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ABSTRACT 
 

The ionosphere is the region embedded in Earth’s upper atmosphere that presents a high 
concentration of electrons and ionized atoms. This ionospheric plasma scales more than 1000 km 
in altitude and is highly variable (spatially and temporally) from solar ionizing flux, space 
weather conditions, and lower atmospheric processes such as vertically propagating gravity 
waves, planetary waves, etc. Within this study, output from the Whole Atmosphere Community 
Climate Model with thermosphere and ionosphere extension (WACCM-X), a general circulation 
model spanning from Earth’s surface to the upper thermosphere, was studied to quantify short-
term variability of the ionosphere total electron content (TEC). The short-term variability is 
quantified based on the standard deviation within a given month, allowing us to determine how 
the short-term variability depends on season, location, and solar local time. Low-latitude 
longitudinal dependence at local noon was determined to quantity the spatial distribution of TEC. 
These values were then compared with model output of fixed solar and geomagnetic activity to 
determine the amount of ionospheric variability that can be contributed to the lower atmosphere. 
A significant amount of this variability was found and can most likely be attributed to 
meteorological influences originating in the lower atmosphere. Additionally, the WACCM-X 
simulations were compared with previous works using ionosonde observations to both help 
validate model output and quantify seasonal TEC data. The results of this study help to improve 
quantitative understanding and predictability of upper atmosphere variability. 
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1 Introduction

The ionosphere is a region embedded within the Earth’s upper atmosphere that contains
a vast number of electrons and ions, which form weakly ionized plasma. This ionization is
the result of solar radiation, predominantly ultraviolet, extreme ultraviolet and x-rays from
the Sun. The ionosphere stretches far in altitude from approximately 80 kilometers to over
1000 kilometers and overlaps with multiple layers of the atmosphere, including the upper
mesosphere and thermosphere which are dominated by neutrals with the neutral density
several orders of magnitudes larger than the ion densities. Due to the different penetration
depth of FUV, EUV and X-rays, the ionosphere is further segregated into three layers: D, E,
and F with specific peaks. Since these layers are highly dependent on solar irradiance, each
present much lower ion densities at night than they do at day with the uppermost layer, the
F layer, being the only one to be present at night.

Additionally, the ionosphere and much of the upper atmosphere varies spatially as well.
This overall variance is due to its structure being exposed to a number of global scale
influences (e.g. Rossby waves) at any given time (Forbes et al., 2000). As further studies
continue to demonstrate how variable the ionosphere is, it becomes imperative to understand
the processes that are responsible and their overall effects on the upper atmosphere. Recent
studies have shown that a number of sources are responsible for this variability, aside from the
variability due to the inherent fundamental physics that dictate upper atmospheric processes.

Within one study, Mendillo et al. (1998) utilized the NCAR (National Center for Atmo-
spheric Research) coupled CCME/TIME-GCM (Community Climate Model-3/Thermosphere
Ionosphere Mesosphere Electrodynamics — General Circulation Model; Roble and Ridley,
1994) to determine how much variability can be attributed to the lower atmosphere via
analysis of F-region plasma densities. By comparing one year of model data with typical
daily F-region plasma density means, they were able to conclude that a significant amount
of ionospheric variability is attributed to not only space weather influences such as solar
irradiation and magnetospheric forcing, but from the lower atmosphere as well, known as
“meteorological influences.” Much of these lower atmospheric influences are the result of
vertically propagating tides, planetary waves, gravity waves etc.

Whole atmospheric climate modeling has advanced considerably in the more than two
decades since Mendillo et al., (1998), notably with the NCAR Whole Atmosphere Community
Climate Model with Thermosphere and Ionosphere Extension (WACCM-X) version 2.0 (Liu
et al., 2018). Further details of WACCM-X can be found within the Method Section. Few
experiments have been conducted studying upper atmospheric variability using this updated
model. In this study, short term ionospheric variability will be analyzed using simulation
results from this general circulation model (GCM). Within this study, short-term has been
defined to be the variance that occurs within a month, which primarily accounts for the
day-to-day variability of the ionosphere.

2 Method of analysis

In this study we employed the National Center for Atmospheric Research (NCAR)
Whole Atmosphere Community Climate Model with Thermosphere and Ionosphere Exten-
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sion (WACCM-X) version 2.0 (Liu et al., 2018). WACCM-X is a general circulation model
(GCM) and part of the NCAR Community Earth System Model (CESM; Hurrell et al.,
2013). WACCM-X simulates physical atmospheric processes from Earth’s surface to the up-
per thermosphere at roughly 455-600 km in altitude depending on solar flux. WACCM-X 2.0
is a further development of WACCM, whose computational prowess was limited to the lower
thermosphere, and WACCM-X 1.0 (Liu et al., 2010) The recent developments include imple-
mentation of thermosphere neutral dynamics, ionospheric transport of O+, and calculation
of ion energetics and temperatures (Liu et al., 2018), the inclusion of metastable O+ chem-
istry and high-cadence solar EUV capability. The self-consistent ionospheric electrodynamo
was adopted from the thermosphere-ionosphere-electrodynamics GCM (TIE-GCM). These
continuous additions assist in achieving the scientific goals of WACCM-X, to study the solar
impacts on the Earth atmosphere system and to understand and quantify coupling processes
between atmospheric layers on different temporal and spatial scales. Recent studies have pre-
sented the integral role the thermosphere and ionosphere play within the whole atmospheric
system. It is for this reasoning that allows WACCM-X to be well suited for this study as it
contains everything necessary from the troposphere to the thermosphere/ionosphere within
one model.

To quantify the short-term variability present within the ionosphere, mean total electron
content (mTEC ) and relative standard deviation (ΣTEC). mTEC allows us to quantify
variability by taking the average amount of electrons present within the ionosphere and
study how this value changes both spatially and temporally. ΣTEC allows us to use the
standard deviation to quantify the short-term (diurnal to seasonal) variability present by
showing how TEC values deviate from normal and is presented in the equation below. For
the analysis used within this study ΣTEC is calculated for each respective month , and is
calculated separately at teach latitude, longitude, and universal time (UT).

ΣTEC =
σTEC

mTEC
(%)

3 Results

3.1 Comparison of variable and fixed solar activity in 2009

Output data of WACCM-X for January and August of mean TEC and relative standard
deviation of both variable and fixed solar conditions are presented in Figures 1 and 2, re-
spectively. These two months were selected to show the disparity in ΣTEC, especially in
August where higher values are shown. What can be noticed immediately is the geomagnetic
alignment within the mean TEC plots, resulting in the equatorial fountain effect, where ions
are driven from the geomagnetic equator forming high ion densities north and south of said
equator. Additionally, this phenomenon only seems to be limited between longitudes of 150-
300. This is due to this range being the approximate location of daytime for the time chosen
(Coordinated universal time (UTC): 00:00). Any disparity between the plots is presumed
to be from variance in solar and geomagnetic conditions. Figures 1 and 2 demonstrates few
of these disparities between the variable and fixed outputs, aside from minor upper latitudi-
nal differences in relative standard deviation. January was chosen as an arbitrary point of
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Figure 1: Global mTEC and ΣTEC of January 2009 as modeled by WACCM-X.

comparison between the two sets of output data, as it is one of the months that presented a
higher variance in mean TEC and therefore to distinguish disparities within.

This initially demonstrates that variance in solar and geomagnetic activity did not play
a significant role within the relative standard deviation (i.e.,short-term variability) of TEC
in January, 2009. As a result, this alludes to another source of this variance. A plausible
source is the idea presented by Mendillo et. al. (1998) that found a significant amount of
ionospheric variability to be attributed to lower atmosphere influences. During this time a
major sudden stratospheric warming (SSW) occurred, where observed temperatures of the
stratosphere rise significantly in the matter of a few days. These are known to affect the
upper atmosphere and supports the claim of lower meteorological influences playing a large
role in the state of the ionosphere.

3.2 Seasonal variability

This is further supported in Figure 3, where the seasonal variaibility of the monthly
mean and relative standard deviation at low-latitudes are shown. In Figures 1 and 2, the
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Figure 2: Global mTEC and ΣTEC of August 2009 as modeled by WACCM-X.

results are averaged for low-latitudes (±20◦) at UTC of 00:00. The mean of these values
was taken for each respective month and presented in Figure 3. Again, a comparison was
made between variable and fixed solar activity to distinguish how much variability can be
attributed to changes in solar and geomagnetic conditions. There is variance presented shown
in the relative standard deviation plots, showing higher variability during the second half of
the year within the variable solar output, suggesting that solar and geomagnetic conditions
play a role in the seasonal variability, though not significant as these changes are roughly
1% between the two outputs.

3.3 Longitudinal dependence

To analyze the spatial distribution of mTEC and ΣTEC, the longitudinal dependence
of both was determined and is presented in Figure 4. With this we are able to determine
to which extend longitude affects the short-term variability, and how it may vary through-
out the year. This is critical to understanding the state of the ionosphere in the case of,
for example, analyzing ionospheric response to a geomagnetic storm. This response may
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Figure 3: Low-latitudinal seasonal variability of mTEC and ΣTEC during 2009 at UTC
00:00.

vary in longitude if spatial variance in TEC is present. This is likely as Figure 4 clearly
demonstrates significant longitudinal dependence for both mTEC and ΣTEC, indicating
that ionospheric variability heavily depends on location. Within the plot demonstrating
longitudinal dependence ofmTEC, there is both annual and semiannual variation present,
evident by the dip minima at June/July having a lower TECU value than the minima in
January. This can be attributed to the seasonal changes in neutral composition and is a
known feature of ionospheric variability. Again, this difference of spatial variability present
in ΣTEC plots demonstrate that variance in solar and geomagnetic activity play a pivotal
role in spatial seasonal variability. While the vast remainder of variability still present under
fixed conditions can most likely be attributed to lower meteorological atmospheric influences.

3.4 Comparison with previous works

It is relevant to compare WACCM-X output with observational data produced in earlier
works. These comparisons assist in validating model output and quantity seasonal TEC
data. Furthermore, disparities in WACCM-X and observational data can help improve un-
derstanding of potenrtial deficiencies in the atmospheric modeling.

Yuen and Roelofs (1967) studied seasonal variations in ionospheric TEC via observation
of the Faraday rotation of a linearly-polarized wave received from the geostationary satellite
Syncom III. Their results were presented as monthly mean curves of a one-year observation
at the University of Hawaii, limiting their data at a fixed magnetic latitude of 20 degrees
during the year 1965. Yuen and Roelofs (1967) observed a seasonal trend of maximum
diurnal peaks during equinox and minimum diurnal peaks during solstice. Additionally, they
observed significantly higher night-time TEC during the summer than the winter, where TEC
stayed at a relative constant of 3 TECU. The parameters of this study were emulated using
WACCM-X output during the year of 2009 and is presented in 5. The output presented a
remarkable similarity to the findings by Yuen and Roelofs (1967), showing almost the exact
seasonal trends of day and night-time diurnal peaks. However, while the trends are similar,
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Figure 4: Longitudinal dependence of ΣTEC and mTEC separated by 60◦ for both variable
and fixed solar activity during 2009.

there is significant disparity in the absolute amount of mean TEC, where the output from
WACCM-X is almost a magnitude less than the TEC observed by the geostationary satellite.
The natural assumption for this would be due to the differing solar cycles between 1965 and
2009, often leading to large changes to TEC. This is not the case for this dataset as both years
presented similar average solar F10.7 indices (1965: 72.6 sfu, 2009: 68.2 sfu). This alludes
to an alternate source for this difference in absolute mean TEC. Another plausible factor
is the altitude over which WACCM-X is integrated. Within the model, electron density is
included up to 500 km at solar minimum (Liu et al., 2018) while Yuan and Roelofs’ (1967)
observational data is based on geostationary orbit, resulting in significantly lower values
outputted by WACCM-X. Regardless, the similarity in seasonal trends supports the validity
of WACCM-X as a GCM and observational data presented more than 50 years ago.

Rishbeth and Mendillo (2001) studied diurnal to seasonal F2-layer variability using
ionosonde data from 13 locations from 1957-1990. Of these locations, six locations were cho-
sen and compared to WACCM-X under similar conditions. Though Rishbeth and Mendillo
focused specifically on the F2 layer while model output incorporates the entire ionosphere,
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Figure 5: Diurnal variability of mTEC data in Hawaii by WACCM-X as modeled after work
by Yuen and Roelofs (1967).

seasonal and diurnal trends can still be compared as majority of electron content is present
within the F-layer. Though it is for this reason that only ΣTEC was compared with
ionosonde data. In Rishbeth and Mendillo (2001), daily standard deviation of Slough, U.K.
F2 variability was presented as monthly mean values vs. local time. These same parameters
were inputted into WACCM-X and presented as the first comparison in Figure 6. Once
again, WACCM-X demonstrates a strong capability of matching trends represented in pre-
vious studies, though more disparities are present here than when compared with Yuen and
Roelofs (1967). In particular, the model tends to slightly underestimate the standard devi-
ation values, especially during night-time. This is most likely due to the difference in solar
cycles of the years compared. The annual mean of F10.7 presented in Rishbeth and Mendillo
(2001) ranged in value from 120-162 solar flux units (sfu). These values are significantly
higher than the mean F10.7 values of 2009 of 68 sfu used by WACCM-X. This is most likely
the main reasoning for the difference presented between the data and model output.

Additionally, Rishbeth and Mendillo plotted average day and night seasonal variability for
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Figure 6: Diurnal variability of ΣTEC data in Slough by WACCM-X as modeled after work
by Rishbeth and Mendillo (2001).

12 locations using mean values of their 30-year dataset. For this study, six of these locations
of varying geomagnetic latitudes were chosen as sites of comparison for WACCM-X and are
presented in Figure 7. Accuracy in WACCM-X and ionosonde data is varying with location
and time. For example, at Slough, U.K., a mid-latitudinal region, WACCM-X presented the
same day-time variability average of 21% yet had a significantly lower night-time average
variability at 22% compared to the ionosonde data’s 30%. This lower night-time variability
pattern was presented in nearly all other compared locations. While for day-time variability,
WACCM-X tended to either match the average deviation or provide a slightly higher average
than the literature.

3.5 Summary and conclusion

It has been shown that the ionosphere is a highly variable component of the atmosphere
as it interacts with both space weather and meteorological influences. Yet it is not com-
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Figure 7: Day and night seasonal variability of various locations by WACCM-X as modeled
after work by Rishbeth and Mendillo (2001).
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pletely understood how much each of these contribute to ionospheric variability. Using the
capabilities of modern whole atmospheric models, we are able to further study the state of
the ionosphere and better understand to what extent variability can be attributed to. Within
this study, how the short-term variability of the ionosphere varies with season and longitude
was analyzed using WACCM-X. Two outputs were created for each analysis: one of normal
variable solar and geomagnetic activity and another where these parameters are fixed. By
comparing the variability shown in both outputs, we are able to attribute which variabil-
ity is caused by changes in solar activity or by other parameters such as lower atmosphere
meteorological influences. Diurnal and seasonal variability was plotted and shown that a sig-
nificant amount of variability can be attributed to these lower atmospheric influences, while
changes in solar activity is shown to affect variability as well. Furthermore, WACCM-X
output was compared with observational data found in previous literature. When compared
with previous works presenting seasonal mTEC, WACCM-X does a strong job in match-
ing seasonal trends. When compared to F2-layer seasonal and diurnal variability in further
works, WACCM-X continues to be commensurate with observational data, yet demonstrated
some disparity depending on the location and day/night. Overall, whole atmospheric models
like WACCM-X continue to help quantify TEC, as the variability of a system is imperative
for understanding its predictability, bridging the gap between what we know now and a full
understanding of our atmosphere.
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