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Introduction: The north-south difference, or interhemispheric asymmetry (IHA),
in the ionosphere-thermosphere (IT) system serves as an indicator of the
complex responses to various asymmetric factors between the Northern
and Southern Hemispheres. While previous studies have documented IHA in
multiple parameters—such as polar plasma convection, neutral wind, and field-
aligned currents—little attention has been given to the asymmetric behaviors of
uncertainties or variability in these parameters. A comprehensive study of these
uncertainties could provide deeper insights into the impacts of source factors
on the IT system.

Methods: In this study, we build upon prior work on quantifying uncertainties in
the IT system using the Whole Atmosphere Model-lonosphere-Plasmasphere
Electrodynamics (WAM-IPE) simulations and a polynomial chaos expansion-
based uncertainty quantification (UQ) framework. Our focus shifts to the IHA
of uncertainties in the IT system. Specifically, we present the uncertainties
of electron density, plasma drifts and neutral winds obtained by applying
uncertainty representation and propagation methods to the WAM-IPE model
under moderately quiet conditions.

Results and discussion: The estimated uncertainties exhibit clear north-south
asymmetry in the mid-to-high-latitude regions, with the asymmetry sometimes
reversing at different times. A prominent feature is that uncertainties in plasma
density, plasma drifts, and neutral winds show larger enhancements or broader
distributions in the Southern Hemisphere. Vertical variations of IHA in plasma
density are also observed, with larger values at lower altitudes (250 km) across
most universal and local times, and at 300 km in the Southern Hemisphere at
specific local times. While north-south asymmetry in electron density, plasma
drifts, and neutral winds at mid-to-high latitudes has been previously reported,
this study is the first to reveal the asymmetric uncertainties in the mid-to-
high-latitude ionosphere. We offer potential explanations for these distinctive
features, although further theoretical analyses are necessary to understand the
underlying mechanisms better.

WAM-IPE, uncertainty quantification, ionosphere-thermosphere, solar wind, inter-
hemispheric asymmetry
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1 Introduction

Similarities of ionospheric phenomena between the north
and south hemispheres have been reported to provide significant
information in terms of the coupling of conjugate ionosphere
regions connected through the magnetic fields (Weimer et al., 2023;
Martinis et al,, 2019). Asymmetries between the northern and
southern hemispheres have also been reported to exist in cross polar
cap potential, plasma convection, plasma density, conductivity, field-
aligned current, Poynting flux, particle precipitation, Joule heating,
neutral density and wind, and so on in the ionosphere-thermosphere
system (IT) (Lu et al., 1994; Ercha et al., 2012; Forster and Cnossen,
2013; Chen et al., 2015; Forster and Haaland, 2015; Cnossen and
Forster, 2016; Laundal et al., 2017; Laundal and Richmond, 2017;
Streltsov, 2018; Jin and Xiong, 2020; Hatch et al., 2020; Knipp et al.,
2021; Laundal et al., 2022; Hong et al., 2021; Hong et al., 2024;
Kim et al., 2023; Smith et al., 2023; Chen et al., 2024; Wang et al,,
2024; Yuetal.,, 2024). These asymmetries are suggested to result from
several different factors such as magnetic field strength at conjugate
points, seasons, offset between the magnetic and geographic grids,
and the interaction between solar wind and Earth’s magnetic field.
North-south asymmetry in solar wind and geomagnetic activity has
also been reported (Nair and Nayar, 2008). IHA in the IT system
has also been reported to be associated with sources from the
lower atmosphere, such as tides, sudden stratospheric warming, and
seismic waves (Xiong and Lithr, 2013; Liu et al., 2018; Stober et al.,
2021; Meng et al., 2022; Gogoi et al., 2024). While previous studies
focused on the statistical average or individual event, studies on
the north-south asymmetry of uncertainty or variability in those
parameters have not been done. With the advanced uncertainty
quantification method developed in our previous study (Zhan et al.,
2024), we have a chance to find the most sensitive regions in the
IT system and the most important contributing factors. In this
paper, we report the global distribution and temporal variation of
uncertainties of plasma and neutral parameters as a follow-up to our
previous paper. While in that paper, we focused on the equatorial
and low-latitude regions, we will focus on the mid and high-
latitude areas, and the north-south asymmetry or interhemispheric
asymmetry (IHA) of parameters interest to the community in
this study.

As mentioned above, north-south asymmetry comes from the
geomagnetic field configuration, the strength of the geomagnetic
field at conjugate points, the offset between magnetic pole and
geographic poles, solar illumination over the two hemispheres
(i.e., one in summer and one in winter), and the solar wind-
magnetosphere interaction (Laundal et al, 2017; Laundal and
Richmond, 2017; Laundal et al., 2022; Cnossen and Forster, 2016).
It will be difficult to resolve the impacts of all these source factors
on the IT system in one study. In this study, we will focus on a
simulation study made by WAM-IPE on a specific day of 16 March
2013. Therefore, the asymmetry due to seasons or solar illumination
will be minimized in the two hemispheres due to similar solar
illumination. We can investigate in detail the impacts of solar
wind and the interaction of solar wind and Earth’s magnetic field
on the north-south asymmetry of ionospheric and thermospheric
parameters. It has been reported that the direction of interplanetary
magnetic field Bx, By component, will lead to asymmetries in
particle precipitation and cross-polar cap potential (Chen et al,
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2024, and references therein). To make the problem less complicated,
IMF Bx and By are also set to fixed values. We will focus on the
solar wind parameters of IMF Bz, solar wind velocity, and solar wind
density and have a chance to reveal the most sensitive regions in
terms of latitude, longitude, altitude, and times (universal time, local
time) to the solar wind.

The paper is organized as follows. The second section briefly
described the numerical experiments and the way to obtain
uncertainties. The third section presents the results from two
conjugate points and global coverage. The fourth section discusses
some possible sources of the asymmetry, and the last section
summarizes the main findings.

2 Methods

The ultimate goal of our project is to identify the most significant
whether
interactions above or from disturbances caused by tides and

drivers, they originate from solar-magnetosphere
waves of varying periods in the lower atmosphere. Through this
process, we aim to identify the temporal and spatial distributions of
uncertainties and variabilities in key parameters of the ionosphere-
thermosphere (IT) system, pinpointing the most sensitive regions
and times influenced by changing external drivers. Following this
uncertainty quantification and sensitivity analysis, predictions of
typical IT parameters can be streamlined by varying only the most
critical drivers. Given the numerous input drivers of the WAM-
IPE model, this study specifically focuses on solar wind drivers to
simplify the analysis. Drivers from the lower atmosphere will be
the focus of subsequent studies. In our previous paper (Zhan et al.,
2024), we introduced in detail the WAM-IPE model, the polynomial
chaos expansion-based UQ method and the numerical experiment
we conducted. This paper is based on the same dataset obtained
from the experiment, so we only give a brief introduction here and
more details of methods can be found in Zhan et al. (2024).

The WAM-IPE model consists of two interconnected
components: the Whole Atmosphere Model (WAM) and the
Ionosphere-Plasmasphere Electrodynamics (IPE). WAM simulates
the neutral atmospheric composition and dynamics, covering
the region from the Earth’s surface up to approximately 500 km.
The extent of the model depends on the solar flux conditions,
capturing the interactions between the lower atmosphere and
the upper thermosphere. IPE models the plasma dynamics and
electrodynamics of the ionosphere and plasmasphere, extending to
several Earth radii. It describes the transport of plasma along and
perpendicular to magnetic field lines in 170 flux tubes, providing a
detailed depiction of the coupled ionosphere-plasmasphere system
(Hysell et al., 2022; Zhan et al., 2024).

In our numerical experiment, we focus on the uncertainty
of ionosphere and thermosphere responses to varying solar wind
drivers while keeping the lower atmosphere and solar activity
constant (F10.7 = 120 solar flux unit). Using solar wind data from
1981 to 2021 obtained from OmniWeb, we build a variational
autoencoder (VAE), resample the latent space, and generate solar
wind parameters—including the interplanetary magnetic field north
component (IMF Bz), solar wind speed, and solar wind density.
Since we care more about the sensitivity of the IT system under
quiet conditions (Kp < 4), all the solar wind data are selected when

frontiersin.org


https://doi.org/10.3389/fspas.2025.1528624
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Zhan

the Kp values during the current day and 1 day before is below 4.
We generated 500 sample drivers to run WAM-IPE simulations on
16 March 2013. The solar wind drivers are incorporated into the
simulation through the Weimer empirical electric field model at high
latitudes (Hysell et al., 2022; Zhan et al., 2024).

The output quantities of interest (Qols), such as plasma
density, plasma drifts, and neutral winds, are approximated
by conducting Polynomial Chaos Expansion (PCE), where the
polynomials are constructed using the samples drawn from the
VAE’s latent space. After solving for the coefficient matrix or
surrogate model, we can calculate the mean and variance of the
Qols and perform a sensitivity analysis based on this matrix. A
brief introduction of the derivation of variance of a Qol u is
presented below. A QoI u can be approximated by the multiplication
of the matrix of polynomial basis ¥ and the corresponding
coefficient matrix a,

(1)

Ya=u.

The polynomial basis is constructed according to the
distribution of the input drivers. In our case, the distributions
of solar wind drivers follow the Gaussian distribution, and the
corresponding polynomial basis functions are of Hermite type.
Trough solving the linear system in Equation 1 to obtain the
coeffficient matrix «, the expectation and the variance of u can

~3Pa?, where P

be calculated, respectively, by E[u] = «; and V[u] = %) a7,

is the number of polynomial terms.

The obtained uncertainty of the electron density is the standard
deviation of the logarithmic values. The data are in geographic
coordinates with a resolution of 90 by 91 in longitude-latitude global
grids. Due to the large cost of computing time and resources, we
only select results from 3 typical altitudes of 250, 300, and 350 km
which cover the F region bottom and F region and peak and from
representative universal times. The uncertainties of plasma drifts
and neutral winds are the standard deviations of the WAM-IPE
outputs at 300 km.

3 Results

In our previous paper (Zhan et al, 2024), we present the
universal time and local time evolution of uncertainties of plasma
density, plasma drifts, and neutral winds, and the focus was given
to equatorial and low-latitude regions under varying solar wind
conditions. In this study, we present the results, with a specific
emphasis on the mid-and high-latitude regions. The results for the
Northern and Southern Hemispheres are presented separately using
a polar coordinate system.

To support our analysis, we include in Figure 1 the solar wind
drivers—interplanetary magnetic field north component (IMF Bz),
solar wind density, and solar wind speed—that were used to drive
the WAM-IPE model. We summarize the main features of solar
wind drivers as follows. The average IMF Bz exhibits weak positive
(northward) values in two intervals between 00-08 UT and 14-00
UT and becomes around 0 between 08-14 UT and 20-00 UT. Solar
wind density also exhibits enhancements and weakening in similar
intervals to IMF Bz, while solar wind speed does not show obvious
UT variation.
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FIGURE 1

The input solar wind drivers—IMF Bz, solar wind density, and solar
wind speed (from top to bottom)—as a function of universal time. The
gray lines represent all sample drivers used to drive WAM-IPE and the
red lines and blue error bars represent the averages and the
corresponding 1 standard deviations of each driver.

3.1 Universal time variation

In this section, we show the uncertainties of electron density,
plasma drift, and neutral winds. Before we focus on the north-
south asymmetry of the electron density uncertainty, we will
first show its local time and geographic latitude dependence
for 12 unique universal times (UTs) and 3 different altitudes.
Uncertainties of electron density, plasma drift, and neutral wind
from 4 typical UTs will be selected to show the north-south
differences in detail.

3.1.1 Electron density

We present the uncertainty of electron density from 3 altitudes
(250, 300, and 350 km) as a function of geographic latitude and
local time (UT + longitude/15) from 01 to 23 UT every 2 hours in
Figure 2. The white lines correspond to the magnetic latitudes of
20°N, 0, and 20°S. The general features are that from 01 to 07 UT,
large uncertainties appear at night with small latitudinal and short
temporal coverages in the equatorial and low-latitude regions and
weak to moderate uncertainties in the mid to high-latitude regions.
From 09 UT, large uncertainties appear in larger areas with longer
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FIGURE 2

Uncertainty of electron density in logarithmic scale (std(log,4(N,))) as a function of local time and geographic latitude from 01, 03 UT, 05, 07 UT on the
top three rows, from 09, 11, 13, 15 UT in the middle three rows, and from 17, 19, 21, 23 UT in the bottom three rows. Each three rows correspond to

250, 300, and 350 km from top to bottom.

durations in the nighttime equatorial and low latitude regions. The
uncertainties in the mid to the high-latitude areas also become
enhanced, particularly from 09 to 15 UT. Zhan et al. (2024) has
suggested the primary role of the universal time variation of IMF
Bz in this UT variation of plasma density uncertainty and the most
sensitive regions are associated with the low-density regions below
equatorial ionization anomaly peaks.

Frontiers in Astronomy and Space Sciences 04

Uncertainties in the equatorial and low latitude regions show
some symmetry on both sides of the magnetic equator related to
the equatorial ionization anomaly in the evening sector (Zhan et al.,
2024) (i.e,, 11 UT). However, the uncertainties at mid and high-
latitude regions show strong asymmetrical patterns with different
strengths or spatial-temporal coverages. For example, at 01 UT,
the electron density uncertainty shows weakly enhanced values
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in the evening sector between 30° and 60° N and moderately
enhanced values between 55° and 80° S at 250 km. The uncertainty
in the northern hemisphere becomes negligible at 300 km while it
becomes weak in the SH. Asymmetries also appear in the dawn
sector at 07 UT, 09 UT, 11 UT, 13 UT, 15 UT, 17 UT, and 19 UT.
Uncertainties in the polar regions show north-south asymmetries
at 21 and 23 UT. As the focus of this study, we will investigate the
north-south asymmetry of uncertainty intensity and distribution
between 45°N and 90°N and between 45°S and 90°S in the polar
coordinate system.

To better visualize the asymmetrical patterns in the polar
regions of the northern and southern hemispheres, we present the
uncertainty of electron density in polar coordinates as a function
of local time (LT) from 3 altitudes (250, 300, and 350 km) between
45° and 90° N in the northern hemisphere (NH) (first and third
columns) and between 45° and 90° S in the SH (SH) (second and
fourth columns) at 05 (upper left), 11 (upper right), 17 (lower left),
and 23 (lower right) UT in Figure 3. These four typical moments
are selected based on the universal time variation of solar wind
parameters shown in Figure 1. Circles of 45°, 60°, 75° in northern
and southern hemisphere are also ploted. The location of the north
and south magnetic poles are (85.1° N, 136.6° W) and (64.3°S,
137.3°E), respectively. The longitude difference corresponds to a
local time difference of 12 h betweeen the two poles.

At 05 UT in the NH (top three rows in the first column),
weak uncertainties are observed around 75°N and 19 LT, extending
to lower latitudes with local time at an altitude of 250 km. This
distribution exhibits vertical differences, with a faster-spreading
speed at lower altitudes. Another region of weak uncertainties
appears between 0 and 03 LT, showing slight latitudinal expansion at
higher altitudes but no noticeable spreading with local time. In the
SH (top three rows in the second column), moderate uncertainties
at 250 km are observed between 60° and 75°S from 23 to 03 LT.
At higher altitudes of 300 and 350 km, uncertainties decrease and
are primarily seen in three regions: one beginning around 18 LT
at 68°S and spreading to higher latitudes until midnight; another
appearing around 21 LT at 65°S and spreading to lower latitudes until
06 LT; and a third region emerging near the geographic pole around
03 LT, spreading to lower latitudes until 12 LT. This distribution
pattern differs from that observed in the Northern Hemisphere at
the same altitude.

At 11 UT in the Northern Hemisphere (third column in the
top row), strong uncertainties primarily appear in two regions: one
beginning around 12 LT at 85°N and spreading to lower latitudes
near 45°N until midnight, and another beginning around 07 LT at
45°N and spreading to higher latitudes near 75°N by around 09 LT.
At higher altitudes, weak uncertainties are concentrated in three
polar regions between 60° and 90°N: one beginning around 18 LT
at 80°N and spreading to lower latitudes near 60°N until midnight;
another beginning around 21 LT at 80°N and spreading to around
65°N by 03 LT; and a third region beginning around 03 LT, covering
75°to 85°N, and spreading to 10 LT. At 350 km, uncertainties in
the third region become moderately enhanced. A larger region with
moderate uncertainties also appears between 10 and 14 LT, spanning
latitudes from 45° to 75°N.

In the SH (fourth column), uncertainties are primarily observed
in three regions: one between 12 and 18 LT from 75° to 90°S, another
around midnight from 70° to 90°S, with vertical variations, and a
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third region with significantly enhanced uncertainties between 00
and 09 LT, mainly between 45° and 75°S across all three altitudes.
This distribution differs considerably from that in the Northern
Hemisphere.

At 17 UT and 250 km in the NH (first column in the bottom
row), strong uncertainties appear in the post-midnight sector
between 45° and 60°N and between 09 and 12 LT, spanning latitudes
from 45° to 75°N. At higher altitudes, these uncertainties weaken
and appear in smaller regions. In the SH, uncertainties at 250 km
are primarily concentrated in the evening sector around 21 LT,
spanning 50°to 90°S and extending from 03 to 09 LT. As altitude
increases, the regions with moderate uncertainty reduce in size,
although uncertainties between 00 and 03 LT, from 50° to 75°S,
become stronger at higher altitudes. This distribution pattern is
markedly different from that in the Northern Hemisphere.

At 23 UT and 250 km in the NH (third column in the bottom
row), moderate uncertainties appear across a broad region from
06 LT to 21 LT between 50° and 90°N, with slightly stronger
uncertainties centered around 15 LT. At higher altitudes, this region
contracts and centers more closely around 15 LT. In the SH,
moderate uncertainties appear starting at 12 LT in the polar region
between 75° and 90°S, extending to lower latitudes until 02 LT. This
region of moderate uncertainties also contracts at higher altitudes.
This distribution pattern differs from that observed in the Northern
Hemisphere.

3.1.2 Plasma drift

In Figure 4, we present the uncertainties of plasma drift at
300 km for 05, 11, 17, and 23 UT (from top to bottom), as plasma
drift shows minimal vertical variation in the F region. The results for
vertical and zonal drifts are displayed in the left and right columns,
respectively. The NH results are shown in the first and third columns,
while the SH results are in the second and fourth columns.

At 05 UT, vertical drifts in the NH show large uncertainties
in the dawn sector, around 03 LT, and between 05 and 09 LT at
latitudes between 70° and 85°N. In the SH, uncertainties appear
over a much larger region, spanning 60°to 90°S, and extend to lower
latitudes between 03 and 06 LT and again between 08 and 09 LT.
For the zonal drift, large uncertainties in the NH primarily occur
between 21 and 06 LT, appearing in four isolated small regions
between 60° and 90°N. In the SH, large uncertainties are observed
between 09 and 18 LT and in four isolated small regions between 60°
and 90°S. Notably, the isolated small regions in both hemispheres
exhibit similar patterns with a 12-hour difference in local time,
which corresponds to the geographic longitude difference between
the north and south magnetic poles.

At 11 UT, vertical drifts in the NH show large uncertainties
across much larger regions compared to those at 05 UT. Significant
uncertainties are observed between 20 and 23 LT at latitudes
between 45° and 70°N; from 21 to 06 LT between 45° and 85°N,
spreading to lower latitudes at later times; and from 07 to 15
LT, primarily between 60° and 85°N, with moderate uncertainties
extending to lower latitudes between 07 and 09 LT. In the SH, large
uncertainties are present in three regions: one from approximately
16-20 LT between 45° and 60°S; another from 09 LT to midnight,
mainly between 60° and 90°S; and a third region starting around 21
LT between 50° and 60°S, extending to higher and lower latitudes
until 06 LT.
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Uncertainty of electron density (05, 11, 17, 23 UT)
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FIGURE 3
Universal time evolution of the electron density uncertainty (std(log,4(N,))) as a function of local time and geographical latitude from 4 different UTs

(top: 0500, 1100 UT, bottom: 1700, 2300 UT) and at 3 different altitudes (250, 300, and 350 km) from the northern (st and 3rd columns) and southern
(2nd and 4th columns) hemispheres.

For the zonal drift, large uncertainties also appear in three LT around 60°N. In the SH, large uncertainties appear in three
regions in the NH: one beginning around 12 LT between 65°  regions as well: one between 15 LT and midnight from 65° to
and 80°N, extending to 02 LT near 50°N; a second centered 90°S; another between 16 and 21 LT from 45° to 60°S; and a
around 06 LT between 65° and 90°N; and a third from 06 to 09  third from 00 to 03 LT around 75°S. The distribution patterns in
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Uncertainty of plasma drift [m/s]
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Uncertainty of vertical (left two columns) and zonal (right two columns) plasma drifts in the northern (first and third columns) and southern (second

and fourth columns) hemispheres. The unit is m/s.

the Northern and Southern Hemispheres exhibit a 12-h difference
in local time.

At 17 UT, vertical drifts in the NH show moderate uncertainties
primarily in three regions: between 12 and 18 LT from 60° to 75°N,
between 15 and 23 LT from 70° to 90°N, and between 03 and 06 LT
from 60° to 80°N. In the SH, much stronger uncertainties appear
in the polar region from 75° to 90°S, with some extension to lower
latitudes around 21 LT and from 03 to 06 LT. Additionally, large
uncertainties appear around midnight between 45° and 75°S. For
zonal drifts in the NH, large uncertainties are observed between 13
and 23 LT from 60° to 75°N, from 06 to 09 LT between 75° and 85°N,
from 15 to 18 LT, and from 80° to 90°N. In the SH, zonal drifts exhibit
moderate uncertainties from 00 to 06 LT between 60° and 90°S.

At 23 UT, in the NH, vertical drifts show very weak uncertainties
in the polar region, while moderate uncertainties appear in the SH
between 12 LT and midnight around 75°S, with a spread to lower
latitudes at later times, between 03 and 09 LT from 60° to 75°S, and
over the pole. For zonal drifts, moderate uncertainties are observed
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in the NH between 03 and 15 LT from 75° to 80°N and around 18
LT between 80° and 90°N. In the SH, moderate uncertainties appear
between 06 and 12 LT, spreading from approximately 55°-75°S.

3.1.3 Neutral wind

Figure 5 illustrates the uncertainty in zonal (left two columns)
and meridional (right two columns) neutral winds at 05, 11, 17,
and 23 UT (from top to bottom), similar to the plasma drift
uncertainty shown in Figure 4. Please note the different color
bar ranges.

At 05 UT, zonal winds in the NH exhibit large uncertainties in
isolated regions, particularly in the polar region between 75° and
90°N from 15 to 06 LT and around 60°N from 21 to 06 LT. In the
SH, large uncertainties are observed in the polar region between
75° and 90°S from 03 to 18 LT, between 60° and 70°S from 08 to
13 LT, and again between 60° and 70°S from 14 LT to midnight.
For meridional winds, large uncertainties in the NH spread across
latitudes between 60° and 90°N around 21 LT and from 02 to 03 LT.
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Uncertainty of neutral wind [m/s]

FIGURE 5

Zonal (NH), Zonal (SH), Meri. (NH), Meri. (SH))

The same as Figure 4 but for the uncertainty of neutral winds. The left two columns are for zonal winds and the right two columns are for meridional

winds). The unit is m/s.

In the SH, uncertainties spread across 60°to 90°S around 09 LT, from
12 to 15 LT, and from 14 LT to midnight.

At 11 UT, zonal winds in the NH show large uncertainties across
all local time sectors between 60° and 90°N, with some extension
to lower latitudes from 01 to 03 LT. Moderate uncertainties are
also present around 06 LT between 45° and 60°N. In the SH, large
uncertainties appear throughout the polar region across all local
time sectors, with increased latitudinal coverage during nighttime.
Additional large uncertainties are observed between 45° and 65°S
from 16 to 00 LT, spreading to lower latitudes at later local times.
For meridional winds, the NH shows large uncertainties in multiple
isolated regions from 21 to 09 LT. In the SH, large uncertainties
appear between 45° and 75°S from 15 to 21 LT, spreading to lower
latitudes over time, and spread across 45°to 90°S from approximately
21to 03 LT.

At 17 UT, zonal winds in the NH display large uncertainties
across all local time sectors, mainly between 60° and 75°N from 12
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LT to midnight and between 75° and 90°N from 21 to 12 LT. In the
SH, large uncertainties occur between 45° and 90°S from 21 to 03
LT. For meridional winds, large uncertainties in the NH are present
between 60° and 90°N from 03 to 09 LT, between 70° and 85°N from
09 to 14 LT, and between 75° and 90°N around 18 LT. In the SH,
uncertainties mainly appear between 45° and 90°S from 21 to 00 LT
and around 03 LT.

At 23 UT, zonal winds show weak uncertainties in both the NH
and SH. In the NH, these weak uncertainties tend to appear at lower
latitudes in the dusk sector, while in the SH, they tend to appear at
lower latitudes in the dawn sector. For meridional winds, moderate
uncertainties appear in very small regions in both hemispheres.
Uncertainties are observed above 60°N around 03 LT in the NH and
from 12 to 15 LT in the SH.

From the description, we observed the following: (1) all three
parameters exhibit the largest uncertainties at 11 UT. In Figure I,
at 11 UT, the mean IMF Bz is around 0, indicating that more

frontiersin.org


https://doi.org/10.3389/fspas.2025.1528624
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Zhan

simulations are driven by southward Bz during this time; (2) at 11
UT, uncertainties in plasma density, plasma drifts, and neutral winds
show greater enhancement or broader distribution in the latitude-
local time plane in the SH; (3) uncertainties in plasma density (at
17 and 23 UT) and meridional winds (at 11 and 17 UT) show more
latitudinal expansion in the SH compared to the NH; and (4) plasma
density uncertainties are larger at 250 km than at higher altitudes.

These features suggest that while the direction of IMF Bz plays
a primary role in determining the intensity of uncertainties, the
north-south asymmetry also contributes to both the intensity and
distribution of uncertainties. Additionally, the vertical variation in
plasma density uncertainties highlights the significant influence of
ion-neutral coupling, which is more pronounced at lower altitudes
in the F region.

3.2 Local time evolution

In this section, we present the local time evolution of
uncertainties. Since large uncertainties primarily occur at night, we
will focus on results for plasma density, plasma drifts, and neutral
winds from 20 to 06 LT (20, 22, 00, 02, 04, and 06 LT).

3.2.1 Plasma density

In Figure 6, electron density uncertainties at three altitudes (250,
300, and 350 km) for both the Northern Hemisphere (NH) and
Southern Hemisphere (SH) are shown as a function of longitude
and latitude. The top, middle, and bottom sets of three rows display
results for 20 LT (left two columns) and 22 LT (right two columns),
00 LT and 02 LT, and 04 LT and 06 LT, respectively.

In the NH, large uncertainties primarily appear between 135°
and 180°E at 250 km and 20 LT, spanning latitudes from 45° to
75°N, and between 135° and 200°E from 45° to 60°N at 04 LT. In
the SH, a clear pattern of local time evolution is observed in the
uncertainties. At 20 LT, uncertainties between 180° and 225°E are
weak and confined to a narrow latitude range. They become more
pronounced at 00 LT, extending over a broader longitude range
from 180° to 315°E. By 02 LT and 04 LT, uncertainties are strongly
enhanced within this same longitude range, with additional spread
in latitude.

3.2.2 Plasma drift

In Figure?7, we present the uncertainties in vertical drift
(left two columns) and zonal drift (right two columns) for the
Northern Hemisphere (NH; first and third columns) and Southern
Hemisphere (SH; second and fourth columns) as a function of
longitude and latitude in a polar coordinate system, spanning local
times from 20 to 06 LT from top to bottom.

In the NH, vertical drifts show large uncertainties between 135°
and 200°E and from 45° to 70°N at 20 LT. This region contracts
toward 75°N at 22 LT, expands to lower latitudes, and reaches
270°E at 00 LT. By 02 LT and 04 LT, it extends further to around
300°E, though with smaller uncertainties at 04 LT. At 06 LT, large
uncertainties appear around 325°E, spanning from 45° to 90°N. In
the SH, vertical drifts exhibit large uncertainties mainly between 60°
and 90°E from 45° to 60°S, between 30° and 180°E above 65°S, and
between 135° and 200°E from 60° to 75°S. These regions of large
uncertainties persist at 22, 00, 02, and 04 LT, with slight spreads in
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longitude. Meanwhile, uncertainties between 315° and 45°E become
more pronounced at 00 LT and continue to be evident at 06 LT.

For zonal drifts in the NH at 20 LT, large uncertainties appear
between 60° and 75°N and from 135° to 200°E, with moderate
uncertainties observed between 60° and 70°N from 30° to 135°E.
At 22 LT, these uncertainties weaken. From 00 to 06 LT, the weak
uncertainties in the polar region above 75°N intensify and spread
to latitudes down to 60°N. In the SH, local time evolution is also
evident. Large uncertainties between 90° and 180°E from 75° to
90°S weaken and contract to smaller regions over time. Moderate
uncertainties were observed between 135° and 200°E around 60°S
at 20 LT spread to a longitude range of 180°-225°E and extend
poleward of 60°S by 22 LT. By 00 LT, they spread over a broader
longitude range from 135° to 270°E. These uncertainties then
weaken at 02 LT and become negligible at 04 and 06 LT.

3.2.3 Neutral wind

We present the uncertainties of zonal and meridional winds
from 6 different local times in Figure 8 similarly to plasma drifts.
For zonal winds in the NH, large uncertainties appear in a latitude
range between 60 and 75 °N and a longitude range between 0
and 180 E at 20 LT. This region spreads toward the east at 22 LT
with slightly smaller uncertainties. It spreads to lower latitudes,
toward the east, between 135 and 225 E at 0 LT, and disappears
at later local times. At 0 LT, moderate uncertainties appear above
75N between 90 and 225 E and become enhanced at 02, 04, and
06LT. In the SH, large uncertainties appear in the polar region
above 75°S and between 90 and 180 E, as well as between 45 and
60°S and between 45 and 180 E. The uncertainties become weak at
later local times.

For meridional winds, the uncertainty in the NH becomes
enhanced mainly at 0 LT between 180 and 270 E between 60 and
75N, and the region with large uncertainties spreads toward the east
at 02 and 04 LT. The uncertainty becomes weak at 06 LT. In the
SH, large uncertainties appear between 45 and 90 E above 60°S and
between 135 and 180 above 60°S. The large uncertainty still exists
at 22 LT and contracts at 0 LT and 02 LT. The uncertainty becomes
weak at 04 and 06 LT.

From the description above, we observed the following:

Plasma Density Uncertainty: In the SH, moderate plasma
density uncertainties appear in a concentrated region near the
magnetic south pole from 00 to 06 LT, while larger uncertainties are
observed around 60°S, spreading eastward with local time from 20
to 04 LT. This behavior is not observed in the NH.

Altitude Dependence of Plasma Density Uncertainty: Unlike the
NH, where larger plasma density uncertainties consistently appear
at 250 km across all local times, the SH shows larger uncertainties
at 300 km at 02 and 04 LT. This difference could result from
thermospheric expansion at certain altitudes, leading to stronger
ion-neutral coupling at 300 km.

Zonal Drift Uncertainty: In the NH, zonal drift uncertainties
appear in a concentrated region around 75°N near the magnetic
pole from 00 to 06 LT. In contrast, in the SH, these uncertainties
are distributed across a more widespread region from 02 to 04 LT.

Vertical Plasma Drift Uncertainty: Vertical plasma drift
uncertainties are observed in isolated regions, particularly in
the SH. This feature, consistent with the UT evolution of
uncertainties shown in Figure 4, is likely linked to variations in
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FIGURE 6
Uncertainty of electron density in logarithmic scale (std(log4(N,))) as a function of geographic longitude and latitude from 20, 22 LT in top three rows

(250, 300, and 350 km), 00, 02 LT in the middle three rows (250, 300, and 350 km), and 04, 06 LT in the bottom three rows (250, 300, and 350 km). The
1st, and 3rd columns are for the northern hemisphere and the 2nd and 4th columns are for the SH. The red stars indicate the locations of magnetic
north and south poles in geographic coordinates.
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Uncertainty of plasma drift [m/s]
Vertical (NH), Vertical (SH), Zonal (NH), Zonal (SH))
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FIGURE 7
The same as Figure 6 but for the uncertainty of vertical (left two columns) and zonal drifts (right two columns). The 1st and 3rd columns are for the

northern hemisphere, and the 2nd and 4th columns are for the SH. The unit is m/s.

field-aligned currents and particle precipitation, which are closely ~ polar region at 20 and 22 LT, while in the NH, they appear at
tied to solar wind driver variability. 04 and 06 LT. Meridional Neutral Winds: Enhanced meridional
Zonal Neutral Winds: In the SH, zonal neutral wind wind uncertainties are observed over more widespread regions,

uncertainties appear in a concentrated region near 75°S in the  particularly in the SH.
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Uncertainty of neutral wind [m/s]
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FIGURE 8
The same as Figure 7 but for the uncertainty of neutral winds. The left two columns are for zonal winds, and the right two columns are for meridional
winds. The unit is m/s.).
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4 Discussion

In the section above, we reported the hemispheric and vertical
differences of uncertainties of plasma and neutral parameters in
the IT system. In this section, we intend to suggest some potential
factors that could be associated with the hemispheric differences
based on previous theoretical and observational studies. However,
this paper does not aim to give a conclusive answer to the causes
or to what degree these causes contribute to the hemispheric
differences of uncertainties. Our study could provide insight into
where and when the IT system is most sensitive to the solar
wind drivers.

We showed that plasma density, plasma drift, and neutral wind
uncertainties appear in a more broadened region in the SH as shown
in Figures 3-5. This could result from the larger offset between the
magnetic and geographic poles in the SH. It has been reported that
the spatial variance of neutral winds is smaller in the NH due to
the smaller offset (Cnossen and Forster, 2016). Cnossen and Forster
(2016) further explained that forces acting on the neutral wind in a
geographic reference frame, such as the pressure gradient force and
Coriolis force, will be more closely aligned with forces acting in a
magnetic reference frame, such as the ion drag force in the NH. It is
the opposite in the SH. This factor could also explain the broadened
region with large uncertainties in the SH we observed above. This
could also explain that the plasma drift uncertainties in Figures 4, 7
and neutral wind uncertainties in Figures 5, 8 in the NH are mostly
located in the auroral oval regions centered around the magnetic
poles. In contrast, the uncertainties in the SH show distributions
either cover the polar cap above the magnetic pole or spread across
the polar cap and auroral oval.

We showed that the uncertainties of plasma density become
more enhanced at 250 km at most UTs and LTs while plasma
density uncertainty becomes more enhanced at 300 km at 02 and
04 LT. This vertical variation of plasma density uncertainty could
be due to stronger ion-neutral coupling at 250 km. The large ion-
neutral coupling could be associated with the larger neutral density
at lower altitudes and the enhanced particle precipitation during
disturbed conditions which is also more evident at lower altitudes.
The expansion of the thermosphere during moderately disturbed
conditions could push the sensitive region to higher altitudes,
300 km in our case.

The other reason for the hemispheric differences of plasma
convection is suggested to be the different response times of the
ionospheric conductivity to the magnetic reconnection, especially
the nightside reconnection (Laundal et al, 2017). The IMF Bz
direction exhibits large variation from one simulation to another
as shown in Figure 1, we can expect this behavior will contribute to
the different response times of conductivity in the polar ionosphere
and to the THA of plasma drift and neutral wind uncertainties.
However, it is difficult to resolve how these different response
times in the NH and SH contribute to the observed north-south
differences in uncertainties in this study.

5 Summary

The study investigates interhemispheric asymmetries in the
uncertainties within the ionosphere-thermosphere (IT) system,
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focusing on electron density, plasma drift, and neutral winds. The
research uses WAM-IPE simulations and uncertainty quantification
techniques to highlight significant differences in these uncertainties
across hemispheres, varying by altitude, local time, and universal
time. Key findings include:

Distinct variations in electron density uncertainties were
observed across different altitudes (250, 300, and 350 km).
Northern Hemisphere (NH) uncertainties exhibit an eastward
spread and contraction over time, while Southern Hemisphere
(SH) uncertainties show more stable yet progressively diminishing
regional patterns.

Vertical plasma drift uncertainties differ in scale and location
across hemispheres, with NH uncertainties initially appearing
over specific longitudes and spreading eastward. In contrast,
SH uncertainties are more widespread, showing only slight
positional spreads over time. Zonal drift uncertainties in the NH
concentrate at higher latitudes, intensifying around midnight,
whereas SH uncertainties diminish gradually from initially
larger regions.

Zonal wind uncertainties in the NH move eastward and tend to
contract with time, while the SH exhibits large polar uncertainties
that eventually weaken. Meridional winds follow a similar eastward
spread in the NH, whereas SH uncertainties initially appear
at specific latitudes and longitudes but reduce and contract by
early morning.

NH uncertainties often spread eastward and contract as time
progresses, while SH uncertainties tend to show persistent patterns
that reduce gradually, exhibiting notable hemispheric differences
that underscore asymmetries in the IT system responses to solar
wind and geomagnetic forces.

We propose that the observed IHA in uncertainties—mainly
characterized by larger values and a broader distribution in the
SH—may result from the smaller offset between the magnetic and
geographic poles in the NH compared to the SH. This smaller
offset allows forces in the geographic reference frame to align more
closely with those in the magnetic reference frame, leading to
reduced spatial variance.

Another contributing factor could be differences in ion-neutral
coupling between the NH and SH. For example, larger plasma
density uncertainties are observed at 250 km across most UTs
and LTs, whereas at 300 km, larger uncertainties are specifically
evident at 02 and 04 LT. This variation in ion-neutral coupling
may arise from two key processes: (1) a north-south asymmetry in
solar wind-magnetosphere interactions, which results in differing
plasma densities in the NH and SH due to variations in
particle precipitation, and (2) disparities in neutral winds or tides
between hemispheres, potentially driven by differences in the lower
atmospheric conditions.

This study’s findings reveal critical patterns in interhemispheric
asymmetry and variability within the IT system, highlighting
how solar wind and geomagnetic field differences shape these
asymmetries. The research provides a foundation for refining
predictive models of space weather, emphasizing the importance of
incorporating these uncertainties for improved modeling accuracy.
As the first study to examine such variability, it opens avenues
for further research to explore the mechanisms behind these
asymmetries.
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