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Abstract—Mapping wildfire-burned areas with high spatiotem-
poral accuracy is vital for various environmental and meteoro-
logical applications. This paper provides a new methodology for
mapping burned areas using the delay-Doppler maps (DDMs)
from NASA’s global navigation satellite system–reflectometry
(GNSS-R) mission Cyclone Global Navigation Satellite System
(CYGNSS), using a machine learning (ML) model. In addition
to the nominal mode, we study the capabilities of including
high-resolution DDMs, which has a lower incoherent integration
time than the nominal mode and is derived from a special
mode of CYGNSS, called the raw intermediate frequency (raw
IF). We first analyze second-order textural properties such
as dissimilarity, entropy, and correlation of the gray-level co-
occurence metrix (GLCM) calculated from nominal and raw IF
DDMs. Then, we use the DDMs, texture features along with soil
and terrain properties to make binary burned area classifications
with various nominal-raw IF training splits. Textural analysis on
raw IF DDM revealed an evident discrimination between burned
and not burned pixels. By including the raw IF DDMs while
training, we were able to achieve a 15% improvement in F1
score and Matthew’s correlation, compared to training only with
nominal mode DDM. These results represent the first mapping
of wildfire-burned areas using spaceborne GNSS-R raw IF data.

Index Terms—GNSS-Reflectometry, CYGNSS, Raw IF mode,
Wildfires.

I. INTRODUCTION

In recent years, approximately one billion acres have been
burned due to wildfires worldwide each year [1]. Wildfires tend
to have significant long-term adverse effects on ecosystems
and societies alike. There is a need for precisely monitoring
these wildfire-burned areas to study climate change and the
resilience required for the environment.

Mapping wildfire-burned areas is a complicated task involv-
ing numerous environmental, meteorological, and geophysical
parameters. Due to its scalability and non-contact observa-
tion scheme, remote sensing is one of the best approaches
for mapping wildfire-burned areas. There have been many
physics-based, statistical, and machine learning (ML)-based
models explored for burned area mapping [2]. Many of these
methods often provide coarse spatiotemporal resolution burned
area products. But most of the applications, such as monitoring
loss of forest cover, fire and smoke emission simulations, and

fire-spread modeling, required fine spatiotemporal resolution
observations [3]–[5].

Within the microwave remote sensing domain, global
navigation satellite system–reflectometry (GNSS-R) provides
unique advantages for mapping burned areas. A GNSS-R re-
ceiver measures the surface-reflected global navigation satellite
system (GNSS) microwave signals in the form of a delay-
Doppler map (DDM). The Cyclone Global Navigation Satellite
System (CYGNSS) mission, NASA’s GNSS-R constellation of
satellites, consists of eight satellites in low Earth orbit (LEO)
with an inclination of 35o [6]. Each satellite can measure
four DDMs simultaneously, which gives CYGNSS an oppor-
tunity for sub-daily high temporal resolution measurements.
Wildfire burned area mapping has been implemented using
peak reflectivity of DDM, specular point (SP) incidence angle,
DDM signal-to-noise ratio (SNR), along with either vegetation
properties [7] or soil properties [8] as inputs to ML-based
model.

The nominal mode of CYGNSS, which is most commonly
used for ocean and land surface applications [9], consists of
17×11 delay-Doppler bins and at 0.5 s incoherent integration
time. CYGNSS also captures raw intermediate frequency (raw
IF) [10] signal tracks over specific parts of Earth as required,
which provides shorter incoherent integration times and a finer
DDM resolution, 69×111 delay-Doppler bins. There are very
limited studies carried out with raw IF mode with applications
restricted to altimetry [11] and inland water detection [12]. In
this work, we extract textural information such as dissimilarity,
entropy, and correlation of the gray-level co-occurence metrix
(GLCM) formed from nominal and raw IF DDMs. We then
study the potential of using raw IF with the nominal mode
DDMs for mapping wildfire-burned areas using the extreme-
gradient boosting (XGBoost) ML model.

II. STUDY AREA AND MATERIALS

For studying the effects of raw IF of CYGNSS for map-
ping wildfire-burned areas, an area in northern Texas called
Panhandle was chosen. In February and March of 2024, this
area had the largest wildfire in Texas history, burning more
than 960,000 acres.
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