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Abstract This study investigates the role of downward plasma diffusion in the ionospheric nighttime
Weddell Sea Anomaly (WSA), characterized by an anomalous diurnal electron density peak in nighttime from
the South Pacific to South America. Traditionally attributed to prolonged photoionization and ionospheric uplift
during summer, the WSA is not reproduced by the latest Thermosphere Ionosphere Electrodynamics General
Circulation Model. We introduce a data‐driven flux approach to incorporate more realistic diffusive flux,
significantly improving the model's ability to replicate keyWSA features. Simulations show that topside plasma
diffusion turns downward in the evening, peaking near midnight, contributing notably to the NmF2
enhancement. Around 22:00 local time, downward plasmaspheric diffusion becomes the dominant plasma
source, rivaling or exceeding local photoionization (12.08 vs. 8.50 cm− 3s− 1 at 22:30). These results offer new
insight into the interplay of processes driving the WSA and underscore the importance of plasma diffusion in
ionospheric dynamics.

Plain Language Summary In the Weddell Sea region, the ionosphere exhibits unusual behavior
during summer nights, as the electron densities are higher at nighttime than daytime. This phenomenon, known
as the Weddell Sea Anomaly, has traditionally been explained by prolonged daylight and ionospheric uplift. In
this study, we use a numerical model optimized with a data‐driven approach to simulate this anomaly more
accurately. Our results show that downward plasma diffusion from the plasmasphere is a crucial factor in the
anomaly, especially in the evening, alongside the known role of prolonged daylight. This discovery not only
advances our understanding of the anomaly but also improves our knowledge of how the plasmasphere and
ionosphere interact, with implications for space weather forecasting and related model development.

1. Introduction
The ionospheric nighttimeWeddell Sea Anomaly (WSA) is characterized by an enhanced electron density during
local summer nights compared to daytime levels. This phenomenon was first identified through ionosonde ob-
servations near the Weddell Sea region, specifically at Halley Bay (75.5°S, 26.6°W; Bellchambers & Pig-
gott, 1958) and the Argentine Islands (65.3°S, 64.3°W; Dudeney & Piggott, 1978). Subsequent studies have
revealed that this summer nighttime anomaly extends over a broad region, spanning from the South Pacific to
South America and Antarctic (Horvath & Essex, 2003). A similar day‐night anomaly has also been observed in
the Northern Hemisphere, notably over East Asia and the North Atlantic (Chang et al., 2015; Feng et al., 2023; He
et al., 2009; Hsu et al., 2011; Lin et al., 2009, 2010; Slominska et al., 2020; Yin et al., 2022). These summer
anomalies predominantly occur at longitudes where the geomagnetic equator is displaced poleward relative to the
geographic equator (e.g., Lin et al., 2010), and exhibit opposite dependencies on geomagnetic declination be-
tween the Northern and Southern hemispheres (He et al., 2009). As a result, these features are collectively referred
to by several terms, including the general WSA (He et al., 2009), the summer evening anomaly (Burns
et al., 2011), and the midlatitude summer nighttime anomaly (MSNA; Lin et al., 2010; Thampi et al., 2009). In this
study, we follow the terminology of He et al. (2009) and use the term general WSA to collectively describe the
classical WSA and similar nighttime electron density enhancements observed across a wider range of longitudes.

The phenomenon is primarily attributed to the combined effect of prolonged photoionization during the summer
months and wind‐driven uplift of the ionosphere (e.g., Y. Chen et al., 2016; He et al., 2009; Horvath, 2006; Jee
et al., 2009; Liu et al., 2010). In addition, several studies have proposed that downward plasma diffusion from the
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plasmasphere could contribute to the anomaly (e.g., Burns et al., 2008, 2011; Evans, 1965; Li et al., 2018, 2023).
However, direct evidence supporting the diffusion mechanism remains elusive due to the challenges in measuring
the diffusive flux directly.

Numerical simulations have provided further insights into the mechanism of the anomaly (Bravo et al., 2024; Cai
et al., 2022; C. H. Chen et al., 2013; Ren et al., 2012; Richards et al., 2017; Thampi et al., 2011). For instance,
C. H. Chen et al. (2011) used the SAMI2 (Sami2 is Another Model of the Ionosphere) to simulate the WSA,
identifying equatorward neutral wind as the primary driver and downward plasma diffusion as an additional
source. However, their analysis, which focused on the total plasma velocity/flux, did not differentiate between the
specific contributions of diffusion, wind‐driven transport, and plasma E × B drift. Despite these advances, the
exact role of downward plasma diffusion in the WSA remains unresolved, hindering a complete understanding of
the underlying physical mechanisms.

In this study, we aim to address this issue using a method similar to Li et al. (2024). They incorporated a global
diffusive flux from observations into the upper boundary condition of the Thermosphere Ionosphere Electro-
dynamics General Circulation Model (TIEGCM), successfully reproducing the winter nighttime electron density
enhancement. This demonstrated that including the data‐driven diffusive flux has improved the model's ability to
simulate the nighttime ionosphere. The latest version of TIEGCM still cannot reproduce WSA, which is a long‐
standing and significant challenge to the ionosphere community (e.g., Jee et al., 2009). In this study, we apply the
same approach to improve the model performance on WSA, and quantitatively evaluate the role of downward
plasma diffusion in the phenomenon and investigate the contributions of competing mechanisms.

2. Model Description
The TIEGCM is a three‐dimensional, time‐dependent, numerical model of the Earth's coupled thermosphere‐
ionosphere system (Richmond et al., 1992). In the model, the O+ solver treats the plasma transport to and
from the plasmasphere by specifying the diffusive flux at the upper boundary. By default, TIEGCM employs a
simplified assumption for this flux, represented as a globally fixed constant: an upward flux of
2 × 108 cm− 2s− 1 during the day and a downward flux of − 2 × 108 cm− 2s− 1 at night.

In this study, we perform two model runs to assess the effects of different boundary conditions on ionospheric
simulations of the WSA. One run utilizes the default constant diffusive flux values, while the other integrates a
more realistic flux derived from ionospheric observations, as described in Li et al. (2024). This method aims to
provide a more accurate depiction of real topside flux conditions. This study focuses on the Southern Hemisphere
part of the generalWSA, therefore our simulations are configured for the 357th day of the year 2008, to reflect this
seasonal and geographic context.

3. Results and Discussion
3.1. Model Performance

Figure 1 displays the global distribution of simulated NmF2. At 14:00 LT, both runs reveal similar global patterns,
with a prominent equatorial ionization anomaly (EIA). At 00:00 LT, NmF2 from the default (constant) diffusive
flux run also shows the EIA in the equatorial and low latitude regions but with significantly lower values. As a
result, NmF2 difference between 00:00 and 14:00 LT is mostly negative, indicating that daytime NmF2 is higher
than nighttime NmF2 over the Southern Hemisphere. In contrast, at 00:00 LT, NmF2 from the run using the
derived (realistic) diffusive flux is notably higher at midlatitudes in the Southern Hemisphere, especially around
the South Pacific and South America. This leads to the positive night‐day NmF2 difference extending broadly
from 120°E to 30°W longitude that is consistent with the features of WSA in the South American sector and
similar but lower‐latitude nighttime electron density enhancements located outside the classic WSA region, as
reported in prior studies by ground TEC (e.g., Feng et al., 2023), as well as satellite in‐situ (e.g., Liu et al., 2010;
Slominska et al., 2014; Xiong & Lühr, 2014; Zakharenkova et al., 2017) and remote‐sensing measurements (e.g.,
Hsu et al., 2011; Zakharenkova et al., 2017).

Figure 2 depicts the Southern Hemisphere distribution of the simulated hmF2, and the two model runs show
similar results. At 14:00 LT, hmF2 is much higher in the equatorial region than at other latitudes. In comparison,
at 00:00 LT, it decreases at equator and increases at midlatitude, especially around South America, which is also a
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general WSA feature reported by previous ionosonde (e.g., Richards et al., 2017) and satellite observations (e.g.,
Burns et al., 2008; Y. Chen et al., 2016; He et al., 2009).

3.2. Quantitative Assessment of Diffusion and Competing Mechanisms

Using the data‐driven diffusive flux significantly enhances the model's ability to reproduce the general WSA,
highlighting the importance of plasma diffusion in the phenomenon. To quantitatively assess the diffusion impact,
we present the distribution of the derived diffusive flux at the upper boundary of TIEGCM alongside the NmF2
change rate (dNmF2/dt) due to diffusion, calculated by the model's O+ solver, as shown in Figure 3.

At 16:00 LT, the topside diffusive flux is predominantly upward, except in some low and high‐latitude regions,
leading to a negative NmF2 change rate. By 18:00 LT, the flux at midlatitudes shifts downward, intensifying from

Figure 1. Global distribution of NmF2 at (top row) 14:00 LT, (middle row) 00:00 LT and (bottom row) the difference
between them. The left and right columns show results from Thermosphere Ionosphere Electrodynamics General Circulation
Model simulations using the default and derived diffusive flux, respectively. The dashed lines denote 0° and 45°S
geomagnetic latitudes.

Figure 2. Similar to Figure 1 but for hmF2.
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20:00 to 22:00 LT, with higher values around the South Pacific, South Africa, and Australia. This shift results in a
positive NmF2 change rate starting at 20:00 LT, with increased values in these regions. By 00:00 LT, the
downward flux begins to decrease, and the positive NmF2 change rate drops significantly. Notably, the derived
midlatitude flux is generally larger than the model's default fixed value of − 2 × 108 cm− 2s− 1, indicated by the
green solid lines. This suggests that the default model underestimates downward plasma diffusion during the
Southern Hemisphere summer and its role in general WSA formation. This discrepancy likely explains the
absence of general WSA in the default TIEGCM results.

Finally, to compare the effect of downward plasma diffusion with other competing mechanisms of WSA, we
perform a term analysis of the O+ solver in the model with the derived diffusive flux. This analysis examines the
NmF2 change rate resulting from various chemical and transport processes, as shown in Figure 4. The left panel
presents results from the general WSA peak region (55°S, 90°W). The total change rate (black line) is positive
from 14:00 to 23:30 LT, except between 19:30 and 21:00 LT when it slightly dips. This indicates a general
increase in NmF2. Photoionization is the primary contributor to this increase. Meanwhile around 22:00 LT
downward plasma diffusion becomes another major factor, comparable to photoionization as the latter's
continuous diminishing. Its effect maximizes at 22:30 LT, the resulting NmF2 change rate is 12.08 cm− 3s− 1

which exceeds photoionization production rate of 8.50 cm− 3s− 1. The contribution of E × B drift is close to zero

Figure 3. Distribution of (left column) the derived diffusive flux at the upper boundary of Thermosphere Ionosphere
Electrodynamics General Circulation Model and (right column) the NmF2 change rate (dNmF2/dt) due to diffusion. The
dashed lines denote 0° and 45°S geomagnetic latitudes, the green solid lines represent contours of − 2 × 108 cm− 2s− 1.
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(the resulting NmF2 change rate at 22:30 is 3.03 cm− 3s− 1), and that of neutral wind transport is negative. On the
other hand, the chemical loss rate decreases continuously due to ionospheric uplift, as shown in Figure 2.

The question of why TIEGCM is unable to replicate a sunlit ionosphere over the WSA is of much current interest.
Our analysis suggests that besides photoionization along with hmF2 uplift, downward plasma diffusion is also
essential for general WSA formation. To verify this, we also present results from outside the general WSA region
(35°S, 30°E) in the right panel of Figure 4. Although the NmF2 change rate from diffusion is high at night, the
total change rate turns negative after 15:00 LT and only becomes slightly positive around 18:00 LT. This is not
enough to surpass the NmF2 at 14:00 LT. The rapid decline of photoionization in the afternoon and its absence
after 20:30 LT, coupled with the elevated chemical loss rate due to the weak ionospheric uplift in this region
(Figure 2), explains this pattern.

Verifying the good performance of the customized TIEGCM model used, the simulation results correctly
demonstrate that prolonged photoionization and ionospheric uplift during summer serve as essential background
conditions for the formation of the WSA. Around 22:00 LT, downward plasma diffusion emerges as a key
contributor, exhibiting a magnitude comparable to the enhancements driven by photoionization. Notably, our
findings also point to potential interactions between these physical processes. As illustrated in Figure 2, the
ionospheric uplift in the simulation using enhanced (derived) diffusive flux is relatively weaker than that in the
simulation with smaller (default) diffusion. For instance, at the general WSA peak region (55°S, 90°W), the
difference in hmF2 between 00:00 and 14:00 LT is 57 km in the enhanced diffusion case, compared to 78 km in
the default case. Correspondingly, the chemical loss rate at 00:00 LT is more negative in the enhanced diffusion
run (− 5.51 cm− 3s− 1) than in the default run (− 0.70 cm− 3s− 1, not shown). These comparisons suggest that a
stronger downward diffusive flux can mitigate the impact of wind‐driven uplift. The complex interplay between
diffusion and neutral wind dynamics warrants further investigation in future studies.

This study addresses the long‐standing issue of why TIEGCM fails to reproduce the WSA, emphasizing the
critical role of downward plasma diffusion in its formation. In contrast to previous numerical studies (e.g., C. H.
Chen et al., 2011), our work provides the first quantitative evaluation of the relative contributions of downward
diffusion and other mechanisms, offering a more detailed and comprehensive understanding of the underlying
physical processes responsible for this phenomenon.

Figure 4. Local time variation of the NmF2 change rate (dNmF2/dt) from the Thermosphere Ionosphere Electrodynamics
General CirculationModel simulation using the derived diffusive flux, at (left) 55°S, 90°Wand (right) 35°S, 30°E. The black
lines denote the total NmF2 change rate. The gray solid and dashed lines denote the NmF2 change rate caused by
photoionization production and chemical loss, respectively. The red, green and blue lines denote the NmF2 change rate caused
by diffusion, neutral wind transport and E × B drift, respectively.
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4. Summary and Remarks
This study quantitatively investigates the role of downward plasma diffusion in the formation of the general WSA
using TIEGCM simulations, incorporating data‐derived diffusive flux as the upper boundary condition. For
comparison, simulations using the default (uniformly distributed) flux are also performed. The key findings are
summarized as follows:

1. The TIEGCM simulation with the default (constant) diffusive flux fails to reproduce the general WSA. In
contrast, the simulation using the derived (realistic) flux successfully captures key WSA characteristics,
including its spatial distribution and associated hmF2 uplift.

2. In the Southern Hemisphere midlatitude regions, the topside diffusive flux reverses to a downward direction at
approximately 18:00 LT and intensifies toward 00:00 LT, with peak magnitudes occurring over the South
Pacific, South Africa, and Australia. This leads to a positive NmF2 change rate between 20:00 and 22:00 LT,
with a local NmF2 maximum near midnight in these regions.

3. Term analysis reveals that sustained photoionization and ionospheric uplift during summer provide essential
background conditions for WSA formation. Around 22:00 LT, downward plasma diffusion becomes a critical
plasma source, with a contribution comparable to, or even exceeding, that of photoionization. Specifically, at
22:30 LT, the NmF2 change rates due to diffusion and photoionization are 12.08 and 8.50 cm− 3s− 1,
respectively.

The primary uncertainties in the derived flux arise from the use of empirical ion and electron temperatures (Ti and
Te) and neutral densities. For example, a 10% variation in Ti + Te leads to an approximate 5 m/s change in the
calculated diffusive velocity at hmF2 + 100 km altitude (G. Chen et al., 2009). Although Te is scaled using
satellite observations and the derived velocity exhibits consistency in magnitude and local time variation with
incoherent scatter radar measurements (Li et al., 2024), the TIEGCM upper boundary (400–500 km altitude) is
close to hmF2. As a result, flux uncertainties can significantly impact simulated NmF2. Future work should aim to
enhance the accuracy of the flux input through higher‐precision observational data and further refinement of
physical models.

Data Availability Statement
The simulation results in this study are available at Li (2025). TIEGCM is provided by the National Center for
Atmospheric Research (https://www.hao.ucar.edu/modeling/tgcm/).
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