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Abstract we present the first quantitative calculations of thermospheric heating and cooling times
for geomagnetic storms of different intensity, including extreme events. We utilize the neutral mass
density database of the CHAllenging Mini-satellite Payload and Gravity Recovery And Climate Experiment
missions to produce thermospheric global system response to geomagnetic storms caused by coronal mass
ejections via superposed epoch analysis during May 2001 to December 2015. Storm events are grouped in
five different categories based on the minimum value of the SYM-H index. We calculate the time from storm
onset for the thermosphere to reach maximum intensification (heating time) and the time from onset for
the thermosphere to recover (cooling time). We find that heating and cooling times decrease as storm
intensity increases and the effect is more pronounced for the cooling times. For extreme storms, the
thermospheric heating time is 9.5 hr, while the cooling time is 22 hr.

1. Introduction

The Earth's thermosphere density, temperature, and structure are driven by the Sun's variable energy. While
solar extreme ultraviolet radiation is generally the major thermospheric driver, during geomagnetic storms,
magnetospheric energy input is the dominant driver of thermospheric heating (Knipp et al., 2004; Prdlss,
2011). Magnetospheric energy is deposited in the Earth's high-latitude regions first and quickly moves equa-
torward to all latitudes (Lu et al., 2016). The whole thermosphere circulates, heats up, and rises.

Satellites at low-Earth orbit fly within the thermosphere and are continuously impacted by its molecules
increasing the friction the satellite experiences along its orbit. Under nonstorm conditions, this “orbital
drag” impacts satellites below 500 km altitudes. The International Space Station has to routinely correct
its orbit due to drag effects. During geomagnetic storms, however, all low-Earth orbit satellites, even higher
than 600 km, find themselves within a denser atmosphere, experiencing orbital altitude decay and potential
loss of tracking knowledge (e.g., Oliveira & Zesta, 2019; Zesta & Huang, 2016).

The severity of such effects depends on the strength of the storm. Existing models can reproduce the drivers
and thermospheric responses in general terms but cannot yet reproduce and predict their timing, structure,
or intensity. There are two difficulties. Existing empirical models, like the Jacchia (1970, 1977) and Mass
Spectrometer and Incoherent Scatter radar (Hedin, 1987; Picone et al., 2002) family models or the Jacchia-
Bowman model (Bowman et al., 2008, henceforth JB08), typically characterize the thermosphere by a single
exospheric temperature T, thus missing the circulation, waves, and mesoscale structure along the path of
individual satellites (Fuller-Rowell et al., 1994). Physics-based models, on the other hand, are starved for rea-
listic energy inputs of ionospheric potential patterns and precipitating particles (Connor et al., 2016;
Verkhoglyadova et al., 2007). More important, thermosphere's response to increasing energy input is not lin-
ear; there are saturation effects, which we do not understand.

Ngwira et al. (2014) attempted a global magnetohydrodynamic simulation of a Carrington-type event using
the Space Weather Modeling Framework (T6th et al., 2005). Their results showed the magnetopause stand-
off distance at 2 Rg, cross polar cap potential of 2,000 kV, and the polar cap extending down to 20° geomag-
netic latitude. Such responses would have dangerous and detrimental impacts on humanity, but saturation
effects and internal self-regulating mechanisms are not included in current models.

Recent works have pointed out that the thermosphere recovers after a strong storm faster than predicted by
models. Lei et al. (2011) found from CHAllenging Mini-satellite Payload (CHAMP) and Gravity Recovery
And Climate Experiment (GRACE) observations that the observed recover time of the thermosphere
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during the 2003 Halloween storms was significantly shorter than predicted by either the empirical Mass
Spectrometer and Incoherent Scatter radar model or the Thermosphere Ionosphere Electrodynamics
General Circulation Model physics-based model. Knipp et al. (2017) demonstrated that for shock-led coronal
mass ejections (CME) storms, nitric oxide (NO), production occurs “early and excessively,” which leads to
the much faster recovery of these storms, as NO is a significant radiative cooling agent for the thermosphere
(e.g., Mlynczak et al., 2003).

Here we use density as a proxy for thermospheric temperature, which is the premise of both global hydro-
static models (e.g., Kodikara et al., 2019) and empirical models (Jacchia, 1970, 1977). While Lei et al.
(2010) found that both winds and composition impact the density in addition to temperature, our assump-
tion is appropriate for system-level approach.

We follow the analysis methodology performed in Oliveira et al. (2017), who provided global thermospheric
density responses to geomagnetic storms through a superposed epoch analysis of CHAMP and GRACE satel-
lite observations for a large number of storms. We provide the same superposed epoch density dynamics but
for storms of different strengths and quantitatively determine, on a system level, the heating and cooling
times of the thermosphere with a particular emphasis on extreme storms.

2. Data Sources

For storm identification, we use the CME catalog of Richardson and Cane (2010) (http://www.srl.caltech.
edu/ACE/ASC/DATA/level3/icmetable2.htm#(a)). We identified a total of 217 storms during the period
from May 2001 to December 2015.

We use accelerometer data from the CHAMP (Reigber et al., 2002) and GRACE (Tapley et al., 2004) satellite
missions to determine thermospheric density during storms. CHAMP data are obtained through https://isdc.
gfz-potsdam.de/champ-isdc/access-to-the-champ-data/ and GRACE data through https://isdc.gfz-potsdam.
de/grace-isdc/grace-gravity-data-and-documentation/ at the website of the Information System and Data
Center in Postdam, Germany.

The CHAMP and GRACE densities are normalized and intercalibrated as was discussed in Oliveira et al.
(2017). We use the JB08 model as common baseline and follow the outlined approach:

1. For each satellite, we isolate all periods within their database with low geomagnetic activity (LGA),
defined whenISYM-HI< 30 nT, which constitute the majority of each satellite's database. For these per-
iods, we calculate the ratio pops/PrLca, Where pops is the observed density and py g, is the JBOS density cal-
culated for the interval conditions. This step normalizes the satellite measured density against the JBO8
model similarly for both satellites during quiet conditions.

2. We fit the pops/pLca ratio for the entirety of the LGA intervals within each satellite's database with a 15-
degree polynomial function (Arlinghaus, 1994) to produce the calibration function f(t) as a function of
time and at the satellite altitude (see Oliveira et al., 2017, and their Figure 1 for a depiction of this pro-
cess). The function f(t) is then interpolated to cover all data, including the storm periods in our study.
This step provides the calibration functions fcy(t) and fggr(t) for the two satellites.

3. We wish to isolate the effect of storms on the neutral density, so we use the JBO8 model with input Dst
= 0 to provide the nonstorm quiet time reference densities. For each storm, we calculate the model
quiet density at the satellite's altitude as po(t) = preos(t,Dst = 0). Then the cross-calibrated quiet time
densities are

Pocr(t) = po(t) feu(t) and  pygr(t) = po(t) for(t). ®

4. For our analysis, we use the density ratios of pcy(t)/(fcu(t)po(t)) and pgr(t)/(fgr(t)po(t)) that have
observed densities normalized against the quiet density. This approach assures that these ratios are close
to 1 during quiet times and much larger during storm times. These are the density ratios that are cross-
calibrated between the two satellites and can be plotted together.

The 1-min solar wind plasma and interplanetary magnetic field (IMF) observations are taken from the
OMNIWeb site (http://omniweb.gsfc.nasa.gov).
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Table 1
Storm Classification

The geomagnetic activity index SYM-H is from the World Data Center in

Type of storm event

SYM-H limits (nT)

Kyoto, Japan, website (http://wdc.kugi.kyoto-u.ac.jp/aeasy/index.html).

Number of events The SYM-H index is similar to the Dst index but with 1-min resolution

Weak
Moderate
Strong
Severe
Extreme
Total storms

(Iyemori, 1990; Katus & Liemohn, 2013).

—50 < SYM-H 90
—100 < SYM-H < —50 78
—150 < SYM-H < —100 28 3. Storm Classification
—250 < SYM-H < —150 14
SYM-H < —250 7 The Space Weather Action Plan was released from the Office for the

217 Science and Technology for the President in 2015, and it identified

extreme events as “one in 100 years” type of events, in nomenclature simi-
lar to that used for extreme tropospheric weather (National Science and Technology Council, 2015).
However, the Dst index is produced continuously only since 1957. Reliance of human life on space assets
is significantly shorter, no more than 40 years. There is no objective, or generally accepted, way to determine
the “one in 100 years” event (Riley et al., 2018). The strongest horizontal geomagnetic field perturbations of
approximately —1,700 nT occurred during the Carrington event of September 1859 (Tsurutani et al., 2003;
Hayakawa et al., 2019), and the most intense storm in the post-Dst era occurred in March 1989, Dst =
—589 nT (Allen et al., 1989).

We characterize different storms as weak, moderate, strong, severe, and extreme, based on the magnitude of
the SYM-H index and based on our experience in analyzing hundreds of storms. We also choose the SYM-H
over the Dst index because the Dst index, being a 1-hr index averages over the true minima of the storm that
are better quantified by the 1-min cadence of the SYM-H index. Table 1 summarizes the SYM-H limits for
each storm category, as well as the number of storms in each category during the studied period. The two
strongest categories have the smallest number of storms. For severe storms, we excluded from our list two
storms that had a second storm occurring during their recovery because when included they bias the overall
heating and cooling trends.

Table 2 is a list of the seven extreme storms that occurred in the time period of this study, that is, during the
CHAMP and GRACE era, along with the basic characteristics of the storms. These are all CME-driven
storms. We define storm onset time as the onset of the southward IMF B, turning. Extreme storms are extre-
mely rare, and only 39 events occurred since 1957 with minimum Dst < —250 nT (Meng et al., 2019).

4. Results

Figure 1 shows CHAMP and GRACE density responses during the extreme storm of 20 November 2003.
From top to bottom are the SYM-H index, the By (cyan) and B, (magenta) components of the IMF, the time
series of the CHAMP density, the CHAMP density with respect to magnetic latitude (MLAT) and universal
time (UT), the GRACE density time series, and the GRACE density with respect to MLAT and UT. In the
latitudinal density plots, densities are binned by 5° in MLAT. CHAMP and GRACE are both in a near
noon-midnight meridian with CHAMP orbit ascending node on the dayside and GRACE orbit ascending
node on the nightside.

The first vertical dashed line identifies the pre-CME shock impact, and the second vertical line identifies
the storm onset. Density enhancements are observed first at high latitudes for both satellites. The
intensifications are stronger after the storm onset and they quickly
(within two to three orbits) propagate to the equator and the nightside.

Table 2 Nine hours after the storm onset, at 2024 UT on 20 November, the
The List of the Seven Extreme Storms enhanced density starts decreasing, and within 24 hr from onset, it is
Min IMF-B,  Min SYM-H back at the prestorm levels.

Storm # Date Onset UT nT nT L. .
(@D @D We statistically demonstrate that the fast recovery of the neutral density to

1 6 Nov 2001 02:05 —78.97 —320 its prestorm levels is a persistent characteristic of severe and

2 29 Oct 2003 07:04 —62.09 -390 extreme Storms.

3 30 Oct 2003 20:13 —35.99 —432

4 20 Nov 2003 11:24 —52.97 —490 Figure 2 shows superposed epoch latitudinal distribution of the neutral

5 7 Nov 2004 20:14 —50.49 —394 mass density during the different strength storms as identified in

< < b 200y Leeis el A Table 1 and in panels b-f, respectively. Figure 2a shows the superposed

7 15 May 2005 06:01 —46.58 —305

epoch distribution of all storm types together, and it is similar to Figure
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20 Nov 2003 geomagnetic storm [SYM-H, IMF, CHAMP, and GRACE data]

—60
—180
-300
—420

SYM-H [nT]

1.0

0.8

0.6

CHAMP log[o/ o]

GRACE log[p/po]

0524 0824 1124 1424 1724 2024 2324 0224 0524 0824 1124
20Nov 20Nov 20Nov 20Nov 20Nov 20Nov 20Nov 2INov 21Nov 21Nov 21Nov

Figure 1. Extreme storm event of 20 November 2003. A period of 30 hr is shown around the event. The time period
plotted is from 20 November 0524 UT to 21 November 1124 UT. From top to bottom are (a) the storm activity SYM-H
index, (b) the IMF Bz and By components, (c) the time series of the CHAMP normalized neutral density, (d) the CHAMP
neutral density versus UT and magnetic latitude, (e) the GRACE time series of the GRACE normalized neutral density,
and (f) the GRACE neutral density versus UT and magnetic latitude.

8(d) in Oliveira et al. (2017) but with a larger number of storms. Epoch time includes 12 hr before storm
onset and 72 hr after storm onset.

Similar to Oliveira et al. (2017), we bin by 3° in MLAT and 15 min in UT. The density for all storm types is
plotted in the same color table range, to facilitate direct comparison. The quantity plotted in Figure 2 is the
logarithm of the density ratio in equation (1).

For all storm strengths, the high latitudes respond almost immediately (to within the 15 min of the time bin).
For weak storms, the intensification remains at high latitudes, and only weak intensifications are seen to
propagate equatorward. For moderate, strong, severe, and extreme storms, the range of high latitudes that
respond immediately after the storm onset progressively increases, the time it takes for the high-latitude
intensification to propagate to the equator decreases, and the time it takes the density to recover significantly
decreases with storm strength. For the extreme events (panel f), density intensifications reach the equator
only 1.5 hr after storm onset, a time much shorter than the 3.0 hr that was found in Oliveira et al. (2017).

From the latitudinal density distribution development over epoch time during different storm strengths in
Figure 2, we can quantify the thermospheric heating and cooling times for the different types of storms.
The reference time for both heating and cooling times is the storm onset, epoch time 0 hr. As studies noted
before (e.g., Knipp et al., 2017; Lei et al., 2011; Mlynczak et al., 2018), Joule heating and particle precipitation
sharply increase at storm onset and heat the thermosphere while, at the same time, also contribute to NO pro-
duction, which immediately begins to radiatively cool the thermosphere. The heating and cooling processes
operate together, and it is the balance of the two that is the measure of the temperature, and by proxy the

ZESTA AND OLIVEIRA

12,742



Geophysical Research Letters 10.1029/2019GL085120

a All Events b Weak Events
90 i 90 i
60 . 60
¥ 30 I 30
= |
e 0 Tt T 0 s 0 [
2 30 i =30 i
1 1
—60 : —60 :
—90 T —90 .
—12 0 12 24 36 48 60 72 —12 0 12 24 36 48 60 72
c Moderate Events d Strong Events 0.85
90 i 90
60 H 60
g 30 i 30
'5 0 : : 0.60
S 30 : —30 :
—60 : —60 :
—90 Lo S —90 ! .
—12 0 12 24 36 48 60 72 —12 0 12 24 36 48 60 72
e Severe Events f Extreme Events
90 90 0.30
60 60
& 30 30
'<T: 0 - 0
s % i -0 0.01
—60 : —60 '
w0 | 00 | giried
—12 0 12 24 36 48 60 72 —12 0 12 24 36 48 60 72

epoch time [hours] epoch time [hours]

Figure 2. Superposed epoch analysis of the density latitudinal distribution with epoch time during the five types of storm strength. The property plotted is the
cross-calibrated density from the two satellites (CHAMP and GRACE) normalized by the nonstorm quiet density. Note that weaker density enhancements seen
before the storm onset, primarily at high latitudes in (a)-(e) and in a wider range of latitudes in (f), are the result of the CME shock impact and the CME
sheath activity that impact the magnetosphere before the storm onset (e.g., Shi et al., 2017).

density, at each moment through the storm. We thus define as “heating time” the time from onset it takes for
the density to reach its peak value and as “cooling time” the time from onset it takes for the density to cycle
through its peak and return to 25% of its prestorm value. The assumption is that the heating and cooling of the
thermosphere increase and decrease the density at a given altitude by raising and bringing down the neutral
gas, respectively. We acknowledge that circulation of the gas by horizontal winds is also folded into the
observed density changes, but at the system level, the temperature is the primary driver.

To quantify the heating and cooling times, we isolate the density at middle and low latitudes, from
—50° to +50° MLAT, and calculate the average over this latitude range at every 15-min time bin. A
Savitzky-Golay filter applied to Weibul distribution fits of the density averages was used to smooth
the averaged data, as described by Oliveira et al. (2017). Figure 3 shows the middle and low latitude
average density curves for weak to extreme storms stacked from top to bottom. Error bars are plotted
along the curves every 6 hr. The black dashed line indicates storm onset. The red dashed lines indicate
the time, t;,.x, When the density reaches its maximum value, and it is calculated by the zero crossing of
the first derivative of the density curve. The blue dashed line identifies the time, t,s4, when the average
density reaches the 25% of its maximum value. The 25th percentile reduction is ~10% more than the e-
folding time of the curve, and we use it as the quantifiable cooling time. The cooling times have a very
clear progression to shorter ranges as the storm strength increases. Note that the prestorm and at-onset
error bars are the largest ones for all categories due to the variable duration and activity of each CME
sheath and its shock impact (see also Figure 2).

Figure 4 summarizes the heating and cooling times with respect to storm strength. The heating time has a
severe drop between weak and moderate storms, remains level for moderate, strong, and severe storms,
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Figure 3. Middle and low latitude density curves with respect to epoch time through the storm for the five storm
strengths. In each panel, the time from onset when the density reaches its maximum value is identified as t;;,;x and the
time from onset when the density recovers back to 25% of peak value, t;5% are indicated with the second and third
vertical dashed lines, respectively. The first vertical line indicates the storm onset. The t;,,x and t5% times are noted
within a box for each storm type. A Savitzky-Golay filter applied to Weibul distributions was used to filter the averaged
density data (Oliveira et al., 2017). Error bars, signifying the 1 standard deviation, are plotted every 6 hr along the curves.
The size of the error bars is generally smaller than the curve trend, demonstrating the statistical significance of the results.

and markedly drops for extreme events. The cooling time curve has a smooth, asymptotic decrease,
consistent with the idea that heating during the storm depends on external drivers and energy inputs,
while cooling depends on internal processes that regulate the behavior in an almost predictable fashion
(Knipp et al., 2017; Mlynczak et al., 2003; Zhang et al., 2019).

Our result is consistent with the results with prior studies (Aguado et al., 2010; Lei et al., 2011) and with
Knipp et al. (2017) although we find that the strength of the storm, rather than the existence of a shock dom-
inate the faster cooling of the thermosphere.

Our results are in agreement with the Knipp et al. (2017) suggestion that it is NO overproduction during
storms that leads to the faster recovery of the thermosphere because of its ability to radiatively cool the upper
atmosphere. The density of NO is strongly controlled by auroral precipitation and Joule heating (Lu et al.,
2010; Mlynczak et al., 2008), both of which are strong energy inputs during storms. NO created at high lati-
tudes during geomagnetic storms can spread out to lower latitudes due to its long lifetime (Barth et al., 2009;
Siskind et al., 1989), facilitating radiative cooling of lower latitudes, as we observe. We suggest that NO pro-
duction is progressively stronger the stronger the storm. For stronger storms, the horizontal winds are stron-
ger as well and can quickly transport NO to equatorial and mid latitudes where it regulates the cooling times
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Figure 4. The storm heating and cooling times with respect to storm strength as described by thelSYM-Hlindex. The red
line is the heating time curve, and the blue line is the cooling time curve.

of the thermosphere during storm recovery. The more NO that a storm produces at high latitudes from
magnetospheric energy input, the faster the thermosphere cools. For extreme storms, we find that it takes
only 1.5 hr from the storm onset for the density intensifications to reach the equator, 9.5 hr from onset for
the thermosphere to reach its maximum density, and 22 hr from onset for the thermosphere to recover.

5. Summary

In this study, we investigated the effects of geomagnetic storms caused by CMEs on the dynamic thermo-
sphere response. We provide, for the first time, quantitative heating and cooling times for the thermosphere
for storms of different strengths. We utilized the full CHAMP and GRACE neutral mass density database to
produce the superposed epoch latitudinal distributions of mass density during five different storm categories
ranging from weak to extreme events. We found that the more intense the storm, the shorter the heating and
cooling times. We also found that the most extreme storms presented the fastest heating and cooling times,
reaching maximum intensification within 9.5 hr of onset and global cooling occurring at all latitude regions
nearly simultaneously within 22 hr of onset. We attributed such cooling effects to high production of NO
molecules that in turn play a major role in cooling the thermosphere.
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