty 5.4 × 1010 2.1 × 1010 2.0 × 109 1.3 × 102 2.2 × 102 1.3 0.04 6.9 × 102

aAlso listed are the depletion time constants for both the solid body rotation model, 
SB , and the best fit zonal
transport model, 
trans , the ratio of the nominal recombination coefficient, �, to the effective recombination coeffi-
cient, �eff , the best fit zonal electron flow velocity, V	 , and the time interval from terminator crossing to when the
effects of transport and electron precipitation are equal, 
eq . The median values and the uncertainties are provided in
the bottom two lines for reference.

With equation (7), the column-integrated continuity equation for thermal electrons becomes

dNe

dt
= �

(

Me,sub

Ch
+Me,prec −Me

)

−
V	

RM cos �

dNe

d	
, (8)

or equivalently,
(

1 +
V	

VM cos �

)

dNe

dt
= �

(

Me,sub

Ch
+Me,prec −Me

)

, (9)

where VM≈0.24 km s−1 is the solid body rotational velocity of Mars at the equator. This implies that an
effective dissociative recombination coefficient, �eff, could be defined in terms of the nominal dissociative
recombination coefficient, �, given by

�eff =
�

1 + V	∕(VM cos �)
, (10)

from which a best fit value of �eff≈2.6 × 10−8 cm3 s−1 implied by Figure 5 leads to a zonal electron flow
velocity of V	≈2.0 km s−1.

For the best fit model given by the dashed line in Figure 5c, it is interesting to compare the contributions
of different production/loss terms in the balance of nightside TEC on Mars. This is illustrated in Figure 5d
of the same figure where various column-integrated production/loss rates are plotted as a function of TD.
Note that the sum of all production rates is not identical to the loss rate because the nightside ionosphere
is not in a steady state. Near the terminator, the electron impact ionization rate accounts for only ≈5%
of the photoionization rate, whereas the effect of transport is comparable to the effect of solar radiation
according to our calculations. The latter also explains why the best fit values of Ne,sub andMe,sub are derived
in this work from the dayside measurements made at SZA≲75◦ (see above). Day-to-night transport is
the dominant plasma source maintaining the nightside Martian ionosphere throughout the TD range of
TD≲5.0×103 s (corresponding to SZA≲109◦ for the meridional band under consideration), beyond which
electron precipitation becomes more important.

The approach described above could be easily repeated for other meridional bands. Figure 2 demonstrates
that at high northern latitudes, the sampling of the nightside Martian ionosphere does not cover the TD
range critical for characterizing transport. Therefore, to be conservative, our modeling efforts are restricted
to the regions southward of 50◦N. We consider five consecutive meridional bands with a fixed band width
of 10◦ in LAT. We list in Table 1 the respective values of subsolar TEC, Ne,sub, near-terminator TEC, Ne,term, and
deep nightside TEC contributed by electron precipitation only, Ne,prec. Also tabulated are the depletion time
constants for both the solid body rotation model, 
SB, and the best fit zonal transport model, 
trans, the ratio
of the nominal recombination coefficient to the effective recombination coefficient, �∕�eff, the best fit zonal
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Figure 6. Similar to Figure 5 but for the meridional band of
50◦N–60◦N. Only the observed/modeled time evolution of night-
side TEC and the contributions of various production/loss terms to
the nightside TEC balance are shown.

electron flow velocity, V	, and the time inter-
val from terminator crossing to when the
effects of transport and electron precip-
itation are equal, 
eq. The median values
and the uncertainties (determined from
the standard deviations among different
cases) are given in the bottom two lines for
reference.

All the characteristics of the nightside
Martian ionosphere described so far are
confirmed by the modeling results for
the range of meridional bands covered in
Table 1. For example, the observed/modeled
time evolution of nightside TEC is shown
in Figure 6 for the meridional band of
≈40◦N–50◦N, where we also compare the
contributions of various production/loss
terms to the nightside TEC balance. Again,
the solid body rotation model predicts a
depletion time constant of ≈4.1×102 s,
which is far insufficient to account for the
observed depletion with a time constant
of ≈1.7×103 s. The effect of day-to-night
transport is nearly identical to that of
photoionization at the terminator, but the
former declines more slowly than the latter
as moving progressively into the shadow.
At TD≳6.6×103 s, transport is surpassed by
electron precipitation.

Table 1 reveals that the ratio, �∕�eff,
increases systematically northward from
the equator. However, such a trend is nearly
exactly compensated for by the decline

in cos � with increasing LAT, leading to a remarkably constant level of zonal electron flow velocity at
≈1.9 km s−1 with a very small scattering of ≈2%. This means that day-to-night transport in the Martian
ionosphere occurs in a fairly uniform pattern, at least for low and middle northern latitudes. Another
interesting feature revealed by Table 1 is an equatorward decrease in 
eq, but based on an inspection of
the simultaneous variation in Ne,prec, this simply reflects an enhanced level of electron precipitation near
the equator rather than an intrinsic feature of day-to-night transport. The meridional variation in electron
precipitation is beyond the scope of the present study and will not be further scrutinized here. It remains
to be seen if such a variation is related to different SW dynamic pressure and/or different interplanetary
magnetic field clock angle sampled at different meridional bands [e.g., Crider et al., 2003; Brain et al., 2007;
Lillis and Brain, 2013].

We may further convert the zonal electron flow velocity, V	, to a characteristic day-to-night electron
transport rate through

∫
+∞

RM
∫

�∕2

−�∕2
ne,term(r)V	rd�dr ≈

�

2
RMV	Ne,term, (11)

where ne,term(r) is the electron number density as a function of radial coordinate, r, near the terminator.
With Ne,term≈2.5 × 1011 cm−2, V	≈1.9 km s−1 from Table 1 and assuming that these values are meridionally
constant, equation (11) leads to an electron transport rate of ≈2.6 × 1025 s−1. However, this value might
be overestimated if we take into account the influences of the strong crustal magnetic fields preferentially
located over the Southern Hemisphere [e.g.,Ma et al., 2002].
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5. ComparisonWith Existing Results and Implications

The characteristic zonal electron flow velocity derived here represents some sort of average velocity
necessary for maintaining the observed nightside TEC on Mars. It applies to cold ionospheric electrons
with energies typically below 1 eV, to be distinguished from suprathermal electrons that have been
measured extensively by in situ particle instruments, such as the Electron Reflectometer on board Mars
Global Surveyor [e.g., Ulusen and Linscott, 2008] and the Analyzer of Space Plasmas and Energetic Atoms 3
(ASPERA-3) Electron Spectrometer on board MEx [e.g., Frahm et al., 2010]. However, it is possible to compare
our derived electron flow velocity to measurements of cold ionospheric ions on Mars, since charge neutrality
implies that ionospheric electrons and ions have comparable flow velocities. It is also instructive to compare
this study to some previous modeling works that incorporated the effects of day-to-night transport.

An early modeling effort for day-to-night transport was presented by Fox et al. [1993], which is different from
ours in at least two aspects. First, Fox et al. [1993] adopted a more sophisticated chemical scheme which
allowed them to predict the nightside contents of not only thermal electrons but also various ion species.
In contrast, we use a scheme that ignores ion-neutral reactions and treats O+

2 dissociative recombination
as the only loss mechanism for thermal electrons. Such a simplified scheme has been widely accepted in
previous simulation works [e.g., Fillingim et al., 2007; Lillis et al., 2009] and has been found to be able to
reproduce well the general features of the Martian ionosphere, thanks to the dominance of O+

2 near the
ionospheric peak [Hanson et al., 1977]. Second, the model of Fox et al. [1993] is essentially a steady state
one, with the effects of transport simulated by imposing a downward flow at the top of the nightside
ionosphere. This places strict constraints on the pattern of day-to-night transport through horizontal flow
on planet-wide scale ascending above the ionopause at the dayside and descending below at the nightside,
which is not necessarily realistic as motivated by our understanding of day-to-night transport on other
planets [e.g., Knudsen et al., 1980; Spenner et al., 1981; Knudsen and Miller, 1992; Cui et al., 2009, 2010]. In
contrast, here we solve explicitly the time evolution of the Martian ionosphere from terminator crossing to
the deep nightside with the nightward flow occurring zonally below the ionopause. To capture the essential
features of day-to-night transport, a chemically simplified but time-dependent scheme seems more realistic
than a chemically robust but steady state scheme.

Withers et al. [2012] derived a day-to-night electron flow velocity of ≈2 km s−1 based on two specific
nightside electron density profiles at SZA ≈104◦ for low solar activity (see A4 and A5 in their Figure 3).
This is in perfect agreement with our value, despite that their two profiles were obtained at 76◦N to be
distinguished from our case appropriate for low latitude and midlatitude. Such an agreement results from a
common rationale that constrains the electron flow velocity with the observed depletion time constant.

Recently, González-Galindo et al. [2013] and Chaufray et al. [2014] presented detailed modelings of the
three-dimensional structure of the Martian ionosphere, at both the dayside and the nightside, by coupling
a simplified Martian ionosphere model to a Martian global circulation model extending from the surface up
to the exobase [e.g., Angelats i Coll et al., 2005; González-Galindo et al., 2009a, 2009b]. These two works are
different in that the former assumes diffusive equilibrium for all species under consideration whereas the
latter includes the effects of transport, both vertically and horizontally. Therefore, the solid body rotation
model presented in section 4.1 is comparable to the González-Galindo et al. [2013] model, and the zonal
transport model in section 4.2 serves as one particular case of the Chaufray et al. [2014] model that ignores
meridional flow. All works reflect properly the expected situation of a quick depletion of the ionospheric
content as passing across the terminator in the case of solid body rotation only and a delayed depletion
in the case of strong nightward transport [see Chaufray et al., 2014, Figure 8]. Chaufray et al. [2014] derived
a characteristic day-to-night flow velocity of several 102 m s−1 for both ions and electrons, which is
significantly lower than the value of ≈1.9 km s−1 reported in section 4.2.

The above discrepancy is related to the key difference between our zonal transport model and the Chaufray
et al. [2014] model, in that the former constrains the flow velocity from the data, whereas the latter from a
prescribed local momentum budget. Specifically, Chaufray et al. [2014] considered an ionospheric plasma
flow driven by collisional coupling to the neutral winds and diurnal pressure gradient. Such a scheme
is not able to reproduce the observed depletion of nightside TEC on Mars, indicating that an important
mechanism is missing in their model, presumably momentum transfer from the SW [e.g., Pérez-de-Tejada,
1998; Pérez-de-Tejada et al., 2013]. However, the MHD calculations of Ma et al. [2004], which did take into
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account both pressure gradient and momentum transfer via the SW convective electric fields, predicted a
day-to-night transport rate of only several 1024 s−1, about an order of magnitude lower than our result. It
remains to be seen if some other processes of momentum transfer from the SW, such as the wave particle
interactions [Ergun et al., 2006], can explain the large day-to-night electron flow velocity obtained in the
present study.

While direct measurements of the cold ionospheric electron flow are not available, transterminator flow
velocities of cold ions have been obtained with the ASPERA-3 ion mass analyzer (IMA) measurements made
on board MEx. Early IMA investigations covered the ion energy range above 30 eV [e.g., Barabash et al.,
2007; Lundin et al., 2008a], not representative of cold ionospheric ions. A new patch uploaded on 1 May
2007 improved the IMA performance and extended the energy range to cover cold ionospheric ions with
energies below 10 eV [e.g., Lundin et al., 2008b; Fränz et al., 2010]. Specifically, Fränz et al. [2010] obtained a
transterminator ion velocity of ≈5 km s−1 for both O+ and O+

2 under solar minimum conditions.

We caution that the transterminator flow in our work is exclusively associated with day-to-night transport
(since escape is ignored in equation (9)), whereas that of Fränz et al. [2010] represents a combination of
day-to-night transport and escape. For example, the MHDmodeling results ofMa et al. [2002, 2004] showed
that the contributions of the two processes to the transterminator ion flow were comparable. In addition,
the electron flow velocity in equation (7) is weighted by the vertical electron density profile, thus is mainly
representative of the altitude range of 80–170 km where the nightside electron density peak is located
[Zhang et al., 1990;Withers et al., 2012]. In contrast, the Fränz et al. [2010] results apply to altitudes above
300 km. Such a distinction should be born in mind since electron/ion dynamics may vary substantially
with altitude [Miller and Whitten, 1991]. Despite the above difficulties in a direct comparison between the
two works, both appear to suggest a common scenario in which cold ionospheric ions and electrons are
accelerated to velocities reaching several km s−1, sufficient to maintain a substantial nightside ionosphere
on Mars. Given that the plasma sound velocity in the Martian ionosphere is below 1 km s−1, the nightward
flow is supersonic.

6. Discussions and Concluding Remarks

A substantial ionosphere at the nightside of Mars is generally thought to be contributed by day-to-night
transport or electron precipitation [e.g., Zhang et al., 1990], of which the former has been studied less in
depth in previous works, both observationally and theoretically.

Here based on the MEx MARSIS measurements made in the SS mode, we examine the variation of the
nightside Martian ionosphere in the time domain, through a parameter, time in darkness (TD), defined as
the time elapsed since a given location in the Martian ionosphere passes through the terminator. Such an
approach is to be distinguished from previous investigations of day-to-night transport in the SZA domain
[e.g., Nĕmec et al., 2010; Duru et al., 2011; Withers et al., 2012]. Being constrained to the data from the
Northern Hemisphere only that are supposed to be unaffected by strong crustal magnetic fields
[e.g., Acuña et al., 1999; Connerney et al., 2001], our analyses reveal that the nightside TEC decreases
systematically with increasing TD up to several 103 s, indicative of day-to-night transport; and that at larger
TD, it flattens off to a near constant level, indicative of electron precipitation.

A simplified model is constructed based on the column-integrated continuity equation for thermal electrons
and applied to the data at low and middle northern latitudes for both the solid body rotation case and
the zonal transport case. Data-model comparison suggests that the solid body rotation of Mars predicts a
depletion time constant of only ≈3.4×102 s, significantly shorter than the actual depletion time constant
of ≈1.3×103 s, where the depletion time constant is defined as the time interval from terminator crossing
up to when the nightside TEC declines by a factor of 2. However, the data could be reasonably reproduced
by imposing a constant zonal electron flow velocity of ≈1.9 km s−1. The contributions from various
production terms in the balance of nightside TEC are also evaluated, from which we conclude that (1)
the effect of day-to-night transport is comparable to that of solar EUV/X-ray radiation already near the
terminator, and (2) transport serves as the dominant source for the nightside ionosphere from terminator
crossing up to TD ≈5.3×103 s, beyond which it is surpassed by electron precipitation. It is noteworthy that
the presence/absence of an anticorrelation between TEC and TD, as demonstrated by Figure 4 in section 3.1,
predicts a similar TD level separating the two sources that maintain the nightside ionosphere.
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The zonal electron flow velocity of ≈1.9 km s−1 derived in this work agrees with the crude estimate of
Withers et al. [2012], despite that the data sets from the two studies were obtained at different latitudes.
Comparison to the recent three-dimensional modeling results of Chaufray et al. [2014] suggests that our
derived zonal electron flow velocity is significantly higher than their value, typically several 102 m s−1.
However, we note that our value is directly constrained by the data, and theirs is obtained with a designated
budget of momentum balance in the Martian ionosphere.

Although we show undoubtedly that day-to-night transport serves as an important source for the
nightside Martian ionosphere, it is unclear what the main force driving the supersonic plasma flow is.
Diurnal pressure gradient does not provide a solution [e.g., Chaufray et al., 2014], and it remains to be
evaluated if momentum transfer from the SW is sufficient [e.g.,Ma et al., 2004]. Here some insights could be
gained by comparing our case with the supersonic transterminator ion flow on Venus [e.g., Knudsen et al.,
1980]. It is known that the pressure gradient force can only drive ionospheric ions to supersonic conditions
through a nozzle-like configuration, but such a situation is not easily provided at Mars [Pérez-de-Tejada,
1986a;Whitten et al., 1991; Pérez-de-Tejada et al., 1993]. Meanwhile, the pressure gradient force model fails
to predict the dawn-dusk asymmetry in the observed ion flow pattern [Pérez-de-Tejada, 1986b;Miller and

Whitten, 1991; Pérez-de-Tejada, 2008]. Instead, it is generally thought that momentum transfer from the SW
plays an important role in supporting the supersonic ionospheric flow on Venus. [e.g., Pérez-de-Tejada, 1998;
Pérez-de-Tejada et al., 2013].

The zonal transport model presented in section 4.2 provides only one solution capable of reproducing the
observed depletion of nightside TEC. It is not known a priori whether meridional transport could indeed
be neglected. It is also interesting to examine how the derived flow velocities would be affected if an
upper boundary condition is imposed characterizing escape, especially for applications to solar maximum
conditions [Lundin et al., 2008a]. In addition, our main focus here is day-to-night transport over the Northern
Hemisphere with a magnetic field topology of a typical induced magnetosphere [Brain, 2006, 2010], but the
role of such a mechanism over the Southern Hemisphere might be different. For example,Ma et al. [2002]
predicted the day-to-night flow to be reduced by more than 30% with crustal magnetic fields incorporated
in their MHDmodeling.
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