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Abstract High energy protons accelerated during solar proton events (SPEs) can access the Earth's
middle atmosphere at high and middle latitudes causing large-scale ionization and chemical changes. In
this study, we have compared the performance of two cutoff latitude models that predict the limit of the SPE
impact area in the atmosphere during 73 SPEs from 1997 to 2010. We use observations from 13 riometer
stations and the D Region Absorption Prediction (DRAP) model to test the performance of the two cutoff
latitude models by Dmitriev et al. (2010, https://doi.org/10.1029/2010JA015380) and Nesse Tyssoy and
Stadsnes (2015, https://doi.org/10.1002/2014JA020508). We find similar performance from the two cutoff
latitude models with respect to observations, but the Dmitriev et al. (2010, https://doi.org/10.1029/
2010JA015380) model performs slightly better when observations are contrasted with the DRAP model
results. The better performing model is also continuous with magnetic local time and particle energy,
making it more suited for future use in climate model proton forcing. SPE forcing is currently included in
climate models with a single static cutoff latitude limit at 60° geomagnetic latitude. In reality, the area that
the solar protons can access is not static but varies with particle rigidity and geomagnetic conditions. We
estimate that the SPE impact area is overestimated 90% of the time by this single static cutoff limit and the
average overestimation of the impact area is about 15-25% for protons with energies <32 MeV.

1. Introduction

Protons and heavier ions are accelerated during solar proton events (SPEs) to high energies by solar flares
and coronal mass ejection-driven-shocks (e.g., Reames, 1999; Vainio et al., 2009). These solar energetic par-
ticles,mostly protons, have energies from 10 keV/nucl to multiple GeV/nucl (Kallenrode, 2003). Due to their
high energies, the particles can penetrate the Earth's closed magnetic field lines and access the Earth's atmo-
sphere at high and middle latitudes (about >50° geomagnetic latitude). Particle access into the Earth's mag-
netosphere and atmosphere is controlled by the Earth's magnetic field (Stermer, 1955; Smart & Shea, 2001),
characteristics of the interplanetary magnetic field (IMF), and the pitch angle distribution of the particles
(Blake et al., 2001). The access of the particles from the interplanetary medium into the Earth's magneto-
sphere is limited in latitude by the particles’ rigidity, which depends on the kinetic energy and rest mass
of the singly charged particle. The lowest latitude at which a particle of a certain rigidity can reach the
Earth's surface is defined as the cutoff latitude for that rigidity (Kress et al., 2010).

Since the concept of cutoff latitudes was introduced by Stermer (1955), it has been the subject of multiple
theoretical and experimental studies (for a review, see Birch et al., 2005; Dmitriev et al., 2010; Smart &
Sheacite, 2009). Models of cutoff latitudes are typically constructed by either tracing particle trajectories in
a modeled magnetosphere to determine their cutoff latitudes (e.g., Kress et al., 2010; Smart & Shea, 2003)
or by observing cutoff latitudes with polar orbiting satellites (e.g., Birch et al., 2005; Dmitriev et al., 2010;
Neal et al., 2013; Nesse Tyssoy & Stadsnes, 2015). The results are then formulated into a parametrization
for the cutoff latitudes with different input parameters, such as geomagnetic indices.

ITonization due to SPEs causes production of odd hydrogen (HO,) and odd nitrogen (NO,) species in the mid-
dle atmosphere leading to ozone (O3) loss which can change the radiative balance of the middle atmosphere.
Changes in the radiative balance of the middle atmosphere can alter the meridional temperature gradients,
dynamics, and the vertical energy transfer of the lower and middle atmosphere in the polar regions (e.g.,
Gray et al., 2010; Sinnhuber et al., 2012). As changes in the stratospheric ozone concentration have been

HEINO AND PARTAMIES

10f17


https://orcid.org/0000-0002-8627-9318
https://orcid.org/0000-0003-2536-9341
https://doi.org/10.1029/2010JA015380
https://doi.org/10.1002/2014JA020508
https://doi.org/10.1029/2010JA015380
https://doi.org/10.1029/2010JA015380
https://doi.org/10.1029/2020JA027935
https://doi.org/10.1029/2020JA027935
mailto:erkkah@unis.no
https://doi.org/10.1029/2020JA027935
https://doi.org/10.1029/2020JA027935
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020JA027935&domain=pdf&date_stamp=2020-07-11

Ay

NI Journal of Geophysical Research: Space Physics 10.1029/2020JA027935

ADVANCING EARTH
AND SPACE SCIENCE

shown to affect ground-level climate variability (Gillett & Thompson, 2003), a ground-level coupling effect
has been suggested for energetic particle precipitation (EPP) based on model and observational results
(Baumgaertner et al., 2011; Seppéld et al., 2009). Due to this coupling, an accurate implementation of EPP
in climate models is necessary to understand the role of EPP in natural climate variability in longer time-
scales (Andersson et al., 2014; Matthes et al., 2017).

SPEs are routinely included in climate models as spatially uniform proton precipitation events poleward of
60° geomagnetic latitude (e.g., Jackman et al., 2009; Matthes et al., 2017). In reality, cutoff latitudes are
dynamic and move with changing solar wind and geomagnetic conditions (e.g., Birch et al., 2005; Clilverd
et al., 2007; Dmitriev et al., 2010; Leske et al., 2001; Neal et al., 2013; Nesse Tyssoy et al., 2013; Nesse
Tyssey & Stadsnes, 2015; Rodger et al., 2006). Moreover, cutoff latitudes are not uniform in magnetic local
time (MLT) but display strong day-night asymmetries at middle to high geomagnetic latitudes (>50°)
(Dmitriev et al., 2010; Fanselow & Stone, 1972; Neal et al., 2013; Nesse Tyssay et al., 2013). A single static
cutoff for all proton energies leads to a large overestimation of SPE energy deposition into the polar atmo-
sphere (Heino et al., 2019; Nesse Tyssoy et al., 2013). This overestimation is greater on the dayside where cut-
off latitudes reside poleward of the nightside cutoff latitudes (Dmitriev et al., 2010; Nesse Tyssay et al., 2013;
Nesse Tyssoy & Stadsnes, 2015) and particularly severe during shock periods (Neal et al., 2013; Nesse Tyssoy
et al., 2013).

In this paper, we use riometer observations and a modified version of the D Region Absorption Prediction
(DRAP) model to test two cutoff latitude models during 73 SPEs. We also discuss the implementation of pro-
ton cutoff latitudes into proton forcing for climate models.

The cutoff latitude models by Dmitriev et al. (2010) and Nesse Tyssoy and Stadsnes (2015) were chosen for
this study, as they take into account the day-night asymmetry of proton cutoff latitudes and include parame-
trizations for <20 MeV protons. The inclusion of protons at these energies is important because they deposit
most of their energy in the mid and upper mesosphere (Turunen et al., 2009) contributing to the chemical
changes in that height region. Protons at these energies also have stronger day-night asymmetries than those
at higher energies.

2. Observational Data

The observational data used in this study cover 73 SPEs from 1997 to 2010, listed in Table Al. SPEs are
defined as time periods where the >10 MeV integral proton flux, measured by a geosynchronous satellite,
is greater than or equal to 10 pfu (particle flux unit, cm™2s~'sr™%). The occurrence times of the SPEs are
taken from the National Oceanic and Atmospheric Administration's (NOAA) list of SPEs, which is available
at ftp://ftp.swpc.noaa.gov/pub/indices/SPE.txt. The data set consists of 42 Sl-class (maximum >10 MeV
integral proton flux >10pfu), 19 S2-class (=100 pfu), 7 S3-class (>1,000 pfu), and 5 S4-class (>10,000
pfu) SPEs.

Geostationary proton flux measurements are from the Space Environment Monitor (SEM) instrument pack-
age of three different NOAA Geostationary Operational Environmental Satellite system (GOES) satellites.
GOES-8 data were used for years 1997 to 2002, GOES-10 data for years 2003 to 2009, and GOES-11 data
for 2010. The GOES proton flux data have a 5-min time resolution with integral channels above threshold
energies of 1, 5, 10, 30, 50, 60, and 100 MeV. The integral fluxes were interpolated to needed threshold ener-
gies by fitting a power law function to the integral flux measurements at each time step.

The increased ionization in the D region from SPEs leads to cosmic noise absorption (CNA). Riometers
(Little & Leinbach, 1958; 1959) measure cosmic radio noise continuously, typically at 30 to 40 MHz operating
frequencies. CNA is determined by comparing the measured radio noise to a quiet day curve (QDC), which is
the expected level of cosmic radio noise without absorption. The level of CNA is dependent on electron den-
sity and the effective electron collision frequency (e.g., Stauning, 1996). As negative charge in the D region is
transferred from free electrons to neutrals to form negative ions in dark conditions (e.g., Verronen, Ulich,
et al., 2006), the level of CNA has a strong dependence on solar illumination and is higher in sunlit condi-
tions than in dark conditions for the same flux of precipitating particles.

Two chains of riometers are used in this study, one in northern Europe and one in northern Canada. The
locations of the riometers are shown in Figure 1 and their corrected geomagnetic latitudes (CGM),
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24 MLT
-90°

Figure 1. Geographical locations of the riometers used in the study. The GO-Canada chain riometers are marked with
red dots and the Sodankyld Geophysical Observatory riometers with black dots; 60° geomagnetic latitude is marked
with a black dashed line. Magnetic local times and corresponding rotated magnetic local times in degrees (rMLT) are
shown outside the map.

invariant latitudes, and operating frequencies are listed in Table 1. The riometers in northern Europe are six
of the wide-beam riometers maintained and operated by the Sodankyld Geophysical Observatory (SGO). The
riometer chain in northern Canada is the Churchill line of the GO-Canada (formerly NORSTAR) wide-beam
riometer array (Rostoker et al., 1995).

The SGO and GO-Canada wide-beam riometers are La Jolla analog receivers with a dual half-wavelength
dipole antenna which produces a 60° beam pointing at the local zenith. The QDCs of the SGO riometers
are determined using an automated method that fits a sinusoidal curve to data from the ten previous
days to calculate the QDC for the current day. The baselining method of the GO-Canada riometers is based
on the characterization of the shape of the quiet time cosmic radio noise rather than fitting a curve to
data from the previous days. The GO-Canada baselining method is described in detail at https://aurora.
phys.ucalgary.ca/norstar/rio/doc/ CANOPUS_Riometer_Baselining.pdf. Time resolution of the SGO data
is 1 min, and that of the GO-Canada data is 5 s. The number of available riometer stations varies from event
to event.

All riometer data were averaged to 5-min time resolution, manually checked, and times with abrupt level
changes, QDC problems, and clear radio interference were removed. During winter months of 2000
to 2003 (a total of 28 events), SGO data were disturbed by recurring daily radio interference. The radio inter-
ference could be either due to man-made radio frequency interference affecting the northern European
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Table 1

Names, Geomagnetic Latitudes, Invariant Latitudes, and Operating Frequencies
of the Riometers Used in This Study

chain or solar radio emission that is not evident in the Canadian
chain due to the different baselining approach. SGO data from these
time periods were removed from the study. Data from riometers not

Station name Geomagnetic Invariant Frequency operating at 30 MHz were converted to 30-MHz-equivalent absorp-
and code latitude latitude (MHz) . . _15 . .

tion using the f dependence of absorption and operating fre-
European chain: quency (Sauer & Wilkinson, 2008). This frequency dependence was
Abisko (ABI) ey By S chosen as it is also used in the DRAP model. Different exponents of
Ivalo (IVA) 65.13° 64.76° 29.9 the f . briefly di d by Hei ¢ al
Sodankyl SATHE P 200 e frequency conversion were briefly discussed by Heino et al.
(SOD) (2019).
INgEicigms e G SHL The cutoff models use geomagnetic index data (3-hr time resolution
ROV) Kp index and 1-hr ti lution Dst index) and solar wind dat
Oulu (OUL) e s 30.0 .p index and 1-hr '1rne resolution Dst index) an .so ar wind data as
Jyviskyld JYV) 58.92° 58.68° 324 inputs. The solar wind data were averaged to 5-min time resolution.
Canadian chain:
Taloyoak (TAL) 78.66° 79.47° 30.0
Rankin Inlet 72.59° 73.53° 30.0 .
(RAN) 3. Cutoff Latitude Models
;Eégllglo LB 70.89 7175 300 3.1. Dmitriev et al. Model
Fort Churchill 68.68° 69.53° 30.0 The proton cutoff latitude model by Dmitriev et al. (2010) is based on
(QHU) fitting ellipses to observed cutoff latitudes that were determined from
il ((GIL) e 67.20 300 proton flux measurements from NOAA's Polar Orbiting Operational
Island Lake 63.97° 64.74° 30.0 . i . K
(ISL) Environment Satellites (POES) during two SPEs in December 2006.
Pinawa (PIN) 60.29° 60.98° 30.0 The maximum >10 MeV integral proton flux in the two SPEs were

Note. Geomagnetic latitudes are in CGM coordinates for the year 2003 at 120

km altitude.

1,980 and 698 pfu. The proton cutoff latitudes in the model are para-
metrized by the rotated magnetic local time (rMLT), the geodipole tilt
angle (PS), the Dst index in nT, and the Kp index in a decimal repre-
sentation. In the decimal representation of the Kp index, the values
are multiplied by ten, and + and — are converted to +3.33 and
—3.33, respectively. For example, Kp = 6— is 56.67 and Kp = 1+ is 13.33. rMLT is expressed in degrees from
0° at dawn (06 MLT) to positive 180° through noon to dusk (18 MLT), while negative degrees are through
midnight to dusk (see Figure 1). The Dmitriev model gives the cutoff latitudes in invariant latitudes calcu-
lated from the International Geomagnetic Reference Field (IGRF) model L shell values, so all analyses with
the model in this paper are done in invariant coordinates.

Particle rigidity for a singly charged particle expressed in MV is

R=+\/E? 4+ 2E(E, ®

where E and E, are the kinetic energy and rest mass of the particle, both expressed in MeV.

The optimal elliptical parameters in the model are determined with multiple linear regression. The major,
as, and minor, bs, semiaxes are

as = Aas + asq, 2

bs = Abs + bs, 3)

where the residual semiaxes, Aas and Abs, that eliminate the nonlinearity of the rigidity dependence are

Aas= —0.568 + (—9.74-1072 4+ 1.16 - 10~2logR) - Dst @
+(8.55-1072 — 7.46 - 10 3logR) - Kp,
Abs= —0.648 + (—9.74-1072 4+ 1.16 - 10 2logR) - Dst ®
+(7.66 - 1072 — 7.49 - 10~-3logR) - Kp.
The semiaxes during geomagnetically quiet times (Kp~0 and Dst~0) are
HEINO AND PARTAMIES 4 of 17
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asq = arcsin'/*(2.41-107% + 6.23 - 10°R — 1.26 - 10 %exp(—2.19 - 10~°R)), (6)
bsq = arcsin'/*(2.11- 1072 + 6.21 - 10°R — 1.19 - 10 2exp(—1.81 - 10 2R)). 7)

The coordinates, (Xo,Yp), of the center of the ellipse in degrees can be written as

Xo =-0.29 +0.13logR + (3.68 - 1072 — 0.544 - 10~2logR) - Dst ®
+(—2.94-107% + 3.4 - 10~ %logR) - Kp,
Yy =-9.26+ 1.53logR + (—5.43-1072 — 0.827 - 102logR) - Dst
+(—6.6-1072 +10.5 - 1073logR) - Kp 9

+(=7.4-1072 4+ 1.12- 10"%logR) - PS

where X, is negative duskward and Y}, is negative tailward, and PS varies between +34.6°. The azimuth angle
of the major semiaxis from the dawn-dusk line is given by

¢ = —54.9 + 11.3logR. (10)

The invariant latitude of the cutoff is

A=90° — \/x2 + )2, (11)

where
x=Xo + ascosr MLT cos ¢ — bs sin r MLT sin ¢, 12)

y=Yy + as cos r MLTsing + bs sin r MLT cos ¢. (13)

Dmitriev et al. (2010) reported that cutoff latitudes for E>16 MeV protons from their model are close to those
observed by Ogliore et al. (2001) during geomagnetically quiet times. Rogers and Honary (2015) showed that
the implementation of the Dmitriev et al. (2010) model into DRAP improved the agreement between
riometer measurements and DRAP compared to the standard DRAP model which uses a cutoff latitude
model by Smart (1999) with Kp index dependency but no MLT dependency. The Dmitriev et al. (2010) cutoff
latitude model is referred to as the Dm model in the rest of this article.

3.2. Nesse Tyssoy and Stadsnes Model

The proton cutoff model by Nesse Tyssay and Stadsnes (2015) is based on multiple linear regression between
observed cutoff latitudes determined from POES proton flux measurements and selected solar wind and IMF
parameters. The measurements used in the model are from six moderate to strong SPEs between years 2003
and 2012 with a maximum >10 MeV integral proton flux greater than 1,000 pfu. The model produces sepa-
rate parametrizations for the dayside and nightside cutoffs determined by MLT. The Nesse Tyssoy and
Stadsnes model provides the cutoff latitudes in CGM coordinates at 120 km altitude, so all analyses with
the model in this paper are done in CGM coordinates at 120 km altitude.

The input parameters for the dayside are the Dst index and the B, component of the IMF. An additional
requirement in the parametrization for the dayside cutoff latitudes is a 58° geomagnetic latitude lower
boundary. For the nightside, the input parameters are the Dst index and the third root of the ram pressure
of the solar wind, p, with a lower boundary of 56° geomagnetic latitude for the cutoff latitudes. The model
provides parametrization for dayside cutoff latitudes at cutoff energies of 1, 4, 8, 16, and 32 MeV. The regres-
sion formulas of the model for the dayside cutoff latitudes are

A(1 MeV) = 0.090Dst + 0.02B, + 72.0°,
A(4 MeV) = 0.085Dst + 0.04B, + 70.5°,
A(8 MeV) = 0.065Dst + 0.14B, + 68.5°, (14)
(16 MeV) = 0.070Dst + 0.14B, + 66.5°,

A(32 MeV) = 0.055Dst + 0.10B, + 64.5°.
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For the nightside, the parametrization is for 4 and 16 MeV cutoff energies and the nightside the regression
formulas are

A(4 MeV) = 0.040Dst — 3.2p% + 68.5°, 1)

(16 MeV) = 0.035Dst — 3.0p: + 67.0°.
The model does not provide cutoff latitudes for dusk and dawn but suggests using interpolation between day-
side and nightside cutoff latitudes.

Nesse Tyssoy and Stadsnes (2015) tested their cutoff model by applying the model to GOES fluxes during an
SPE that occurred in January 2012. The modified fluxes produced energy deposition estimates that were in
good agreement with those derived from POES observations during the SPE and captured the day-night
asymmetry. The cutoff model by Nesse Tyssay and Stadsnes (2015) is referred to as the NTS model in the rest
of this article.

4. Cosmic Noise Absorption Modeling

The integral proton energy spectrum follows a power-law spectrum during SPEs (Potemra, 1972), which
leads to the following relationship between CNA in decibels (A) and integral proton flux (J(>Ey)):

A=m\/I( >E,), (16)

where m is a constant and E; is the threshold energy of the integral proton flux in MeV. In the Potemra (1972)
theoretical formulation, constant m approximates a double-integral function of the exponent of the
power-law proton energy spectrum, threshold energy, the effective recombination coefficient, the
electron-neutral collision frequency profile, and the profile of ionization rate per unit energy. The relation-
ship shown in Equation 16 is used by empirical CNA models which determine suitable values for m and E;
from proton flux and CNA measurements (Rogers & Honary, 2015).

The DRAP model (Akmaev, 2010; Sauer & Wilkinson, 2008) uses this approach and has been adopted by
NOAA to provide real-time CNA predictions from geostationary proton flux measurements. In DRAP, the
values for m and E; are the empirical values determined by Sellers et al. (1977) for 30 MHz CNA:

mg = 0.115 dB pfu'/?, E 4 =5.2 MeV,
my = 0.020 dB pfu/?, Ei, =2.2 MeV,

where subscripts d and n indicate fully developed day and night ionospheres, respectively.

The twilight transition of CNA is implemented as a linear interpolation between the day and night CNA
values:

A:An(l —Zd)-i-AdZd, (17)

where Z, is the smooth weighting function by Rogers et al. (2016). In this approach, the Gauss error func-
tion is used to avoid discontinuities at the twilight bounds:

1
1 X_E(Xu_"}(l)
Za() =5 | 1—erf | 12— |. 18)

E(Xu _){l)

where erf() is the Gauss error function, y is the solar zenith angle, and y,, and y; are the upper and lower
solar zenith angle bounds of the twilight transition, respectively. The twilight transition solar zenith angle
bounds were optimized by Rogers et al. (2016) separately for sunrise and sunset based on CNA measure-
ments from nine SPEs. The separation of sunset and sunrise twilight transition bounds is necessary due to
the asymmetry of the effective recombination coefficient, and therefore CNA, also known as the twilight
anomaly. The used optimized twilight solar zenith angle bounds from Rogers et al. (2016) are
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Xl‘r = 73'807 XuJ = 97'903
Xis = 82.6°,  x,s=100.6°

where subscripts r and s indicate sunrise and sunset, respectively.

Cutoff latitudes are implemented in the standard DRAP model by using the cutoff energy at the riometer
location (or model grid point) as the threshold energy for the integral proton flux if it is larger than the mod-
el's energy threshold E; 4 for the dayside ionosphere or E; , for the nightside ionosphere:

Aj =miy/J( >max(Ey;, E.)), (19)

where subscript i is either d or n, and E. is the cutoff energy at the riometer location. Instead of using the
cutoff energy at the riometer location, we implemented cutoff latitudes at selected cutoff energies match-
ing the NTS model.

As the DRAP energy thresholds, E; 4 and E; ,,, are higher than some of the cutoff energies from the cutoff
latitude models, the 1 MeV cutoff is not used in the CNA modeling, and the 4 MeV cutoff is not used during
daytime in the CNA modeling. Conversion from UT to MLT is done by using a single time shift for each
riometer chain separately rather than using each stations’ individual MLT shifts. The used time shifts are
1.85 decimal hours for the European chain and —7.01 decimal hours for the Canadian chain, which are
the means of the individual stations’ MLT shifts for each chain. The maximum difference between the mean
MLT shifts and the MLT shifts of the individual stations are 0.24 decimal hours (at ABI, 3.6° geomagnetic
longitude) for the European chain and 0.19 decimal hours (at RAN, 2.85° geomagnetic longitude) for the
Canadian chain. The maximum absolute change in cutoff latitude due to the difference from the mean
MLT shift of the European chain is 0.58° (NTS model, 4 MeV), while the corresponding mean change is
0.01°. The maximum absolute changes for the Canadian chain due to the difference from the mean MLT
shift are less than 0.4°. Based on these values and the large field of view of the wide-beam riometers, the
uncertainties caused by using a single MLT shift for each chain should be small.

5. Evaluation of the Accuracy of the Cutoff Models

The linear relationship between CNA and integral proton flux is used to evaluate the effect of different cutoff
energies on observed CNA and the performance of the two cutoff models. Kavanagh et al. (2004) found that
CNA is best correlated with the square root of >10 MeV integral proton flux in the sunlit ionosphere.
Clilverd et al. (2007) determined that CNA is proportional to (J(>5MeV))*”” in dark conditions.

Ratio between CNA and /J( >10 MeV) was calculated for dayside sunlit observations where y< 80° and
MLT of the riometer station is between 9 and 15. Ratio between CNA and (J(>5MeV))®”* was calculated
for nightside dark conditions, where > 100° and the riometer station's MLT is between 21 and 03.
Periods of dusk and dawn were discarded from this comparison to remove twilight effects on CNA. The data
were divided separately to “cut” and “not cut” using both cutoff models with 4, 8, 16, and 32 MeV cutoff
energies. Data were labeled as being cut, if the difference between the station's latitude and the cutoff lati-
tude is less than or equal to —0.5°, and not cut if the difference is greater than or equal to 0.5°. The +0.5° limit
was chosen based on the field of view of a 60° wide-beam riometer at 90-km altitude, which is approximately
+0.46° geomagnetic latitude. As the data are divided with a single cutoff energy for each case, the stations
equatorward of the cutoff latitude are also affected by higher cutoff energies.

Median ratios of CNA and integral proton flux, A/J, in sunlit conditions with 4 and 32 MeV cutoff energies as
a function of geomagnetic latitude are shown in Figure 2. The Dm model is used in the panels of the left col-
umn and the NTS model is used in the panels of the right column. The two riometer chains are plotted sepa-
rately in each panel, with the European chain plotted in blue and the Canadian chain plotted in red. Not cut
observations are plotted with solid lines and cut observations are plotted with dashed lines. The shaded areas
indicate the data between the first and third quartile of nondivided data for the European (blue) and
Canadian (red) chains. The used cutoff energy is shown in the upper right hand corner of each panel.
Median ratios of CNA and integral proton flux in dark conditions as a function of geomagnetic latitude
are shown in Figure 3 with the same format as Figure 2, but for 4 and 16 MeV cutoff energies.
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Figure 2. Median ratios of observed cosmic noise absorption and square root of >10 MeV integral proton flux as a function of geomagnetic latitude during sunlit

conditions divided to cut (dashed lines)

and not cut (solid lines) cases. Data in the left column are divided with the Dm model and data in the right column

are divided based on NTS model. The European riometer chain is plotted in blue and the Canadian chain is plotted in red. The shaded areas indicate the data
between the first and third quartiles of nondivided data for the European (blue) and Canadian (red) chains.

The not cut and cut A/J are generally higher for the Canadian riometer chain than for the European chain in
sunlit conditions with all cutoff energies. The cut A/J are lower than the not cut A/J for both riometer chains
and both cutoff latitude models in sunlit and dark conditions. The A/J at IVA (65.13° geomagnetic latitude)
are generally low compared to adjacent stations in both sunlit and dark conditions, apart from the sunlit 32

MeV cut ratios shown in panels (c) and (d) of Figure 2. The amount of data points for calculating the cut A/J
decreases with cutoff energy at the poleward stations, as the cutoff latitudes are increasingly equatorward of
the stations. This leads to the smaller amount of available stations with cut observations in panels (c) and (d)
of Figures 2 and 3 compared to panels (a) and (b).

The not cut A/J in sunlit conditions are fairly constant as a function of cutoff energy for both cutoff latitude
models, apart from the southernmost station of both riometer chains (PIN and JYV), where the variation of
not cut A/J values is large between the different cutoff energies. With 4 MeV cutoff energy, panels (a) and (b)
of Figure 2, the cut sunlit A/J follow the shape of the not cut A/J well, indicating that a part of the protons
responsible for CNA are cut off, but the protons at higher energies are still present causing CNA at lower
altitudes. With 32 MeV cutoff energy, panels (c) and (d) of Figure 2, the cut sunlit A/J are more constant than
with 4 MeV across the whole geomagnetic latitude range, as most protons responsible for CNA are cut off.
Cut and not cut A/J in sunlit conditions with 8 and 16 MeV cutoff energies (not shown) combine the features
seen with 4 and 32 MeV. The cut A/J values with 32 MeV cutoff energy are very close to the first quartile of
nondivided data for both chains apart from the second southernmost station (ISL, 63.97° geomagnetic lati-
tude) in the Canadian chain in panel (c) of Figure 2. This high value at ISL with 32 MeV cutoff energy is
likely due to the small amount of cut data points (113) at this station, as the cut A/J values at ISL for both
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figure is the same as in Figure 2.

Geomagnetic latitude [ 9]

6 68 70 72 74 76 78 8058 60 62 64 66 68 70 72 74 76 78 80
Geomagnetic latitude [ 9]

7% as a function of geomagnetic latitude during dark conditions. Format of the

models with 16 MeV cutoff energy (not shown) are close to the first quartile of nondivided data. The not cut
A/Jvalues for the European chain are outside the third quartile of nondivided data for most stations with all
cutoff energies and both models, but are inside the 90th percentile (not shown) apart from the southernmost
station (JYV, 58.92° geomagnetic latitude).

A/J values increase with decreasing geomagnetic latitude in dark conditions, possibly due to energetic elec-
tron precipitation. The spread of nondivided data is relatively larger in dark conditions than in sunlit condi-
tions, which is understandable given the low CNA values, energetic electron precipitation from the outer
radiation belt during geomagnetic storm periods (e.g., Thorne, 2010; Tian et al., 2020) induced by
SPE-related coronal mass ejections, and electron precipitation from substorms (e.g., Beharrell et al., 2015;
Berkey et al., 1974; Cresswell-Moorcock et al., 2013). The spread of nondivided data in dark conditions is also
larger equatorward of RAN (72.59° geomagnetic latitude) than at RAN or TAL. The 8 and 32 MeV cutoff
energy A/J in dark conditions from the Dm model (not shown) are very similar to those with the 16 MeV cut-
off energy shown in panel (c) of Figure 3. The NTS model does not produce nightside cutoff latitudes for 8
and 32 MeV.

The A/J results from both models are quite similar for both cutoff latitude models, indicating no large sys-
tematic differences in performance between the two models. The cut A/J values with both cutoff models
are close to the first quartile of the nondivided data with the higher cutoff energies indicating that the per-
iods when the precipitating proton flux are cut are recognized by the models.

The DRAP model was used to model CNA at the riometer stations during the 73 SPEs with both cutoff mod-
els and without cutoffs. The difference between the modeled CNA and observed CNA was studied over the
whole data set to evaluate the performance of the two cutoff models compared to CNA modeled without
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Figure 4. Statistical parameters of the difference between observations and the DRAP model at sunlit conditions without cutoffs (blue bars), DRAP with the Dm
model (green bars), and DRAP with the NTS model (yellow bars) at the different riometer stations. The mean biases of the difference are shown in panel (a),
the mean absolute errors of the difference are shown in panel (b), and the correlation coefficients between the model and the observations in panel (c).

The stations are in ascending geomagnetic latitude order from left to right.

cutoffs and to each other. The DRAP model without cutoffs was chosen as a comparison, as this corresponds
to the current implementation of uniform precipitating proton flux poleward of a fixed boundary used in
climate models. The inclusion of the Dm model has been shown to improve the performance of the
DRAP model compared to the standard DRAP implementation (Rogers & Honary, 2015). Therefore, if
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Figure 5. As in Figure 4, but for dark ionospheric conditions.

DRAP with the NTS model performs equally well or better than DRAP with the Dm model, it will also
perform better than the standard version of the DRAP model. The mean biases (mean difference between
modeled and observed CNA) and mean absolute errors (MAE) of the differences, and the correlations
between the dayside modeled and observed CNA at the different riometer stations are shown in Figure 4.
DRAP without any cutoffs is shown with blue bars, DRAP with the Dm model is shown with green bars,
and DRAP with the NTS model is shown with yellow bars. The riometer stations are in ascending
geomagnetic latitude order from left to right. The data were limited to times when J(>10 MeV) is greater
than or equal to 10 pfu and the modeled CNA without cutoffs is less than 10 dB. The upper CNA limit
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was applied to reduce bias resulting from riometer nonlinearity at high CNA values (Hargreaves & Detrick,
2002; Heino et al., 2019).

The mean biases and MAE:s are substantially greater, and the correlation coefficients lower, for DRAP with-
out cutoffs than with either of the cutoff models at ABI and equatorward in sunlit conditions. The MAEs and
correlation coefficients for DRAP without cutoffs and with the cutoff models are fairly similar at GIL and
poleward, while the mean biases have more variation from station to station. The MAEs are fairly constant
with both cutoff models across all stations, indicating consistent performance from both models. The MAEs
with the NTS model are greater than with the Dm model at OUL and equatorward with the greatest differ-
ence between the two models at the most equatorward station. The mean CNA from the DRAP with the Dm
model matches better with observations than from the DRAP model with the NTS model at most stations.
The correlation coefficients are greater than 0.77 at and poleward of ROV for all DRAP versions. The corre-
lation coefficients for DRAP without cutoffs drops to less than 0.5 at OUL and equatorward.

Mean biases, MAEs, and correlation coefficients were calculated for dark conditions in the same way as for
the sunlit conditions and are shown in Figure 5. The mean biases for dark conditions are all negative apart
from at JYV with the DRAP model without cutoffs. MAEs in dark conditions are very similar with all DRAP
versions at ISL and poleward, apart from SOD, where the NTS model MAE is slightly greater than those of
the two other DRAP versions. MAEs of DRAP without cutoff models are greater than with either of the cut-
off models at ROV, OUL, PIN, and JYV. MAEs of the Dm model are lower than those of the NTS model at
these stations, apart from JYV, where the MAE of the NTS model is significantly lower than that of the Dm
model. The correlation coefficients are very similar to each other with all DRAP versions at ISL and pole-
ward, varying between 0.60 and 0.94 from station to station. The correlation coefficients are higher with
the Dm model than with the other DRAP versions at ROV, OUL, and PIN but significantly lower at JYV
where the NTS model has the highest correlation coefficient. At OUL, unlike at any other station, the corre-
lation coefficient for DRAP without cutoffs is slightly negative, but this correlation is not statistically signif-
icant based on a p-value of 0.38.

6. Discussion

The performance of both cutoff models is very similar based on the median ratios of CNA and integral pro-
ton flux showed in Figures 2 and 3. The Dm model performs better than the NTS model on the dayside based
on the comparison of observed and modeled CNA shown in Figure 4, and marginally better than the NTS
model on the nightside apart from the most equatorward station, JYV, where the NTS model performs bet-
ter. Although the Dm model performs better than the NTS model, the differences between the two models
are not very large. The Dm model is continuous in both energy and MLT, making it more straightforward
to use compared to the NTS model, which produces cutoff latitudes for discrete energies and no cutoff lati-
tudes for dusk and dawn.

Due to the form of its cutoff latitude parametrization, the Dm model can, in some cases, produce cutoff lati-
tudes for lower energies that are equatorward of higher energy cutoff latitudes, which is not possible in rea-
lity. In addition to this, the model produces very low cutoff latitudes in highly disturbed geomagnetic
conditions, when the value of the Kp index is high and the value of the Dst index low. The lowest cutoff lati-
tudes from the Dm model in this study were in event 63 (see Table A1), where the lowest 4 MeV cutoff lati-
tude was 37.2° invariant latitude and the lowest 32 MeV cutoff latitude was 43.5° invariant latitude. The
values of the Kp and Dst indices causing the lowest cutoff latitudes were 8 and —405 nT, respectively. The
most equatorward observed cutoff latitudes for SPE protons we could find in literature are about 49° invar-
iant latitude for protons with energies of 19-27 MeV (Kress et al., 2010) and 16-35 MeV (Neal et al., 2013).
Based on these extremes in cutoff latitude observations, the lowest cutoff latitudes of the Dm model seem
unrealistic, especially for the lower cutoff energies used in this study. The extremely low cutoff latitudes pro-
duced by the model could possibly be corrected by adjusting the parametrization for high geomagnetic activ-
ity or by setting a fixed lower latitude boundary for the cutoff latitudes like in the NTS model. The fact that
the model produces, in some cases, lower cutoff latitudes for the lower proton energies than for the higher
energies needs to be taken into account when using the model in its current form. The extremely low cutoff
latitudes from the Dm model could not be studied in this paper, as the locations of the riometers are limited
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Table 2 to relatively high geomagnetic latitudes, but could be studied in the

Median, 10th Percentile, and 90th Percentile of the Ratio of the Area of the Dm future with access to riometer data from a wider geomagnetic latitude
Model Cutoff Ellipse and the Area of a Spherical Cap Limited by 60° . .
range or by using other instruments.

Geomagnetic Latitude with the Different Cutoff Energies during the Studied SPEs
Energy Median 10th percentile 90th percentile The two cutoff models were studied only on the dayside and nightside
with fully developed sunlit and dark ionospheres to remove the

4 MeV 0.74 0.65 1.00 s . o .

3 MeV 077 0.69 Loz effects of twilight c.)n CNA. Due to this approach, it is not possible
16 MeV 0.80 0.73 1.03 to test the cutoff latitudes at dusk and dawn or the dusk-day asymme-
32 MeV 0.85 0.78 1.06 try of the Dm model. Dawn-dusk asymmetry of low-energy proton

cutoffs has been previously observed (Dmitriev et al., 2010), and in
theory, the Dm model should produce a similar dawn-dusk asymme-
try (cutoff latitudes more equatorward at dusk, poleward at dawn).
The use of riometers also limits the possibility to validate cutoff latitudes for higher energies due to the non-
linear relationship between proton energy and CNA. CNA is mostly caused by protons with energies
between about 15 to 44 MeV (Kavanagh et al., 2004; Patterson et al., 2001) in the sunlit atmosphere.
These energies are consistent with the cut median ratios of CNA and integral proton flux being very close
to the first quartile of the undivided data, as shown in panels (c) and (d) of Figure 2. The response of CNA
to proton flux starts to drop off at higher energies and the fluxes of higher energy protons are comparatively
low during SPEs. In addition to the energy-CNA-response, another limiting factor for studying higher energy
cutoffs is that the locations of the riometers used in this study are limited to geomagnetic latitudes poleward
of higher energy cutoff latitudes. Despite these limitations, the studied energy range and the energy-CNA-
response of riometers correspond well to the altitudes of HO, and NO, production, and Oj loss in the atmo-
sphere (e.g., Turunen et al., 2009; Verronen, Seppéld, et al., 2006).

The systematically lower A/J observed by the European chain riometers compared to the Canadian chain
riometers is likely due to the different methods used to determine the QDCs. The two riometer chains
should observe approximately same levels of CNA with the same particle forcing and solar illumination
conditions if the same QDC determination method was used for both chains, as the instruments are
essentially of same design. This leaves the QDC determination method and data selection as the most
likely reasons for the CNA difference between the two chains, unless some other major difference
between the instruments exists that is unknown to the authors. The effect of data selection was tested
by calculating new median A/J values for the Canadian chain in sunlit conditions using only events
where the European chain was not affected by interference (see Table A1). This test was only done using
the Dm model model to divide the data. The difference between the median A/J calculated this way and
the values calculated using all available data are between —0.016 and 0.007 dB pfu_l/ 2, The absolute dif-
ference is only larger in the cut 4 MeV median A/J at GIL where the difference is —0.023 dB pfu_l/ Z¢
responding to —15.5% of the median value calculated with all available data. Based on this, we conclude
that data selection is not the reason for the significant difference between the two chains. A similar sys-
tematic difference in CNA between the two chains was also reported by Heino et al. (2019). As the ana-
lyses in this study are not comparing CNA values between the two chains, the systematic difference
between the two riometer chains does not affect the results of this study. The same logic applies for
the lower CNA values observed at IVA compared to the adjacent European stations and excluding or
including this station does not change the overall results of the study. The effect of the two different
QDC determination methods could be tested in the future by calculating new CNA values for both chains
using a common QDC determination method. However, this falls outside the scope of this study.

Or-

The spatial extent of the SPE impact area compared to a static 60° geomagnetic cutoff latitude limit (e.g.,
Jackman et al., 2009; Matthes et al., 2017) was estimated by calculating the ratio of the area of the cutoff lati-
tude ellipse of the Dm model on a spherical surface and the area of a spherical cap limited by 60° latitude at
each time step of all SPEs used in this study. The median, and the 90th and 10th percentiles of the area ratio
are shown in Table 2 for the different cutoff energies. The spatial extent of the SPE effect is significantly over-
estimated by the static cutoff latitude with all of the used cutoff energies. The 90th percentile of the area ratio
is very close to or equal to one at all cutoff energies, indicating that the SPE impact area is underestimated by
the static cutoff latitude about 10% of the time during the studied SPEs. As stated before, the Dm model pro-
duces extremely low cutoff latitudes during highly disturbed geomagnetic conditions. These extreme values
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have not been removed from the distributions of the area ratio, so they skew the distributions slightly
towards higher values.

GOES proton fluxes are often used as the proton precipitation input in climate models with the assump-
tion that the full observed flux precipitates uniformly poleward of a fixed latitude boundary. Nesse Tyssoy
et al. (2013) showed that geomagnetic cutoff is not present in GOES observations leading to an overesti-
mation of energy deposition when GOES fluxes are used compared to using POES fluxes. They reported
an energy deposition overestimation of 50-100% on the dayside, at and equatorward of 67° geomagnetic
latitude, at 70 km altitude during the main phase of the SPE in January 2012. The total energy input over-
estimation at 70km over the hemispheres was 20-30% for >60° geomagnetic latitude. As shown in
Table 2, a static 60° geomagnetic cutoff latitude limit overestimates the SPE impact area on average by
15-25%, and underestimates it in some cases. Therefore, the implementation of a dynamic cutoff latitude
model into climate model proton forcing is required for more accurate evaluation of the atmospheric
effects of SPEs. A more accurate implementation of SPEs will also make it easier to validate and test for-
cing from other EPP sources. To our knowledge, the need for more accurate cutoff latitudes has not been
reported in previous studies comparing climate models to experimental observations of the chemical
effects of SPEs or in observational studies. This is likely due to the fact that the studies have focused
on longer timescales, used daily or longer mean values, averaged the observations across the whole polar
cap, or used observations from latitudes poleward of the cutoff latitudes (e.g., Baumgaertner et al., 2010;
Funke et al.,, 2011; Sinnhuber et al., 2018). The need for dynamic cutoff latitudes was reported by
Verronen et al. (2007) who compared hydroxyl observations from the Magnetic Limb Sounder instrument
on board the Aura satellite to results from the Sodankyld Ion and Neutral Chemistry model during the
January 2015 SPE (event 68, see Table Al).

Based on this study, the Dm model is a better candidate for implementation into climate models than the
NTS model with the caveat that the unrealistic cutoff latitudes during times of very high geomagnetic activ-
ity are taken into account. The lower cutoff latitudes from the Dm model could also be studied with other
instruments than the riometer, such as the middle latitude SuperDARN radars (Bland et al., 2018) and par-
ticle detectors on board polar orbiting satellites, to set a lower latitude limit for the cutoffs produced by the
model. In the future, the Dm model could be applied with a suitable energy and time resolution to, for exam-
ple, the ionization rate calculation method by Jackman (2013).

7. Conclusions

We have compared the performance of the Dmitriev et al. (2010) (Dm model) and the Nesse Tyssay and
Stadsnes (2015) (NTS model) cutoff latitude models during 73 SPEs using riometer observations and
CNA modeled with the DRAP model. The cutoff latitude models were used to separate riometer observations
into cut and not cut situations with multiple cutoff energies in sunlit and dark ionospheric conditions. The
divided riometer data were normalized with integral proton flux observations, and the resulting ratios were
studied as a function of geomagnetic latitude. Both cutoff models performed approximately equally well
based on this analysis. The cutoff latitude models were also tested by implementing them into the DRAP
model and comparing the resulting modeled CNA with riometer observations in sunlit and dark conditions.
Based on the model comparison, the Dm model performs slightly better than the NTS model.

In addition to slightly better performance, the Dm model is continuous in cutoff energy and MLT, making it
easier to implement into climate model proton forcing than the NTS model. The Dm model produces unrea-
listically low cutoff latitudes during periods with extreme Kpand Dst index values. Based on our results, the
Dm model is more suited to use in climate models, although the unrealistic cutoff latitudes need to be taken
into account when using the model.

The cutoff latitudes from the Dm model during the 73 SPEs were compared to the static 60° geomagnetic
latitude cutoff limit routinely used in climate models. Based on this comparison, the single static cutoff limit
overestimates the SPE impact area 90% of the time by about 15-25% with the cutoff energies used in this
study. This result highlights the need for a more realistic proton precipitation implementation in climate
and chemistry models in the future.
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Appendix A: List of Studied Solar Proton Events

Table Al
Solar Proton Events Used in This Study

SPE start time Max >10 MeV flux SPE start time Max >10 MeV flux
Event (UT) (pfu) Event (UT) (pfu)
1 04 Nov 1997 08:30 72 38* 19 Nov 2001 12:30 34
2 06 Nov 1997 13:05 490 39% 22 Nov 2001 23:20 18,900
3 24 Aug 1998 23:55 670 40* 26 Dec 2001 06:05 779
4 25 Sep 1998 00:10 44 41* 29 Dec 2001 05:10 76
5 30 Sep 1998 15:20 1,200 42° 30 Dec 2001 02:45 108
6 08 Nov 1998 02:45 11 43% 10 Jan 2002 20:45 91
7 23 Jan 1999 11:05 14 44* 15 Jan 2002 14:35 15
8 05 May 1999 18:20 14 45% 20 Feb 2002 07:30 13
9 02 Jun 1999 02:45 48 46% 17 Mar 2002 08:20 13
10% 18 Feb 2000 11:30 13 47* 18 Mar 2002 13:00 53
11 04 Apr 2000 20:55 55 48% 20 Mar 2002 15:10 19
12 07 Jun 2000 13:35 55 49% 22 Mar 2002 20:20 16
13 10 Jun 2000 18:05 46 50 17 Apr 2002 15:30 24
14 14 Jul 2000 10:45 24,000 51 21 Apr 2002 02:25 2,520
15 22 Jul 2000 13:20 17 52 22 May 2002 17:55 820
16 28 Jul 2000 10:50 18 53 07 Jul 2002 18:30 22
17 11 Aug 2000 16:50 17 54 16 Jul 2002 17:50 234
18 12 Sep 2000 15:55 320 55 19 Jul 2002 10:50 13
19% 16 Oct 2000 11:25 15 56 22 Jul 2002 06:55 28
20% 26 Oct 2000 00:40 15 57 14 Aug 2002 09:00 26
21% 08 Nov 2000 23:50 14,800 58 22 Aug 2002 04:40 36
222 24 Nov 2000 15:20 942 59 24 Aug 2002 01:40 317
23% 28 Jan 2001 20:25 49 60 07 Sep 2002 04:40 208
24% 29 Mar 2001 16:35 35 61 09 Nov 2002 19:20 404
252 02 Apr 2001 23:40 1,110 62 04 Nov 2003 22:25 353
26" 10 Apr 2001 08:50 355 63 21 Nov 2003 23:55 13
27% 15 Apr 2001 14:10 951 64% 02 Dec 2003 15:05 86
28% 18 Apr 2001 03:15 321 65 25 Jul 2004 18:55 2,086
29% 28 Apr 2001 04:30 57 66 01 Nov 2004 06:55 63
30 07 May 2001 19:15 30 67 07 Nov 2004 19:10 495
31 15 Jun 2001 17:50 26 68 16 Jan 2005 02:10 5,040
32 10 Aug 2001 10:20 17 69 14 May 2005 05:25 3,140
33 16 Aug 2001 01:35 493 70 14 Jul 2005 02:45 134
34 24 Sep 2001 12:15 12,900 71 27 Jul 2005 23:00 41
35 01 Oct 2001 11:45 2,360 72 22 Aug 2005 20:40 330
36% 19 Oct 2001 22:25 11 73 14 Aug 2010 12:30 14
37% 04 Nov 2001 17:05 31,700

4SGO stations affected by unknown radio interference.
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