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Abstract

This work improves upon a previously developed neural

network modelling process that predicted waveguide pa-

rameters for the D-region ionosphere on two days [1]. The

previous model was limited by manually determining the

ideal set of transmitters (Tx) and receivers (Rx) and by

computation time. An automatic quality assessment tool

was developed to automatically evaluate the optimal net-

work for each day [2]. We also obtained a 14x improvement

in model training time by leveraging GPUs and improving

the parallelization of the training process. These advance-

ments allowed us to model 328 days across up to 21 paths.

With this larger sample size, we show the model is capable

of following expected seasonal trends. The model has also

been adapted to be used with nighttime data, and is showing

promising early results.

1 Introduction

The D-region ionosphere covers an altitude range (60-90

km) which is difficult to measure using conventional means.

For lower altitude measurements, it is possible to use high-

altitude balloons or aircraft to carry instrumentation; how-

ever, these methods do not extend high enough. Above

the D-region, it is possible to use satellites to provide di-

rect measurements, but atmospheric drag prevents satellites

from safely flying within the D-region. It is possible to use

sounding rockets to measure electron density, but they can

only provide a single vertical path over a short period of

time [3]. Due to the cost of a single flight and the lim-

ited coverage, it is prohibitively expensive to use sounding

rockets for large scale D-region measurements.

The use of very low frequency (VLF) waves to infer prop-

erties of the D-region ionosphere has been explored by

multiple previous studies [1], [4], [5]. Due to their fre-

quency, VLF waves experience almost total reflection from

the D-region. Combined with the Earth’s ground being re-

flective at VLF frequencies, this forms a spherical waveg-

uide, known as the Earth-Ionosphere Waveguide, which al-

lows VLF waves to propagate large distances around the

globe. As the waves propagate, they are affected by the

ionosphere’s properties at the reflection points.

Narrowband VLF transmitters are one source of VLF ra-

diation which can be used to make predictions about the

D-region along a transmitter-receiver path [4]. These pre-

dictions typically only use a small number of receivers,

and perform a search over a variety of electron density

profiles to select which profile best fits the measurements.

This technique is limited to small numbers of transmitter-

receiver paths due to searching through a large number

of profiles for each path. Recently, Gross developed a

method for modelling arbitrarily large transmitter-receiver

networks using machine learning techniques. Their work

provides a general framework for predicting a two parame-

ter model for electron density profiles, but was only applied

to two days [1].

This work leverages the machine learning modelling tech-

nique to predict the electron density profiles for 328 day-

time days and 1 nighttime day. By dramatically increas-

ing the number of predictions, we are able to understand

how the model responds to seasonal variations in the iono-

sphere. The model seeding process was improved to ac-

count for differences between days not seen in the original

paper. Additionally, the technique was extended to provide

initial results for nighttime predictions, a traditionally diffi-

cult period to estimate.

2 Dataset

In this work, we use data recorded by seven VLF/low fre-

quency (LF) AWESOME receivers located in the South-

Eastern United States (US) and Puerto Rico. The design of

the receiver is described in full by Cohen, et. al [6]. These

receivers monitor three Navy VLF transmitters, ranging in

frequency from 24.0-25.2 kHz, in the Northern US. The lo-

cations of the transmitters and receivers are shown in Figure

1. A significant limitation of the previous model was the

manual evaluation of which transmitters and receivers were

available on a given day. To resolve this, an automatic qual-

ity assessment tool was developed to determine the optimal

set of transmitters and receivers for all days in the dataset

[2]. This tool utilizes a set of heuristics to quickly deter-

mine whether there are any issues with the measurements,

such as transmitter or receiver downtime, high noise levels,

low signal levels, etc. We can now determine each day’s

ideal set of transmitters and receivers for the entire dataset

in a matter of hours with no manual intervention.

The amplitude and phase measurements are critical to pre-
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6 Discussion and Conclusion

Previous work on predicting D-region Ne has often been

limited to a few days and a limited number of transmitter-

receiver paths [1], [4]. Additionally, traditional VLF re-

mote sensing is susceptible to calibration errors and terrain

artifacts [4], [9], [10]. By normalizing to the noon-time

value, we improve the model’s robustness to these effects.

In this work, we demonstrated the use of a machine learn-

ing model for predicting waveguide parameters of the D-

region ionosphere across 328 days and up to 21 paths. We

show the model’s agreement with expected seasonal varia-

tions indicating the model is capable of coping with a range

of ionospheric conditions. The daytime modelling tech-

nique was also expanded to work for nighttime conditions.

Since nighttime data is lacking a high noon reference value,

we instead shift to using midnight as a reference value, al-

though other options may be explored in the future. By only

changing the reference time, we can apply the same tech-

nique to both daytime and nighttime measurements, greatly

simplifying the overall model. Initial results from the night-

time predictions indicate the model is able to predict rea-

sonable values for h’ with some unexpected behavior in

β predictions. Predictions during nighttime conditions are

traditionally more difficult and less well understood, so it is

reasonable for the model to struggle in this regime.

As the duration of predictions increases, transmitter phase

drift may become an issue as this is not accounted for

through the high noon seed. Fortunately, polarization is

invariant to the absolute transmitter phase which may al-

low us to circumvent the problem. With this large dataset,

it may now be possible to compare single day measure-

ments to a quiet day case to detect events such as gravity

and acoustic waves. While not shown here, model predic-

tions during Hurricane Irma hint at this being possible in the

near future. By transitioning to a four parameter Ne profile

and smaller spatial features in the training data, the model

will likely be better equipped to handle some of the smaller

perturbations during these gravity and acoustic waves [11].

As a by product, this may also improve the model’s perfor-

mance during the more chaotic nighttime environment.
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