
IonCast: A Deep Learning Framework for Forecasting
Ionospheric Dynamics

Halil S. Kelebek
Department of Engineering Science

University of Oxford, UK
halil@robots.ox.ac.uk

Linnea M. Wolniewicz
Department of Information and Computer Science

University of Hawai‘i at Mānoa, USA
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Abstract

The ionosphere is a critical component of near-Earth space, shaping GNSS accu-
racy, high-frequency communications, and aviation operations. For these reasons,
accurate forecasting and modeling of ionospheric variability has become increas-
ingly relevant. To address this gap, we present IonCast, a suite of deep learning
models that include a GraphCast-inspired model tailored for ionospheric dynamics.
IonCast leverages spatiotemporal learning to forecast global Total Electron Content
(TEC), integrating diverse physical drivers and observational datasets. Validating
on held-out storm-time and quiet conditions highlights improved skill compared to
persistence. By unifying heterogeneous data with scalable graph-based spatiotem-
poral learning, IonCast demonstrates how machine learning can augment physical
understanding of ionospheric variability and advance operational space weather
resilience.

39th Conference on Neural Information Processing Systems (NeurIPS 2025) Workshop: Machine Learning for
the Physical Sciences.



1 Introduction

The Earth’s ionosphere, extending from ∼ 50 to 1500 km altitude, is a partially ionized region of the
upper atmosphere shaped by solar radiation, magnetospheric convection, and thermospheric dynamics
[1]. The complex coupling within near-Earth space drives a wide spectrum of phenomena, from small-
scale plasma irregularities [2] to large-scale geomagnetic storms that have tangible consequences for
modern society. Ionospheric disturbances, for example, can significantly degrade the accuracy of
Global Navigation Satellite Systems (GNSS) [3], while geomagnetic storms generate geomagnetically
induced currents that pose serious risks to power grids [4] and can also compromise orbital stability
in Low Earth Orbit [5]. As modern society reliance on space-based infrastructure grows, accurate
ionospheric forecasting has become essential [6].

The Total Electron Content (TEC), defined as the integral of the electron density along the ray path
between two points, is one of the most important descriptors of the state of the ionosphere [7]. The
Jet Propulsion Laboratory (JPL) generates Global Ionospheric Maps (GIM) of TEC with a temporal
cadence of 15 minutes and provides these products as part of a near–real-time service [8]. These
resources are fundamental to understand the global spatio-temporal evolution of TEC and serve as a
foundation for building data-driven models.
Several empirical and physics-based models have been developed to generate local or GIM of TEC
as a function of solar and geomagnetic drivers. Empirical models such as the International Reference
Ionosphere (IRI) [9, 10] and physics-based models such as the Global Ionosphere-Thermosphere
Model (GITM; [11]) have been instrumental in advancing ionospheric research, but carry intrinsic
limitations that have been well documented [12].

The increasing availability of high-quality ionospheric datasets make research in this field particularly
well-suited for machine learning (ML) applications. Although still in its early stages, several studies
have demonstrated the promise of ML-based TEC modeling. Current approaches rely on classical
methods such as gradient boosting (XGBoost) or Multi-Layer Perceptrons (MLP) [13, 14], while
more advanced methods like Bi-directional Long-Term-Short-Term Memory (BiLSTM) [15] remain
restricted to narrow geographic regions. A recent series of work also investigated the application of
deep learning architectures to model and forecast global TEC using several physically relevant inputs
[16, 17]. These works have shown that deep learning architectures are indeed capable of consistently
reproducing the complex ionospheric behavior.

This context highlights the need for advanced ML architectures that can process heterogeneous and
multi-source data, operate at global scales, and deliver reliable nowcasting, i.e. the model learns
spatiotemporal patterns to project the current state forward in time, and forecasting capabilities.
To address this challenge, we present IonCast, a modular framework built on state-of-the-art ML
methods. IonCast is designed as a global, data-driven nowcast and forecast model of the TEC, aiming
to complement and potentially substitute empirical and physics-based approaches. Model code and
data used to produce the IonCast models can be found on GitHub 1.

2 Methods

2.1 Data

For this work a combination of space- and ground-based data was processed, integrated to make it
machine learning ready. In particular, the dataset curated consists of 2D vertical TEC global maps
and 1D driver time series. The 2D component consists of JPL Global Ionospheric Maps (GIM) of
vertical TEC at 15-min cadence (JPL/IGS service; [18, 8, 19]). The 1D drivers include solar-wind and
geomagnetic parameters (e.g., SYM-H/ASY-D, IMF (Bxyz) , Vsw) from NASA/GSFC OMNI2 via
OMNIWeb ([20, 21, 22]); planetary activity indices (Kp, Ap) (compiled from NOAA SWPC/GFZ;
[23]); and solar irradiance proxies (F10.7 and S10.7/M10.7/Y10.7) [24]. Auxiliary spatial features
use quasi-dipole magnetic coordinates [25] and orbital mechanics data (Sun/Moon ephemerides:
subsolar/sublunar points, zenith angles, Earth–Sun/Moon distances; [26]). All sources are publicly
accessible via the cited archives; processed outputs are released with this work as standardized 2D
maps and aligned 1D time series. To the best of our knowledge, this dataset is one of the most
comprehensive assembled for this type of analysis. This dataset’s inclusion of auxiliary spatial

1https://github.com/FrontierDevelopmentLab/2025-HL-Ionosphere
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Figure 1: Model predictions plotted and evaluated over various forecast lead times for a moderate
geomagnetic storm (G2 event). Left: Subplots show ground truth data from JPL (upper) plotted
against predictions by the IonCast LSTM (middle) and IonCast GNN (lower) models at a 60-minute
lead time. The colorbar has units TECU (TEC Units). Center: The joint distribution between JPL
(x-axis) and predictions (y-axis) over a 12-hour long-horizon forecast. The diagonal indicates perfect
prediction; points below (above) the diagonal correspond to underprediction (overprediction). The
colorbar encodes the mode of the forecast time (minutes) at which the prediction occurs, highlighting
the error growth across the sequence. Marginal histograms show the distributions of ground truth
and predicted values throughout the forecast. Right: The plot compares the average global RMSE of
the IonCast LSTM (blue), IonCast GNN (orange), and persistence model predictions across growing
forecast horizons.

features allows us to investigate the impact of providing the model further physical information,
which was not attempted in previous ML applications.

2.2 Models

We evaluate the forecasting performance of two models for total electron content (TEC): a long
short-term memory (LSTM) [27] baseline, IonCast LSTM, and a Graph-based architecture inspired
by GraphCast [28], IonCast GNN. Both models autoregressively predict TEC using JPL [18, 8, 19]
data products and learn the dynamics of the ionosphere well. Model hyperparameters were tuned
using WandB [29] hyperparameter sweeps.

The IonCast LSTM model uses a convolutional encoder–decoder architecture with an LSTM bottle-
neck, where the convolutional neural network (CNN) encodes each two-dimensional TEC map into
a latent representation, the LSTM maintains a hidden state across timesteps, and the CNN decoder
reconstructs the forecasted sequence. This model uses a six-layer convolutional LSTM with circular
padding to downsample 180x360 ionospheric maps (and other data sources included as extra image
channels) to a 128-dimensional embedding and process the temporal sequences of the embeddings.
The decoder then reconstructs predictions using bilinear upsampling and transposed convolutions
back to the original resolution. IonCast LSTM is trained with a batch size of 4, dropout rate of 0.15,
learning rate of 2e-4, and JPLD loss weight of 20.

The IonCast GNN model is based on Google’s GraphCast architecture implemented in PyTorch by
the NVIDIA PhysicsNeMo framework [30]. The architecture follows an encoder, processor, decoder
structure. The encoder performs message passing on a graph that converts from the latitude-longitude
grid to a spherical icosahedral mesh, the processor learns via message passing on a multi-layer
icosahedral mesh, and finally, the decoder learns on the graph mapping from the mesh back to a
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latitude-longitude grid. IonCast GNN takes as input all the information from previous states and
global parameters as grid node features in the initial grid-to-mesh graph. To generate autoregressive
forecasts, IonCast GNN predicts all input variables except those identified as forcings. Forcings
are features whose values are known or can be analytically computed for any given timestamp, be
it in the past or future. In the case of IonCast GNN, the forcings include all orbital mechanics-
derived quantities, such as the positions of the Sun and Moon. During both training and inference,
the model is provided with the ground truth forcings. These forcing channels are concatenated as
additional features to each grid node, including those corresponding to the prediction timesteps. For
all non-forcing channels, which include the TEC maps, the 1D solar and geomagnetic drivers, and
quasi-dipole magnetic coordinates, IonCast GNN operates autoregressively. The model receives as
input the ground truth forcing and non-forcing values for timestamps within the context window, up
to time t. From the ground truth context, the model autoregressively generates predictions for times
t+ 1 up to t+ k with no additional ground truth values for the non-forcing channels. The IonCast
GNN model is trained with six multi-mesh levels and six processor layers, with message passing
occurring between the 32-hop neighbors of each node. The model is trained with a batch size of 1,
dropout rate of 0.15, learning rate of 3e-4, and JPLD loss weight of 2.

Both models are trained on the data detailed in Section 2.1, covering the time period from 2010-05-
13T00:00:00 to 2024-08-01T00:00:00 at 15-minute cadence, to align with JPL-GIM data. However,
to train in a computationally efficient manner, the IonCast LSTM and GNN models train on every
256th sequence of 2 hours (sequences skip 2.66 days between start and end dates). Training is
conducted on the Google Cloud Platform. Test and validation data are removed from the training
set for specified dates that span various levels of geomagnetic storms, as defined by the NOAA
geomagnetic storm scale (G0, G1, G2, G3, G4, and G5), for a total of 10% of storms at each scale
removed from the training set. Models are trained to minimize the mean squared error between
predictions and ground truth values, for all targets except forcing features. Both the IonCast LSTM
and IonCast GNN models are trained with context windows of 8 (3 hours) to predict 1 timestep (15
minutes) ahead, and predict residual targets (xT+1 = xT + x̂predicted).

3 Results

Model performance is evaluated by comparing forecasted predictions against the GIM released by
JPL [19], which are processed from GNSS stations. To benchmark the forecast performance of our
models against JPL TEC maps, we compute the root mean squared error (RMSE) over geomagnetic
test events withheld during model training. The RMSE is computed over the full event duration,
latitude, and longitude TEC predictions compared with JPL TEC maps. The performance of our
models across various forecast lead times for a moderate storm event (G2) is shown in Figure 1.
Qualitatively, both models properly reconstruct the main features of the global TEC, including the
equatorial enhancement, with the IonCast GNN model reconstructing the global structure of the TEC
more accurately than the LSTM.

As a baseline, we use a persistence model, which takes the TEC map from the previous frame as the
prediction for the TEC map at a given lead time. The IonCast GNN models outperforms persistence
for almost all forecast lead times, with the performance over the persistence improving as the forecast
horizon increases, as shown by the orange line in the RMSE plot dipping below the gray. The IonCast
LSTM model struggles at longer horizon forecasts compared to the GNN, having a bias towards
over-predicting the TEC as the forecast proceeds, whereas the RMSE for IonCast GNN stabilizes
from hours 6 to 12. This is visible in the ground truth vs. prediction hexbin plots by the dark colors,
which correspond to short lead times, falling along the perfect prediction (diagonal line), and lighter
colors corresponding to larger lead times moving further from the diagonal line, especially for the
LSTM model.

Model performance across different latitudinal bands and storm levels is examined in Appendix
Figure 3, and a better-performing IonCast LSTM model that beats persistence is shown in Appendix
Figure 2. Additionally, we compare the performance of our models across growing forecast horizons
to the state-of-the-art empirical model, IRI [9], in Appendix Table 2. We find that the IonCast GNN
model outperforms IRI up to a forecast horizon of 6 hours, however, it is not a perfect comparison as
IRI is not a forecast model.
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To assess the contribution of different data sources to model performance, we performed an ablation
study by isolating the contribution of each data source to IonCast GNN. We selected the combination
of input features presented in Table 1 to enhance the understanding of how different classes of
physical inputs contribute to forecasting TEC. For these reasons, the classes of solar radiation, solar
wind, geomagnetic indices, and orbital mechanics were separated. The models were trained at a
15-minute cadence with a 2-hour context window and evaluated on a 12-hour-long horizon forecast
over JPLD predictions. All data streams other than JPLD + F10.7 outperform the model trained solely
on a TEC input, suggesting they play a role in aiding the TEC prediction. The poor performance of
the F10.7 model may be due to the fact that the F10.7 parameter is produced at a daily cadence, which
varies too slowly to provide useful information for forecasts over a 12-hour horizon at a 15-minute
temporal resolution. The main contribution to model performance was from the inclusion of the
orbital mechanics and quasi-dipole magnetic coordinates, even outperforming the model trained on
all data streams. The importance of the orbital mechanics and magnetic coordinate maps is that they
provide the model context on the trajectory of the TEC as the Earth rotates, through the encoding of
the subsolar and sublunar points as well as the structure of the Earth’s magnetic field. The models
trained without these channels struggle to account for the apparent motion of the ionosphere over
longer forecast horizons (>4 hours), resulting in an eventual spatial drift, explaining the increase in
RMSE. One reason the model trained on the JPLD + orbital mechanics + quasi-dipole outperforms
the model trained on all datastreams may be caused by the reduced number of channels over which
the loss is computed, as the orbital mechanics are forcings and aren’t included in the model loss.
Thus the model is free to focus on optimizing the TEC channel performance. This may suggest that
the performance gained by the inclusion auxiliary channel is not great enough to compensate for the
increased complexity in the optimization. Finally, using a residual target was shown to provide a
notable improvement in model performance.

Table 1: Ablation study over the influence of input data. RMSE values are averaged over a 12-hour
forecast on the validation set. Bold values highlight the experiment with the lowest RMSE value.

Input Features RMSE (TECU)
JPLD 22.4± 3.2
JPLD + F10.7 23.9± 10.2
JPLD + F10.7, S10.7, M10.7, JB2008 13.3± 4.4
JPLD + Ap & Kp 12.7± 3.2
JPLD + Bx/By/Bz & vx/vy/vz (Omniweb) 15.5± 12.6
JPLD + Orbital Mechanics + Quasi-Dipole 9.2± 4.5
JPLD + All (Non-Residual Target) 18.8± 10.7
JPLD + All 10.7± 4.5

4 Summary

The proposed IonCast GNN model accurately forecasts global TEC over a long lead time while
processing heterogeneous multi-source data. To the best of our knowledge, IonCast GNN is the first
machine learning approach to combine heterogeneous solar and geomagnetic driver data with TEC
observations to forecast global TEC. Due to the increasing dependence on satellite infrastructure,
an accurate forecast model for the ionosphere is necessary. IonCast GNN allows for the global
forecast of TEC over long lead times with high accuracy, even during geomagnetic storm events. The
preliminary results of our model show promise for the field of ionospheric forecasting and open the
door for further exploration.
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Appendix

Table 2: Comparison of IonCast LSTM and GNN model performance across growing forecast
horizons (1, 6, and 12 hours) against IRI [9]. Values represent the RMSE averaged over the entire
48-time step (12-hour) period and all latitudes/longitudes. Bold values are the lowest RMSE for each
event level (G0, G2, and G4).

Event Level IRI 1 Hour 6 Hours 12 Hours
LSTM GNN LSTM GNN LSTM GNN

G0 - 2018-04-20 5.32 4.39 1.34 8.94 3.44 8.26 10.89
G2 - 2015-09-07 6.24 6.01 2.36 11.82 5.72 11.50 17.14
G4 - 2023-04-23 16.59 14.28 5.82 27.06 13.3 25.72 36.21
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Figure 2: Model predictions plotted and evaluated over various forecast lead times for a moderate
geomagnetic storm (G2 event). The IonCast GNN model shown is the same as in the main body. The
IonCast LSTM model is trained on a longer context window (16 15-minute cadence time steps) and
a larger amount of training data (trains on every 32nd sequence of 4 hours, thus sequences skip 8
hours between start and end dates) than the 8-context and 256 date dilation model evaluated in the
main text. Left: Subplots show ground truth data from JPL (upper) plotted against predictions by the
IonCast LSTM (middle) and IonCast GNN (lower) models at a 60-minute lead time. The colorbar
has units TECU (TEC Units). Center: The joint distribution between JPL (x-axis) and predictions
(y-axis) over a 12-hour long-horizon forecast. The diagonal indicates perfect prediction; points
below (above) the diagonal correspond to underprediction (overprediction). The colorbar encodes the
mode of the forecast time (minutes) at which the prediction occurs, highlighting the error growth
across the sequence. Marginal histograms show the distributions of ground truth and predicted values
throughout the forecast. Right: The plot compares the average global RMSE of the IonCast LSTM
(blue), IonCast GNN (orange), and persistence model predictions across growing forecast horizons.
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Figure 3: Model predictions plotted and evaluated over various forecast lead times for a quiet
ionospheric condition in the top figure (G0 event), a moderate (G2) and a severe geomagnetic event
(G4 event) in the mid and bottom figure. Left and Center panels have the same models and meaning
of the one shown in Figure 1. Right: The plot on the right compares the RMSE of the IonCast LSTM
(blue), IonCast GNN (orange), and persistence model predictions across growing forecast horizons,
split across low (30◦ South to 30◦ North), mid (60◦ to 30◦ South and 30◦ to 60◦ North), and high
latitudes (60◦ to 90◦ South and 60◦ to 90◦ North).

9



Table 3: Performance comparison for models trained during different solar cycle phases. There is
only one G5 event present in the 2010-2024 date range. Bold values are the lowest RMSE for each
event level.

Data Range RMSE
All Events

RMSE
G0 Events

RMSE
G1 Events

RMSE
G2 Events

RMSE
G3 Events

RMSE
G4 Events

RMSE
G5 Events

Solar Maximum 2013–2015 8.63 ± 4.34 5.79 ± 0.53 7.09± 1.22 6.57 ± 1.57 7.50± 1.82 11.36 ± 5.57 18.23
Solar Minimum 2018–2020 63.35± 58.60 7.31± 3.76 58.19± 40.21 49.61± 42.55 31.06± 32.49 148.42± 40.12 60.11
Full Dataset 2010–2024 8.87± 4.44 5.96± 3.14 6.31 ± 2.56 10.53± 5.11 7.50 ± 1.09 11.81± 3.37 17.79

Figure 4: Solar cycle model predictions at a 360-minute lead time for a G4 level event. (Left) JPLD
Ground Truth, (Middle) Model trained on solar maximum date range (2013-2015), (Right) Model
trained on solar minimum date range (2018-2020).

Figure 5: Distribution of G-level events over the data range (2010-2024). The x and y axes represent
the time (years) and the intensity of the event (G-level), respectively. Each class bin in the y-axis is
then divided into four segments, which correspond to the event duration, as shown in the lower part
of the plot.

The purpose of this ablation study was to examine how training on different portions of the solar
cycle influences model performance and if models trained on local time periods can better predict
specific event classes. All three model runs shown in Table 3, were trained with the same set of
hyperparameters, only varying in the date ranges seen in training. To ensure all three models received
the same number of training samples, training sequences were more densely sampled for the models
trained on the solar minimum and maximum date ranges compared to the model trained on the full
date range. The solar maximum model performance is comparable to the model trained on the full
date range. However, the solar minimum model struggles in all conditions other than G0 events. This
seems to be caused by the lack of non-quiet solar events present in the solar minimum training range
as seen in Figure 5, leading to the poor generalization of the solar minimum model evaluated on
events out of its training distribution Figure 4.
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Figure 6: Selected forecasts corresponding to non-TEC 1-D drivers produced by the IonCast GNN
model. Both forecasts correspond to the 2015-09-07 G2 event. The sampled forecasts (red) correspond
to the forecasts generated at individual 1◦ × 1◦ latitude-longitude nodes. The forecasts at 100 nodes
were sampled to generate the red curves. The predicted forecasts (black) correspond to the mean
forecast over all nodes of the latitude-longitude grid.

Figure 7: Ground truth Kp index plotted against the global view of the pointwise (1◦ × 1◦) Kp
predictions produced by the IonCast GNN model. The forecast corresponds to the quiet ionospheric
conditions on 2018-04-20 (G0 event).

While examining the global view of the channels corresponding to 1-D drivers, certain patterns
emerge that resemble TEC structure. This structure is shown in Figure 7. This suggests the model
may use the redundancy in the global feature channels as registers to inform TEC predictions.
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