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Abstract we show that a white-light all-sky imager can estimate Pedersen conductance with an
uncertainty of 3 mho or 40%. Using a series of case studies over a wide range of geomagnetic activity, we
compare estimates of Pedersen conductance from the backscatter spectrum of the Poker Flat Incoherent
Scatter Radar with auroral intensities. We limit this comparison to an area bounding the radar
measurements and within a limited area close to (but off) imager zenith. We confirm a linear relationship
between conductance and the square root of auroral intensity predicted from a simple theoretical
approximation. Hence, we extend a previous empirical result found for green-line emissions to the case of
white-light off-zenith emissions. The difference between the radar conductance and the best-fit relationship
has a mean of —0.76 + 4.8 mho and a relative mean difference of 21% + 78%. The uncertainties are

reduced to —0.72 + 3.3 mho and 0% +40% by averaging conductance over 10 min, which we attribute to the time
that auroral features take to move across the imager field being greater than the 1-min resolution of

the radar data. Our results demonstrate and calibrate the use of Time History of Events and Macroscale
Interactions during Substorms all-sky imagers for estimating Pedersen conductance. This technique allows the
extension of estimates of Pedersen conductance from Incoherent Scatter Radars to derive continental-scale
estimates on scales of ~1-10 min and ~100 km?. It thus complements estimates from low-altitude satellites,
satellite auroral imagers, and ground-based magnetometers.

Plain Language Summary The Sun is a rotating magnetic plasma ball that releases energetic
charged particles and magnetism in a “solar wind.” Sometimes, this wind “shakes hands” with the Earth's
magnetic field, allowing energy to be pumped into region near the Earth, stretching magnetic field lines
like an elastic band. Much energy is released explosively in a “substorm” causing complex and brilliant
auroral light displays about the size of a continent. This can be examined really well over several kilometers
by radars on the ground. However, the radars cannot tell you what is happening for the whole substorm
which is the size of a continent. It had been suggested that you can use a surface camera with a filter on it to
estimate the part of the conductivity that tells us how much electric currents are heating the atmosphere. We
asked whether the network of nonfiltered cameras stretching across North America could measure the
conductivity as well as a radar can. We found they do half as well as the radar. This means we can use this
camera network and its data archive to learn more about how much substorms heat up the atmosphere and
how complicated and changeable this behavior is.

1. Introduction

Tonospheric conductivity plays an important role in magnetosphere-ionosphere coupling. For instance, the
distributions of the ionospheric electric field and of the Pedersen conductance Xp determine the Joule heat-
ing of the ionosphere which has been estimated to dissipate over 50% of the total solar wind energy input to
the Earth system (@stgaard et al., 2002). In addition, Joule heating is a key contributor to the power input
into the thermosphere and thereby to the drag on satellites (e.g., Knipp et al., 2005). Solar irradiance and
energetic particle precipitation (EPP) are both contributors to the ionospheric conductivity. The variation
of the solar irradiance contribution is smooth and predictable and has a background Pedersen conductance
of ~5 mho. In contrast, the EPP contribution is variable in time and space, especially during substorms
(Clilverd et al., 2012). Some of the largest values of Pedersen conductance, of about 40-50 mho, have been
associated with the intense auroral activity of the Westward Traveling Surge (e.g., Aikio & Kaila, 1996;
Kirkwood et al., 1988). Such surges can have a scale size of several hundreds of kilometers and move
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across thousands of kilometers (Craven et al., 1989). In order to calculate Joule heating during intervals of
EPP, knowledge of the conductance on as fine a spatial and temporal scale as possible over the region of
interest is required. In the case of a substorm, the region of interest is of continental scale.

The Pedersen conductance is difficult to routinely measure across a large area except by using global auroral
satellite observations, which relies on there being an appropriate satellite in operation. Accurate specifica-
tions of Pedersen conductance may be calculated from theory using observed values of electron density
(e.g., Senior et al., 2007) and model-derived values of ion-neutral and electron-neutral collision frequencies
(Schunk & Nagy, 1978; Schunk & Walker, 1973). Observations of electron density from incoherent scatter
radar (ISR) data sets such as those of the European Incoherent Scatter Scientific Association (EISCAT)
and the Poker Flat ISR have been used to derive Pedersen conductivities in this way (e.g., Aikio & Kaila,
1996; Kaeppler et al., 2015; Kirkwood et al., 1988; Lester et al., 1996; Senior et al., 2008). The width of an
ISR beam is typically ~1°, which corresponds to a horizontal distance of a few kilometers or less in the E
region of the ionosphere. This should be contrasted to the spatial size associated with substorms. The size
is variable (e.g., Murphy et al., 2011; Uritsky et al., 2002), but a mode analysis of 1 month of SuperMAG
ground-based magnetometer data indicates the extent of the DP1 system to be ~9 hr magnetic local time
(MLT) and ~2.5° latitude (Figure 6 in Shore et al., 2017) which corresponds to ~6,000 km by ~300 km, at
auroral latitudes. Clearly, an ISR’s limited field of view cannot be used to estimate Xp over such large spatial
extents, leading to the compromise in the calculation of energy deposition rates (e.g., Rae et al., 2007) of
using model conductances (e.g., Bilitza, 1990; Wallis & Budzinski, 1981). It is possible to extrapolate to these
larger scales by combining electric field measurements with an inversion of magnetogram data, for instance,
by using the Kamide-Richmond-Matsushita (KRM) technique (Kamide et al., 1981). However, both large-
scale empirical models of Zp and values calculated through the KRM technique provide unrealistically
smoothed values and thus have a limited ability to capture inhomogeneities in Xp of less than a few hundred
kilometers in size.

To overcome such limitations, Kosch et al. (1998) related localized ISR conductances to height-integrated
auroral intensities, I, measured by a ground-based television camera fitted with an interference filter at
557.7 nm. It was proposed that this relationship could allow the conductance to be inferred over the much
wider fields of view of any available cameras. The various measurement methods are thus able to examine
Pedersen conductances at different scale sizes: ISRs at the 1-10-km scale and the KRM technique, satellites,
and empirical models at scales larger than hundreds of kilometers. The all-sky imager (ASI) technique pro-
posed by Kosch et al. can examine the system at one location at the intermediate scale size of tens to hun-
dreds of kilometers, which is valuable in itself, and in addition has the potential to provide such
conductance values at multiple locations simultaneously. Although the estimate provided by an ASI may
have its limitations, unlike empirical model values, the ASI estimate would not be a time-averaged value.
In addition, unlike satellites, there are always cameras in operation, and cameras are significantly more
numerous than the handful of ISRs around the world.

With these benefits in mind, it is the purpose of this paper to ask how well Pedersen conductance can be esti-
mated from white-light all-sky cameras. We derive the relationship between Zp and I for the white-light ASIs
of the Time History of Events and Macroscale Interactions during Substorms (THEMIS) network. These
ASIs form a network over the whole North American continent and so potentially offer the multicamera
exploitation proposed by Kosch et al. Due to an ASI cadence of 3 s and near-zenith spatial resolutions up
to 1 km (Mende et al., 2008), the THEMIS network is potentially capable of both capturing some of the
smaller-scale detail in conductance that occurs in dynamic features and also of providing the larger,
substorm-scale context due to the deployment of 26 ASI locations covering 8-12 hr of MLT at auroral lati-
tudes. In section 2, we relate the Pedersen conductance to imager intensity theoretically and describe the
data sets and methodology used. We present our results in section 3. A discussion of the results is presented
in section 4, and our main conclusions in section 5.

2. Data Sets and Methodology

2.1. Relating Conductance to Ground-Based Imager Intensity

For the nighttime intervals that they examined, Kosch et al. (1998) made the approximations that auroral
optical intensity is proportional to ion production rate and that electron production is approximately
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equal to the electron loss. Kosch et al. argued that this would mean that the conductance is approximately
proportional to the square root of the height-integrated intensity. If further assumptions are made, such a
relationship can be derived along the following lines. The intensity in a given imager pixel is the height-
integrated emission in the atmospheric column at that horizontal location. If we assume that the auroral
intensity i at a given height & is proportional to the production g of electrons (and ions) at that height, then

i(h) = yq(h), €y

where y is the constant of proportionality. This is based on the argument that any exchange of charge to
release an electron causes an excitation of the atom or molecule involved that also releases a photon or
photons. Then the height-integrated intensity is

1=y i(h) dh=yfpa(h) dn .

Assuming a steady-state incompressible (or static) ionosphere in which electron loss L is by dissociative
recombination, then

q(h) = L(h) = aN;(h), ®3)

where N, is the electron number density and the recombination rate is . Substituting equation (3) in equa-
tion (2) gives

I=ay[,'N2(h) dh. @

The integrals in equations (2) and (4) assume that y and a are independent of height. It is well established
that the Pedersen conductivity op is related to the electron density by

op(h) = Ne(h) e pp(h) ©)

(e.g., Davies & Lester, 1999), where e is electric charge. The mobility up varies with height because of the
changes in the particle collision frequencies due to the variation in the densities of neutral species with
height and also because of gyrofrequency changes due to the variation of the magnetic field with height.
So the height-integrated conductivity is

5, = Inop(h)dn = [y Ne(p, (k) dn ©

If we assume that the electron density maintains a given shape f{h) to its altitudinal profile and that only the
amplitude N, changes with time, that is,

Ne(h) = Neo f(h), (7

then we can express equation (6) as
S, = e Naluf () (k) dh ®)

and equation (4) as

I= ayN3 [, f2(h) dh. ©)

By combining equations (8) and (9),

b o

_rse( Julten ) 1)

(5w (]

Thus, the extent to which the emission intensity I is simply proportional to the square of the Pedersen con-
ductance Xp depends on the following assumptions or approximations:
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Al. The auroral intensity is proportional to the production of electrons (and ions),

A2. A steady state incompressible (or static) ionosphere,

A3. Electron loss is by dissociative recombination,

A4. The constants of proportionality y (equation (1)) and « (equation (3)) are independent of height, and

A5. The electron density maintains a given shape f(h) to its altitudinal profile and only its amplitude
changes with time.

If we make these assumptions, then the height integrals relating to the profiles of electron density shape f
and mobility up in equation (10) are invariant, and we arrive at the parabolic relationship of Kosch et al.:

Zp = + alll/z, (11)

where c; and a, are constants to be determined for a given imager. Thus, the conductance can be estimated
from ASI intensity using equation (11) if the coefficients ¢; and a; can be determined from an empirical
comparison of colocated conductance and intensity measurements at some location and time. To do this
comparison relies on a final assumption:

A6. The experimental setup can measure and relate the quantities Xp and I sufficiently well.

With regard to A6, intensity I is estimated from the raw counts C recorded by the ASI's charge-coupled
device, which is a nontrivial relationship that depends on a number of factors (e.g., Mende et al., 2011). If
we know this relationship, then the conductance can be derived from equation (11). Alternatively, we can
estimate the conductance directly from the counts:

Zp=20C+ azcl/z. (12)

This has the advantage of avoiding assumptions about the imager response. However, to compare with pre-
vious studies (e.g., Kosch et al., 1998) or to estimate conductances using the other THEMIS ASIs that do not
have colocated conductance measurements available for calibration (i.e., to derive parameters c, and a, at
these locations), we will need to use equation (11) making use of the appropriate count-to-intensity conver-
sion factor (Appendix, Mende et al., 2011).

Kosch et al. compared EISCAT-derived Pedersen conductance with colocated intensity data from a ground-
based digital ASI. Four nights of data at 2-min resolution yielded the relationship Zp = 0.34 + 0.18 I'’* where
Iis the observed intensity in Rayleighs (R) at a measured wavelength of 557.7 nm. However, the scatter in
their data suggests that additional dependences, for example, on geomagnetic activity, might be identified
and parameterized. Also, it follows from equation (10) that an additional contribution to the scatter seen will
arise from the limitations of assumptions A1-A6.

2.2. Specification of the Pedersen Conductance Xp

The Pedersen conductivity op is the component of the electrical conductivity in the Earth's ionosphere that is
parallel to the electric field and perpendicular to the magnetic field. op peaks at approximately 110-130 km
in the upper E region of the ionosphere due to the high collision rate between ions and neutrals at these alti-
tudes. In contrast, the collision rate between electrons and neutrals is much lower. Hence, there is a resultant
difference in the electric-field drift of the electrons and ions. The Pedersen conductivity is given by equa-
tion (5). The mobility up is dominated by the contribution due to collisions between ions and neutrals so
can be approximated by

1 WjVin
mp == | 2P 22>7 (13)
B ( P wf v,

where B is the geomagnetic flux density, w; is the gyrofrequency of ion species j, vj, is the ion-neutral colli-
sion frequency for ion species j, and P; is the relative density of ion species j. The ion-neutral collision fre-
quencies depend on the number densities of N,, O,, and O and on the average of the neutral temperature
T,, and the ion temperature T; (Appendix in Schunk & Walker, 1973). The neutral number densities and
temperature are calculated using the MSIS model (Picone et al., 2002). The ion temperature is measured
by the ISR, as is the electron number density used to calculate the conductance Xp in equation (6).
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2.3. Poker Flat ISR (PFISR)

We use data from the Poker Flat ISR (PFISR) located at the Poker Flat
Research Range northeast of Fairbanks, Alaska, at 65.13°N, 212.53°E (see
Figure 1; Kelly & Heinselman, 2009; Nicolls et al., 2007). PFISR is an
Advanced Modular ISR colocated with the equatorward edge of the night-
side auroral oval. PFISR has been used in conjunction with THEMIS
Ground-Based Observatory data to study ionospheric electrodynamics,
for instance, during the substorm expansion phase (e.g., Zou et al,
2009). PFISR can provide accurate local values of Pedersen conductivity
values, as outlined in section 2.2.

In this study, we use PFISR data collected during two “PFISR Ion-Neutral
Observations in the Thermosphere (PINOT)” campaigns conducted in
November 2012 and March 2013. The data used in this study were
collected during the “PINOT_Nighttime31” experiment (supporting infor-
mation Figure S1), which was an 11-beam mode using single frequency
480-ps fractional lag Alternating Code (AC) pulses (Huuskonen et al.,
1996). The AC used sixteen 30-ps bauds, oversampled at 10 us, resulting
in a range resolution of approximately 9 km. The PFISR AC data were
integrated to 1-min time resolution and were fitted for altitudes ranging
from 86 to 335 km. Figure 2 shows the spatial distributions of the PFISR

Figure 1. Location of experiment. The location of the PFISR (white asterisk) A data. Each 1 min of PFISR AC data comprises measurements at 38

and of the beams of the 1-min PFISR data used (pink solid lines); the loca-
tion of the FYKN ASI (white asterisk) and the field of view for elevation
angles o > 48°. The solid black box represents the latitudes and longitudes of

heights. The PFISR beam directions (Figure S1) are not aligned to the
magnetic field direction. An along-B configuration, which was used by

the data used. FYKN = Fort Yukon; PFISR = Poker Flat Incoherent Scatter ~ Kosch et al., is required for highly precise studies attempting to relate
Radar; THEMIS = Time History of Events and Macroscale Interactions height-integrated conductivity and auroral emissions. However, as dis-
during Substorms; GBO = Ground-Based Observatory; ASI = all-sky imager.  ¢yygsed in section 1, the purpose of this study is to enable the exploitation

of ASI data across the entire THEMIS network, without needing to know
the details of the magnetic field configuration. We discuss the effect of using this configuration on our results
in section 4.

The standard SRI International fitting software was applied to the AC data for this study. The SRI fitter uti-
lizes an ion photochemistry model called “flipchem” based on the Field Line Interhemispheric Plasma ion
composition model (Richards, 2011), to estimate the ionospheric ion composition. Using flipchem, the ISR
data are fitted using ion composition profiles for five dominant ion species in the E and F regions: O, 0,,
NO*, N,*, and N™. Since the ISR-fitted parameters, especially T. and T;, depend on ion composition (e.g.,
Zettergren et al., 2010; Zou et al., 2017), using flipchem provides a realistic first-order estimate of the
ion composition.

2.4. THEMIS Ground-Based Observatory Network

The THEMIS Ground-Based Observatories are an array consisting of over 20 ASIs and more than 30
magnetometers which span the North American continent (Mende et al., 2008). Each observatory ASI is a
white-light imager recording data at a cadence of 3 s. Modeling for the THEMIS cameras shows that the
imager primarily responds to electron precipitation energies greater than 3 keV (Mende et al., 2008) and thus
responds primarily to the 557.7 nm green auroral emission line. We hence assume that the peak of the emis-
sion height is at about 110 km altitude.

Pedersen conductivity varies by a factor of about two in response to an order of magnitude variation in the
precipitating energy (Vickrey et al., 1981) and is generally associated with precipitation in the energy range
2-10 keV (Senior et al., 2007). The variability in the energy of the precipitation will be associated with varia-
bility in the ASI response function.

The thumbnail summaries of THEMIS ASI data were used to select intervals of ASI data during the PINOT
Campaign near Fort Yukon (FYKN). The FYKN ASI is located at 66.560°N, 214.786°E (Figure 1). We use
four nights with a clear view of the sky, low moonlight pollution, and readily available (not special mode)
PFISR data (Table 1). We discarded data outside of Astronomical Twilight which is defined in Text S1.
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Figure 2. Spatial distribution of PFISR beams. (a) The latitude-altitude
dependence of the PFISR data. The symbols identify data from different
beams (legend in Figure 2b); (b) the latitude-longitude dependence. The
dotted box marks the latitude-longitude range of the data used (see also
Figure 1). PFISR = Poker Flat Incoherent Scatter Radar.

These intervals have a range of geomagnetic activities with values of the
planetary index Kp from 0 to 6 (Bartels, 1949). We used the Space
Physics Environment Data Analysis Software (SPEDAS) Interactive
Data Language (IDL) software to download and manipulate the
THEMIS ASI data set.

Using a star field, each pixel in the ASI is assigned a latitude and longitude
range as projected to 110 km altitude. From this, a virtual image of the
auroral measurements can be constructed at this assumed emission alti-
tude, which we can then compare to the ISR measurements. However,
this means that the latitude and longitude of a pixel of ASI data are most
accurately known close to the ASI zenith, that is, at an elevation angle
8 ~ 90° above the horizon (Mende et al., 2008). For such high elevation
angles, the horizontal extent of the ionosphere being imaged is relatively
small compared to that for a low angle, and the pixel can in principle cap-
ture the emissions that occur in the vertical column above. In contrast, an
ASI pixel that receives light from just above the horizon is imaging a much
greater horizontal extent and is not capturing all the light in the corre-
sponding column. Consequently, it is recommended that for some studies,
the data used are restricted to relatively high elevation angles, for exam-
ple, 8 > 70°. For this study, however, we relax that criterion. To test and
refine the relationship between colocated conductance and optical inten-
sity, we use the ISR data down to the lowest available altitudes at about
85 km and an elevation angle criterion of § > 48°. In practice, we must
compare the ASI count and the Pedersen conductance within a volume
V (Figure 2). The effect of the experimental setup is discussed further in
section 4.

2.5. Testing the Kosch et al. (1998) Relationship

For each chosen interval (Table 1), we calculate the mean Pedersen con-
ductance Zp(t) within a volume V, at 1-min resolution. We use a cuboid
volume in height, latitude, and longitude where there are both PFISR data
for the whole height range and ASI data with an elevation angle & > 48°.
The volume V is defined by 86-336 km altitude and the approximately
60 km by 50 km geographic region 65.62-66.19°N, 212.99-214.05°E
(Figure 2). The conductance is estimated from the height integral of the
available conductivity values op (A, ¢, h, t) due to ion-neutral collisions
for each PFISR data point at latitude 4, longitude ¢, height h, and time t.
We can express the conductivity as op (A,¢,h,n At) where n labels
each minute.

The frequency spectra of the ISR signal provide information about the
electron density, plasma velocity, ion mass, and the ion and electron tem-
peratures. Such information is estimated from the theoretical spectrum by
finding the temperatures and velocity that most closely yield the mea-
sured spectrum. We do not find any instances where the electron or ion

temperatures are negative. There are a small number of occasions when N, < 0 and these data are discarded.
Unphysical negative values can arise as a result of a poor fit of the data to the theoretical spectrum. This
occurs when a noisy autocorrelation function results in convergence on a “bad” value, with associated large
errors in the fit. We also discard one occasion when N, > 10" m™* which may be due to backscatter from
space debris or satellites. For the volume V, we calculate a conductance from the conductivity-height “pro-
file” formed by the conductivities collected at different heights along the PFISR beams and compare with the
mean optical intensity associated with that volume. We are making the assumption that there is spatial
homogeneity in both the conductance and the height-integrated optical intensity associated with the volume
V which, of course, will not always be the case.
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Table 1 In order to capture the peak of the Pedersen conductance, we ensure that
Ui ieite ) DI Mioingle aif e Uriieroatls G Wi URe) i TN Siiidy the range 90-185 km is particularly well represented by data. Hence, for

UT ASI Error Error each 1 min of data, we only proceed when the associated conductivity data
Date RS Kp Sount (mho) (%) meet the following criteria: >30 values (~75%) for the whole height range
8 Nov 2012 6-15 0and1  <1,000 27 33 (~86-336 km); >20 values (~75% of the profile data) between ~90 and
7 Nov 2012 9-15 land2  <2,000 1.3 51 185 km; and at least one value at (i) 86 km, (ii) ~281-334 km, (iii)
16Mar2013  7-10  2and3  <3,000 2.6 17 ~151 km, (iv) ~169-185 km, (v) 202 km, and (vi) 226 km. For each
17 Mar 2013 7-10 S5and6  <12,000 57 62

1 min of data, we only derive a conductance value when there is a suffi-

Note. The associated values of Kp, the maximum ASI count, the absolute  ciently well-defined conductivity-height “profile” to do so. The altitude

and the relative differences between the ASI specification of conductance,
and the Poker Flat Incoherent Scatter Radar-derived values of conduc-

profiles of the mean conductivity derived in this way are shown in

tance averaged over 10 min. UT = Universal Time; ASI = all-sky imager. ~ Figure 3, for each of the intervals used in our study, and the corresponding

electron density profiles are shown in Figure S2. A comparison of the

mean conductivity and electron density profiles for the intervals used
are shown in Figure S3. For each interval, Figure 3 shows that the conductivity falls to roughly 10% of the
peak value at ~90 and ~185 km. If the data for a given 1 min meet the quality criteria, then linear interpola-
tion (using IDL's “interpol” routine) is used to fill in any missing conductivity values, and the conductivity is
integrated in height to produce the 1-min conductance values, Zp(4, ¢, nAt). The use of the quality criteria
means that there are conductance values missing for some times. We did not fill these values using interpo-
lation but instead discarded those times from the study. The method is a balance between obtaining a rea-
sonable measure of conductance, on scale of tens of kilometers between 86 and 300 km, and retaining a
large enough sample of 1-min data to gain a statistical picture of the relationship between conductance

and image intensity.

For each interval in Table 1, we also obtain the mean ASI count associated with the volume V (Figure 2) over
1 min, Cy, (n). The time stamp for the 1-min AC data occurs at the middle of the time window in which the
AC data were collected. As discussed in section 1, using this cuboid rather than a narrow magnetic-field-
aligned column is a source of variability or error in testing the relationship of ASI counts to conductance
which we shall examine. This is in part because the conductance may not be representative of the whole geo-
graphical area and time but rather reflect the variability picked up by the narrow ISR scans, whereas we find
a mean value of the counts over the whole geographical area.

3. Results
3.1. Using Data From All Intervals

Following the quality checks discussed above, the studied intervals (Table 1) yield 515 pairs of conductance-
count data points. During intervals of quiet geomagnetic activity, the conductance values are between ~1
and 5 mho, as expected (e.g., Aikio & Selkéld, 2009; Lester et al., 1996). We find that 38% of the values are
below 5 mho, 70% of the values are below 10 mho, and 94% are below 20 mho. The highest values of conduc-
tances occur during several time sequences on 17 March 2013, rather than as isolated values (see Figure 8
below), and correspond to intervals of high ASI count, indicating that these high conductances are not spur-
ious data points. The highest conductances (some about 30 mho and one at 64 mho) are associated with
intense auroral activity, as verified by examining the THEMIS ASI thumbnails for these times. For example,
http://themis.ssl.berkeley.edu/gbo/display.py?date=2013.03.17&view_type=summary&id=
FYKN.2013.03.17.07.00 accesses the images for around 07:00 UT on 17 March 2013.

Figure 4 shows a scatter plot of the Pedersen conductance against the associated mean ASI count in the
volume V. We see nonzero counts when the conductance is close to zero. This indicates the presence of a
background count due to artificial light pollution and the dark count. In order to quantify the relationship
of conductance to count given by equation (12), we remove this background intensity, b, = 2,866 counts,
beforehand. That is, we substitute

C = Cy—b,. (14)

We use the IDL “curvefit” routine to find the values of the parameters a, and c,. The routine uses a gradient-
expansion algorithm to compute a nonlinear least squares fit to a user-supplied function F(C). We use the
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Figure 3. Pedersen conductivity height profiles. (a-d) The mean Pedersen conductivity-height profile (solid black) for the
four intervals listed in Table 1. Dotted lines lie one standard deviation away from the mean value. Figure S3a shows the
mean profiles in (a)-(d) superimposed.
standard deviation (SD) in the mean count for each 1 min (Figure S4) to provide a measure of the
instrumental (Gaussian) weighting in the routine. For b, = 2,866 counts, we find that the data are fitted
to equation (12) by a, = 0.38 and c, = 0.01, with associated uncertainties related to the SD of the two
fitting parameters a, and c,.
However, since c,~0, we can alternatively fit the data to equation (15) below with just a single free parameter
a,, In this case, taking logs of each side of equation (11) yields
logZp = log(ay) + 0.5 log(C), 15)
and the free parameter can then be estimated by linear regression using IDL's curvefit. The result (i.e., for
b, = 2,866 counts and ¢, = 0) is a, = 0.35 mho per (count)l/ 2 (solid red line in Figure 4), with a
SD = 0.4 mho per (count)” 2 The ¥ statistic is 0.01, which is significant at the 5% level. For future reference,
we note by eye that most 1-min values in Figure 4 are bounded by the lines ¥p= 0.4 aZCU ZandTp=2.5 a2C1/ 2
(dashed red lines), representing a factor of 6.25 variation in the parameter a,.
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Figure 4. Dependence of Pedersen conductance on ASI count for the cur-
rent study. The scatter plot shows Pedersen conductance against ASI
count. The line of best fit to the function Y p = a, C vz, ¢y for C = Cy, — by,
where a, = 0.35 mho per (count)l/ 2, b, = 2,866 counts, and ¢, = 0 mho
(solid red). The dotted red lines represent the standard deviation in the fitted
value of a,. The lines ) p = (a2/2.5) c*? and >p=25a ct’? (dashed red)
envelope most of the data. ASI = all-sky imager.

We shall now compare the conductance-count relationship for the FYKN
THEMIS ASI with the results of the study of Kosch et al. The Kosch et al.
results are reproduced in Figure 5 where the data are shown by the black
symbols and their best fit relationship £p = 0.34 + 0.18 I'/? is shown by the
black solid line. A similar fit through the data is given by the parabola
p=022I—- 300)1/ 2 (blue dot-dash line), which we think is preferable
because the conductance now goes to zero at the lower bound of

their data.

By eye, we estimate that most of the data points of Kosch et al. are envel-
oped by Zp=0.54 (I — 300)1/ 2 (dotted green line) and Xp =0.09 (I — 300)1/ 2
(long dashed orange line). Thus, the upper envelope has a value of
a; = 0.22 x 2.5, and the lower envelope has a value of a; = 0.22/2.5.
Hence, the data of Kosch et al. are bounded by the same multiplicative
factor (2.5 X 2.5 = 6.25) that bounds the data of our study.

In order to compare Kosch et al.'s conductance-intensity relationship to
the conductance-count relationship that we have derived from our data
shown in Figure 4, we convert the FYKN ASI counts to optical intensity
using the conversion factor f = 0.118 counts per R of 557.7 nm given in
the Appendix of Mende et al. (2011). Using the value of
035 + 04 mho per (count)l/ 2 this gives a value of
a; = 0.12 + 0.14 mho per RY? and hence a conductance-intensity
equation:

a, =

S, = 0.12 (Iy—by)"/?, (16)

where b, = C,/f = 24,288 R for the FYKN ASI. Thus, our offset b; is much

larger than that of the imager used by Kosch et al., reflecting the different site environments. More impor-

tantly, our value of a; = 0.12 mho per R
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Figure 5. Kosch et al. (1998) dependence of Pedersen conductance on opti-
cal intensity. Scatter plot of Pedersen conductance in Siemens (S, equivalent
to mho) against optical intensity shown by the dots (Kp < 4) and crosses
(Kp > 4) and the line of best fit as given by Kosch et al. (black solid line); our
estimate of the upper and lower envelopes of the data points of Kosch et al.
for which a; = 0.54 (green dotted line) and a; = 0.09 (orange long-dashed
line), respectively, and the intermediate parabola, for which a; = 0.22 (blue
dot-dash line); the line of best fit (Figure 4) found by the current study
Sp=ail Y2 for which a; = 0.12 (gray short-dashed line). Adapted from
Figure 2b of Kosch et al. (1998).

2 s smaller than either the corresponding value of

a; = 0.18 mho per RY? found by Kosch et al. (1998) or the value of
a; = 0.22 mho per RY? which is our fit to the Kosch et al. data but not
statistically different. For comparison, we show equation (16) in
Figure 5 by the gray dashed line where we have used the Kosch et al. value
of b; = 300 R.

3.2. Case Studies

The scatter in the results of Kosch et al. (Figure 5) and in our correspond-
ing results (Figure 4) may be due to further dependences, for instance, on
levels of geomagnetic activity or due to limitations in the assumptions
made (A1-A5) in deriving equation (11) or in the experimental setup. In
addition, it is not possible to see the detail of the data points in Figure 4,
even if we use logarithmic scales (not shown). Therefore, in Text S2 and
via Figure S5, we give background information about the Kp indices and
the SuperMAG Auroral Electrojet Lower index (Gjerloev, 2012; Newell
& Gijerloev, 2011). We also describe the conductance-count relationship
for the individual days (Figures S6-S9). Text S2 describes short intervals
(up to 30 min) of variability in the PFISR values of conductance accompa-
nied by low variation in ASI count. If an auroral optical feature crosses
through the volume examined, the volume-mean count Cy can be reason-
ably constant for the time it takes to pass through the volume. The con-
ductance, however, is only observed to rise or fall when the structure
intersects with the radar beams, for example, 13:30-14:00 Universal
Time (UT), 14:00-14:30 UT, and 14:30-15:00 UT on 8 November 2012.
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Figure 6. Effect of temporal smoothing on absolute difference between all-sky imager- and Poker Flat Incoherent Scatter
Radar-derived Pedersen conductances. (a) The histogram (black) of the absolute difference D = S, — Zp for the

1-min data of Figure 4 (black squares). Histograms of D for Poker Flat Incoherent Scatter Radar data smoothed over
10 min (blue dot-dash), 30 min (green dash), and 60 min (red dotted); (b) the mean of D4 as a function of smoothing
interval; (c) the standard deviation (SD) of D, as a function of smoothing interval.

This accounts for some of the scatter observed in Figure 4. The degree of variability of the optical data is dis-
cussed further in Text S3.

We also see strong evidence of the parabolic nature of the relationship between conductance and ASI count
in some intervals of the data set, for example, 07:00-10:00 UT on 17 March 2013 shown in Figure S9. There is
a lower limit to the background count seen in Figures 4 and S6 to S9, which is likely to be dominated by arti-
ficial light pollution. Some of the parabolic forms also appear to have a nonzero conductance offset of
~5 mho. We propose that the parabolic behavior in the conductance-count relationship is related to addi-
tional EPP and that the background conductance is related to other sources of conductivity such as transport
and airglow.

3.3. Time-Averaged Behavior

Some of the scatter in Figure 4 is due to auroral optical features advecting through the volume and will be
reduced by appropriate time averaging of the PFISR conductance data. Therefore, in this subsection, we cal-
culate the absolute difference between the ASI specification of conductance S, and the PFISR-derived
values, that is, D4 = S, — Zp for different intervals of time smoothing of the 1-min Zp.

Figure 6a shows the distribution of D, for the 1-min values of S, and Zp presented in section 3.1 and plotted
in Figure 4 (black squares). The other histograms in Figure 6a show the effect of smoothing the 1-min XZp
data over different time periods between 10 min and 1 hr. Increasing the length of the smoothing interval
from 1 to 10 min slightly decreases the size of the mean value of D, from —0.76 to —0.72 mho (Figure 6b).
The SD of D4 decreases as the smoothing interval is increased from 1 to 10 min from 4.8 to 3.3 mho
(Figure 6¢). Further increasing the interval size from 20 to 60 min results in a small degree of variation in
the SD of D4.

We also examine the relative difference between the ASI specification of conductance and the PFISR-derived
values of conductance Xp, that is, Dg = (S, — Zp) / Zp. Figure 7a shows the effect of smoothing the 1-min Zp
data on the distribution of Dg. Increasing the length of the smoothing interval from 1 to 10 min decreases the
size of the mean value of Dy, from 21% to 0% (Figure 7b). The SD of Dy decreases as the smoothing interval is
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Figure 7. Effect of temporal smoothing on relative difference between all-sky imager- and Poker Flat Incoherent Scatter
Radar-derived Pedersen conductances. As for Figure 6 but calculated for the relative difference Dg = (Sp — Zp) / Zp.
SD = standard deviation.

increased from 1 to 10 min from 78% to 40% (Figure 7c). Further increasing the interval size from 20 to
60 min decreases the mean asymptotically to —0.05 and slightly increases the SD of Di. The nonzero
asymptotic value may be due to a small offset in the conductance. If D4 and Dy are calculated for the
individual nights (Table 1), then we observe similar trends in the mean and SD of the values as a function
of smoothing interval (not shown). The values of the absolute and relative errors are given in Table 1 for
the individual events, as well as Kp and the maximum ASI count. There is no clear trend in the error with
either Kp or ASI count, though the maximum error is associated with the highest values of emission
intensity (and Kp).

Since using a smoothing interval of 10 min significantly decreases the size of the mean and SD values of Dg,
we now compare the Pedersen conductance values estimated from ASI data (black squares, Figure 8) with
the 10-min-averaged PFISR Pedersen conductance values (red diamonds, Figure 8) in the time domain. In
general, we find very good agreement between the ASI and PFISR-derived measurements on a 10-min time-
scale. Although we may not have removed an offset in the conductance, as evidenced by the asymptotic
value of —0.05 in Figure 7b, nevertheless, for the data set we are using, a smoothing interval of 10 min
achieves the minimum in Dy and so is the most appropriate for a comparison with the ASI data. The shape
of the ASI specification of Pedersen conductance variation sometimes differs noticeably to that of the
smoothed PFISR values of Zp. Identifying the exact causes of the offsets is beyond the scope of this study,
but we note that the ASI value may fall below the PFISR value if optical emissions are not dominated by
the green line, but especially if cloud reduces the ASI measurement of optical intensity. And, on the other
hand, if optical emissions of significant amplitude never become colocated with the ISR radar, then the
PFISR value can instead fall below the ASI value. The comparison of the Pedersen conductance values esti-
mated from ASI data with the 1-min PFISR Pedersen conductance values (blue crosses, Figure 8) is much
poorer, as expected from the results of Figures 6 and 7.

4. Discussion

In this section, we summarize the results and conclusions obtained so far and assess their validity and impor-
tance. The PFISR can be and is often used to perform highly detailed and sophisticated studies, but here we
have used both the PFISR and the ASI data in a comparatively large-scale and approximate fashion; for
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Figure 8. Time-domain comparison of the all-sky imager-derived Pedersen conductance with the PFISR-derived value.
For each of the four intervals examined (Table 1), we plot the 1-min PFISR values of Zp (blue crosses), the 1-min
PFISR values smoothed over 10 min (red diamonds), and the 1-min values of Sp (equation (16)) derived from all-sky
imager data (black squares). The conductance is only plotted up to a value of 40 mho for clarity (a single 1-min data point
exceeds this at ~64 mho). PFISR = Poker Flat Incoherent Scatter Radar.

instance, we have made use of nonmagnetic-field-aligned radar data and of camera data that is off-zenith. In
section 4.1, we note the strong similarity of our results with the study of Kosch et al. (1998), which did use
magnetic-field-aligned radar data. We argue that this strongly helps to validate our methodology, including
the use of the assumptions made in section 2.1. In section 4.2, we revisit those assumptions in light of
our results.

4.1. Our Key Results and Comparison to Kosch et al. (1998)

In this paper, we investigate the dependence of Pedersen conductance Xp on auroral intensity I using white-
light data from the Fort Yulon THEMIS ASI and Poker Flat ISR data, together with modeled ionospheric
collisional frequencies. We fit the data from four nights with a range of values of Kp to the curve
Z,=0.12 I 2 where I is the observed intensity in R with the background intensity removed, and we find that
most X, data are bounded within a factor of ~6 (Figure 4). We show that a THEMIS white-light ASI can
estimate Pedersen conductance with an uncertainty of 3 mho or 40% on scales of 1-10 min and ~100 km?.
ISR is excellent at determining localized values of conductance. If we can place confidence in this derived
relationship, the THEMIS ASI network presents an opportunity to usefully assist in the identification of
regions of large and low conductance. This would be a significant aid in exploring Pedersen conductances
in the context of substorms.

One of the key findings of our study is that there is a strong similarity between our results and those of Kosch
et al. who examine optical emissions at 557.7 nm, also for four nights with a range of Kp values using EISCAT
ISR data. The Kosch et al. study uses a magnetic-field-aligned ISR beam, 2-min resolution data, and a 10 km
by 10 km optical cell, whereas our study uses nonmagnetic-field-aligned results with 1-min resolution, from
a 60 km by 50 km region, where data from different altitudes come from different horizontal locations.
Kosch et al. fit the data to the curve Zp = 0.34 + 0.18 I 1/2 (Figure 5). Their data show a similar level of scatter
to our results, with the majority of the data also bounded within a factor of ~6 (Figure 5). Our results not only
confirm the parabolic relationship derived by Kosch et al. but also strongly suggest that only some of the
scatter in our results (Figure 4) is due to the differences between the two experimental setups, such as the
size of the volume examined, the relationship of the ISR beam to the magnetic field direction, and the wave-
length of the optical measurements. In summary, the THEMIS cameras can provide a constraint on the
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Pedersen conductance to within 40% on a scale of 10-100 km on a timescale of 10 min, regardless of the
knowledge of the relationship of the data to magnetic field direction.

4.2. The Assumptions

The discussion in section 4.1 shows that our experimental setup is adequate and validates assumption A6.
The similarity of the ASI-derived conductance S, to the results of Kosch et al. strongly suggests that equa-
tion (16) may even hold to the finer spatial and temporal scales which they examined. In addition, we have
a possible explanation for the similarity of the ASI-derived conductance S, to the 10-min-averaged PFISR
conductance in terms of our experimental setup. That is, if an auroral optical feature crosses through the
volume examined, the volume-mean count can be fairly constant for the time it takes to pass through the
volume, and the conductance is only observed to rise or fall when the structure intersects with the
radar beams.

In this subsection, we revisit our assumptions in light of the results. Theoretically, under assumptions
A1-AS5 listed in section 2.1, we find that ¥p is proportional to 12, Kosch et al. argue that the assumption
that the auroral intensity is proportional to the production of electrons (assumption Al) should hold to
first order, since for a particular precipitation rate, particles of approximately a single energy will produce
an approximately constant rate of auroral photons. The assumption of a static ionosphere (assumption
A2), however, is a gross simplification that will certainly not always hold. The fact that the data are
bounded by a variation in the constant of proportionality of the parabola of a factor ~6 (Figures 4 and
5), however, means that our set of assumptions is actually a pragmatic choice for the design and purposes

of this study.

Below ~160 km, loss of electrons is predominantly via dissociative recombination (Hargreaves, 1979). The
Pedersen conductivity generally peaks in the range 100-130 km (Senior et al., 2007) as is confirmed by
Figure 3, so we assume that dissociative recombination dominates loss processes. If so, we expect a depen-
dence of Pedersen conductance on I'’? or C'/? (equations (11) and (12)). The scatter of all the data is con-
vincingly fitted and bounded by curves of the form a C"/? (Figure 4), and some individual 1-hr intervals
(Text S2) indicate a dependence of Zp on C'? as shown by the parabolic forms in Figures S6, S7, and S9.
Therefore, an assumption that loss of electrons is via dissociative recombination (assumption A3)
works well.

We have assumed that the constants of proportionality in equations (1) and (3) are independent of height
(assumption A4) in the derivation of equation (11). The altitude to which precipitation penetrates is energy
dependent. The energy dependence of precipitation will therefore contribute to some of the scatter observed
in Figures 4 and 5. We have also assumed that the electron density maintains a given shape to its altitudinal
profile (assumption A5). The mean electron density profiles for our intervals are shown in Figures S2 and
S3b. The variability indicated in the figures shows that the shape of the electron density altitudinal profile
(flh) in equation (7)) is time varying. Factors containing the function f{h) in equation (10) will also be
time-varying, meaning that assumption A5 does not always hold. It is likely that the temporal and altitudinal
variation in the factors that multiply £2 in equation (10) are important to the scatter of Figure 4, because the
data set includes clearly visible curves which correspond to a C'/? form but with different shapes at different
times (e.g., Figures S7b and S9). Therefore, we propose that the breakdown of assumptions A4 and A5 is key
to determining the upper and lower bounds of the scatter in Figure 4.

5. Conclusions

In conclusion, using large-scale (~100 km by 100 km) and 1-min-averaged ASI data colocated with measure-
ments of ionospheric conductance, we find that:

1. A THEMIS white-light ASI can produce a good proxy for ISR Pedersen conductance with an uncertainty
of 3 mho or 40% on spatial scales of ~100 km? if the ISR data are averaged over ~10 min.

2. We can relate the Pedersen conductance to the white-light optical intensity with a single parabolic rela-
tionship across a wide range of geomagnetic indices (Kp = 0-6). The relationship is X, = 0.12 T 2 where I
is the observed intensity in Rayleighs with the background intensity removed.

3. Most X, data are bounded by a factor of 6 to this simple relationship, despite the use of large-scale means
of data that are not aligned to the magnetic field.
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4. There are strong similarities between our results and those of Kosch et al. (1998) who used single-
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and can be used to exploit THEMIS ASI data.

Joule heating during a geomagnetic substorm is a critical component of its energy budget and can be esti-
mated to account for over 50% of the total solar wind energy input to the earth system within one substorm
(Dstgaard et al., 2002). However, in order to make quantitative measurements of Joule heating, it is essential
to understand the contributions across the very large range of latitudes and MLTs that substorms expand
into. In this paper, we have demonstrated that the dense array of white-light auroral cameras of the
THEMIS ASI network could usefully assist in the identification of regions of high and low Pedersen conduc-
tance on a scale of 10-100 km at multiple imager locations, on a timescale of 10 min.

As mentioned in section 4.2, the similarity of the ASI-derived conductance to the 10-min-averaged PFISR
conductance and to the results of Kosch et al. suggests that our ASI proxy for conductance actually holds
to finer scales. This method is therefore of great value given the number of ASI networks available. The exis-
tence of the THEMIS ASI archive of data, in particular, and the limited options for observing Pedersen con-
ductance on the spatial scale of a substorm mean that this result could improve conductance estimates of
features such as the Westward Traveling Surge and substorm-related Joule heating on continental scales.
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