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Abstract Geomagnetic storms transfer massive amounts of energy from the sun to geospace. Some of that
energy is dissipated in the ionosphere as energetic particles precipitate and transfer their energy to the
atmosphere, creating the aurora. We used the Time History of Events and Macroscale Interactions during
Substorms (THEMIS) mosaic of all-sky-imagers across Canada and Alaska to measure the amount of energy
flux deposited into the ionosphere via auroral precipitation during the 2013 March 17 storm. We determined the
time-dependent percent of the total energy flux that is contributed by meso-scale (<3500 km wide) auroral
features, discovering they contribute up to 80% during the sudden storm commencement (S3C) and > ~40%
throughout the main phase, indicating meso-scale dynamics are important aspects of a geomagnetic storm. We
found that average conductance was higher north of 65° until 5YM-H reached —40 nT. We also found that the
median conductance was higher in the post-midnight sector during the 55C, though localized conductance
peaks (sometimes =73 mho) were much higher in the pre-midnight sector throughout. We related the post-
midnight/pre-dawn conductance to other recent findings regarding meso-scale dynamics in the literature. We
found sharp conductance peaks and gradients in both time and space related to meso-scale aurora. Data
processing included a new moonlight removal algorithm and cross-instrument calibration with a meridian
scanning photometer and a standard photometer. We compared ASI results to Poker Flat Incoherent Scatter
Radar (PFISR) observations, finding energy flux, mean energy, and Hall conductance were highly comelated,
moderately comelated, and highly correlated, respectively.

Plain Language Summary Geomagnetic storms transfer massive amounts of energy from the sun to
geospace—some of which is converted into the multi-colored aurora. Knowing how much energy enters Earth's
upper atmosphere helps scientists better understand how Earth reacts to space weather events. The aurora's
colors tell us how much energy is being deposited into Earth's atmosphere via energetic particles, which rain
down from space and create light as they strike the atmosphere. Less energetic particles create red aurora, more
energetic particles create green and blue aurora. We use cameras to measure the aurora's colors and determine
the amount of energy entering the system related to smaller, often brighter and more dynamic aurora, in contrast
to the more widely studied large-scale aurora. We discovered <300 km wide aurora contribute >40% of the
energy entering the system over time throughout the main phase of the storm—sometimes up to 80%! This
shows how important the smaller aurora are. The aurora makes the atmosphere more conductive, allowing it to
connect more easily to outer space. Sharp changes in conductance allow electrical currents to flow. Our study
found when and where conductance peaked during the storm and found sharp changes mlated to the <500 km
aurora.

1. Introduction

Geomagnetic storms transport large amounts of energy between the sun, the magnetosphere, and the ionosphere-
thermosphere. Because storms occur on global scales, energy transport is often considered on global scales.
However, as our instrumentation improves to include higher spatial and temporal resolution, the importance of
characterizing and understanding phenomena that occur on smaller, meso-scales (~10s-500 km in the ionosphere)
has emerged. Are the larger, global scale aurora and related phenomena truly the most important contributors to
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&EE Journal of Geophysical Research: Space Physics 10.1029/2024JA033082
St. Patrick’s Day Storm: 2013-03-17
Mesoscale Contribution to Precipitated Energy Flux
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Figore 5. (a) SYM-H. (b) SML index. (c) Total energy flux {power) observed by the THEMIS ASls. (d) The percent contribution to the power from meso-scale auroral
forms with scale sizes <3500 km (red), <300 km (green), < 100 km (blue). (2) The average of the mean energy observed by the THEMIS ASls. Vertical lines mark when
ASI stations tnmed on or off. The numbers at the top indicate the number of stations tuming on (e.g., +2 means two stations turmed on) or off (e.g., — | means one station
tumed off). For most stations this was when the sun set (on) or rose (off), though some stations we kept off when the moon was up and there was no aurora.

shortly after the quick SYM-H and SML index decrease, at 09:06 UT (~12 keV). Finally, we also pointed out a
lesser peak inenergy flux and mean energy at 08:19:16 UT, which corresponds with another SML index peak and
an increase in SYM-H.

In addition to plotting the total energy flux (power), we separated the contributions of three different meso-scales
to the total: <500 km, <300 km, and <100 km, in Figure 5d. We used the same 2D median filter method in
(Gabrielse et al. (2021) to determine the contributions. For example, to determine the amount of power contributed
by scale sizes 300 km and less, we found the median across 500 km in 2D (both latitude and longitude directions)
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Tahle 1
Percent Differences Between A, Photometer, and PFISR Data

ASI versus photometer versus PFISE. percent difference 06-14 UT
Mean Meddian Lower quartile Upper quartile Comelation Coefficient

ASI versus Photometer O 262 257 146 384 0.6
ASI versus Photometer £ =265 =132 =333 =122 035
ASI versus PFISRE Q 449 287 75 65.3 07
ASI versus PFISR E =675 =704 =833 =50.1 04
Photometer versus PFISE Q) 205 035 =154 30 03
Photometer versus PFISR E —415 =42.1 =537 =284 035

ASI versus photometer versus PFISE percent difference 10-14 UT
Mean Median Lower quartile Upper quartile Cormelation Coefficient

ASI versus Photometer () 184 182 49 283 09
ASI versus Photometer £ =220 =207 =279 =135 0.6
ASI versus PFISRE Q 10.0 =13 =100 154 08
ASI versus PFISR E =557 =517 =704 =443 035
Photometer versus PFISE Q) 6.8 =13.1 =136 0.6 08
Photometer versus PFISR E =342 =330 —43.8 =241 035

on average underestimates the mean energy by ~20%. This is improved from the ASI-Photometer comparison at
Fort Yukon (Figure 1), for which the ASI underestimated the mean energy by ~49%. Because the ASI and
photometer were both looking up the same direction in Figure 1, this indicates that the elevation angle may not be
the biggest culprit in mean energy uncertainty.

Regarding the difference from 11:00 to 11:30 UT, the PFISR average energy remains fairly constant whereas
there is a significant decrease in the average energy from the optical techniques. The PFISR observations showed
a consistent electron density during this interval of time; the average energy was estimated using the maximum
entropy method technique (see Section 2.3). Near 1300 to 13:30 UT, there was an increase in the average energy
from the PFISE. observations relative to the imager methods. During this time, the maximum entropy method
showed good agreement between modeled and observed densities above 100 km altitude, but there was a peak in
the modeled electron density that did not match the PFISR observations below 90 km altitude. This likely
contributed to PFISR's increase in mean energy. Further investigation is required to understand how to more
effectively model this interval, but that is outside of the scope of the current investigation. In general, the PFISRE
maximum entropy method performed well in producing modeled electron density profiles that were consistent
with the observations.

The mean energy underestimation by the optical instruments in comparison to the PFISE results contrasts with the
energy flux comparison, which had an average percent difference of only 10% with a median percent difference of
—1.5% and a correlation coefficient of 0.8. Although differences are expected when using different instruments
that use different technigues and assumptions, we are unsure of the exact source of the median —33% difference
between the photometer and PFISE mean energies, since they are co-located and both looking up a very similar
direction. It seems unlikely that a difference of 33% would arise from the fact that PFISR looks straight up zenith
whereas the photometer looks up the magnetic field line. Because it is difficult to know which is correct, we report
percent difference rather than percent error.

The better match between datasets for energy flux makes sense, because the energy flux is almost entirely a
function of the blue line emission, which is almost entirely a function of the green line emission, which is well-
comelated to the white light (Figure 3). A future work is to include redline imagers from the Canadian Space
Agency's Geospace Observatory Canada initiative, as well as to use calibrated RGB cameras from the University
of Calgary's TREx array. The addition of a redline imager will improve the mean energy estimate for the ASI
method, and we expect ASI results to then better match the photometer's.
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conductance over all gridded data where precipitation occurred north of 65° magnetic latitude (black) and south of 657
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south of 637 magnetic latitude (blue). Solid black vertical lines mark when additional A Sls were added or subtracted from the
dataset. The number of ASls added or subtracted is marked with, for example, 42, above panel (a). The blue dashed vertical
line marks when the average and median conductance grew larger in the southern hemisphere, which is when SYM-H fimt
reached —40 nT. The sudden storm commencement (S5C) is colord in a transparent blue box.
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Figure 9. (a) SYM-H. Solid horizontal line drawn at 0 nT, dashed horizontal line drawn at =30 nT. (b) SML index. (c) The median and upper quartile of the Hall
conductance from precipitation between 21.5 and 22.5 MLT. (d) The number of data points wsed to determine (c). (e) The same as (c) but within 22.3-23. 5 MLT. (i The
number of data points used to determine (2). (g) The same as (c) but within 23.5-0.3 MLT (midnight). (h) The number of data points used to determine (g). (i) The same
as (c) but within 0.5-1.5 MLT. (j) The number of data points used to determine (i). (k) The same as (c) bot within 1.5-2.5 MLT. {I) The number of data points used to
determine (k). (m) The same as (c) but within 2.5-3.5 MLT. (n) The number of data points used to determine (m). (o) The same as (c) but within 3.5-4.5 MLT. (p) The
number of data points used to determine (o). (g) The same as (c) but within 4.5-5.5 MLT. (r) The number of data points used to determine (g). Vertical lines mark when
additional ASls were added or subtracted from the dataset. The number of ASls added or subtracted is marked on the top of the figure (2.g., 4+2). Dashed vertical line
drawn at (900 UT when SYM-H reaches =50 nT. The sudden storm commencement (55C) is colored in a transparent bloe box.
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Tahle 2
ASI Versus PFISR Hall Conductance Percent Difference (614 UT

Mean Median Lower quartile Upper quartile Corr. Coeff.

B3C Hall —63.6 =622 =10&.1 =252 0.8
Robinson Hall —68.6 —69.5 =1145 =347 0.7
When ASI conductance > | mho

B3C Hall =504 =578 =085 =238 0.8

Robinson Hall =659 =660 =109.7 =327 0.7
When ASI conductance > 35 mho

B3C Hall =402 =445 =754 =133 0.7

Robinson Hall —47.1 =519 —B44 =21.2 0.7
When ASI conductance > 10 mho

B3C Hall =31.7 =383 —674 -3.2 0.6

Robinson Hall =36 =425 =73 =13 0.6

percentile. Around 09:00 UT, we see a large activation of the aurora with localized increases in precipitation,
energy flux, and Hall conductance, which show up in the 1.5-2.5 MLT sector and both pre-midnight sectors’ 75th
and Wth percentile plots. We do not see a huge associated increase in SML. The conductance falls off in the pre-
midnight sector by 11:00 UT, which is when we lose coverage of the pre-midnight sector due to Earth's rotation.
At 11:25 UT, the conductance increases in the midnight and post-midnight sectors, with localized conductance
(75th and 90th percentiles) much higher than broader (median) conductance near midnight.

On meso-scales, we note that conductance has large variability—something we see demonstrably in Figure 7.
There are 10s of mho spatial and temporal gradients throughout the event, each lasting only several minutes at a
fixed location (see Movie 53 of the conductance evolution). Their temporal variability is captured by the 90th
percentile plots in Figure 9. Often, the 90th percentile peaks last on the order of 10 min. We see the temporal
gradients highlighted in Figure 7Th and the spatial gradients highlighted in Figures 7d—T7h. Sharp spatial gradients
such as these are important to field-aligned current generation and may be related to stronger field-aligned
currents that couple the magnetosphere to the ionosphere (Bostrém, 1974).

44. Uncertainties: Comparing Conductance From ASIs With PFISR

Similar to Section 4.2, we investigate conductance uncertainties by comparing values from the nearest ASI grid
pixel to PFISR in Figure 7. Of course, both instruments have their own uncertainties and sources of error, which is
why we calculate percent difference rather than percent error. Figure 7a is a keogram of white light intensity at the
Poker Flat longitude, with a horizontal line drawn at the Poker Flat latitude. Figure 7b is a plot of the Hall
conductance from PFISR (black), the B3C values using ASI inputs (red), and the Robinson formulae using the
ASI inputs (blue). We smoothed the ASl-informed conductances to match the PFISR integration times, which
varied over the hours long interval. The ASI and PHISR data follow similar trends, capturing large conductance
increases from bright aurora and lower conductances when the aurora is dimmer. We included the percent dif-
ference between the ASl-informed B3C Hall conductance and the PFISE. Hall conductance in Figure 8c. Table 2
includes the mean, median, and quartiles of the percent differences as well as the comelation coefficient between
the conductances determined from ASI versus PFISE data.

Unlike Gabrielse et al. (2021), who found median percent differences of 18%—24% between A Sl conductance and
PFISR conductance, for this event we consistently measure lower Hall conductance from the ASI than from
PFISR. The average and median percent differences are both in the —60% range for both B3C- and Robinson-
determined conductance. This tracks with the fact that both the photometer and ASI consistently reported
lower mean energies than PFISE. However, the correlation coefficient for both B3C and Robinson conductance,
when compared to PFISE. conductance, is 0.8, indicating correlation.

The percent error in the Hall conductance associated with uncertainties in the mean energy can be estimated using
the Robinson equations given by 5 and 6. Robinson et al. (1987) used limits of integration of 500 eV to 30 keV
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