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Abstract

Auroral nighttime infrared emission observed by the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER)
instrument onboard the Thermosphere–Ionosphere–Mesosphere Energetics and Dynamics (TIMED) satellite is used to develop an
empirical model of geomagnetic storm enhancements to E-region peak electron densities. The empirical model is called STORM-E
and will be incorporated into the 2012 release of the International Reference Ionosphere (IRI). The proxy for characterizing the E-region
response to geomagnetic forcing is NO+(v) volume emission rates (VER) derived from the TIMED/SABER 4.3 lm channel limb radi-
ance measurements. The storm-time response of the NO+(v) 4.3 lm VER is sensitive to auroral particle precipitation. A statistical data-
base of storm-time to climatological quiet-time ratios of SABER-observed NO+(v) 4.3 lm VER are fit to widely available geomagnetic
indices using the theoretical framework of linear impulse-response theory. The STORM-E model provides a dynamic storm-time correc-
tion factor to adjust a known quiescent E-region electron density peak concentration for geomagnetic enhancements due to auroral par-
ticle precipitation. Part II of this series describes the explicit development of the empirical storm-time correction factor for E-region peak
electron densities, and shows comparisons of E-region electron densities between STORM-E predictions and incoherent scatter radar
measurements. In this paper, Part I of the series, the efficacy of using SABER-derived NO+(v) VER as a proxy for the E-region response
to solar-geomagnetic disturbances is presented. Furthermore, a detailed description of the algorithms and methodologies used to derive
NO+(v) VER from SABER 4.3 lm limb emission measurements is given. Finally, an assessment of key uncertainties in retrieving NO+(v)
VER is presented.
Published by Elsevier Ltd. on behalf of COSPAR.
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1. Introduction

STORM-E is an empirical model for adjusting a known
quiescent ionospheric E-region electron density for geomag-
netic activity (Mertens et al., 2007a,b, 2009b). The STORM-
Emodel primarily accounts for enhancement in the E-region
peak electron density due to particle precipitation and is best
suited for application in the auroral oval region. The proxy
used to derive an empirical storm-time correction to
E-region electron densities is NO+(v) volume emission rates
(VER), which are derived from 4.3 lm limb radiation
measurements observed from the Sounding of the
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Atmosphere using Broadband Emission Radiometry
(SABER) instrument onboard the Thermosphere–
Ionosphere–Mesosphere Energetics and Dynamics
(TIMED) satellite (Russell et al., 1999). SABER-derived
NO+(v) VER is the fundamental observation-based quan-
tity used in STORM-E. The theoretical formulation used
to develop the empirical STORM-E model, given the
NO+(v) VER as input data, is presented in Part II of this
series (Mertens et al., submitted for publication). In this
paper, Part I of the series, the theoretical and numerical tech-
niques used to retrieve NO+(v) VER from the SABER
4.3 lm limb emission measurements are described in detail.

A specific application of STORM-E is to provide a storm-
time correction to the International Reference Ionosphere
(IRI) E-region peak electron densities. Integration of
STORM-E into IRI-2012 is currently underway. The IRI
is a widely used data-based model for specification of iono-
spheric parameters and is recommended for international
use by the Committee on Space Research (COSPAR) and
the International Union of Radio Science (URSI) (Bilitza
and Reinisch, 2008). An important capability of the IRI
required for space-weather-related applications is the accu-
rate characterization of ionospheric parameters during
solar-geomagnetic storms. The goal of developing algo-
rithms for updating IRI parameters during storm-time con-
ditions remains a high priority of the IRI team.However, the
specification of the ionospheric response to geomagnetic
activity in IRI has been mainly focused on the F-region.
The first attempt to incorporate geomagnetic influences into
IRIwas byFuller-Rowell et al. (2000) andAraujo-Pradere et
al. (2002, 2003, 2004) in the development of the STORM
model. The STORM model provides a storm-time correc-
tion to F-region electron density peak concentrations, and
demonstrates that the underlying ionospheric F-region
response to solar-geomagnetic activity can be captured in a
relatively simple empirical model. The success of the
STORM model in accounting for geomagnetic variations
in F-region electron densities prompted the adoption of a
similar technique in the development of STORM-E.

The measurement data source used in the development of
STORM-E is SABER 4.3 lm broadband limb radiance
measurements. SABER has obtained continuous, global
measurements since the launch of the TIMED satellite in
December, 2001. Observations from the geomagnetic storms
of solar cycle 23 have shown that nighttime SABER 4.3 lm
limb radiance measurements can be enhanced by several
orders of magnitude above the nominal CO2(m3) contribu-
tion.Analysis of thesemeasurements revealed that nighttime
4.3 lm radiance is dominated byNO+(v) vibration–rotation
band emission during geomagnetically disturbed conditions
(Mertens et al., 2009a,b, 2008, 2007a,b). During magnetic
storms, auroral particle precipitation ionizes the neutral
atmosphere, producing vibrationally excited NO+ (i.e.,
NO+(v)) through fast exothermic ion-neutral chemical reac-
tions, which promptly emit in the 4.3 lm region (Mertens
et al., 2007a, 2008). Since NO+ is the terminal E-region
ion, and by charge neutrality, the above discoveries suggest

that NO+(v) 4.3 lm emission can provide an excellent proxy
for characterizing the response of the E-region electron den-
sity to solar-geomagnetic disturbances. This conjecture is
foundational to the development of STORM-E, and its
validity is addressed throughout this two-part series of
papers.

The remainder of the paper is organized as follows.
Section 2 provides observational support for the plausibility
of using NO+(v) 4.3 lm emission as a proxy for characteriz-
ing the E-region response to geomagnetic forcing. Explicitly,
vertical profiles of NO+(v) VER are used as the E-region
proxy. Section 2 also presents the method of deriving
NO+(v) VER from SABER 4.3 lm limb radiance measure-
ments. Results from the NO+(v) VER retrieval algorithm
and an uncertainty assessment are given in Section 3. The
summary and conclusions are presented in Section 4.

2. SABER-derived E-region proxy

The measurement quantity used to develop the empirical
STORM-E model is SABER-derived nighttime NO+(v)
4.3 lm VER. During the daytime, radiative emission at
4.3 lm in the mesosphere, lower thermosphere and iono-
sphere (MLTI) is dominated by CO2 due to solar pumping
of the CO2(m1; m2; m3) vibration–rotation bands (Lopez-Puer-
tas et al., 1986a,b, 1998; Sharma and Wintersteiner, 1985;
Nebel et al., 1994). Thus, any daytime auroral emission is a
comparatively small enhancement above the nominal CO2

contribution. During nighttime, on the other hand, MLTI
CO2 4.3 lm emission is orders of magnitude less than its day-
time value. Consequently, analysis of the nighttime SABER
4.3 lm channel measurements enables the NO+(v) contribu-
tion to be separated reliably from the background CO2(m3)
contribution over a broad dynamic range of geomagnetic
storm conditions, a feature necessary for developing an
empirical storm-time response to geomagnetic activity (Mer-
tens et al., 2007a,b). Therefore, the nighttime SABER 4.3 lm
limb radiancemeasurements are used to deriveNO+(v) VER,
which provides an observation-based proxy to characterize
the E-region response to solar-geomagnetic disturbances.
Additional observational support for the plausibility of using
NO+(v) 4.3 lmVERas anE-region proxy is presented in Sec-
tion 2.1. The method of deriving vertical profiles of NO+(v)
4.3 lm VER from SABER limb radiance measurements is
discussed in Sections 2.2 and 2.3.

2.1. Particle precipitation and auroral 4.3 lm emission

Auroral NO+(v) 4.3 lm emission is a prompt indicator of
the ionosphere–thermosphere response to particle precipita-
tion. This is observed by comparing outgoing ionosphere–
thermosphere NO+(v) 4.3 lm radiative flux with incoming
auroral electron energy flux, as shown inFig. 1 for 4 days dur-
ing large geomagnetic storm periods. The particle and radia-
tive flux quantities selected for comparison were based on a
spatial-temporal coincidence criteria of being within 2 deg
in magnetic latitude and within 1.5 h in UT-time. The flux
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quantities were further sorted into 5 � 18 deg magnetic lati-
tude and magnetic longitude bins, respectively, for plotting
purposes, and averaged over the nighttime data on the date
indicated in the title of each panel in Fig. 1. The bottom
row shows total precipitating electron energy flux (ergs
cm�2 s�1) derived from measurements taken by the National
Oceanic and Atmospheric Administration (NOAA) Polar
Orbiting Environment Satellites (POES). The POES low
energy Total Energy Detector (TED) and Medium Energy
Proton and Electron Detector (MEPED) instruments were
used to derive the total electron energy flux. The top row
shows the SABER-derived total outgoing ionosphere–
thermosphereNO+(v) 4.3 lmradiative flux. Prior to comput-
ing averages of the SABER radiative flux data, individual
profiles of NO+(v) 4.3 lm radiative flux F (ergs cm�2 s�1)
were computed by vertically integrating eachSABER-derived
NO+(v) VER V(z) (ergs cm�3 s�1), such that

F ¼
Z zT

zB

V ðzÞdz: ð1Þ

The radiative flux includes the contribution from all of the
NO+(v) 4.3 lm vibration–rotation bands, which requires
the SABER-derived NO+(v) 4.3 lm VER to be multiplied
by an unfilter factor (Mlynczak et al., 2002). The unfilter
factor is defined as the ratio of the total volumetric emis-
sion rate of radiative energy (all 4.3 lm vibration–rotation

bands in this case) to the in-band volume emission rate
measured by the SABER 4.3 lm radiometer channel
(2290–2405 cm). Using model simulations of NO+(v)
4.3 lm emission, as described by Mertens et al. (2007a,
2008, 2009a), the unfilter factor was determined to be 3.5,
roughly independent of altitude. As mentioned previously,
the method of deriving the NO+(v) 4.3 lm VER is de-
scribed in Sections 2.2 and 2.3.

The limits of integration in (1) are taken as zB = 100 km
and zT = 200 km, which contains most of the outgoing ion-
osphere–thermosphere radiative emission from NO+(v).
Recall from the introduction that the NO+(v) vibrational
states are excited by exothermic ion-neutral chemical reac-
tions. During geomagnetic storms, the magnitude and
shape of the atmospheric ion density profiles are governed
by the precipitating particle total energy flux and the char-
acteristic energy, respectively. Moreover, the steady-state
NO+(v) concentrations are a balance between production
from exothermic ion-neutral chemistry and loss by radia-
tive emission and collisional quenching. The combination
of these processes yield a NO+(v) 4.3 lm VER profile that
generally peaks in altitude between 105 and 110 km, with
most of the outgoing radiative emission confined to alti-
tudes between 100 and 200 km (Mertens et al., 2007a,
2008; Fernandez et al., 2010). This is evident from Fig. 2,
which shows representative NO+(v) 4.3 lm VER during
the Halloween 2003 storm period.
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Fig. 1. The top row is total outgoing ionosphere–thermosphere SABER-derived NO+(v) 4.3 lm radiative flux. The bottom row is NOAA/POES
precipitating electron total energy flux. The flux data are averaged SABER-POES nighttime coincidence measurements during representative solar-
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From the geomagnetic storm days shown in Fig. 1, it is
clear that NO+(v) 4.3 lm emission responds to auroral dos-
ing. The morphology of the outgoing ionosphere–thermo-
sphere NO+(v) 4.3 lm radiative flux bears a striking
resemblance to the patterns of auroral electron precipita-
tion. There is one notable exception. The radiative flux on
October 29, 2003 is enhanced at much lower latitudes than
the particle flux between 90 and 180 degmagnetic longitude.
The POESmeasurements show low latitude proton flux near
180 deg magnetic longitude (not shown). Although proton
flux may contribute somewhat, cross correlation analysis
of the SABER auroral radiative emissions strongly support
chemical–dynamical processes as the cause of the low lati-
tude storm-time enhancement in the NO+(v) 4.3 lm radia-
tive flux (Mertens et al., 2007b, 2009b; Fernandez et al.,
2010). That is, NO is transported out the auroral region to
lower latitudes and the NO+(v) 4.3 lm emission is enhanced
by the Oþ

2 þNO charge transfer reaction (Mertens et al.,
2008).

The relationship between the radiative and particle flux is
quantified by plotting nightly-averaged, zonal-mean
NOAA/POES total electron energy flux versus SABER-
derived NO+(v) 4.3 lm radiative flux for magnetic latitude
bands that overlap the auroral oval region and for seven
solar-geomagnetic storm periods. These results are shown
in Fig. 3. The correlation coefficient between the particle
and radiative flux data during each storm period varies
between 0.83 and 0.94. Note that both northern and
southern hemispheric storm data are shown in Fig. 3. The

gradients in Fig. 3 fall within the gradient error envelope,
as determined from the fitting algorithm. No doubt, analysis
ofmore stormperiodswould reduce gradient error envelope.
Fig. 4 combines the data from all the storm periods shown in
the previous plot. By combining these data, the correlation
coefficient between auroral electron precipitating energy flux
and outgoing ionosphere–thermosphere NO+(v) 4.3 lm
radiative flux is 0.88.

The POES and SABER observations presented in this sec-
tion strongly support the conjecture that nighttime NO+(v)
4.3 lm emission is a suitable proxy for characterizing the
auroral zone E-region response to solar-geomagnetic distur-
bances. In particular, the explicit observation-based proxy
used to develop the STORM-E model is the nighttime
NO+(v) 4.3 lmVER. The following two subsections describe
the algorithms andmethodologies used to derive this quantity
from SABER 4.3 lm limb emission measurements.

2.2. Removal of CO2(m3) contribution from SABER 4.3 lm
measurements

NO+(v) VER is derived from SABER 4.3 lm limb emis-
sion measurements by (1) removing the background contri-
butions of CO2(m3) emissions from the measured 4.3 lm
limb radiance, and (2) performing an Abel inversion on
the subsequent residual limb radiance (i.e., measured –
CO2(m3) contributions) to obtain vertical profiles of
NO+(v) VER. In this section, the method of obtaining
the residual limb radiance is described.
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The atmospheric radiance observed by the SABER
4.3 lm broadband radiometer can be modeled by the spec-
trally-integrated solution of the infrared radiation transfer
equation for limb-viewing geometry (Goody and Yung,
1989), such that

RDmðzT Þ¼
X
i

Z xobs

xs

Z
Dm
J iðm;x;zT Þ@siðm;x;zT Þ

@x
UðmÞdmdx; ð2Þ

where x is the position along the limb line-of-sight (LOS)
between the satellite observation point (xobs) and a point
at the furthest extend of the limb (xs). The tangent altitude
and wavenumber variables are denoted zT (km) and m
(cm�1), respectively. The normalized spectral response
function of the SABER 4.3 lm channel is represented by
UðmÞ (unitless), and the integration over wavenumber is
performed over the spectral width of the radiometer chan-
nel (2290–2405 cm). The radiative source function and
transmittance are denoted J iðm; x; zT Þ (W/(m2 sr cm�1))
and siðm; x; zT Þ (unitless), respectively, and the summation
is over each ith vibration–rotation band that emits within
the 4.3 lm channel spectral bandpass. The monochromatic
transmittance along the LOS for the ith vibration–rotation
band is given by

siðm; x; zT Þ ¼ exp �
Z xobs

x
kiðm; s; zT ÞNðs; zT Þds

� �
: ð3Þ

Here kiðm; s; zT Þ (cm2/molecules) is the molecular absorp-
tion coefficient for the ith vibration–rotation band and
Nðs; zT Þ (molecules/cm3) is the total number density of

absorbing molecules, which is taken to be CO2 in this sec-
tion. The absorption coefficient can be written in terms of
the spectral line strength Stiðx; zT Þ (cm2/(molecules
(cm�1)�1)) and the normalized spectral line shape function
gðm; mtiÞ ((cm�1)�1). Thus,

kiðm; x; zT Þ ¼
X
ti

Stiðx; zT Þgðm; vti ; x; zT Þ; ð4Þ
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Fig. 3. Scatter plots of nighttime-averaged, zonal-mean NOAA/POES precipitating total electron energy flux versus SABER-derived NO+(v) 4.3 lm
radiative flux for high-latitude magnetic latitude bands. These scatter plots are shown for seven solar-geomagnetic storm periods and the linear correlation
coefficient between the particle and radiative flux data are indicated in the legends. Scatter plots for the seven storm periods are combined and separated
into northern and southern hemisphere data in the last two columns of the bottom row.
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where the sum in (4) is over all radiative vibration–rotation
transitions that emit within the ith vibration–rotation
band.

Themethodology of calculating the CO2(m3) contribution
to the SABER 4.3 lm limb radiance measurements is to
numerically solve (2) using the 4.3 lm forward radiance
model component of the SABERoperational non-local ther-
modynamic equilibrium (non-LTE) kinetic temperature
(Tk) and CO2 volume mixing ratio (vmr) retrieval
algorithm, with atmospheric input data obtained from the
routine SABER data products (Mertens et al., 2001, 2002,
2004, 2009a,c). The nighttime CO2(m3) contributions that
emit within the SABER 4.3 lm channel spectral bandpass
arise from eight vibrational emission bands: the major isoto-
pic (16O12C16O) fundamental band, first hot band, and three
second hot bands; and three minor isotopic (16O13C16O,
16O12C18O, and 16O12C17O) fundamental bands. Thus, the
summation in (2) includes these eight vibration–rotation
bands. However, the radiative source functions and the
transmittances for each emission band, which embody the
microphysical properties of atmospheric emission and
absorption, respectively, must be known prior to solving
the spectrally-integrated LOS infrared radiation transfer
equation in (2).

MLTI CO2(m3) emissions are in vibrational non-LTE
(Lopez-Puertas et al., 1986a,b; Nebel et al., 1994). Thus,
the radiative source functions and the transmittances for
each of the ith vibration–rotation bands in (2) are functions
of the upper-level and lower-level vibrational state densities
for the radiative transitions that emit in the 4.3 lm spectral
region. For these non-LTE emissions, the vibrational state
densities depend explicitly on the chemical, collisional, and
radiative processes that excite and de-excite each vibra-
tional state. The so-called non-LTE CO2 model obtains
the CO2 vibrational state densities by simultaneously solv-
ing the coupled steady-state statistical equilibrium equa-
tions for the relevant vibrational states, and the infrared
radiative transfer equations that radiatively couple the
vibrational states to the ground-state or to each other.
These coupled sets of equations are solved using the Mod-
ified Curtis Matrix approach (Lopez-Puertas et al.,
1986a,b, 1998). The calculation of the broadband LOS
radiance in (2) and the vibrational band radiation transfer
calculations within the non-LTE CO2 model are performed
using BANDPAK routines (Marshall et al., 1994). BAND-
PAK solves the spectrally-integrated infrared radiation
transfer equation along a specified viewing path by com-
bining path-integrated composite emissivities, utilizing a
database of pre-computed emissivity tables. The emissivity
table databases are computed line-by-line using LINEPAK
routines (Gordley et al., 1994). The non-LTE CO2 model
used in this analysis is largely based on the non-LTE
CO2 model used in the operational SABER Tk/CO2 retrie-
val algorithm (Mertens et al., 2001, 2002, 2004, 2009c).
However, accurate modeling of nighttime CO2(m3) emis-
sions required an important addition to the nominal

SABER non-LTE CO2 model, which is described in more
detail below.

The main source of atmospheric input data below
120 km is SABER routine v1.06 data products. These input
data are needed in the calculation of radiative source func-
tions and the transmittances, and for the computation of
the broadband LOS radiance in (2). The Tk and pressure
data used are retrieved data products from the SABER
measurements and are available in the SABER Level 2 data
file. The source of CO2 vmr data is a climatological data-
base developed from the daytime simultaneous Tk/CO2

retrieval data products (Mertens et al., 2009c). Daytime
SABER-retrieved CO2 vmr profiles are interpolated onto
a fixed pressure grid and sorted and averaged as a function
of latitude and season. Since diurnal variations in CO2 are
expected to be small, this CO2 vmr database is used in the
nighttime CO2(m3) LOS radiance calculations. Other atmo-
spheric input data required by the non-LTE CO2 model are
the main MLTI neutral species concentrations: N2, O2, and
O(3P). These data are also included in the SABER Level 2
data file, which originate from the NRLMSIS-00 model
(Picone et al., 2002).

The SABER atmospheric input data described in the pre-
vious paragraph are extended above 120 km using the
NRLMSIS-00 model. The thermospheric temperature
above 120 km in the NRLMSIS-00 model is based on the
Bates–Walker representation (Picone et al., 2002). The
Bates–Walker representation is an analytical solution for
thermospheric temperature as a function of altitude, which
is parameterized by the exospheric temperature at the upper
boundary and by the global mean temperature at the 120 km
lower boundary. The exospheric temperature is expressed as
a function of geographical parameters and solar/magnetic
indices (F10.7, 81-day average of F10.7, and Ap). The tem-
perature at the 120 km lower boundary is represented by

T 120 ¼ �T 120½1þ G120ðLÞ�; ð5Þ
where the overbar represents a global and temporal mean.
The function GðLÞ includes time-dependent terms, spheri-
cal harmonic terms, time-dependent lower-order harmonic
terms, and polynomial terms in solar/magnetic activity.
The approach used to extend the SABER temperature
profile using the NRLMSIS-00 model is to replace the low-
er-boundary temperature in the Bates–Walker thermo-
spheric temperature representation, i.e., T 120 in (5), with
the retrieved SABER Tk at 120 km for each SABER mea-
surement scan used in the analysis. To improve stability,
since the uncertainty in the retrieved SABER Tk at
120 km is quite high (see Mertens et al., 2001, 2004 for a
discussion of the sources of uncertainty), the SABER tem-
perature profile is averaged 5 km above and below the alti-
tude closest to 120 km. The averaged-120 km SABER
kinetic temperature is then input into the NRLMSIS-00
model to supply the lower-boundary condition, and the
Bates–Walker representation is used to extend the SABER
temperature profile to 200 km. The composition data
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(N2, O2, and O(3P)) is extended from 120 to 200 km using
the NRLMSIS-00 model as well. The composition profiles
generated from NRLMSIS-00 above 120 km are scaled to
match the profiles contained in the SABER Level 2 data
at 120 km.

Once the SABER temperature and composition data
have been extended from 120 to 200 km using the NRLM-
SIS-00 model, the pressure profile is rebuilt, starting from
the lowest altitude in the SABER Tk(p) profile
(�12–15 km), using the barometric law and including the
altitude dependence of the mean-molecular mass in a self-
consistent iterative scheme. The SABER-derived climato-
logical CO2 vmr profiles are interpolated in log-pressure to
the updated pressure profiles described above. This proce-
dure for extending the SABER routine and climatological
data products to 200 km is performed for each simulation
of the CO2(m3) contributions to the nighttime SABER
4.3 lm limb radiance measurements.

A significant source of nighttime CO2 4.3 lm emission
originates from energy transfer from vibrationally excited
OH (i.e., OH(v 6 9)) to N2(1) by collisional quenching,
which is subsequently transferred to the CO2(m3) states by
a V–V exchange mechanism (Lopez-Puertas et al., 1986b;
Lopez-Puertas et al., 2004). The influence of this excitation
process extends well above the OH layer due to the non-
LTE process of local excitation (OH(v69) ! N2(1) !
CO2(m3)) followed by radiative loss and re-absorption at
higher altitudes. This energy transfer mechanism accounts
for 20–40% of the nighttime CO2(m3) 4.3 lm limb radiance

from about 70 km to over 120 km (Lopez-Puertas et al.,
2004). The OH(v69) states are computed by combining an
OH(v) kinetics model with the total chemical production
rate of OH(v69) determined from the OH(v) VER data
product derived from SABER 2.0 lm channel limb radiance
measurements, using the approach ofMlynczak et al. (1998).
The method of calculating the rate of production of N2(1)
from OH(v) was adopted from Lopez-Puertas et al. (2004).
Incorporating this source of nighttime CO2(m3) 4.3 lm emis-
sion represents a significant update to the nominal opera-
tional SABER non-LTE CO2 model (Mertens et al.,
2009a,c).

The above paragraphs presented an overview of the
algorithms and methodologies employed in simulating
nighttime CO2(m3) 4.3 lm limb radiance. These techniques
can be assessed by comparing CO2(m3) 4.3 lm limb emis-
sion calculations with SABER 4.3 lm channel measure-
ments during quiescent conditions (kp 6 3). A large
statistical ensemble of zonal-mean comparisons have been
carried out for all seasons and for pole-to-pole latitudinal
coverage (Mertens et al., 2009c). On average, the nighttime
MLTI CO2(m3) 4.3 lm limb radiance calculations generally
agree with the corresponding SABER measurements to
within 20% (Mertens et al., 2007a), as shown for quiescent
equinox conditions in Fig. 5.

Once the nighttime CO2(m3) 4.3 lm limb radiance is cal-
culated, using the algorithms and methodologies described
above, the SABER 4.3 lm residual limb radiance is
obtained by
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this figure legend, the reader is referred to the web version of this article.)
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dRDmðzT Þ ¼ RMeas
Dm ðzT Þ � RCO2

Dm ðzT Þ: ð6Þ
During geomagnetic activity, the residual 4.3 lm radiance
is due to NO+(v) emission. This is affirmed by the statistical
correlations between the SABER-derived NO+(v) 4.3 lm
radiative flux and the precipitating particle flux (i.e., Figs.
1, 3, and 4), and explicit physics-based simulations of
NO+(v) 4.3 lm emission (Mertens et al., 2007a, 2008,
2009a).

The broadband LOS radiative transport equation in (2)
can be simplified for NO+(v) emission since NO+(v) 4.3 lm
radiation transfer is optically thin at all altitudes (Winick
et al., 1987a,b). Under weak-line, or optically thin, condi-
tions the transmittance in (3) is approximated by

siðm; x; zT Þ � 1�
Z xobs

x
kiðm; s; zT ÞNðs; zT Þds ð7Þ

and

@siðm; x; zT Þ
@x

� kiðm; x; zT ÞNðx; zT Þ: ð8Þ

In this case, the sum over the i-index includes the four
NO+(v) vibration–rotation bands that emit within the
SABER 4.3 lm channel spectral bandpass (Mertens
et al., 2009a), and Nðs; zT Þ is the total number density of
NO+. Substitute (2) into (6) using (8) and (4). The result is

dRDmðzT Þ�
X
i

Z xobs

xs

Z
Dm
J iðm;x;zT Þkiðm;x;zT ÞNðx;zT ÞUðmÞdmdx ð9Þ

�
X
i

X
ti

Z xobs

xs

Z
Dm
J iðm;x;zT ÞStiðx;zT Þgðm;vti ;x;zT Þ

�Nðx;zT ÞUðmÞdmdx: ð10Þ
By substituting the microphysical expressions for the radi-
ative source functions and absorption coefficients into (10)
(Lopez-Puertas et al., 1986a,b; Wintersteiner et al., 1992),
the broadband limb radiance in the weak-line limit can
be written as a LOS integral over the VER, such that

dRDmðzT Þ � 1

4p

Z xobs

xs

V ðx; zT Þdx; ð11Þ

where the VER is given by

Vðx; zT Þ ¼
X
i

X
ti

hcmtiAtinuti ðx; zT Þ
Z
Dm
gðm; vti ; x; zT ÞUðmÞdm:

ð12Þ

In the above equation, h and c are Planck’s constant and
the speed of light, respectively. The Einstein A-coefficient
for the radiative transition ti within the ith vibration–
rotation band is denoted Ati ; and nuti ðx; zT Þ designates the
upper vibrational state number density of NO+ for the
radiative transition labeled by ti.

An additional approximation can be applied to the
expression for the VER in (12). Generally, the normalized
instrument spectral response function (UðmÞ) varies slowly
over the spectral width of a single radiative vibration–

rotation transition in the MLTI region. As a result, (12)
can be approximated by

V ðx; zT Þ �
X
i

X
ti

hcmtiAtinuti ðx; zT ÞUðmtiÞ: ð13Þ

Evaluating the NO+(v) 4.3 lm VER from (13) requires a
detailed understanding of the ion-neutral chemistry, and
the collisional and radiative processes that excite and de-
excite each ith vibration–rotation band that emits within
the SABER 4.3 lm channel spectral bandpass, along with
the corresponding chemical, kinetic, and spectroscopic
parameters. The advantage of the SABER measurements
is that the NO+(v) 4.3 lm VER can be obtained by invert-
ing the weak-line LOS integral radiation transfer equation
in (11), without knowledge of the physics and chemistry of
NO+(v) energetics. The method of solving (11) for the
NO+(v) VER, given the SABER 4.3 lm residual limb
radiance profile, is discussed in the next section.

2.3. Deriving NO+(v) 4.3 lm volume emission rates

This section describes the second and final step in deriv-
ing NO+(v) VER from SABER 4.3 lm limb emission mea-
surements. The first step is to obtain the 4.3 lm residual
limb radiance by removing the CO2(m3) contributions from
the SABER 4.3 lm limb emission measurements using the
algorithms and methods discussed in the previous section.
The significance of this step is that the SABER-observed
4.3 lm residual radiance is identified with the LOS integral
of the NO+(v) VER, as expressed in (11). The final step is
to invert the integral equation in (11) in order to obtain the
NO+(v) VER profile, given that the 4.3 lm residual limb
radiance is known a priori.

The NO+(v) 4.3 lm VER is assumed to be symmetric
about the tangent height zT such that (11) is approximated
by

dRDmðzT Þ � C
2p

Z xobs

0

V ðx; zT Þdx: ð14Þ

In the above equation, a unit conversion factor C has been
introduced. The SABER-observed residual 4.3 lm limb radi-
ance (dRDmðzT Þ) is in units of W/(m2 sr). Distance along the
LOS (x) is in units of km. The volume emission rate is chosen
to be given in units of ergs/(cm3 s). As a result, C ¼ 100 in
order to covert (km ergs cm�3 s�1) to (W m�2 sr�1).

The integral over the LOS path (x) in (14) is converted
to an integral over radial distance RðzÞ, where RðzÞ is the
radial distance from the center of the earth at altitude z.
Thus, (14) is equivalently expressed as

RDmðzT Þ ¼ C
2p

Z Rð1Þ

RðzT Þ
KðRðzÞÞV ðRðzÞÞdRðzÞ; ð15Þ

where the kernel of the integral equation is given by

KðRðzÞÞ ¼ RðzÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2ðzÞ � R2ðzT Þ

q : ð16Þ
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An integral equation with the above form is known as
an Abel integral equation (Arfken, 1985). The inversion
of (15) and (16) is referred to as an Abel inversion. The
Abel integral equation can be inverted analytically. How-
ever, the analytic solution requires computing derivatives
of integral functions of the left-hand side of (14) (Arfken,
1985). This approach is numerically unstable in remote
sensing applications since the left-hand side of (14) is
obtained from (noisy) measurement data. An alternative
approach is employed in this section, which is to develop
a stable numerical inversion of the Abel integral equation.

To obtain a numerical solution, the Abel integral equa-
tion in (15) is discretized. Let the i-index label the tangent
altitude and let the j-index label the radial distance above
the radial distance at the tangent height, such that

ð2p=CÞdRDmðzT Þ � yðzT Þ ! yðziÞ ! yi ð17Þ
RðzT Þ ! Ri ð18Þ
RðzÞ ! Rj ð19Þ
Rð1Þ ! R1: ð20Þ
Incorporating the above definitions, (15) and (16) become

yi ¼
Z R1

Ri

KiðRÞV ðRÞdR; ð21Þ

where the kernel is now given by

KiðRÞ ¼ Rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � R2

i

q : ð22Þ

Define the integral on the right-hand side of (21) as

I i �
Z R1

Ri

KiðRÞV ðRÞdR: ð23Þ

The integral in (23) can be divided into N sub-intervals
such that

I i ¼
XN
j¼i

I ij; ð24Þ

where

I ij ¼
Z Rjþ1

Rj

KiðRÞV ðRÞdR ð25Þ

and RN designates the highest altitude in the model atmo-
sphere. Assume that the volume emission rate varies line-
arly through the sub-interval:

V ðRÞ ¼ aj þ bjR; ðRj 6 R 6 Rjþ1Þ: ð26Þ
Substituting (26) into (25) gives

I ij ¼
Z Rjþ1

Rj

KiðRÞðaj þ bjRÞdR: ð27Þ

The constants aj and bj can be determined by the require-
ment that

V j ¼ aj þ bjRj ð28Þ
V jþ1 ¼ aj þ bjRjþ1: ð29Þ
After deriving expression for the constants aj and bj from
(28) and (29), and substituting them into (27), and group-
ing all terms proportional to V j, the integrals in (24) and
(25) can be expressed as a matrix–vector product. The re-
sult is

I i ¼
XN
j¼i

I ij ¼
XN
j¼i

AijV j; ð30Þ

where V j is the volume emission rate at the jth radial dis-
tance and the matrix elements Aij are given by

Aij ¼ � Rj�1

Rj � Rj�1

Z Rj

Rj�1

KiðRÞdRþ Rjþ1

Rjþ1 � Rj

�
Z Rjþ1

Rj

KiðRÞdRþ 1

Rj � Rj�1

Z Rj

Rj�1

KiðRÞRdR

� 1

Rjþ1 � Rj

Z Rjþ1

Rj

KiðRÞRdR: ð31Þ

The four integrals in (31) can be evaluated analytically, gi-
ven the expression for the kernel in (22). The final expres-
sion for the Aij matrix elements is

Aij ¼
Rj�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
j�1 � R2

i

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
j � R2

i

q� �
Rj � Rj�1

þ
Rjþ1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
jþ1 � R2

i

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
j � R2

i

q� �
Rjþ1 � Rj

þ
Rj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
j � R2

i

q
� Rj�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
j�1 � R2

i

q
2ðRj � Rj�1Þ

þ
Rj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
j � R2

i

q
� Rjþ1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
j�1 � R2

i

q
2ðRjþ1 � RjÞ

þ R2
i

2ðRj � Rj�1Þ ln
Rj þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
j � R2

i

q
Ri

0
@

1
A

� R2
i

2ðRj � Rj�1Þ ln
Rj�1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
j�1 � R2

i

q
Ri

0
@

1
A

þ R2
i

2ðRjþ1 � RjÞ ln
Rj þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
j � R2

i

q
Ri

0
@

1
A

� R2
i

2ðRjþ1 � RjÞ ln
Rjþ1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
jþ1 � R2

i

q
Ri

0
@

1
A: ð32Þ

Combining (21), (23), (24), and (30), the discretized form of
the Abel integral equation for weak-line LOS radiation
transfer in (14) is expressed as
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yi ¼
XN
j¼i

AijV j: ð33Þ

In matrix–vector notation, (33) can be written as

y ¼ ~AV: ð34Þ
The Abel integral equation in (14) is classified as a Fred-

holm integral equation of the first kind (commonly denoted
IFK). Eq. (34) is a discretized IFK (denoted DKF). A
unique, numerically stable solution to the DKF in (34)
can be obtained using the Philips–Tikhonov–Twomey
(PTT) regularization method (Phillips, 1962; Tikhonov,
1963; Twomey, 1963, 1977), which is the solution V c that
minimizes the following expression

min keAV� yk2 þ ckeLðV� V0Þk2
� �

; ð35Þ
where eL is the matrix representation of the regularization
(or smoothing) operator L, which can be the identity oper-
ator, a first derivative, LV ¼ V 0, a second derivative,
LV ¼ V 00, or any higher order derivative operator, etc.
The vector V0 can be any specified mean-state, or zero.
The solution to (35) is unique, and is formally given by

Vc ¼ eAT eA þ ceLT eL� ��1 eATyþ ceLT eLV0

� �
: ð36Þ

The Lagrange multiplier c is a constraint that ensures a un-
ique, stable solution, and is closely related to the measure-
ment errors (Twomey, 1977). An additional constraint
imposed is that the vector norm of the measurement errors
in y is bounded. If � represents the errors in y, then the con-
straint isX
i

�2i ¼ d2: ð37Þ

An optimal solution is found by adjusting c until the vector
norm of the solution residual satisfies

rdðcÞ ¼ keAVc � ydk ¼ d� De; ð38Þ
where De is a pre-defined tolerance (e.g., 1%, 5% etc.). The
algorithm steps are as follows:

1. Set c ¼ d.
2. Compute the solution from (36).
3. Compute the solution residual from (38).
4. If d� D� 6 rdðcÞ 6 dþ D�, then STOP.
5. If rdðcÞ < d� D�, then increase c; goto 2.
6. If rdðcÞ > dþ D�, the decrease c; goto 2.

In the inversion of SABER 4.3 lm residual limb radiance
measurements in (14), the mean-state NO+(v) VER in
(36) is assumed to be zero (i.e., V0 ¼ 0), and the smoothing
matrix operator eL is set equal to the second-order deriva-
tive operator (Twomey, 1977). Error analysis studies
demonstrated that this constrained produces the minimum
mean bias and statistical uncertainty in retrieved NO+(v)
VER profiles.

This section completes the description of the algorithms
and methodologies used to derive NO+(v) VER from
SABER 4.3 lm limb emission measurements. The
SABER-derived NO+(v) 4.3 lm VER is the observation-
based proxy used to characterize the response of the
E-region to solar-geomagnetic activity. The next section
presents results from the NO+(v) VER retrieval algorithm
and discusses important uncertainties.

3. Results and discussion

The purpose of the results presented in this section is
threefold: (1) illustrate the fidelity and robustness of the
numerical Abel inversion algorithm presented in Section
2.3, (2) quantify known sources of error in the NO+(v)
VER retrieval algorithm, and (3) assess the influence of
spatially structured emission sources on the 1-D Abel
inversion. The results presented in this section provide
important guidance in the development of the E-region
peak electron density empirical storm-time correction fac-
tor presented in Part II of this series.

Fig. 6 demonstrates that the Abel inversion algorithm
faithfully reproduces a known NO+(v) VER profile from
a simulation of the corresponding SABER 4.3 lm channel
limb radiance. The input atmospheric state and auroral
dosing parameters were taken from the geomagnetic storm
event studied by Mertens et al. (2008). The event was dur-
ing the Halloween 2003 storm: October 30, 2003, 67N, 12E,
and 1.69 UT. The reference NO+(v) VER profile (not
shown) was computed by the NO+(v) chemical-kinetic
model described in Mertens et al. (2007a, 2008, 2009a)
using the input specifications for the aforementioned
Halloween 2003 event. The non-LTE radiation transfer
algorithms discussed in Section 2.2 were used to simulate
the total (CO2(m3) + NO+(v)) limb radiance that, in princi-
ple, would be observed from the SABER 4.3 lm channel,
which is shown in the left-hand column of Fig. 6. The fig-
ure also shows the separate contributions from CO2(m3)
and NO+(v). The Abel inversion algorithm was applied
to the NO+(v) component of the SABER 4.3 lm channel
limb radiance. The result is the NO+(v) VER profile shown
in the right-hand column of Fig. 6, which exactly repro-
duces the reference NO+(v) VER profile (see Fig. 4 from
Mertens et al., 2008). Recall that in practice, the NO+(v)
contribution is derived by first modeling the CO2(m3) com-
ponent, which is subsequently subtracted from the mea-
sured (total) SABER 4.3 lm channel limb radiance, as
described in detail in Section 2.2.

The above demonstration of the Abel inversion algo-
rithm was a test under ideal conditions where the limb radi-
ance was assumed to be known perfectly. Actual radiance
measurements are subject to both systematic and random
errors. The radiometric calibration error is less than 2%
(Mertens et al., 2001). The largest systematic error in
retrieving NO+(v) VER from SABER 4.3 lm channel limb
radiance measurements arises from subtracting the
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modeled CO2(m3) contribution from the measured radiance
in order to obtain the NO+(v) contribution. The error in
modeling the CO2(m3) contribution was discussed previ-
ously in Mertens et al. (2007a). As shown in Section 2.2,
the model simulations of quiescent nighttime 4.3 lm limb
radiance, which is mainly due to CO2(m3) emission, gener-
ally agree with SABER 4.3 lm channel limb radiance mea-
surements to within 20%. From Mertens et al. (2007a),
CO2(m3) contributes 20–40% of the total SABER 4.3 lm
limb emission during moderate auroral dosing conditions.
Thus, the systematic modeling errors in simulating the
CO2(m3) contribution will introduce no more than 4–8%
error in the retrieved NO+(v) VER profile under moderate
geomagnetic storm conditions. The systematic error in the
retrieved NO+(v) VER profile decreases with increasing
geomagnetic activity.

Fig. 7 shows the influence of random errors on retrieved
NO+(v) VER profiles. The source of random error is pri-
marily electronic noise in the SABER 4.3 lm channel
detector system. The noise equivalent radiance (NER) for
the SABER 4.3 lm channel is 7.35 � 10�7 W m�2 sr�1.
Four reference VER profiles (not shown) were computed
for different auroral dosing conditions using the NO+(v)
chemical-kinetic model (Mertens et al., 2007a, 2008,
2009a). The corresponding simulated NO+(v) contribu-

tions to the SABER 4.3 lm channel limb radiances are
shown for the four reference cases in the left-hand column
of Fig. 7. These radiances are considered to be perfectly
known and are indicated by the blue lines labeled ‘No
Noise’. Random Gaussian noise was added to the limb
radiance at each altitude in Fig. 7. The standard deviation
in the Gaussian noise distribution was specified by the
SABER 4.3 lm channel NER. The noisy limb radiance
profiles are indicated in the left-hand column of Fig. 7 by
the green lines labeled ‘Added Noise’. The NO+(v) VER
profiles shown in the right-hand columns of Fig. 7 were
retrieved from the noisy 4.3 lm limb radiance profiles
shown in the left-hand column.

The NO+(v) VER profiles in Fig. 7 were retrieved from
the noise-perturbed limb radiances under two conditions:
unconstrained and constrained, which are indicated by
the red and green lines, respectively. The unconstrained
retrieval is characterized by setting the Lagrange multiplier
c in (36) to zero. Thus, there is no regularization, or
smoothing, of the retrieved profile. This means that the
noise in the limb radiance profile is undamped and mapped
into the retrieved VER profile. Hence, the high-frequency
vertical structure in the retrieved VER profile is not indic-
ative of actual geophysical variation, but simply a manifes-
tation of noise in the measured radiance. As the four cases

Fig. 6. Simulated SABER 4.3 lm limb radiance and the corresponding retrieved NO+(v) VER profile for the geomagnetic storm conditions on October
30, 2003 at 67N, 12E, and 1.69 UT. The limb radiance profile was computed using the CO2(m3) model described in Section 2.2 and NO+(v) the chemical-
kinetic model using the input atmospheric and auroral dosing conditions described in Mertens et al. (2008). The simulated SABER 4.3 lm channel limb
radiance is shown in the left-hand column: CO2(m3) contribution (blue), NO+(v) contribution (red), and total (black: CO2(m3) + NO+(v)). The NO+(v)
VER profile in the right-hand column was retrieved from the NO+(v) 4.3 lm limb radiance profile in the left-hand column using the numerical Abel
inversion algorithm described in Section 2.3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

564 C.J. Mertens et al. / Advances in Space Research 51 (2013) 554–574



indicate in Fig. 7, the smaller the magnitude of the limb
radiance the larger the effect of the measurement noise on
the retrieved quantity. The constrained retrieval, on the
other hand, regulates, or smooths, the retrieved VER pro-
file by effectively requiring that the VER profile be adjusted
by the inversion algorithm such that the simulated limb
radiance at each tangent altitude is matched to the mea-
sured radiance at that altitude to within the uncertainty
indicated by the specified measurement error. This is a ped-
agogical description of the role of the regularization oper-
ator eL and Lagrange multiplier c in (36). And in this
application, the regularization operator is smoothing out
high-frequency variations in the second-order derivatives
of the NO+(v) VER profile, as discussed at the end of the
previous section. Fig. 7 clearly shows that the constrained

retrieval significantly suppresses the influence of noise in
the limb radiance measurements on the retrieved VER pro-
file. The trade-off with adding a constraint to dampen out
noise variations is that biases can be introduced in resolv-
ing narrow peaks. This type of bias is seen in case 4 shown
in Fig. 7, which is further quantified below.

A large ensemble of NO+(v) VER retrievals were per-
formed on noise-perturbed limb radiances in order to
quantify the effects of random measurement noise. The ref-
erence limb radiance profiles in Fig. 7 were perturbed by
random Gaussian noise before retrieving the NO+(v)
VER, as described in the previous paragraph. This step
was repeated 100 times for each of the four cases in
Fig. 7. The mean and standard deviation were computed
from the ensemble of retrieved NO+(v) VER profiles. The

Fig. 7. Four cases of simulated SABER 4.3 lm channel limb radiances and corresponding NO+(v) VER Abel inversions. Reference NO+(v) VER profiles
were computed using the chemical-kinetics model presented in Mertens et al. (2007a, 2008, 2009a) for a variety of auroral dosing parameters (not shown).
SABER 4.3 lm channel limb radiance profiles were computed from the reference NO+(v) VER profiles and shown in the left-hand column as blue lines
(labeled: no noise case). Random Gaussian noise was added to limb radiance profiles at each altitude using the SABER 4.3 lm channel noise equivalent
radiance (NER) as the standard deviation in the Gaussian noise generator. The limb radiance profiles with realistic noise added as shown as green lines in
the left-hand column labeled: added noise. The Abel inversion algorithm was applied to the noisy limb radiance profiles to derive the NO+(v) VER
profiles, which are shown in the right-hand column. The NO+(v) VER profiles were derived using two parameter settings in the numerical Abel inversion
algorithm: unconstrained (red lines) and constrained (green line). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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mean error was computed with respect to the reference
VER profile. The mean error is indicative of systematic
biases induced in the retrieved VER by noise in the mea-
sured limb radiances. The standard deviation represents
the random uncertainty in a single NO+(v) VER retrieval
due to random uncertainty in the measured SABER
4.3 lm limb radiance. The results of this study are shown
in Fig. 8 for both the unconstrained and constrained
retrievals.

The results from the error analysis described above and
shown in Fig. 8 are summarized below. Since the NO+(v)
VER data utilized in the development of the STORM-E
model is confined to altitudes below 130 km (Mertens
et al., submitted for publication), the discussion will also
concentrate on this altitude range. The constrained versus
unconstrained retrieval approach has a smaller effect on
retrieved NO+(v) VER profiles for strong geomagnetic
storms compared to weak to moderate geomagnetic activ-
ity. Case 1 represents strong geomagnetic activity. The
absolute maximum bias in the unconstrained NO+(v)
VER retrieval for altitudes less than 130 km is within 2%.

For the constrained retrieval, the absolute maximum bias
for altitudes less than 130 km is within 4%. At stated previ-
ously, the constrained retrieval can increase biases in
resolving peaks in the VER profiles, such as the two peaks
below 110 km for case 1 shown in Fig. 8. The maximum
statistical uncertainty in the derived VER profile at alti-
tudes below 130 km for case 1 is 11% for the unconstrained
retrieval and 3% for the constrained retrieval. Even though
the constrained retrieval approach increased the bias by a
factor of two compared to the unconstrained approach,
the constrained retrieval reduced the statistical uncertainty
by nearly a factor of four.

The differences between the constrained and uncon-
strained retrieval approaches is more pronounced for weak
to moderate geomagnetic disturbances, where noise in the
limb radiance measurements has a larger effect on the
retrieved VER profile. Consider case 4 in Fig. 8. The abso-
lute maximum bias in the unconstrained retrieval for alti-
tudes less than 130 km is within 7%. The absolute
maximum bias below 130 km is also within 7% for the con-
strained retrieval. On the other hand, the constrained
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retrieval reduced the statistical uncertainty by over a factor
of six relative to the unconstrained retrieval. The maximum
statistical uncertainty in the unconstrained VER retrieval
at altitudes below 130 km for case 4 is within 45%, while
the maximum statistical uncertainty is within 7% for the
constrained retrieval approach.

The STORM-E model utilizes altitude-averaged NO+(v)
VER data over the altitude range from 116 km to 120 km.
The reasons for using altitude-averaged VER data over this
altitude range are discussed by Mertens et al., submitted for
publication. However, it is clear from Fig. 8 that averaging
over altitude offers some benefit in reducing the errors in the
retrieved NO+(v) VER, due to the effects of instrument
noise in the SABER 4.3 lm limb radiance measurements.
For strong auroral dosing represented by case 1 in Fig. 8,
the absolute maximum bias in the altitude-averaged
NO+(v) VER is within 3% for the unconstrained retrieval,
and the statistical uncertainty is less than 2%. For the con-
strained retrieval, the absolute maximum bias in the alti-
tude-averaged NO+(v) VER is on the order of 0.2%, while
the statistical uncertainty is less than 1%. For case 4, which
is representative of weak to moderate auroral activity, the
absolute maximum bias in the unconstrained retrieval is
within 14%, and the statistical uncertainty is within 6%.
The absolute maximum bias in the constrained retrieval is
on the order of 0.2%, while the statistical uncertainty is
within 2%.

To summarize the error analysis and its relevance to the
development of STORM-E, the SABER-derived NO+(v)
VER data is based on the constrained Abel inversion algo-
rithm with regularization applied to the second-order
derivatives in the VER profile, as discussed at the end of
Section 2.3. Since the STORM-E model uses altitude-aver-
aged NO+(v) VER data over the altitude range from
116 km to 120 km, the error in this quantity, due to the
influence of measurement noise in the SABER 4.3 lm limb
emission observations, is effectively 1% in statistical uncer-
tainty with a zero mean bias. Combined with 2% calibra-
tion error, and the maximum of 8% modeling error due
to subtracting the CO2(m3) contribution from the measured
SABER 4.3 lm limb radiance, the root-mean-sum (RMS)
error in the 116–120 km altitude-averaged NO+(v) VER
for moderate geomagnetic storm conditions is 8%. Recall
that for these sources of uncertainty, the RMS error
decreases as geomagnetic activity increases.

The remainder of the results and discussion in this sec-
tion are dedicated to assessing the influence of spatially
structured emissions on the 1-D Abel inversion algorithm.
The algorithm in Section 2.3 assumes that the emission
source is spherically symmetric and varies linearly through
an atmospheric layer. The vertical structure of the NO+(v)
VER profile, as indicated by the NO+(v) chemical-kinetic
model simulations (Mertens et al., 2007a, 2008, 2009a),
suggest that the assumption of piece-wise linear variation
of the emission rate through an atmospheric layer likely
does not introduce large biases in the retrieved NO+(v)
VER profile, except possibly near the peak at roughly

110 km. In the STORM-E model development presented
in Part II, the empirical storm-time correction factor for
the E-region peak electron density is derived from
NO+(v) VER at altitudes between 116 and 120 km. Conse-
quently, the assumption of piece-wise linear variation in
emission rates at these altitudes is a reasonable approxima-
tion to the vertical inhomogeneity (see Fig. 2).

The more difficult assumption in the 1-D Abel inversion
algorithm to assess, and to control its effects on the process-
ing of the SABER limb radiance measurements in particu-
lar, is the assumption of a spherically symmetric emission
source. Auroral emissions are known to be highly struc-
tured spatially (and temporally). Measurement strategies
have been developed to account for high spatial variability
in auroral emission observations from satellite-borne and
rocket-borne platforms, such as adopting various spin scan-
ning operating modes for the detector system in combina-
tion with tomographic techniques in the data inversion
algorithms – e.g., see McDade and Llewellyn (1991) and
Solomon et al. (1984). The imaging system and the cross-
track scanning technique of the Global Ultraviolet Imager
(GUVI) instrument aboard the TIMED satellite enables
an approximate 7 � 7-km spatial resolution in nadir view,
for example (Christensen et al., 2003). However, the
SABER instrument was not designed to address the degree
of horizontal inhomogeneity that may be present in auroral
emissions. Therefore, the focus of the remaining discussion
is to assess the influence of spatially structured NO+(v)
emission on the VER retrieval from the 1-D Abel inversion
algorithm. This study will provide guidance in identifying
the effects of spatially structured NO+(v) auroral emission
on the SABER-derived VER profiles.

The most important case for the analysis of SABER
auroral emissions, by which an auroral emission source vio-
lates spherical symmetry, is to consider a horizontally local-
ized emission source. In addition, with respect to satellite
limb-view emission measurements, the horizontally local-
ized emission source may not be symmetric about the
tangent altitudes. Due to the long horizontal length of the
tangent layer along the limb-view path, the effects of emis-
sion source localization along the limb-view direction will
addressed. These effects will be assessed by comparing the
retrieved VER profiles from simulated limb radiances from
non-spherically symmetric emission sources, using the 1-D
Abel inversion algorithm, with a reference VER profile that
contains the same vertical structure as the non-spherically
symmetric emission sources, but with a horizontal distribu-
tion that is consistent with a spherically symmetric emission
source. All VER profiles used in this assessment are repre-
sented by the following analytical form:

V ðzÞ ¼
X
i

V pi gzðz; zpi ; rziÞgwðw;wpi
; rwi

Þ þ V o; ð39Þ

where gz and gw are unnormalized Gaussian functions of
altitude z and angle w, respectively, and Vo is a constant
background VER. The angle w is defined as the angle be-
tween the radial distance, with respect to the center of
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the Earth, at the tangent altitude RT ðzÞ and the radial dis-
tance at a position along the limb path RðxÞ at a horizontal
distance x from RT (z). The peak altitude and standard devi-
ation in the Gaussian altitude distribution gz are denoted zp
and rz, respectively. Similar definitions hold for the Gauss-
ian angular distribution gw. The peak magnitude of the
VER altitude–angular distribution is denoted by Vp.

Before proceeding further, some important geometric
relations and derived quantities relevant to SABER limb-
view observations are introduced. First, the radial distance
along the horizontal limb path RðxÞ is related to the radial
distance at the corresponding tangent altitude RT ðzÞ and
the horizonal distance x with respect to RT ðzÞ by

RðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
T ðzÞ þ x2

q
: ð40Þ

Second, given the definition of the angle w from the previ-
ous paragraph, this angle is related to the above three dis-
tance quantities by

sinw ¼ x
RðxÞ ð41Þ

and

tanw ¼ x
RT ðzÞ : ð42Þ

The vertical instantaneous field-of-view (IFOV) of the SA-
BER 4.3 lm channel detector system is approximately
2 km. The width of the horizontal IFOV is roughly 35 km.
The horizonal length of the tangent layer at 110 km is
x = �±160 km, given an Earth radius Re of 6360 km at
high-latitude (i.e., 67N). Moreover, the horizontal half-
length of the tangent layer makes an angle of w =
±1.42 deg with respect to the radial distance at the tangent
altitude. Thus, SABER routine data products at a tangent
altitude of 110 km, for example, are derived from measure-
ments of limb infrared radiance emitting from an
atmospheric volume (length � width � height) of 320 �
35 � 2-km, where it is assumed that the horizontal length
is centered about the tangent altitude. Similarly, the
NO+(v) VER derived from SABER 4.3 lm limb radiance
measurements, using the 1-D Abel inversion algorithm, as-
sumes that the auroral NO+(v) emission source itself is inde-
pendent of angle w, that the emission rate along the
horizontal path is symmetric about the tangent altitude,
and that the only variation in the emission rate is a piece-wise
linear variation with altitude.

The largest horizontal distance x and angular extent w
encountered in the NO+(v) VER Abel inversion algorithm
are the following. The highest altitude in the VER retrieval
algorithm is 200 km. The lowest altitude is 80 km. The hor-
izontal half-distance x of a 200 km altitude mapped onto a
80 km tangent altitude limb path is �±1249 km, which
makes an angle w of ±10.5 deg with respect to the tangent
altitude radial distance. The quantities derived in this par-
agraph provide important background and context for the
discussion below.

The reference VER profile for the assessment of the
effects of horizontally localized emission sources on the 1-
D Abel inversion algorithm is given by (39) using the fol-
lowing parameter specification. The VER profile is a super-
position of two terms in (39). The Gaussian altitude
distribution in one term has a peak magnitude of
1 � 10�8 ergs cm�3 s�1 located at 130 km with an altitude
spread given by a full-width half-max FWHM(z) of 5 km.
The altitude distribution in the other term has a peak mag-
nitude of 4 � 10�8 ergs cm�3 s�1 located at 110 km with an
altitude spread given by a FWHM(z) of 10 km. The con-
stant background Vo is set to 0.2 � 10�8 ergs cm�3 s�1.
This specified altitude distribution is similar to typical
SABER-derived auroral NO+(v) VER profiles but with
some additional complexity, since actual NO+(v) VER pro-
files normally have one vertical peak at around 110 km (see
Fig. 2). The added complexity in the reference VER profile
facilitates a more thorough analysis. The angular distribu-
tions for the two terms in the reference VER profile are
identical. The peak angle is zero (i.e., wpi

= 0) and the
angular spread is given by a FWHM(w) of 100 deg. Since
the largest angular extent encountered in the NO+(v)
VER retrieval algorithm is ±10.5 deg, as demonstrated in
the previous paragraph, the FWHM(w) of 100 deg ensures
that the emission sources are effectively independent of an-
gle w, and the only variation in the emission rate is given by
the specified altitude distribution. Thus, the simulated limb
radiance from this reference VER profile will satisfy the
spherically symmetric assumptions enumerated above.

The reference VER profile and simulated limb radiance
are shown in Figs. 9, 10. The reference VER profile is
shown as the black solid line labeled ‘Synthetic VER’ in
Fig. 9. The projection of the reference VER profile onto
the 130 and 110 km tangent altitude limb-view paths are
shown in Fig. 11. For the 130 km tangent altitude in
Fig. 11, the peak value of VER drops off with horizontal
distance centered about the tangent location (i.e., x = 0)
according to the projection of the altitude distribution of
VER above the tangent altitude onto the limb path corre-
sponding to the tangent altitude. For example, Fig. 9 indi-
cates that the reference VER decreases to the constant
Vo = 0.2 � 10�8 ergs cm�3 s�1 at around 137 km, which
maps to a horizontal distance of �±300 km along the
130 km tangent altitude limb path. Thus, the limb path
VER distribution in Fig. 11 for the 130 km tangent altitude
has reached the Vo value by roughly ±300 km, consistent
with the geometric argument noted above. It is clear from
Fig. 11 that the limb path VER distribution at 110 km tan-
gent altitude has not reached the Vo value by ±300 km
because the FWHM(z) for the peak in the altitude distribu-
tion at 110 km is 10 km in comparison to the FWHM(z) of
5 km for the peak in the altitude distribution at 130 km.
The secondary peaks in the limb path VER distribution
at the 110 km tangent altitude are a projection of the ver-
tical peak at 130 km onto the 110 km tangent altitude limb
path. Specifically, the projection of an altitude of 130 km
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onto the limb path for a 110 km tangent altitude occurs at
the horizontal length x = ±510 km, which is consistent
with the limb path VER distribution shown in Fig. 11 for
the 110 km tangent altitude. The limb radiance is deter-
mined from the limb path VER distribution by performing
the line integral according to (11). The limb radiance corre-
sponding to the reference VER distribution is shown in
Fig. 10. If the 1-D Abel inversion algorithm is applied to
this limb radiance profile, the reference VER profile in
Fig. 9 is exactly reproduced. Thus, the reference VER pro-
file embodies the features of spherical symmetry that are
inherently assumed in the 1-D Abel inversion, and
Fig. 11 illustrates the implications of these assumptions
on the VER limb path distributions for two representative
tangent altitudes.

The rest of the VER retrievals in this section are
designed to interrogate the influence of spatially localized
emissions sources on the 1-D Abel inversion algorithm.
To begin this investigation, the reference VER profile is
modified by setting the FWHM(w) to 0.5 deg in the angular
distribution associated with the vertical peak at 130 km.
The angle of the maximum peak in the angular distribution
is still set to zero (i.e., wp = 0), however. As a result, the
emission at 130 km is highly localized but still symmetric
with respect to the radial distance at the tangent altitude.
Fig. 12 shows the corresponding VER limb path distribu-
tion. Obviously, the VER limb path distribution is the
same as in Fig. 11 for the 110 km tangent altitude, but
the distribution at 130 km tangent altitude is spatially con-
fined. The effective horizontal length of the emission source
along the limb path can be computed using (42):
DL ¼ 2Dx ¼ 2RT ðzÞ tanðFWHMðwÞ=2Þ, which gives DL �
60 km in this case. The simulated limb radiance for this
VER distribution is shown in Fig. 10 and the retrieved

VER profile from the 1-D Abel inversion algorithm is
shown in Fig. 9. Compared to the reference VER profile,
the retrieved VER for this specified altitude–angular distri-
bution reproduces the vertical structure near 110 km but
barely shows an indication of a peak in VER at 130 km.
If the FWHM(w) is smaller than 0.5 deg, then the retrieved
VER profile from the 1-D Abel inversion algorithm shows
no sign of a peak in the vertical structure at 130 km at all.
Thus, an emission source at the tangent layer must have a
horizontal length greater than 60 km along the limb path in
order to begin to resolve the vertical features in the true
VER profile from a 1-D Abel inversion of the limb
radiance.

Continuing the above analysis, the next pertinent issue is
the minimum horizontal length along the limb path required
to resolve the vertical structure in the reference VER profile
near the 130 km tangent altitude. Recall that this feature has
a FWHM(z) of 5 km, which maps to a horizontal length of
Dx = 255 km at 130 km tangent altitude. The FWHM(w)
for this horizontal distance can be determined using (42)
– i.e., FWHM(w) = 2tan�1ðx=RT ðzÞÞ = 4.5 deg. Modifying
the reference VER profile such that FWHM(w) = 5 deg,
with wp still set to zero, produces a limb path VER distri-
bution at 130 and 110 km tangent altitudes as shown in
Fig. 13. The secondary peaks at the 110 km tangent height
are significantly reduced compared to the secondary peaks
corresponding to the reference VER profile shown in
Fig. 9. The angles w of the secondary peaks at
x = ±510 km along the 110 km tangent altitude are
w = ±4.5 deg. Hence, the projection of vertical features
near 130 km tangent altitude onto the 110 km tangent alti-
tude limb path are attenuated by a factor of exp½�w2=2
r2
w� ¼ exp½�ð4:5=2:123Þ2=2� � 0:1, where rw = 2.355 �

FWHM(w) = 2.123. Given the background value of V o,
the secondary peaks along the 110 km tangent altitude limb
path should be on the order of 0.3 � 10�8 ergs cm�3 s�1,

Fig. 9. The black solid line labeled ‘Synthetic VER’ is the reference VER
profile described in Section 3. The other VER profiles were retrieved from
simulated limb radiance using the 1-D Abel inversion algorithm. The
simulated limb radiances (shown in the next figure) were computed from
non-spherically symmetric emission sources. The parameterization of
these emission sources is specified in the legend and described in the text.

Fig. 10. Simulated limb radiance profiles from non-spherically symmetric
VER distributions specified in the legend and described in Section 3. The
previous figure shows the VER profiles retrieved from these limb radiances
using the 1-D Abel inversion algorithm.
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which is confirmed in Fig. 13. The limb radiance for this
altitude–angular distribution is shown in Fig. 10 and the re-
trieved VER profile from the 1-D Abel inversion algorithm
is shown in Fig. 9, indicating that the vertical features near
130 km are resolved. In conclusion, an emission source cen-
tered at 130 km tangent altitude requires a horizontal
length greater than 255 km to resolve a 5 km vertical
feature.

The next two retrieval studies retain the FWHM(w) =
5.0 deg in the angular distribution associated with the verti-

cal peak at 130 km tangent altitude. The angular distribution
associated with the vertical peak at 110 km is now set to a
FWHM(w) of 0.5 and 10 deg. In all cases, the peak in the
angular distributions is set to zero (i.e., wp ¼ 0). The VER
limb path distributions are not shown for these two cases
since its not difficult to imagine their form given the results
shown in Figs. 12 and 13. The limb radiances for these two
altitude–angular VER distributions are shown in Fig. 10
and the retrieved profiles from the 1-D Abel inversion algo-
rithm are shown in Fig. 9. Similar to the case shown in

Fig. 11. Horizontal VER distribution along the limb-view path at 130 and 110 km tangent altitudes constructed from the reference VER profile shown in
Fig. 9 and described in Section 3.

Fig. 12. Horizontal VER distribution along the limb-view path at 130 and 110 km tangent altitudes constructed from the non-spherically symmetric VER
distribution specified in the legend and described in Section 3.

570 C.J. Mertens et al. / Advances in Space Research 51 (2013) 554–574



Fig. 12, a FWHM(w) of 0.5 deg for the angular distribution
associated with the vertical peak at 110 km yields a retrieved
VER profile that just begins to resolve the vertical features
near 110 km tangent altitude. The FWHM(z) of 10 kmmaps
to a horizontal length of x = 360 km at the 110 km tangent
altitude. Using (42), the FWHM(w) for this horizontal dis-
tance is 6.4 deg. And if the FWHM(w) is set to 10 deg in
the angular distribution associated with the vertical peak
at 110 km, then the 1-D Abel inversion can resolve the
10 km vertical structure near the 110 km tangent altitude,
as is evident from the VER retrieval result shown in Fig. 9.

The spatially localized emission sources examined so far
have been symmetric with respect to the tangent altitude.
The next study investigates the influence of localized emis-
sions sources that do not spatially coincide with the tangent
layer (i.e., non-tangent layer) on the 1-D Abel inversion algo-
rithm. The parameter specification for the VER altitude–
angular distributions was chosen such that vertical peaks at
the 130 and 110 km tangent altitudes in the reference VER
profile are barely discernable in the retrieved VER profile.
The peaks in the angular distributions associated with both
the 130 and 110 km tangent altitudes are defined as
wp = 5 deg. The FWHM(w) are also set to 5 deg in both
angular distributions. This parameter specification defines
a localized emission source that is displaced from the tan-
gent altitude and positioned on the spacecraft side of the
limb-view path. Since the emissions are optically thin, the
results are independent of which side of the tangent layer
that the emissions originate. Using (42), the emission
source has a horizontal path length of Dx = 570 km cen-
tered at 566 km, based on the above parameter
specification.

The limb path VER distributions for the localized, non-
tangent layer emission source described in the above para-

graph are shown in Fig. 14. For the 130 km tangent alti-
tude, the horizontal distance of the localized emission
source samples the high altitudes in the VER altitude distri-
bution where gz is effectively zero. Thus, the VER limb
path distribution is constant at the background level V o

over the range Dx = 570 km centered at 566 km. Recall
that the VER altitude distribution with the peak at
130 km begins to increase above the background level at
137 km, which corresponds to a horizontal distance of
x = 300 km. Thus, Fig. 14 shows an increase in the VER
limb path distribution above the background level for hor-
izontal distances less than 300 km. The peak in the limb
path VER distribution for x < 300 km occurs at the max-
imum in the product of gz and gw. At 130 km tangent alti-
tude, the maximum in gz � gw occurs at x = 140 km, which
corresponds to an altitude of 131.5 km and an angle of w
= 1.23 deg. At this altitude–angular coordinate, gz =
! 0.78 and gw = 0.21. As a result, the peak VER in the limb
path distribution should be 0.36 ergs cm�3 s�1, which is
verified by Fig. 14.

The limb path VER distribution at 110 km tangent
altitude for the localized, non-tangent layer emission
source described above is also shown in Fig. 14. Recall that
the projection of the 130 km vertical peak onto the 110 km
tangent altitude occurs at a horizontal distance of
x = 510 km, which overlaps the localized emission source
defined over the horizontal length of Dx = 570 km centered
at 566 km. In fact, the projection of the 130 km vertical
peak onto the 110 km tangent altitude is hardly attenuated
at all since gw = 0.97 at x = 510 km. The peak in the limb
path VER distribution for x < 510 km is due to the verti-
cal structure near 110 km. This peak corresponds with the
maximum in the product of gz � gw, as discussed above.
For the 110 km tangent altitude, this maximum occurs at

Fig. 13. Horizontal VER distribution along the limb-view path at 130 and 110 km tangent altitudes constructed from the non-spherically symmetric VER
distribution specified in the legend and described in Section 3.
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x = 211 km, corresponding to an altitude of 113 km and
an angle of w = 1.87 deg. The distribution functions gz
and gw are 0.72 and 0.24 at this altitude–angular coordi-
nate, respectively. Consequently, the limb path VER
distribution peak should be 1.18 ergs cm�3 s�1 at x =
211 km. This result is confirmed in Fig. 14.

Fig. 15 shows the 1-DAbel inversion VER retrieval for the
localized, non-tangent layer emission source described above,
which is compared to the reference VER profile. The vertical
structure of the true VER profile is barely discernable in the
VER retrieval from the localized, non-tangent layer emission
source. Summarizing the above analysis of non-spherically
symmetric emission sources, a few rules of thumb can be
ascribedwhen retrievingVERprofiles from a 1-DAbel inver-
sion of limb radiance measurements in the 110–130 km alti-
tude region. One, the threshold limb-view path horizontal
distance for minimal detection is 60 km for tangent layer
emission sources. Smaller scale auroral emission sources will
not be detected at all. Two, an emission sourcemust be within
250–500 km of the tangent location, and with a horizontal
scale in the range 300–600 km along the limb-view path, as
a minimal criterion for resolving the vertical structure of the
emission rate. Three, to fully resolve the vertical structure of
the emission rate, the emission source must overlap the tan-
gent layer and have a horizontal scale along the limb-view
path betweenDx = 250 km and Dx = 350 km in order to re-
solve a 5 and 10 km vertical feature, respectively. Four, if
the above criteria are not met, the retrieved VER profile
will systematically underestimate the true VER profile.

4. Summary and conclusions

The STORM-E model is developed from NO+(v) VER
derived from SABER 4.3 lm channel limb emission mea-

surements. The STORM-E model will be integrated into
the IRI source code, providing the first direct geomagnetic
correction to the IRI E-region electron density peak con-
centration. In this paper, Part I of the series on the
STORM-E model, the plausibility of using NO+(v) VER
as a proxy for the E-region response to solar-geomagnetic
activity is examined. Comparisons between precipitating
auroral particle energy flux measured by NOAA/POES
and SABER-derived outgoing ionosphere–thermosphere
NO+(v) 4.3 lm radiative flux support the conjecture that
NO+(v) VER is a prompt radiative response to auroral
particle precipitation. The patterns of auroral particle
energy flux and the outgoing NO+(v) 4.3 lm radiative flux
share a similar morphology with correlation coefficients
greater than 0.83 for the geomagnetic storms analyzed in
this paper. Additional observational studies and theoretical
modeling studies previously reported in the literature also
indicate that NO+(v) 4.3 lm VER is a prompt indicator
of the E-region response to particle precipitation in the
auroral oval region (Mertens et al., 2007a,b, 2008,
2009a,b,c; Fernandez et al., 2010).

This paper presented a detailed description of the algo-
rithms and methodologies used to derive NO+(v) VER
from SABER 4.3 lm limb radiance measurements. There
are two main steps: (1) remove the background contribu-
tions of CO2(m3) emission from the measured 4.3 lm limb
radiance using non-LTE radiation transfer models, and
(2) perform an Abel inversion on the subsequent residual
limb radiance to obtain vertical profiles of NO+(v) VER.
An error analysis was conducted to quantify known
sources of error in retrieving NO+(v) VER from SABER
4.3 lm channel limb emission measurements. The sources
of uncertainty in the error analysis included radiometric
calibration error, systematic modeling errors in removing

Fig. 14. Horizontal VER distribution along the limb-view path at 130 and 110 km tangent altitudes constructed from the non-spherically symmetric VER
distribution specified in the legend and described in Section 3.
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the background CO2(m3) contribution from the measured
SABER 4.3 lm channel limb radiance, and the influence
of measurement noise on the retrieved NO+(v) VER pro-
file. The influence of measurement noise on the Abel inver-
sion algorithm induces both a systematic bias and a
statistical uncertainty into the retrieved NO+(v) VER pro-
file. The RMS error from these sources of uncertainty is
8%, considering the fact that the STORM-E model utilizes
altitude-averaged NO+(v) VER data over the altitude
range from 116 to 120 km (Mertens et al., submitted for
publication).

Another source of uncertainty examined in this paper is
the influence of spatially structured auroral NO+(v) emis-
sion sources on the 1-D Abel inversion algorithm. This
source of uncertainty is difficult to quantify without fore-
knowledge of the spatial-temporal structure of the auroral
NO+(v) emission during a particular SABER measurement
event, or without independent observations coincident with
SABER measurements. And these coincident measure-
ments must be sufficient to obtain the true spatial structure
of the auroral NO+(v) emission over the atmospheric vol-
ume sampled by the SABER measurement. Nevertheless,
the retrieval simulations from 1-D Abel inversions of limb
radiances from non-spherically symmetric emission sources
enabled several of rules of thumb to be obtained. One, the
threshold limb-view path horizontal distance for minimal
detection is 60 km for tangent layer NO+(v) emission
sources. Two, a NO+(v) emission source must be within
250–500 km of the tangent location, and with a horizontal
scale in the range 300–600 km along the limb-view path, as
a minimal criterion for resolving the vertical structure of
the NO+(v) emission rate. Three, to fully resolve the verti-
cal structure of the NO+(v) emission rate, the emission
source must overlap the tangent layer and have a horizon-
tal scale along the limb-view path between Dx = 250 km

and Dx = 350 km in order to resolve a 5 and 10 km vertical
feature, respectively.

If the spatial properties of the auroral NO+(v) emission
sources do not satisfy the criteria described above, then
the SABER-derived NO+(v) VER profile from the 1-DAbel
inversion algorithm will systematically underestimate the
true NO+(v) VER profile. Consequently, if there are enough
SABER measurements of nighttime auroral 4.3 lm emis-
sion that violate the above criteria, then there may be a
systematic underestimate in the STORM-E model predic-
tions of geomagnetic enhancements in E-region peak elec-
tron densities. The only conclusive assessment of the
effects of non-spherically symmetric auroral NO+(v) emis-
sion sources on STORM-E is to compare STORM-E predic-
tions with independent measurements of E-region peak
electron densities. In Part II of this series, the details of
the empirical STORM-E model development are given
(Mertens et al., submitted for publication). Furthermore,
STORM-E model predictions are compared to incoherent
scatter radar measurements of E-region electron densities
for various geomagnetic storm periods during solar cycle 23.
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