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Abstract This study presents an analysis of sporadic-E (Es) structures within WACCM-X (the Whole
Atmosphere Community Climate Model with thermosphere and ionosphere eXtension), including
electrodynamical transport of metallic ions. A set of selection criteria have been developed to identify Es layers
in WACCM-X output based on the total metal ion density in each model grid box. These criteria are used to
create a climatology of Es, which is compared to Es occurrence rates derived from FORMOSAT/COSMIC-1
(Constellation Observing System for Meteorology, Ionosphere, and Climate) radio-occultation measurements.
The novel identification algorithm analyses 2-week time slices between altitudes of 90-150 km, with Es layer
events identified where the three selection criteria are met. Distinct seasonal distributions in Es occurrence were
observed that are consistent with previous studies, with peaks during summer and reduced frequencies during
winter, alignment of Es with geomagnetic contours, and layers descending in altitude as a function of local time.
While discrepancies exist between WACCM-X and COSMIC data (WACCM-X occurrence rates are a factor of
~?2 lower than COSMIC-derived occurrence rates at mid-latitudes), highlighting the ongoing challenges in
modeling Es layers, this study enhances the modeling capabilities of sporadic Es and deepens our understanding
of their formation; it establishes a basis for their enhanced integration into global climate models and facilitates
further investigation of Es behavior under different atmospheric conditions, paving the way to improved
prediction of the occurrence of Es.

1. Introduction

Sporadic E (Es) layers are transient ionospheric phenomena that occur in the E region (~90-150 km) and are
characterized by thin, localized layers of enhanced electron density. Their formation mechanisms are complex
and are linked to interactions involving atmospheric waves and tides (Axford, 1963; Djuth et al., 2010; Haldoupis
et al., 2006; Oikonomou et al., 2014), wind shear and/or electric field (Arras et al., 2009; Nygrén et al., 1984;
Shinagawa et al., 2017; J Whitehead, 1961; Yu, Xue, et al., 2021), lower atmosphere forcing and geomagnetic
activity (Pedatella, 2016; Thayer & Semeter, 2004), plasma instabilities (Farley, 1985; Hysell et al., 2002;
Mathews, 1998), and chemical reactions of metallic ions (Cox & Plane, 1998; Plane, 2003).

Es layers have been studied extensively since the invention of the ionosonde in the 1930s, and their formation and
dynamics are reasonably well understood (Mathews, 1998; J D Whitehead, 1989). However, a complete
description is still elusive - reconstructing ionospheric Es layers on a global basis presents a unique challenge due
to the multiple mechanisms that contribute to their formation and the different spatial-temporal variations at
different latitudes (Kirkwood & Nilsson, 2000; Raghavarao et al., 2002). Nonetheless, with notable impacts on
satellite communications, radio wave propagation and global navigation systems (Cameron et al., 2022; Chartier
et al., 2022; Pavelyev et al., 2007; Wang et al., 2021; Yue et al., 2016), their accurate representation in global
climate models is of interest to a wide range of disciplines (Fernandez-Prades et al., 2011).

To understand Es layers and their impact on the atmosphere, comprehensive observational data and sophisticated
modeling techniques are required. Ground-based observations using Incoherent Scatter Radars (ISRs) or Ion-
osondes can provide high temporal resolution and precise analyses of characteristics such as height, electron
density, critical frequency (foEs) and occurrence frequency (Gooch et al., 2020; Haldoupis et al., 2006; Math-
ews, 1998; Pignalberi et al., 2014; Wang et al., 2022; Yu, Scott, et al., 2021). However, they provide limited
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coverage, and the reliability of measurements can be affected by adverse weather and atmospheric variability.
Space-based techniques (Arras et al., 2008; Chu et al., 2014; Hocke & Tsuda, 2001; Hu et al., 2022; D L Wu
etal., 2005; Yuetal., 2019) provide broader coverage: satellite observations using GPS-techniques or ionospheric
sounders can probe the regional or global occurrence and distribution (though offer coarser vertical resolution
than ground-based observations). However, coverage may be limited in certain areas or time-periods, and the
sensitivity and frequency-range of instruments can affect their ability to capture relevant characteristics (Sobh-
khiz-Miandehi et al., 2023). Furthermore, satellite-based techniques ultimately provide an indirect measure of Es
occurrence. Sobhkhiz-Miandehi et al. (2023) demonstrate that up to 20% of conjunctions with ionosonde data
disagreed; however, the proportion of such disagreements due to the RO technique itself is unclear, as ionosondes
themselves suffer low sensitivity to Sporadic-E at low densities, which are most prevalent during winter and low
solar activity periods. This 20% disagreement can thereby be taken as a very conservative upper bound on the
potential uncertainty in the approach.

One notable observational dataset derives from the COSMIC satellite constellation (Anthes et al., 2008).
COSMIC is comprised of six microsatellites performing radio occultation (RO) measurements that collect data on
both the neutral atmosphere and ionosphere. There are many different techniques to obtain Es statistics from RO
measurements, with significant differences in the occurrence frequencies that are derived (Arras & Wickert, 2018;
Chu et al., 2014; Emmons et al., 2023; Gooch et al., 2020; Niu et al., 2019; D L Wu et al., 2005; Yu et al., 2020).
This variation is primarily because they map to different Es intensity thresholds (Carmona et al., 2022). One such
method uses amplitude and phase fluctuations that occur when a radio wave traverses plasma density irregu-
larities (Kintner et al., 2007). Es layers cause these scintillations because of the large vertical gradient in electron
density (Pavelyev et al., 2007; Zeng & Sokolovskiy, 2010). The S4 index defines the scintillation strength and is
defined as the ratio of the standard deviation of signal intensity fluctuations normalized to the mean signal in-
tensity. The maximum value of S4 (denoted S4,,,,) is widely used to quantify ionospheric irregularities (Arras
et al., 2009; Arras & Wickert, 2018; Ye et al., 2021; Yu et al., 2020). Typically, if S4,,, exceeds a defined
threshold within a specified altitude range, this scintillation is defined as an Es layer. More recently, efforts have
focused on the use of machine learning techniques in conjunction with RO measurements to improve Es clas-
sification (Ellis et al., 2024).

In addition to observational approaches, a range of modeling techniques have been employed in the study of Es
layers. These are broadly categorized into physics-based models, data-driven models, and integrated physics/
chemistry models. Physics-based models focus on simulating the physical processes governing Es layer for-
mation, such as ion transport, winds, and momentum. For example, Resende et al. (2017) used an ionospheric E
region model (MIRE) to study blanketing sporadic E-layers, obtaining good agreement with ionograms recorded
in the Brazilian region. Huba et al. (2019) and Krall et al. (2020) were able to reproduce Arecibo ISR observations
using the SAMI3 (Sami3 is Also a Model of the Ionosphere) model and the empirical HWM 14 (Horizontal Wind
Model) models. Andoh et al. (2023) were able to reproduce the day-to-day variability of Es layers observed at
Arecibo using the GAIA (Ground-to-topside model of Atmosphere and Ionosphere for Aeronomy) model.
Furthermore, Shinagawa et al. (2021) explored the relationship between vertical ionospheric convergence and Es
intensity in GAIA and compared their results to ionosonde observations, finding limited performance that they
attributed to limited knowledge of the input metallic ion distribution and influx, as well as challenges in lower
boundary forcing.

Recently, data-driven models that rely on empirical methods and observational data have also been used to
simulate Es layers. Yu et al. (2022) developed an empirical model of Es layers using the multivariable nonlinear
least-squares-fitting method with COSMIC RO measurements. This model captured the diurnal and seasonal
variations of Es layers, but not the significant variability of Es layers during summer. Recently, Tian et al. (2023)
reconstructed Es layer morphology using SELF-ANN (Artificial Neural Networks), a prediction engine trained
using observational data from multiple sources. A simplified version of this tool is publicly available and can
make predictions between the years 2002-2025.

Integrated physics/chemistry models have also been employed for the study of Es layers. For example, Chu
et al. (2014) used Fe™ concentrations ([Fe*]) from the coupled chemistry-climate model WACCM (the Whole
Atmosphere Community Climate Model) combined with HWMO07 (the Horizontal Wind Model) and the Mass
Spectrometer and Incoherent Scatter (MSIS-00) atmospheric model to calculate the divergence of the vertical
[Fe™] flux for comparison with COSMIC-derived Es occurrence. An examination was made of the relation
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between COSMIC-derived Es layers and neutral wind shear, concluding that the wind shear convergence
mechanism is the primary mechanism driving the formation of COSMIC-derived Es layers.

To achieve a comprehensive understanding of the underlying physical processes responsible for the formation and
extent of Es layers globally, further experimental and theoretical studies are warranted. Whole-atmosphere
climate models are valuable tools for examining the occurrence, formation and variability of Es layers in the
context of broader-scale atmospheric processes and climate dynamics, enabling a range of different atmospheric
conditions and scenarios to be probed. However, the spatial and temporal resolution required to capture this
mesoscale phenomenon creates computational challenges. Furthermore, limitations in the availability of obser-
vations to inform and validate simulations pose additional constraints (Abdu et al., 1996; Hodos et al., 2022;
Oyinloye, 1969; Rao, 1964; Solomon et al., 2019; Tsunoda, 2008).

Metal ions are tightly coupled with electrons through ionization and neutralisation processes and play a central
role in the formation of Es layers (Layzer, 1972; Plane et al., 2015; Yu, Xue, et al., 2021). The ambient molecular
ions O,* and NO™ recombine with electrons quickly through dissociative recombination, meaning they have
short lifetimes (a few to several minutes) and therefore cannot sustain Es (Haldoupis, 2019). In contrast, metallic
ions are neutralised by forming a molecular cluster ion via termolecular recombination with N, or O,, or through
bimolecular reaction with O; in the case of Fe™ and Mg*, followed by dissociative electron recombination.
However, these molecular metal-containing ions are converted back to atomic metal ions by reaction with atomic
O, which increases rapidly above 90 km; hence, their lifetimes are from a few hours to several days at altitudes of
from 95 to 120 km (Plane, 2003; Plane et al., 2015).

Although modelling of parameters relevant to Es layers (winds, temperatures, chemical constituents) has been
carried out using whole atmosphere models (Chu et al., 2014; Yu, Xue, et al., 2021), modelling of Es layers has
not been carried out self-consistently within a global climate model with metal ion transport. Recently, J Wu
et al. (2021) implemented the full transport of three metal ions (Fe*, Mg* and Na*) in WACCM-X (a self-
consistent global model including the full neutral and ion-molecule chemistry of the metals and their injection
from meteoric ablation (Carrillo-Sanchez et al., 2020; Feng et al., 2013; Langowski et al., 2015; H-L Liu,
Bardeen, et al., 2018; Marsh, Janches, et al., 2013)). The work of J Wu et al. (2021) significantly improved the
modelled global distribution and seasonal dependence of the metal ions in WACCM-X. Because it captures the
complex interactions between numerous atmospheric components, this extended WACCM-X provides a useful
framework for the study of Es layers on a global scale.

In the present study, we first describe an algorithm to detect Es layers in WACCM-X with full transport of metal
ions, and then use this to determine the climatology of Es occurrence. The derived climatology is compared to
global high-resolution ionospheric observations from the COSMIC satellite constellation. This comparison en-
ables us to evaluate the performance of the model and identify potential areas for further development. The in-
sights gained from this research advance modelling capabilities, and could support space weather forecasting and
communication systems, as well as contributing to the broader understanding of Es layers and their significance in
atmospheric science.

2. Methodology
2.1. Model Description

WACCM-X is the atmospheric component of the NCAR-developed Community Earth System Model (CESM,
version 2.1.3) (Hurrell et al., 2013) extended to the ionosphere and thermosphere, with a model top at
4 % 107" hPa (500-700 km depending on solar activity). It uses a hybrid sigma-pressure vertical coordinate with
126 levels, having a vertical resolution of a quarter of a scale height in the mesosphere and thermosphere. The
horizontal resolution is 1.9° latitude and 2.5° longitude. Chemical and dynamical aspects are drawn from CAM4
and WACCM4, described by (Marsh, Mills, et al., 2013) and Neale et al. (2013). Validated metal chemistry
modules for iron (Feng et al., 2013), magnesium (Langowski et al., 2015), and sodium (Marsh, Janches,
et al., 2013) are added, with updated rate coefficients from Plane et al. (2015), Bones et al. (2016), and Viehl
et al. (2016). Meteoric input functions (MIFs) are estimated using CABMOD-3 (Chemical Ablation Model
version 3) coupled to the ZoDY (Zodiacal Dust) astronomical model (Carrillo-Sanchez et al., 2020).

A detailed description of WACCM-X with enhanced metallic ion transport is given in J Wu et al. (2021). This
version improves the model performance of metal ions from the lower thermosphere to 300 km. In brief, standard
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WACCM-X has been enhanced to include the full life cycle of Mg, Na, and Fe in addition to their interactive
chemistry, dynamics, deposition, and global ion transport in the E and F regions. Metal ion transport is calculated
in line with the treatment of the most active chemical species O3 and CO,, as described by H-L Liu et al. (2018a).
Model results are from 1-year free-running simulations (perpetual year 2000), with an output frequency of 1 hr.
Solar and geomagnetic forcing are parameterized by the F10.7 cm solar flux (F10.7) and geomagnetic activity
index (Kp), respectively (Tapping, 2013; H-L Liu, Bardeen, et al., 2018; Matzka et al., 2021); the Es layer
identification algorithm development was performed under moderate solar conditions (F10.7 = 130) and quiet
geomagnetic conditions (represented by Kp = 1).

2.2. Identification Algorithm Development

The algorithm iteratively analyses 2-week time slices (1-14th and 15th-28th of each month) between
1.3 X 107 hPa and 1.5 x 10~> hPa (~90-150 km in altitude). Working in 30-min local time (LT) intervals,
selection criteria identify whether Es layers are present in each 4D model grid box (a function of pressure, latitude,
local time and universal time). By summing the statistics over time and dividing by the total number of time points
in each time slice, an occurrence frequency is calculated, which is averaged over each season to give the overall
climatology (the seasons are defined as March-May, June-August, September-November, and December-
February). Since Es layers depend primarily on metal plasma density rather than that of ambient ions, M density
fluctuations are used as a proxy for Es layers, where [M*] = [Fe*] + 2[Mg*] 4+ [Na*]. The Mg™ ion concentration
is doubled because the model does not currently treat Si*, and so [Mg*] is used to represent Si* since both el-
ements have essentially the same injection rate from meteoric ablation.

There do not appear to have been any previous studies specifying selection criteria for metal ions to determine the
statistical occurrence of Es layers. However, two previous studies have examined the occurrence of sporadic
neutral Fe and Na layers using LIDAR and satellite data, respectively (Diettrich et al., 2006; Fan et al., 2007).
With regard to selection criteria, both studies defined lower limits to the metal density: Diettrich et al. (2006)
specified that the maximum of the sporadic Fe layer density must be greater than twice the uncertainty of the
sporadic Fe density and a minimum density of 500 cm™>; whereas Fan et al. (2007) defined a limit of half the peak
density of the standard Na layer (determined from zonally averaged Na profiles in each 10° latitude bin, averaged
for each month). Additionally, the density of the peak of the sporadic Na layer had to be more than three times
larger than the standard Na layer density at the same altitude. These criteria were used here as a basis for the
algorithm, with sensitivity studies conducted to determine the most suitable criteria for capturing fluctuations in
the total metal ion density (further details of the sensitivity studies can be found in the supplementary infor-
mation). Since Es layers represent a marked deviation from the background ion density, the criteria establish
tangible thresholds to represent the physical properties of Es layers, linking to both the ion density at each specific
location and the typical background ion density.

Three empirically defined selection criteria were used - see Figure 1 for a visual example of these criteria at both a
mid- and low-latitude location. The first criterion stipulates that the difference between the total metal ion density
([IM*]) and the average total metal ion density for that grid box over the time slice ((M*],,) must be greater than
0.25x the standard deviation (6, ). The second criterion specifies that [M*] must be greater than two times the
zonal average total metal ion density in the corresponding 5° latitude slice ((M*1],,). Third, the maximum of
[M™1,. is calculated over the height dimension to obtain the peak of the layer (max,.,([M*],,)), and [M*] must be
larger than this value. That is.

1. [M*] - [M*],, > 0.25 6y,
2. [MT]>2[M*],
3. [M*] > max,.,(IM*],,)

While sensitivity studies reveal reliable detection of Es layers, we recognize the potential for further refinement of
the identification criteria. For instance, in the left panel of Figure 1, an Es layer is identified at 90 km, which may
indicate a need for fine-tuning. Additionally, since different criteria lead to different statistical results, we will
focus our assessment on a qualitative representation of observed features.
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Figure 1. Examples illustrating the Es layer selection criteria for two Es events. (left) 06-01-07:00 UT at 48°N, 45°E (right) 06-01-07:00 UT at 12.5°N, 52.5°W. Shaded
sections show areas excluded by criterion 2 (orange) and criterion 3 (pink). The components of criterion 1 (defined as 1a > 1b) are represented in green, where 1a) is
[M*] — [M"],, and 1b) is 0.250714;- Black circles identify data points where an Es event is identified (all three criteria are met) and red circles show data points

excluded by the criteria.

2.3. COSMIC Radio Occultation Data Processing

Satellite data from the COSMIC reprocessed dataset were analyzed from 2009 to 2019, following the method of
Arras and coworkers (Arras et al., 2022; Arras & Wickert, 2018). Occultations were considered between altitudes
of 70-150 km. However, if the upper altitude limit of an individual occultation was less than 125 km it was
removed from the dataset, since the range was insufficient to cover the full range of altitudes where we may
expect Es and is thereby insufficient to be able to discern whether Es was actually present. Es layers were assigned
under the conditions: S4, .. > 0.2; the altitude range over which S4 > 0.2 is less than 10 km wide; and the standard
deviation of S4 over the full range <0.11 (Arras et al., 2022; Arras & Wickert, 2018).

The distribution of COSMIC measurements varies with latitude due to orbital configurations, resulting in a higher
abundance of measurements in mid-latitudes (15-60°). Furthermore, as the mission progressed the decom-
missioning of satellites resulted in a decrease of available measurements, thereby introducing a sampling bias in
the occurrence frequencies calculated, particularly at high and low latitudes (see Figure S6 in Supporting In-
formation S1). To minimize this latter effect, only Es occurrence data from 2007 to 2009 and 2013 were
considered for comparison with WACCM-X occurrence frequencies, coinciding with periods of the highest data
abundance and spanning both low and high solar activity periods.

3. Results and Discussion

Figure 2 shows the latitudinal variation of Es layer occurrence rates across March-May, June-August, September-
November, and December-February (northern hemisphere (NH) spring, summer, autumn and winter). Employing
the specified selection criteria to identify Es layers, WACCM-X yields Es occurrence rates that are about half that
of COSMIC Es estimated from S4,,,,. In Figure 2, COSMIC occurrence rates are scaled down by 2 for com-
parison (an equivalent figure with unscaled COSMIC data is presented in Figure S7 in Supporting Informa-
tion S1). For each season, uncertainties were calculated using Clopper-Pearson confidence intervals (95%) for
each 2-week time sample, taking the minimum (maximum) of the lower (upper) bounds to capture the variability
in occurrence frequencies. The closest agreement between COSMIC and WACCM-X occurrence frequencies
occurs at mid-high latitudes, with the largest discrepancies occurring at mid-low latitudes. While observational
uncertainties may account for some of the differences at mid-high latitudes, other factors likely contribute to the
discrepancy in Es occurrence rates, as discussed below.
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Figure 2. Latitude distributions of the seasonal Es layer occurrence rates (%), for different seasons, for WACCM-X (blue) and COSMIC (red). COSMIC-derived
occurrence rates are scaled down by a factor of 2 to facilitate comparison.

While WACCM captures the main features of the diurnal and semidiurnal tide, the model is known to under-
estimate tidal amplitudes at mid-latitudes in the mesosphere-lower thermosphere (MLT), which could help
elucidate these results, since mid-latitude Es are predominantly tidally-driven (Feng et al., 2015). Sub-grid scale
gravity waves are not explicitly resolved in WACCM-X; this may also contribute to the lower occurrence rate of
Es layers, since gravity wave forcing can generate density perturbations in Es layers. Qui et al. (2023) found that
including gravity waves in their numerical simulations led to [M*] enhancements of up to 60% between 90 and
120 km, and variations of up to ~+600%/—90% between 120 and 150 km. Similarly, Zhou et al. (2024) used a 1D
model to simulate the effects of gravity waves on Es layers and concluded that while these effects are complex and
varied, mesoscale gravity waves can play a critical role in sustaining Es layers, particularly above 100 km. The
under-representation of these waves in the model could lead to a weaker enhancement of ion densities,
contributing to the discrepancies observed between WACCM-X and COSMIC.

It is important to acknowledge that achieving a direct comparison between the WACCM-X and COSMIC is
challenging for a number of reasons. For example, the identification of Es layers from COSMIC uses occultations
at specific locations, before binning the derived statistics to the coarser model resolution for comparison. In
contrast, the identification of Es layers in WACCM-X calculates Es layer statistics directly at the model reso-
lution. As such, WACCM-X will potentially miss fine-scale features that could be captured in the COSMIC
dataset, because local density variations at sub-grid scales cannot be resolved in the model. Lower amplitudes in
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the metal ion density fluctuations due to this “smoothing out” effect will be less likely to meet the Es selection
criteria and therefore lead to lower occurrence rates. This effect will be more prominent at equatorial latitudes and
high altitudes where the grid spacing is largest, therefore WACCM-X will have decreased sensitivity to low-
latitude and high-altitude Es.

Even if the resolution were identical, the inherent differences in data outputs, thresholds and sensitivities between
the COSMIC and WACCM-X derivation methods might still result in differences in the identified Es layer
occurrences. For example, the COSMIC dataset incorporates Es layers based on the combined effect of both metal
ions and ambient ions, whereas in WACCM-X only metal ion density is used to identify Es. Though metal ions are
the primary driver of Es layers, it is possible that focusing solely on metal ions density could result in missing Es
layers where ambient ions have a more significant contribution to the density fluctuations.

Nonetheless, consistent with the observations, WACCM-X displays inter-seasonal variability in Es formation,
characterized by a pronounced summer maximum and winter minimum. This seasonality can be understood in
terms of the variability in metal ion density that is governed by the seasonal dependence of sporadic meteor
deposition and the lower thermospheric meridional circulation (Haldoupis et al., 2007; Yu, Xue, et al., 2021). In
WACCM-X, the seasonally varying MIF, which peaks in autumn in each hemisphere, was validated against radar
meteor head echo observations (Janches et al., 2006) and is able to reproduce the observed metal layers in terms of
peak concentration and seasonal variation (extratropical Fe*, Mg* and Na* exhibit a summer maximum, whereas
in the tropics metal ion densities are more constant) (Feng et al., 2013; Langowski et al., 2015; Marsh, Janches,
et al., 2013). In June-August, a distinct peak in Es occurrence can be seen in the northern (summer) hemisphere
with lower frequencies observed across the southern (winter) hemisphere. In contrast, during December-February
there is lower Es occurrence in the northern hemisphere, and higher occurrence in the southern hemisphere. At the
equinoxes, during the months of March-May and September-November, a more symmetrical latitudinal distri-
bution is observed.

Figure 3 displays the latitude-longitude distributions of the COSMIC and WACCM-X derived Es occurrence
rates binned within a grid of 5° X 5°. As for Figure 2, the COSMIC-derived occurrence frequencies have been
adjusted by a factor of 2 to facilitate easier comparison. Overall, the climatological features observed by (Hal-
doupis et al., 2007) are evident in the WACCM simulations, that is, a summer peak and winter trough. In June—
August (December—February) a maximum is observed in the Es occurrence in the northern (southern) hemi-
sphere, with more consistent formation across longitudes at mid-to low-latitudes.

Es layer occurrence aligns closely with geomagnetic contours, highlighting the influence of the Earth's magnetic
field on Es formation. The geomagnetic field impacts where and how effectively Es layers form by influencing the
vertical convergence of ions, a key factor in Es layer formation (Haldoupis, 2012). The contribution of the vertical
shear of the zonal wind to ion convergence scales with the cosine of the geomagnetic inclination (I) (Shinagawa
et al., 2017), meaning this contribution is stronger at lower latitudes where the inclination is smaller; while the
geomagnetic field facilitates ion convergence across all latitudes, the higher occurrence of Es layers at mid-
latitudes is primarily driven by stronger wind shears from the semidiurnal tide (J Wu et al., 2021).

Differences in both electric field effects and gravity wave structures are likely to be important for Es formation at
high and low latitudes (Chu et al., 2014; Kirkwood & Nilsson, 2000; J Liu, Liu, et al., 2018; MacDougall &
Jayachandran, 2005; MacDougall et al., 2000)—these processes are treated with an empirical model and
parametrization schemes in WACCM-X, which could lead to discrepancies when compared with observational
data and highlight the need for further refinement of the model to accurately capture the complexities of Es layer
formation (Garcia et al., 2017; H-L Liu, Bardeen, et al., 2018; Richter et al., 2010). For example, since precip-
itating electrons are represented using a parametrization scheme in the auroral oval (H-L Liu, Bardeen,
et al., 2018), the Southern Atlantic Anomaly (SAA) is not represented in WACCM-X;; as such, the decrease in Es
occurrence seen around the SAA in COSMIC for the equinox seasons is not observed in WACCM-X. Likewise,
the marked reduction in Es occurrence seen in COSMIC data at the magnetic equator is not replicated in
WACCM-X, as the electrodynamic processes that influence Es suppression in the equatorial region are also not
fully represented in the model.

The discrepancy between the COSMIC and WACCM-X derived occurrence rates at high latitudes could also be
attributed to variations in solar activity: the COSMIC measurements used for the analysis are mostly during time-
periods associated with low solar/geomagnetic activity, though the real-world conditions are time-varying.
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Figure 3. Latitude-longitude distributions of seasonal Es layer occurrence rates (%) for WACCM-X (left), and COSMIC (right) scaled down by a factor of 2.

WACCM-X simulations were conducted under constant moderate solar conditions (f10.7 = 130) and quiet
geomagnetic conditions (kp = 1). The influence of solar activity on Es layer occurrence is unclear - both positive,
negative, and no correlations have been reported in the literature (Fontes et al., 2024; Kotadia, 1969; Pavelyev
etal., 2007; Pezzopane et al., 2015; Sivakandan et al., 2023; Zhang et al., 2015; Zuo & Wan, 2002). Changes in Es
layer formation with solar activity may be attributed to changes in production of metal ions via photoionization
(Pezzopane et al., 2015), changes in stratospheric heating and therefore tidal amplitudes (Vial, 1993), or changes
in zonal winds leading to variations in gravity wave drag, residual circulation, and temperatures in the MLT
(Cullens et al., 2016). The concentration of atomic oxygen and ozone also varies over the solar cycle, which play a
role in the metal ion chemistry. Such effects may directly or indirectly influence Es layer formation.
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Figure 4. Latitude-local time distributions of the seasonal Es layer occurrence rates (%), for WACCM-X (left), and COSMIC (right) scaled down by a factor of 2.

Figure 4 illustrates the latitude-local time distributions of Es layer occurrence rates across the seasons. For the
COSMIC-derived occurrences, Es layers are prevalent at low to mid-latitudes - typically between 09:00 and 22:00
LT, with a peak in occurrence around 16:00-18:00 LT and reduced frequency between 02:00-08:00 LT. In the
summer hemispheres, Es formation demonstrates more consistent patterns throughout both local day and night
periods. In the WACCM-X simulations, a similar temporal pattern emerges, with Es formation typically
occurring between 10:00 and 00:00 LT, and peaking around 16:00 and 18:00 LT. During equinoxes, a decrease in
Es occurrence is observed overnight in both hemispheres, while in summer (for both the NH and SH) Es formation
persists during the local night.
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Figure 5. Seasonal altitude-local time distributions of normalized Es layer occurrence, for WACCM-X (left) and COSMIC (right). The seasons are presented from top to
bottom, from March-May through to December-February.

Figure 5 displays the altitude-latitude distributions of normalized Es layer occurrence. The normalized occurrence
is calculated by adjusting the raw number of Es events identified using the overall maximum and minimum values
across all seasons for WACCM and COSMIC datasets separately. This approach is necessary due to the inherent
differences in data processing between the COSMIC and WACCM-X methodologies. For COSMIC data, no
specific altitude can be assigned to the occultation where an Es layer is not present, since it spans multiple al-
titudes. As the sampling rates differ between the two datasets, the number of occurrences would show significant
disparities. Normalizing ensures the occurrence data are on the same scale, facilitating a more meaningful
comparison between COSMIC and WACCM-X. For visualization, WACCM data is displayed on a scale from
0 to 1, while COSMIC data is shown on a scale from 0 to 0.8, with the uppermost color bin representing values
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from 0.8 to 1. This allows for a consistent normalization approach while accounting for differences in data ranges
and ensuring the clarity of the visualization.

For both COSMIC and WACCM-X, Es occur higher and over a larger vertical extent in the northern hemisphere
for June-August (NH summer). Conversely, in December-February (NH winter) the opposite patterns in Es
occurrences can be seen, with Es forming at higher altitudes and over a greater vertical extent in the southern
(summer) hemisphere. For COSMIC in the summer hemispheres most Es layers are formed in the height range
from approximately 90 km to around 115-120 km, whereas in winter this upper limit is reduced to around 110 km.
For WACCM-X, though the majority of Es are formed at altitudes of around 90-110 km, the altitude range over
which Es form—and particularly the upper altitude limit for Es formation—is more variable, particularly in the
summer hemisphere. In both NH and SH summer, the greatest altitude range over which Es are formed is at mid-
latitudes, where Es can be found up to altitudes of 130 or even 140 km. At the equinoxes, the altitude-latitude
distributions for both COSMIC and WACCM-X are more symmetric about the equator, with more consistent
occurrence rates and vertical extent. For COSMIC, the altitude range over which Es layers form is around 5 km
higher for the spring hemisphere as compared to the autumn hemisphere in both March-May and September-
November. At mid and low-latitudes, this trend is also seen in WACCM-X.

In the COSMIC dataset there is increased Es occurrence for all seasons at mid-latitudes, particularly at around
+20° and £50°. There is a significant drop in occurrence at high latitudes and around the equator. These areas
correlate with the total number of measurements from this technique - a significant increase is seen in the number
of occultations at mid-latitudes, with the greatest number of measurements at +20° and +50° and significantly
fewer at the equator and poles (see Figure S8 in Supporting Information S1). This indicates a possible impact of
the measurement methodology on derived distributions. The WACCM-X dataset does not exhibit the same
pattern as that seen by COSMIC, instead showing a more consistent occurrence across low and mid latitudes for
all seasons, with a decrease in occurrence at around £70° and an additional population of Es at the poles.

Figure 6 depicts the altitude-local time distributions of Es layer occurrence rates for different latitudinal regions.
Rows 1 and 2 represent low latitudes (15-20°) for COSMIC and WACCM-X, respectively, while rows 2 and 4
correspond to mid-latitudes (45-50°). At mid-latitudes, COSMIC-derived occurrence rates exhibit a maximum in
Es occurrence in June-August (NH summer) and a minimum in December-February (NH winter). Semidiurnal
behavior is exhibited, with Es traces typically descending from around 115-90 km in altitude, beginning at
approximately 06:00 and 16:00 local time (LT). Additionally, terdiurnal tides are evident at 90—-100 km. In contrast
to the mid-latitudes, at low latitudes there is less variation in Es occurrence rates between seasons. Below latitudes
of around 30°, and particularly at altitudes below around 100 km, semidiurnal behavior is not clearly discerned, and
a diurnal variation is observed with a slower descent rate compared to the semidiurnal tide-induced Es.

At mid-latitudes, the spatio-temporal patterns of the WACCM-X Es traces are similar to those from COSMIC,
though the summer maximum in Es occurrence is not as clearly observed as it is in the COSMIC dataset. The
influence of the semidiurnal tides is evident, with Es layers descending from approximately 120-130 km down to
90 km, starting around 06:00-09:00 and 16:00 LT. The Es traces in WACCM-X start at slightly higher altitudes
compared to the equivalent in the COSMIC data, although the descent rates for both datasets are similar. For all
seasons, the daytime trace is typically more intense than the evening trace, which can be attributed to a com-
bination of the increased availability of metallic ions during the day and the influence of both the semidiurnal and
diurnal tides (Haldoupis et al., 2007; Pignalberi et al., 2014). Below 30° latitude, the diurnal patterns are also
comparable for WACCM-X and COSMIC. However, a faster descent rate is observed in the evening trace for
WACCM-X derived Es. Like mid-latitudes, the daytime trace is typically more intense. However, this is not the
case for June—August, where the second trace is particularly strong.

The zonal wind shear (dU/dz) mechanism of Es layer formation involves the horizontal magnetic field component
and a vertical wind shear characterised by a westward wind above and an eastward wind below. Ions advected by
a westward (eastward) wind drift downwards (upwards) in response to the Lorentz force, converging at the wind
shear null (U = 0) to form a layer (Yamazaki et al., 2022). Figure 7 depicts the altitude-local time distributions of
WACCM-X Es occurrence for latitudinal bands 15-20° and 45-50° during NH summer and winter, with U wind
fields overlaid as white contour lines, highlighting wind shear zones. At summer mid-latitudes, a strong corre-
lation is observed between Es occurrence and the zero-wind lines (U = 0), where the intense wind shear tran-
sitions occur from east to west or vice versa. The zero-wind line exhibits semidiurnal behaviour: the morning trace
initiates around 06:00 LT, descending from approximately 120—100 km, while the afternoon trace starts at 14:00
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Figure 6. Seasonal altitude-local time distributions of the normalized Es layer occurrence for different latitudinal regions. Rows 1 and 2 show latitudes of 15-20° for
COSMIC (top) and WACCM-X (bottom). Rows 3 and 4 show latitudes of 45-50° for COSMIC and WACCM-X (top and bottom respectively). The seasons are
presented from left to right, from March-May through to December-February.

LT, descending from about 150 to 100 km. These wind shear zones coincide with identified Es layers, empha-
sizing the role of semidiurnal tides in modulating Es layer dynamics. In winter and at low latitudes, this corre-
lation is less pronounced but still discernible. Here, the zero-wind line exhibits significant altitude variability;
diurnal variations are clearer than semidiurnal ones, with slower descent rates observed below 110 km. Notably, at
low latitudes, the faster descent rate in the evening trace for WACCM-X data suggests a nuanced interaction
between tides and wind shear.

Figure 8 shows the daily variability of [M*] and the zonal wind shear at 110 km, dU/dz s™", for July at a mid-
(lat = 47.5°, lon = 180° E, alt = 110 km) and low- (lat = 17.5°, lon = 180°, alt = 110 km) latitude location. At
mid-latitudes, there is a strong, regular semidiurnal cycle in the zonal wind. Strong negative wind shears resultin a
sharp increase in [M*], highlighting the combined influence of zonal winds and tides. At low latitudes, the zonal
winds are more erratic, with no clear repeating pattern in daily variability. Here, the sharp increases in [M™*] are
not correlated to the negative shears. This result reflects that the vertical shear of the zonal wind at mid latitudes
due to the semidiurnal tide is greater than that at low latitudes due to the diurnal tide, and is in line with previous
studies—Es occurrence rates have been shown to correlate with negative vertical shears in the eastward wind
(Yamazaki et al., 2022) and neutral wind observations by the Ionospheric Connection Explorer (ICON) satellite
demonstrate that strong negative shears in the eastward wind are most frequent in summer midlatitudes (25°N
—40°N) (Li et al., 2024). Note that the vertical shear of the meridional wind is also relevant for Es layer formation.
However, in the 90-120 km altitude range, where Es layers are typically observed, the vertical ion velocity is
primarily driven by the shear of the eastward wind, as studies have shown it has a more dominant influence on ion
convergence (Yamazaki et al., 2022).
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Figure 7. Altitude-local time distributions of the normalized Es layer occurrence (filled contours) and the U winds (white contour lines) for WACCM-X. Rows 1 and 2
show latitudes of 15-20° and 45-50° respectively, columns 1 and 2 show June-August and December-February respectively.

4. Conclusions

This study presents the first study whereby sporadic-E structures are produced self-consistently within a global
climate model. A novel algorithm has been developed to identify layers within WACCM-X output based on
specified selection criteria. Using this selection process, a comprehensive analysis of Es layer occurrence has
been conducted and the climatology presented, with a comparison to Es occurrence rates derived from COSMIC
radio-occultation measurements. Through a comparison of Es occurrence rates between the two datasets, several
key findings have emerged.

Our analysis highlights the influence of seasonal variability and geomagnetic effects on Es layer formation.
Consistent with previous studies, we observe distinct seasonal patterns in Es occurrence, with peaks during
summer months and reduced frequencies during winter, reflecting the seasonal modulation of meteoric ion
deposition in the upper atmosphere. The alignment of Es occurrence with geomagnetic contours indicates the
spatial distribution of the Es layers is substantially geomagnetically controlled.

In line with the COSMIC-derived occurrence rates, WACCM-X produces Es layers mainly during local daytime;
for all seasons, a peak in Es occurrence is observed in the afternoon-evening. In the summer hemispheres, Es
formation continues throughout local nighttime. In both the northern and southern summer hemispheres, an in-
crease in the peak altitude and vertical extent of Es layers is observed compared to the corresponding winter
hemispheres. Differences in the latitudinal distributions are noted between COSMIC and WACCM-X—in
COSMIC, the highest occurrence is consistently at mid-latitudes, whereas a significant population of Es layers is
also observed at both low and high latitudes for WACCM-X. This discrepancy may be influenced by differing

AYLETT ET AL.

13 of 18

85UB0 |17 SUOLLILLIOD SAIERID B |ded! [dde 8y} Aq paueA0b 818 Sap1Me YO ‘38N J0 S3INJ 104 ARIG1T 3UIIUO AB|IA LIO (SUOHIPUOD-PUB-SWIR}LIOD A8 | I ARe1q 1 U1 IUO//SARY) SUORIPUOD PUe Swid | 84} 885 *[S202/TO/ET] Uo Ariqiauliuo AB|IM 8oL AQ #70EE0VIY202/620T OT/10p/LLiodA8|im Azeid1ut|uo'sgndnfe;/sdny wouy popeojumod ‘T ‘'S202 ‘20766912



LXel . .
"“"-’ Journal of Geophysical Research: Space Physics 10.1029/2024JA033044
— log[M*]
— dUdz
lat=17.5°N, lon=180°E, altitude=110km
5 20 MV VTV \’\/\’V"\f’\/\/ﬂ\,\/\’\/\f’\/\/‘/\’\-"/\’\/\-ooo i
g A\ ST A TASANAAN A TN 005
0 1 2 3 4 5 6 7 8 9 10
7 n o A I ~ A
5 20-1\’\\/\/Vv\/\/\/\/\/\"\/w \A~A————S /TSSO T,
oL A WA AL/ NSNS A S NS 00s
10 11 12 13 14 15 16 17 18 19 20
i ™\ A \
§ 0 oAy S NN A A A e A 000
& N
% N ~\ i b lLﬁ'/\ A\IMNI\ AVI-\VA %
8 ol L~ \/\/ AT ‘v’/”\n/ VN
20 21 22 24 25 26 27 28 29 30
Days since 0001-07-01
lat=47.5°N, lon=180°E, altitude=110km
£ 0] - 0.00 T
RV AVAYAVAVAVAVAV AV AN VAV S eV eV AYAVA'AV I
o N
E — k,./ p\vf\ A\ ~ I\A Va\ ~\ N PN m\ 7\ §
iy eV \JV VY LY \/"‘f/\/"V van | \/VV \/‘/\/-—0-05
0 1 3 4 5 6 7 8 9 10
\E H H : : i | T
. 20(\/’\/‘\//\/\\/\/\/\/\[\/\/\/\/\/\/f\/‘\/\/\/\/\/ 000 7,
2 i ; \% N
= | N\ 3
5  IMMUNNN AN AAANAA NN SUVAS VNN s 3
10 11 12 13 14 15 16 17 18 19 20
‘LE) 20 _A\/A\/\/\/\//\/\/\/\/\/\/U\/\/\/\/\\/\/\/\/\' 0.00 Tm
X | 3
=z PO\, AN AL ALTAN - AL A AL LA RN A VAN , 2
B gl AT V Vv V / W/ WA/ YV | \J V \ . - -0.05
20 21 22 23 24 25 26 27 28 29 30

Days since 0001-07-01

Figure 8. Daily variability of [M*)/em™ and the zonal wind shear (dU/dz (s™")) for July at a mid- (lat = 47.5°N, lon = 180°E, alt = 110 km) and low- (lat = 17.5°N,

lon = 180°E, alt = 11

0 km) latitude location.

formation mechanisms of the Es layers, a decreased sensitivity of the WACCM-X identification methodology to
low-latitude Es and the availability of high and low latitude measurements from the COSMIC dataset.

The expected diurnal patterns of Es traces are well-captured by WACCM-X, with layers descending with
increasing local time. At mid-latitudes, the influence of the semidiurnal tides is dominant, whereas at low latitudes
the semidiurnal traces are not clearly defined and the influence of the diurnal tides dominates. Some discrepancies
are observed in the descent rate of the second E trace at low latitudes, with a faster descent rate observed for
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WACCM-X. The altitude-local time plots reveal significant correlations between Es occurrence and U wind
fields at mid-latitudes, highlighting the role of tidal influences and wind shear in modulating Es layer dynamics.

This study enhances the modelling capabilities of sporadic Es and deepens our understanding of their formation.
However, we acknowledge the discrepancies that exist with S4-derived Es occurrences, highlighting the ongoing
challenges in accurately modelling Sporadic E layers within coupled climate-chemistry models. The differences
in the magnitude, timing and location of Es layers between WACCM-X and COSMIC highlight the potential for
further enhancement and validation of both the identification algorithm criteria and the parameterisations and
processes governing Es layer formation in WACCM-X;; further investigation into the complex interplay between
atmospheric dynamics, solar activity, climate variability and Es layer formation is warranted to better understand
and predict Es layer behaviour.

It may also be possible to use the algorithm for identifying blanketing versus non-blanketing Es layers. However,
the model resolution may limit its ability to resolve the finer structures of thin, patchy non-blanketing layers; as a
result, grid smoothing could overestimate the thickness of these layers, while localized high-density patches may
be averaged out, impacting key parameters such as critical frequency (fEs). Implementing a regionally refined
version of the model with much higher resolution over specific area of interest, should enable more precise
identification of Es characteristics and a better representation of the wind shear and gravity wave dynamics that
influence Es formation. This would increase the algorithm's effectiveness in differentiating between blanketing
and non-blanketing Es events.

Overall, this study contributes to advancing our understanding of Es layer dynamics and their drivers, providing
valuable insights into the formation and variability of these elusive atmospheric phenomena. Through an inter-
comparison of atmospheric modelling and satellite data, we have improved our ability to simulate and characterize
Es layers. This opens avenues for future research to study their behaviour under different atmospheric conditions
and further elucidate the underlying mechanisms driving their formation over different spatio-temporal contexts.

Data Availability Statement

A 1 year WACCM-X simulation was performed on the High Performance Computing (ARC) clusters at the
University of Leeds and the output is stored at the PeTAL tape archive.

https://arc.leeds.ac.uk/platforms/.

The COSMIC RO data were downloaded from the FORMOSAT-3/Constellation Observing System for Mete-
orology Ionosphere and Climate (COSMIC-1) (https://doi.org/10.5065/ZD80-KD74, UCAR COSMIC
Program, 2022).

The code base used for the identification algorithm is available on Github at https://github.com/tashaay/SpE_
Identification_Notebooks and archived on Zenovo at https://doi.org/10.5281/zenodo.14145588 (Aylett, 2024).
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