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Abstract It has long been a goal of the heliophysics community to understand solar wind variability
at heliocentric distances other than 1 AU, especially at ∼1.5 AU due to not only the steepening of solar
wind stream interactions outside 1 AU but also the number of missions available there to measure it.
In this study, we use 35 months of solar wind and interplanetary magnetic field (IMF) data taken at Mars
by the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft to conduct an autocorrelation analysis
of the solar wind speed, density, and dynamic pressure, which is derived from the speed and density, as
well as the IMF strength and orientation. We found that the solar wind speed is coherent, that is, has an
autocorrelation coefficient above 1/e, over roughly 56 hr, while the density and pressure are coherent over
smaller intervals of roughly 25 and 20 hr, respectively, and that the IMF strength is coherent over time
intervals of approximately 20 hr, while the cone and clock angles are considerably less steady but still
somewhat coherent up to time lags of roughly 16 hr. We also found that when the speed, density, pressure,
or IMF strength is higher than average, the solar wind or IMF becomes uncorrelated more quickly, while
when they are below average, it tends to be steadier. This analysis allows us to make estimates of the
values of solar wind plasma and IMF parameters when they are not directly measured and provide an
approximation of the error associated with that estimate.

1. Introduction

The solar wind is generally framed as being made up of a mix of fast (roughly 600–800 km/s) and slow
(roughly 300–500 km/s) streams of ions originating from different coronal sources, with lower densities typ-
ically corresponding to higher speeds and vice versa, that carry with them the interplanetary magnetic field
(IMF). The interactions of these different streams, along with sporadic events such as coronal mass ejections,
affect their propagation throughout the heliosphere, and thus the way that the solar wind behaves at dif-
ferent heliospheric distances. Given that a majority of currently available solar wind data was collected at or
near 1 AU, analysis of the solar wind and IMF at Mars can provide a helpful additional reference to make our
understanding of conditions throughout the heliosphere more robust.

Mars’s current atmospheric pressure of ∼7 mbar is too tenuous to support stable surface water. However,
considerable geologic evidence exists of flowing and standing surface water, which is only explained by a
much more substantial atmosphere (e.g., Solomon et al., 2005). Loss of gas to space is thought to be the
primary driver of this change. One of the overarching goals of the Mars Atmosphere and Volatile EvolutioN
(MAVEN) mission is to better understand and quantify atmospheric loss from Mars under a range of solar and
heliospheric conditions (Jakosky et al., 2015; Lillis et al., 2015), in order to better extrapolate loss rates back to
the early solar system when the Sun was substantially more active than today (e.g., Tu et al., 2015).

The solar wind and IMF play an active role in two major types of atmospheric escape, (a) ion escape,
whereby an atmospheric ion is accelerated to escape energy and (b) sputtering escape, whereby a new ion
is accelerated by the solar wind convection electric field back into the atmosphere, transferring through
elastic collisions sufficient kinetic energy to neutrals to escape Mars’s gravity. MAVEN, with its 75∘ inclined
150 km × 6,200 km precessing orbit, measures in situ (a) the ions which both escape and cause sputtering
near the planet and in the flanks and tail of the induced magnetosphere and, when its orbit brings it outside
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the bow shock, and (b) the upstream solar wind. Therefore, escape rates determined by MAVEN as a function
of solar wind or IMF conditions rely on the assumption that the upstream conditions corresponding to a given
escape rate measurement are identical to those measured the last time (or next time, depending on which
is closer in time) the spacecraft was in the upstream solar wind. Further, the orientation of the IMF is used
to establish the coordinate frame used to organize ion and sputtering escape rates, the so-called Mars solar
electric field (MSE) coordinate system (e.g., Dong et al., 2015).

Therefore, in addition to intrinsic scientific interest in heliospheric conditions at 1.38–1.67 AU, it is impor-
tant to characterize the temporal variability in the solar wind and IMF, so that we can estimate the degree
to which conditions change over the time interval before or after the upstream measurement. This time
interval can be up to 2 hr when MAVEN’s orbit goes outside the bow shock, and up to 1.5 months (e.g.,
Halekas et al., 2017) when the orbit is confined to the induced magnetosphere (e.g., when periapsis is near the
subsolar point).

A useful approach for characterizing temporal variability of any quantity is called autocorrelation. In this study,
we perform an autocorrelation analysis of the solar wind speed, density, and pressure, as well as IMF strength,
cone, and clock angle. Similar analyses have been performed using data taken at 1 AU with Gosling and
Bame (1972) focusing on solar wind speed and Borovsky (2012) examining a comprehensive suite of param-
eters. Both found that the solar wind speed was significantly correlated over a period of a few days, while
Borovsky found that the solar wind density and IMF strength were significantly correlated out to lags slightly
under 1 day.

This study serves two main purposes: (a) to characterize solar wind and IMF variability at 1.38–1.67 AU for
comparison with the existing studies at 1 AU and (b) to enable straightforward estimation of likely errors
in assumed solar wind and IMF parameters used in studies of the Martian magnetosphere and atmospheric
escape.

In the next section, we describe the MAVEN data set we will use in this study. In section 3, we detail the
mathematical and statistical methods we use to characterize that data and present the results of that work
in section 4. Finally, we discuss our results and place them within the broader context of the previous work
done to estimate solar wind and IMF behavior at Mars as well as the work done to characterize the solar wind
at 1 AU.

2. Data

The data used here comes from MAVEN’s Solar Wind Ion Analyzer instrument, which measures energy and
angular distributions of solar wind ions in order to determine the solar wind density and bulk flow velocity
(Halekas et al., 2015), and magnetometer, which measures the vector components of the IMF in Mars solar
orbital coordinates (Connerney et al., 2015), from which we can calculate the overall magnitude as well as the
cone angle 𝜃 and clock angle 𝜙.

Because we are conducting a study of the undisturbed solar wind, we need a way to select data that was
taken far enough outside the Martian bow shock so as to be reliably considered a measure of the upstream
solar wind, rather than the solar wind interaction with Mars. In doing this, we need to balance the need for a
pristine data set with the need for a data set to be as large as possible in order to strengthen our statistical
analysis. A conservative approach could involve estimating the maximum bow shock size and exclusively con-
sidering points outside it, but because MAVEN frequently only just exits the bow shock, this approach could
sizably reduce our data set. Instead, we use data selected using the criteria that |v|> 200 km/s, 𝜎B∕|B| < 0.15,
R> 500 km, and

√
T∕|v| < 0.012 where |v| is the solar wind speed, 𝜎B is a root-sum-squared value of

the 32 Hz fluctuation levels in all three components of the IMF over a 4-s interval, |B| is the IMF strength,
R is the altitude, and T is the proton scalar temperature. These criteria were developed and explained in
Halekas et al. (2017). It is likely that these criteria are not sufficiently stringent to remove all foreshock influ-
ence from our data but reduce that influence enough that the data set can be reasonably considered to
represent the upstream solar wind. In addition to this, the data are averaged over 45-s intervals (roughly
1/360 of the orbit) in order to remove effects of waves at the proton cyclotron frequency in Mars’s hydrogen
exosphere.
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Figure 1. Solar wind speed data plotted against itself after different time lags. A line of slope 1 and y intercept 0
(perfect autocorrelation) is plotted in blue, while the best fit line is plotted in red. The decrease in the autocorrelation
is evident in the increased scatter as well as the decrease in slope of the best fit line.

3. Methodology
3.1. Autocorrelation
The correlation coefficient is a statistical measure of how strong of a linear relation exists between two
quantities

r =

N∑
i=1
(xi − x)(yi − y)√

N∑
i=1
(xi − x)2

√
N∑

i=1
(yi − y)2

=
sxy

sxsy
(1)

where xi and yi are data points, x and y are the averages of the quantities x and y, and sx and sy are their
standard deviations. The numerator, sxy , is the covariance between the two quantities. It describes generally
whether the behavior of the two quantities is similar, that is, for an above average value of x, does y tend
to also be above average or below or is there no relation at all? Dividing the covariance by the product of
the standard deviations gives the correlation coefficient, which has a few advantages over the covariance.
The correlation coefficient remains the same regardless of whatever units x and y are measured in and is
normalized so that it ranges between −1 and 1 with the magnitude indicating the strength of the correlation
and the sign indicating the direction.

The autocorrelation coefficient modifies this in that rather than comparing two different sets of data, we com-
pare one set of data with itself after a time delay. Thus, xi and yi become xt and xt+Δt , and equation (1) becomes

rΔt =

N−Δt∑
t=1

(xt − x)(xt+Δt − x)

N∑
t=1

(xt − x)2

(2)

Plotting the autocorrelation coefficient against the time lag Δt gives the autocorrelation function. Because
this is a function of time, rather than giving us information about the relation between two quantities, it gives
a sense for the temporal variation of one quantity. For convenience we will generally present positive val-
ues for Δt, although by definition, the autocorrelation function is symmetric with respect to time, so that
rΔt = r−Δt . The correlation coefficient can be used to calculate the best estimate of a value into the future
(or past) by calculating the linear least squares best fit line for data plotted against itself after a given time lag,
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Figure 2. Sample MAVEN orbit in which the spacecraft spent a longer than average time outside the bow shock.
The portion of the orbit highlighted in pink represents a time lag of 2 hr. The dark blue circles indicate bow shock
crossings. This image was created using the 3D View software. MSO = Mars solar orbital.

examples of which for selected time lags are shown in Figure 1. It can be shown that the equation of the best
fit line is of the form

y = a + bx

where

a = y − bx (3)

b =

N∑
i=1
(xi − x)(yi − y)

N∑
i=1
(xi − x)2

= r
sy

sx

(Kennedy & Keeping, 1954)

In the case of autocorrelation, sx = sy , so the slope of the best fit line is simply the autocorrelation coefficient,
and equation (3) simplifies to

estimate = x + r(x − x) (4)

This is demonstrated for multiple time lags in Figure 1. Using this, we can use each correlation coefficient to
estimate the value of a quantity at a time lag Δt. Estimates calculated using this fit have a standard deviation

sestimate = sdata

√
1 − r2 (5)

This works for data taken at regular time intervals, but because MAVEN’s orbit introduces temporal irregu-
larities into our data set, we need to modify this approach. For a regular time series of data, we can simply
compare each value and its counterpart a fixed number of points away from it with the sample mean, as seen
in equation (2). However, with data taken at irregular intervals, this is not possible because pairs of points sep-
arated by the same distance within the data set will not necessarily be separated by the same time interval.
In order to account for this, rather than comparing each pair of points to the sample mean, we compare each
pair of points to each other and calculate the autocorrelation coefficient using any pair separated by a given
time interval. This gives

rΔt = 1 − n
m

1
2

∑
m

(
x(ti) − x(tj)

)2

n∑
t=1

(xt − x)2

(6)
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Figure 3. Histograms indicating occurrences of Δt values over short and long terms. There is a distinct orbital cadence
in the short term (top panel) that we remove in the long term (bottom panel) by using orbit averaged values.

where ti − tj = Δt, m is the number of pairs of data points separated by a time delay of Δt, and n is the total
number of data points (Diggle, 1990). We will consider a parameter coherent so long as its autocorrelation
coefficient remains above 1/e.

Due to MAVEN’s orbital trajectory, certain lags are unreliable for measuring the autocorrelation of the undis-
turbed solar wind. These lags are easily identified by the dips in the autocorrelation function seen in lightened
colors in Figure 5. The first dip occurs around a half orbit (roughly 2.25 hr) and subsequent dips follow at
integer orbits away from the first, shown in Figure 3. For orbits in which MAVEN exits the bow shock at
all, according to our reduced data set the median time spent in the undisturbed solar wind is 1 hr 40 min,
and the mean is 1 hr 31 min. This means that the majority of points separated by lags close to 2 hr come
from either orbits where MAVEN spent a longer than average time in the solar wind, an example of which
is shown in Figure 2, or two consecutive orbits where MAVEN spent roughly 2 hr or less outside of the solar
wind. When MAVEN spends more time in the undisturbed solar wind, time intervals close to a half orbit will
have both endpoints relatively close to the bow shock where conditions are somewhat more chaotic, caus-
ing the data to differ more than it otherwise would have and driving down the autocorrelation coefficient.
This effect is not immediately obvious in a time series of the data; however, it shows up very clearly in the
autocorrelation function.

This is reinforced further when MAVEN spends under 2 hr within the bow shock, in which case a point just
before MAVEN reenters the bow shock would be compared with a point just outside the bow shock. In choos-
ing points we consider to be in the undisturbed solar wind, we have reduced but not removed this effect.
In addition to this, pairs of points separated by these intervals occur less frequently than those separated
by intervals closer to integer orbit values, further decreasing the reliability of the calculated autocorrelation
coefficients. To account for this, over shorter timescales we weight the calculation of fits as well as scale
the opacity of each autocorrelation coefficient plotted by the number of pairs involved in their calculation.
Over longer timescales, we average the coefficients over one orbit, which, as Figure 3 demonstrates, removes
the orbital cadence in Δt. There exists a longer cadence, in which we see the number of pairs drop and reach
a local minimum near Δt close to 500 orbits or ∼90 days due to the large time periods where MAVEN does not
enter the upstream solar wind. This results in the slight downward slope seen in the bottom plot of Figure 3,
but this effect is small over the timescales we examine in this study, so it can be safely ignored. Additionally,
we calculate different autocorrelation functions for different subsets of data, as well as provide estimates of
the scale of coherent solar wind and IMF structures. Data subsets are grouped based on the starting value
of each pair used in the calculation in order to examine the solar wind variability under different conditions.
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Table 1
Solar Wind Speed

Full set |v| < 370 370|v| < 430 430 < |v| < 500 |v|> 500

Short-term autocorrelation fit coefficients

a0 0.9989 0.9996 0.9993 0.9984 0.9976

a1 −1.145 × 10−2 −5.336 × 10−3 −9.202 × 10−3 −1.191 × 10−2 −2.794 × 10−2

a2 2.649 × 10−3 5.236 × 10−4 2.304 × 10−3 2.006 × 10−3 9.066 × 10−3

a3 −3.303 × 10−4 −4.510 × 10−5 −3.382 × 10−4 −2.316 × 10−4 −1.146 × 10−3

Long-term autocorrelation fit coefficients

a0 1.000 0.9908 1.045 1.016 0.9622

a1 −5.184 × 10−3 3.350 × 10−3 −1.681 × 10−2 −1.107 × 10−2 −3.862 × 10−3

a2 −2.598 × 10−4 −6.944 × 10−4 2.367 × 10−4 4.156 × 10−5 −2.361 × 10−4

a3 2.604 × 10−6 6.530 × 10−6 −1.574 × 10−6 2.507 × 10−7 1.324 × 10−6

Useful quantities

Mean 419.5 km/s

Median 403.6 km/s

Standard deviation 79.9 km/s

Coherency interval 56 hr

Correlation scale 85 × 106 km

We choose these groups separately for each parameter according to what is likely to be interesting and useful
in constraining error. We calculate the correlation scale of the solar wind and IMF parameters by multiplying
the time over which they can be considered coherent by the average solar wind speed, shown in Table 1,
giving us a corresponding estimate of the distance over which they can be considered coherent.

3.2. Estimates and Calculating Error
From equations (4) and (5) we know that we can use the autocorrelation coefficient to make estimates of the
solar wind and IMF parameters into the future (or past). Looking at Figure 3, we can see that much of our
data do not cover time lags of about 2 hr, for reasons covered above. To estimate the autocorrelation coef-
ficients at these time lags, we fit a third-degree polynomial, with general form y = a0 + a1x + a2x2 + a3x3

to the autocorrelation function, and weight it by the number of data pairs incorporated into each value

Table 2
Solar Wind Density

Full set n < 1.5 1.5 < n < 3.5 3.5 < n < 5.0 n> 5.0

Short-term autocorrelation fit coefficients

a0 1.000 0.9999 0.9995 0.9997 0.9853

a1 −0.1099 −3.672 × 10−3 −1.603 × 10−2 −7.598 × 10−2 −0.4788

a2 5.991 × 10−3 9.106 × 10−4 2.396 × 10−3 1.202 × 10−2 3.178 × 10−2

a3 1.005 × 10−3 −1.620 × 10−4 −5.847 × 10−4 −1.774 × 10−3 4.533 × 10−3

Long-term autocorrelation fit coefficients

a0 0.8747 1.086 0.9790 0.7949 0.2919

a1 −3.781 × 10−2 −2.103 × 10−2 −2.500 × 10−2 −1.832 × 10−2 −4.116 × 10−2

a2 6.898 × 10−4 2.159 × 10−4 5.529 × 10−4 3.610 × 10−4 7.193 × 10−4

a3 −4.462 × 10−6 −7.000 × 10−7 −3.952 × 10−6 −2.318 × 10−6 −4.155 × 10−6

Useful quantities

Mean 3.343 cm−3

Median 2.418 cm−3

Standard deviation 2.928 cm−3

Coherency interval 25 hr

Correlation scale 38 × 106 km

MARQUETTE ET AL. 6
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Table 3
Solar Wind Dynamic Pressure

Full set P < 0.25 0.25 < P < 0.45 0.45 < P < 1.00 P > 1.00

Short-term autocorrelation fit coefficients

a0 1.002 1.001 0.9979 1.002 0.9844

a1 −0.1515 −1.535 × 10−2 −1.586 × 10−2 −0.1578 −1.302

a2 2.229 × 10−2 4.459 × 10−3 −1.854 × 10−3 2.724 × 10−2 0.4246

a3 −7.000 × 10−4 −9.245 × 10−4 −2.395 × 10−4 −2.306 × 10−3 −4.556 × 10−2

Long-term autocorrelation fit coefficients

a0 0.8907 1.100 0.9057 0.7678 6.878 × 10−2

a1 −4.717 × 10−2 −4.460 × 10−2 −2.364 × 10−2 −1.684 × 10−2 −3.829 × 10−2

a2 9.071 × 10−4 7.322 × 10−4 6.010 × 10−4 3.105 × 10−4 8.214 × 10−4

a3 −5.685 × 10−6 −3.749 × 10−6 −4.729 × 10−6 −1.890 × 10−6 −5.572 × 10−6

Useful quantities

Mean 0.9055 nPa

Median 0.7059 nPa

Standard deviation 0.7115 nPa

Coherency interval 20 hr

Correlation scale 30 × 106 km

of the autocorrelation coefficient. We can calculate a best estimate of the unmeasured parameter using
equation (4) and the closest available measurement, which results in an estimate error that can be calculated
with equation (5). Occasionally, our fit of the autocorrelation function gives values greater than 1 for the auto-
correlation coefficient. This is a purely mathematical effect, the autocorrelation function is never in reality
greater than 1, and this should be adjusted when calculating error estimates in order to prevent imaginary
results. Over time, the error increases until the parameter is no longer correlated with itself, at which point

Figure 4. Time series showing 45-s-averaged values and corresponding histogram for all solar wind speed data.
Dashed lines indicate the lower limit of bins used to examine autocorrelation under different initial conditions.

MARQUETTE ET AL. 7



Journal of Geophysical Research: Space Physics 10.1002/2018JA025209

Figure 5. The top row figures show the autocorrelation functions for solar wind speed for short-term lags on the left
and long-term lags on the right. The middle row shows the corresponding error for estimates made using these
autocorrelation functions and equation (9). The bottom plot shows the evolution of best estimate values based on
arbitrary starting values for each of the four speed bins over time plotted in thick lines, while their corresponding error
is plotted in a shaded envelope around them. MAVEN = Mars Atmosphere and Volatile EvolutioN.

the error is simply the standard deviation of the data, an example of which can be seen in Figure 5. Using this
method, we not only provide a more accurate estimate of the change in the parameter over time but also
quantify the error associated with that estimate.

Practically, to calculate the best estimate of an unmeasured value of a parameter and the error associated with
it, one can simply use

r = a0 + a1(Δt) + a2(Δt)2 + a3(Δt)3 (7)

Υ = 𝜒 + r(𝜒 − 𝜒) (8)

sΥ = sdata

√
1 − r2 (9)

where r is the autocorrelation coefficient, ai is a fit coefficient given in Tables 1–3, Δt is the time gap in hours
away from the closest measurement, Υ is the best estimate, 𝜒 is the closest available measurement, 𝜒 is the
mean of the data and sdata is its standard deviation, and sΥ is the error in the estimate. To illustrate this process,
we will work through an example using the short-term solar wind density. Given that our most recent esti-
mate of the density was 4.0 cm−3 and was taken 2 hr before the time we are interested in, our best estimate

MARQUETTE ET AL. 8
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Figure 6. Time series showing 45-s averaged values and corresponding histogram for all solar wind density data.
Dashed lines indicate the lower limit of bins used to examine autocorrelation under different initial conditions.

of the density uses Table 2. Using equation (7) gives us r = 0.9997 − 7.598 × 10−2(2) + 1.202 × 10−2(2)2 −
1.774 × 10−3(2)3 = 0.882, which when combined with the median of the density and equation (8) results in
a best estimate of 2.418 + (0.882)(4.0 − 2.418) = 3.813 cm−3. To estimate the error, we use equation (9) and
the standard deviation of the density to get 2.928 × [1 − (0.882)2]1∕2 = 1.380 cm−3. So our best value for the
density we could not measure is 3.8 ± 1.4 cm−3.

4. Results
4.1. Solar Wind Speed
During MAVEN’s time at Mars, it has measured upstream solar wind speeds ranging from approximately 230
to 830 km/s. The full data set and its corresponding histogram are shown in Figure 4, where gaps in the data
correspond to times when MAVEN stayed within the bow shock for extended periods. We calculate the auto-
correlation function over the entirety of our data set as well as for various subsets of the data. In order to do
this without artificially inflating the autocorrelation, we split the autocorrelation function up into four bins
based on the earlier value of each pair used to calculate it. The lower limit of each bin is marked in Figure 4.
This allows us to observe the behavior of the autocorrelation for different solar wind speeds. Coefficients for
fits of each autocorrelation function can be found in Table 1.

The speed is by far the most well correlated solar wind parameter studied here, with the autocorrelation coef-
ficient for the full data set remaining as high as 0.97 after one MAVEN orbit, as seen in Figure 5. For short
timescales, the slower the solar wind speed, the better correlated it is, as we would expect given that slower
speeds imply less turbulence in the solar wind. However, over longer timescales, both especially high and
especially low speeds are more poorly correlated than those closer to the mean. Overall, the solar wind speed
is correlated up to roughly 56 hr, which allows us to make predictions and quantify error in those estimates
days away from the closest speed measurement. To provide a more visual representation, the bottom panel
of Figure 5 shows the evolution of the error envelope over time for estimates based on a sample value from
each of the four speed bins. The general behavior of these error envelopes is clear; the estimates themselves
progress toward the mean/median as time goes on, while the error envelopes approach a size of ±sspeed.

4.2. Solar Wind Density
The density of the upstream solar wind at Mars as measured by MAVEN has a much wider range than that of the
speed, with values dipping as low as 0.1 cm−3 and as high as 58 cm−3, with a standard deviation of 2.928 cm−3.

MARQUETTE ET AL. 9
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Figure 7. The top row figures show the autocorrelation functions for solar wind density for short-term lags on the left
and long-term lags on the right. The middle row shows the corresponding error for estimates made using these
autocorrelation functions and equation (9). The bottom plot shows the evolution of best estimate values based on
arbitrary starting values for each of the four density bins over time plotted in thick lines, while their corresponding error
is plotted in a shaded envelope around them. MAVEN = Mars Atmosphere and Volatile EvolutioN.

The data as well as their histogram are shown in Figure 6. Because the data are distributed logarithmically,
when calculating estimates we will use the median rather than the mean of the data, which prevents the
relatively few extreme values from having an outsize impact on calculated estimates. However, values for both
the mean and median of the density are available in Table 2 to allow for other potential uses.

Over one MAVEN orbit, the overall autocorrelation function for the solar wind density decreases much more
quickly than that of the speed. When we divide up the autocorrelation function by the initial density value,
we can see that for lower densities the solar wind density is remarkably steady, with the autocorrelation coef-
ficient staying as high as 0.988 after one orbit, while for higher densities, the correlation decreases quickly
to 0. It takes roughly 10–15 hr before the overall density is no longer correlated enough to provide much of
a reduction in the error of an estimate obtained from the closest available measurement. For relatively low
densities this is extended out as far as 30–40 hr, while higher densities become negatively correlated after
approximately about 10 hr. We would expect higher densities to become anticorrelated over time, since as we
can see in Figure 6, most densities are below 5 cm−3. Figure 7 shows the evolution of the error over time for
estimates based on sample values from each density bin. Eventually, the density estimates and error approach

MARQUETTE ET AL. 10
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Figure 8. Time series showing 45-s-averaged values and corresponding histogram for all solar wind pressure data.
Dashed lines indicate the lower limit of bins used to examine autocorrelation under different initial conditions.

the median of the data ±sdensity much like the speed, but because the autocorrelation is lower and decreases
more quickly, the envelopes expand and begin to overlap at much shorter time lags.

4.3. Solar Wind Dynamic Pressure
The solar wind dynamic pressure, typically calculated in space physics with P = mpn|v|2 where mp is the
proton mass and n is the number density, shown above along with the speed |v|, is important because of its
use as an indicator of the solar energy input into the Martian system, especially as it influences loss rates (e.g.,
Dubinin et al., 2017). It ranges from roughly 0.01 nPa to 21 nPa due to its dependence on the widely varying
density. This variation is apparent in the time series and histogram shown in Figure 8.

The autocorrelation function for solar wind dynamic pressure, for which fit coefficients can be found in Table 3,
is clearly impacted by both the density and speed, as we can see in Figure 9. The higher pressures become
anticorrelated and eventually settle around an autocorrelation of −0.5, which mirrors the long-term behavior
of the highest density bin, while the shape of the autocorrelation function of the highest bin in the short
term resembles that of the highest speed bin. The error in estimates of the pressure rise quickly to the full
standard deviation for the higher bins, but for lower pressures, error is reduced as far as a delay of roughly
10 hr. Comparing the error propagation in Figures 7 and 9, it is clear that the error is very strongly influenced by
the density, as the pressure error envelopes and trajectory of estimates greatly resemble those of the density.

4.4. IMF Strength
The strength of the IMF at Mars during MAVEN’s time in orbit has varied from as low as roughly 0.7 nT to as high
as 25.2 nT, as can be seen from Figure 10. A histogram of the data, also in Figure 10, shows that the majority of
the data stays around values closer to 2–3 nT, so our bins mostly focus on trying to tease out differences in the
autocorrelation based on changes of that order. Due to the shape of the distribution seen in the histogram,
we base all our estimates on the median of the data rather than the mean.

Like the solar wind density, relatively large overall variation drives down the autocorrelation function, but to
a lesser extent because the variation in the IMF strength is not as extreme as that of the density. As can be
seen in Figure 11, over short timescales, lower IMF strengths are most well correlated, but over longer periods,
the autocorrelation of the lowest strengths dips considerably, while more moderate strengths remain rela-
tively highly correlated. The estimates and error envelopes ultimately reach the median or mean ±sIMF strength,
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Figure 9. The top row figures show the autocorrelation functions for solar wind dynamic pressure for short-term lags on
the left and long-term lags on the right. The middle row shows the corresponding error for estimates made using these
autocorrelation functions and equation (9). The bottom plot shows the evolution of best estimate values based on
arbitrary starting values for each of the four pressure bins over time plotted in thick lines, while their corresponding
error is plotted in a shaded envelope around them. MAVEN = Mars Atmosphere and Volatile EvolutioN.

and because the IMF strength is autocorrelated at a level between that of the solar wind speed and density,
its evolution toward those values resembles a mix between those two. Autocorrelation function fit coefficients
for the IMF strength are shown in Table 4.

4.5. IMF Cone Angle
The cone angle 𝜃 of the IMF is the angle between the magnetic field vector and the Mars-Sun line and is
calculated with

𝜃 = cos−1

(
Bx|B|

)
(10)

It can vary from 0 to 180∘; however, because the motion of charged particles is largely the same in oppo-
sitely directed magnetic fields, we group equivalent angles together in our analysis. A histogram of the data
is shown in Figure 12. Due to the frequently varying nature and by definition limited range of the data, the
time series is uninformative and thus not shown here.

The cone angle is very poorly correlated even over short periods, dropping down to roughly 0.5 after one
MAVEN orbit. This limits our ability to estimate unmeasured cone angle values, as well as increases the error
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Figure 10. Time series showing 45-s-averaged values and corresponding histogram for all interplanetary magnetic field
(IMF) strength data. Dashed lines indicate the lower limit of bins used to examine autocorrelation under different initial
conditions.

in our estimates very quickly. The error in estimates approaches the standard deviation of the whole data set,
which can be found in Table 5, as soon as roughly 10 hr from the closest measurement. In addition to those
shown in Figure 13, we calculated equivalent autocorrelation functions using a set of data that was averaged
over each orbit in order to remove possible impacts of Alfvén waves that would be present in our higher
resolution data. The orbit-averaged autocorrelation functions were not significantly different than those cal-
culated over the higher resolution data, suggesting that Alfvén waves are a less significant source of variation
than larger structures in the solar wind.

4.6. IMF Clock Angle
The IMF clock angle𝜙 is the angle that the magnetic field vector makes in the YZ plane in the Mars solar orbital
coordinate system, which varies from 0 to 360∘, calculated with

𝜙 = tan−1

(By

Bz

)
(11)

A histogram showing the distribution of clock angles over our dataset is shown in Figure 14. It is important to
examine its autocorrelation function because the clock angle is used to determine the MSE coordinate system.
Due to its cyclical nature, we modified our analysis to account for the fact that, for example, the difference
between 1∘ and 359∘ is only 2∘, not 358∘. Additionally, we chose not to perform separate analyses on different
subsets of the clock angle as there was no physical reason to do so. Fit coefficients for the clock angle short
and long term autocorrelation functions can be found in Table 6.

Overall, the clock angle is somewhat poorly correlated with itself over time. After only one MAVEN orbit,
the autocorrelation coefficient drops to nearly 0.6, corresponding to an error as large as roughly 80% of the
standard deviation of the data. This means that the determination of the MSE coordinate system becomes
uncertain quickly, after only slightly more than one orbit. Figure 15 shows clearly that the clock angle is uncor-
related over long time periods. Similarly to the cone angle, we calculated the autocorrelation function over
an orbit averaged data set as well. Once again, we saw little difference between the orbit averaged function
and what is shown here, reinforcing that larger scale structures in the solar wind contribute more to variation
than Alfvén waves.
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Figure 11. The top row figures show the autocorrelation functions for interplanetary magnetic field (IMF) strength for
short-term lags on the left and long-term lags on the right. The middle row shows the corresponding error for estimates
made using these autocorrelation functions and equation (9). The bottom plot shows the evolution of best estimate
values based on arbitrary starting values for each of the four IMF strength bins over time plotted in thick lines while their
corresponding error is plotted in a shaded envelope around them. MAVEN = Mars Atmosphere and Volatile EvolutioN.

5. Discussion

Multiple attempts have been made to estimate solar wind inputs to the Martian system. Opitz et al. (2010)

determined that the solar wind speed at Mars could be approximated by calculating a time delay between
Earth and Mars based on their respective positions around the Sun and the solar rotation period, and extrap-

olating Earth data assuming a constant solar wind speed. Opgenoorth et al. (2013) found similarly that the
solar wind speed and IMF strength at Mars could be determined by calculating a time delay from Earth to Mars

based on their radial and angular separation, the solar rotation rate, and the radial solar wind speed. However,
there were no available in situ IMF measurements taken at Mars to compare with and judge the quality of this

approximation. These both require Earth and Mars to be in a favorable alignment (e.g., with only moderate

longitudinal separation or particularly steady solar conditions) in order for Earth measurements to be useful
in estimating solar wind and IMF parameters at Mars. MAVEN provides a platform to measure the solar wind

and IMF regardless of Mars’s position relative to Earth, and our analysis allows us to estimate upstream condi-
tions at Mars during previously uncovered periods when MAVEN was inside the Martian bow shock. Although

the solar wind and IMF are not coherent enough to provide estimates during periods where MAVEN does not
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Table 4
Interplanetary Magnetic Field Strength

Full set |B| < 2.25 2.25 < |B| < 3.5 3.5 < |B| < 4.75 |B|> 4.75

Short-term autocorrelation fit coefficients

a0 0.9937 0.9982 0.9946 0.9981 0.9793

a1 −7.607 × 10−2 −4.474 × 10−2 −4.272 × 10−2 −0.1084 −0.1376

a2 1.085 × 10−2 1.026 × 10−2 3.492 × 10−3 2.588 × 10−2 6.833 × 10−3

a3 −7.370 × 10−4 −1.358 × 10−3 −1.204 × 10−6 −2.603 × 10−3 7.680 × 10−4

Long-term autocorrelation fit coefficients

a0 1.001 1.038 0.9743 0.9147 0.8335

a1 −4.897 × 10−2 −4.475 × 10−2 −2.782 × 10−2 −2.721 × 10−2 −6.872 × 10−2

a2 8.412 × 10−4 6.831 × 10−4 6.448 × 10−4 5.060 × 10−4 1.308 × 10−3

a3 −4.881 × 10−6 −3.358 × 10−6 −5.127 × 10−6 −2.694 × 10−6 −8.127 × 10−6

Useful quantities

Mean 3.486 nT

Median 3.023 nT

Standard deviation 1.865 nT

Coherency interval 20 hr

Correlation scale 30 × 106 km

Figure 12. Histogram for all 45-s-averaged interplanetary magnetic field (IMF) cone angle data.

Table 5
Interplanetary Magnetic Field Cone Angle

0 < 𝜃 < 30 30 < 𝜃 < 60 60 < 𝜃 < 90

Full set 150 < 𝜃 < 180 120 < 𝜃 < 150 90 < 𝜃 < 120

Short-term autocorrelation fit coefficients

a0 0.9632 0.9998 0.9737 0.9536

a1 −0.4170 −0.8309 −0.5243 −0.3117

a2 0.1318 0.2594 0.1707 0.1001

a3 −1.400 × 10−2 −2.905 × 10−2 −1.857 × 10−2 −1.060 × 10−2

Long-term autocorrelation fit coefficients

a0 0.6346 0.2975 0.5660 0.7139

a1 −2.597 × 10−2 −5.078 × 10−2 −3.286 × 10−2 −1.622 × 10−2

a2 4.459 × 10−4 9.872 × 10−4 5.737 × 10−4 2.948 × 10−4

a3 −2.624 × 10−6 −6.023 × 10−6 −3.581 × 10−6 −1.751 × 10−6

Useful quantities

Mean 94.33∘

Median 93.35∘

Standard deviation 33.99∘

Coherency interval 16 hr

Correlation scale 24 × 106 km
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Figure 13. The top row figures show the autocorrelation functions for the interplanetary magnetic field (IMF) cone
angle for short-term lags on the left and long-term lags on the right. The middle row shows the corresponding error for
estimates made using these autocorrelation functions and equation (9). The bottom plot shows the evolution of best
estimate values based on arbitrary starting values for each of the four cone angle bins over time plotted in thick lines
while their corresponding error is plotted in a shaded envelope around them. MAVEN = Mars Atmosphere and Volatile
EvolutioN.

Figure 14. Histogram for all 45-s-averaged interplanetary magnetic field (IMF) clock angle data.

MARQUETTE ET AL. 16
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Table 6
Interplanetary Magnetic Field Clock Angle

Short term Long term

Full data set fit coefficients

a0 0.9284 0.7072

a1 −0.2954 −1.862 × 10−2

a2 9.033 × 10−2 3.394 × 10−4

a3 −9.055 × 10−3 −2.142 × 10−6

Useful quantities

Mean 162.3∘

Median 129.7∘

Standard deviation 100.7∘

Coherency interval 16 hr

Correlation scale 24 × 106 km

sample them for more than a few days, our results can be applied just as easily to data collected from any
other method or platform to further expand our ability to obtain solar wind data at Mars.

This study expands on previous work done to characterize solar wind and IMF variability at Earth. In Figure 16,
we can see that autocorrelation functions of solar wind parameters based on data from both Earth and Mars
are similar, but not identical. The higher autocorrelation of solar wind speed at Mars could suggest that in
transit from 1 to roughly 1.5 AU, solar wind streams traveling at different speeds have had time to interact and
smooth out their differences to some extent, resulting in a more constant speed.

This could also be normal statistical variation, given that there is a similar difference between our results and
those of Borovsky (2012) and between the two Earth based autocorrelation studies. Our density autocorre-
lation is not only somewhat poorer than its Earth based counterpart but also a somewhat different shape.

Figure 15. The top row figures show the autocorrelation functions for the interplanetary magnetic field clock angle for
short-term lags on the left and long-term lags on the right. The bottom row shows the corresponding error for estimates
made using these autocorrelation functions and equation (9). MAVEN = Mars Atmosphere and Volatile EvolutioN.
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Figure 16. A comparison of our autocorrelation analysis of the upstream solar wind speed and density at Mars with
previous studies conducted at Earth.

This could imply that variations in density tend to be amplified in transit from Earth orbit to Mars orbit;

however, part of this could result from our different approach to the function, choosing to fit a polynomial

rather than exponential to it, as was done by Borovsky (2012). Further, Gosling et al. (1976) showed that the

autocorrelation function of solar wind speed varied throughout the solar cycle as well as from year to year.

Given that our analysis was conducted using data from a different time and different part of the solar cycle

(our data were taken close to solar minimum as opposed to over the entire cycle as in Borovsky, 2012), the

difference shown here could merely be normal statistical variation.

Our analysis also expands upon previous work done to characterize IMF variability at Earth using autocorrela-

tion. Borovsky (2012) looked at the autocorrelation function of the IMF strength over a full solar cycle at Earth,

and a comparison between these and our results at Mars is shown in Figure 17. Our results appear to show

a less steady IMF than the results at Earth, while Figure 16 showed that our analysis found a steadier solar

wind speed. If interactions between faster and slower parcels of solar wind are taking place and smoothing

out the speed, it is possible that those same interactions could cause additional variation in the IMF. However,

the same considerations for differences in the solar cycle and year that were discussed in relation to the solar

wind may be applied here, which could explain some or all of the difference we see here.

Figure 17. A comparison of our autocorrelation analysis of the interplanetary magnetic field (IMF) strength at Mars with
a previous study conducted at Earth.
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6. Conclusion

One of the primary goals of the MAVEN mission is to measure atmospheric escape rates on Mars. Because the
solar wind is a significant driver of atmospheric loss, to accomplish this goal, it is necessary to characterize
the undisturbed solar wind itself. We chose to examine the variability of the solar wind and IMF by subjecting
them to an autocorrelation analysis in order to be able to provide a framework to make estimates with cor-
responding error values for solar wind and IMF parameters when MAVEN was not measuring the upstream
solar wind.

Our analysis showed that using this method, we determine that the solar wind speed is the most highly cor-
related parameter, staying correlated up to roughly 56 hr, with more significant error reduction within 40 hr,
while the density is correlated up to close to 25 hr, with more substantial error reduction within 10 hr, and
similarly the pressure is correlated up to roughly 20 hr, with better error reduction within 10 hr. These inter-
vals correspond to correlation scales of 85, 38, and 30 × 106 km for speed, density, and pressure, respectively.
Regarding the IMF, we found that the overall strength is coherent over time lags of roughly 20 hr, with more
significant error reduction in estimates based on this analysis within 10 hr. The cone and clock angles were
much more poorly correlated than the strength; although they both remain at least somewhat correlated up
to lags of 16 hr, neither can be used to substantially reduce error in estimates of their behavior past around
1.5 hr. This gives the IMF strength a correlation scale of 30 × 106 km, while the cone and clock angles have
similar correlation scales of 24 × 106 km.

Further, we divided the autocorrelation function of each parameter up into four parts determined by the start-
ing value of each pair used to calculate the coefficient in order to get a finer sense for the variation of the solar
wind plasma and IMF parameters depending on initial conditions. We found consistent behavior across the
solar wind speed, density, and pressure in that when the most recent value was below average, the solar wind
tended to be steadier over time, while when the most recent value was above average, the solar wind tended
to vary more quickly to return to less extreme values. When the most recent measurement was relatively high,
the IMF strength tended to be less steady, consistent with what was seen in the autocorrelation functions of
solar wind speed, density, and pressure. We found that the cone angle tended to be more strongly correlated
the closer initial conditions were to 90∘. Our analysis also showed that in the short term, the strength of the
IMF was steadier surrounding a particularly low strength measurement, but that effect did not carry over into
the long term.

A logical next step that we are taking in this analysis is to divide up the autocorrelation functions of each
parameter depending not only on the starting value of that same parameter but also by starting values of
different parameters, for example, determine how the variability in the speed is impacted by the density and
vice versa. This could also be extended to examine similar effects between solar wind and IMF parameters.

Most solar wind monitors are located at or near 1 AU, with Solar Orbiter and Parker Solar Probe planned to
be sent within 1 AU, and Ulysses having had a roughly 1 AU × 5 AU elliptical orbit. MAVEN presents a unique
opportunity to understand heliospheric conditions as a continuous monitor at a relatively constant distance
from 1.38 to 1.67 AU, and we have taken that opportunity to better understand solar wind and IMF variability
at these distances.
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