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1 Introduction

The Earth’s surface undergoes continuous changes driven by a combination of seasonal and
interannual processes, natural disasters, anthropogenic activity, and a warming climate.
These changes manifest through diverse environmental stressors: urbanization alters local
hydrology and climate; industrial mining degrades topsoil composition and water quality;
deforestation disrupts vegetation structure and increases carbon emissions; hurricanes de-
stroy infrastructure and uproot biomass; drought restricts primary production; and heavy
rains trigger landslides in sloped terrain. Delineating and mapping surface disturbances
as they occur has important implications for ecosystems, water resources, food produc-
tion, disaster response efforts, and other essential systems for human society. As such,
the OPERA project is committed to providing a suite of products derived from Earth-
orbiting sensors for reliable, global-scale disturbance monitoring. Our SAR-derived generic
disturbance algorithm identifies pixels in space and time that deviate from the estimated
statistics determined from a set of baseline images. In this document, we detail the design of
the OPERA DIST-S1 algorithm—its theoretical basis and product structure—for tracking
generic disturbances from the Sentinel-1 constellation using the OPERA Radiometric and
Terrain Corrected Imagery (RTC-S1). The DIST-S1 product will provide a complemen-
tary view of the disturbances captured in the existing OPERA optical disturbance product
DIST-HLS (derived from harmonized Landsat and Sentinel-2), which began production in
April 2023. The RTC-S1 input imagery provides structural information about the surface
being observed: double bounce from tall buildings, volumetric scattering from dense vege-
tation, and specular reflection from smooth surfaces such as roads and water. The RTC-S1
also reveals information about water content in soil and in vegetation. DIST-S1 therefore
characterizes generic disturbance through statistical deviations of the latest image from the
baseline. This is in contrast to the DIST-HLS disturbance mechanism, which is derived
from the interannual vegetation loss determined by modeling per-pixel vegetation cover.
Because the OPERA RTC-S1 input data is weather- and illumination-independent, DIST-
S1 will provide monitoring capabilities particularly where continuous cloud cover or smoke
obscure a scene. The DIST-S1 product is scheduled for release in mid-2026.

1.1 Background

Disturbance delineation is the process of mapping deviations from a baseline of reference
images. It can also be viewed as the process of selecting a time and area within a time-series
of co-registered images in which a disturbance or change occurs. Disturbance delineation
is frequently referred to as change detection in the literature. We will equate change and
disturbance in this document. Our goal is to use the OPERA RTC-S1 product for distur-
bance mapping alongside the OPERA optical disturbance product derived from Harmonized
Landsat and Sentinel-2 (DIST-HLS). This goal motivates many of our algorithm choices.
Before discussing our approach, we review two operational SAR disturbance products
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that demonstrate SAR’s power for detecting interannual forest loss. These products are the
SAR-based RAdar for Detecting Deforestation (RADD) products [1] and the ALOS-2 Forest
Alerts [2,3]. The input imagery for these products is the C-band Sentinel-1 constellation
and ALOS-2, respectively. These products’ algorithms focus on tropical forest loss, which
is highly visible in SAR imagery because volumetric scattering from trees significantly
decreases as trees are cleared. Such products are invaluable for large-scale monitoring where
the persistent cloud cover makes consistent optical observations challenging. The DIST-S1
product will have a wider geographic scope: it will be nearly global, covering all DIST-
HLS tiles with sufficient RT'C-S1 availability. In contrast, OPERA DIST-S1 will identify
generic disturbances, i.e., disturbances defined by statistical deviations from a baseline of
reference images. One obvious distinction between the aforementioned forest loss products
and OPERA DIST-S1 in forested areas is that DIST-S1 also detects anomalous interannual
regrowth.

We now provide a broader overview of disturbance delineation and its challenges. Any
method for delineating disturbance will depend on the following factors:

(a) the modality of the sensor (i.e., optical or SAR),

(b) its temporal sampling rate,

(c) its spatial resolution,

(d) the category of change being studied,

(e) a change’s duration,

(f) the baseline (i.e., reference) time-series of undisturbed pre-image observations, and

C

(g) the quantity of post-image data compared against the baseline time-series.

Items (a) - (c) are sensor constraints. Items (d) - (e) are related to the type of distur-
bances being tracked. Items (f) - (g) address the balance between the preceding sensor
and disturbance constraints. In (f), the reference image time-series is referred to in this
document as pre-images. In (g), the imagery compared to the set of pre-images is called
post-image. The OPERA DIST-S1 product will have a 30 meter spatial resolution following
the OPERA RTC-S1 input data and will be reprojected into the Military Grid Reference
System (MGRS) tile system so the products can be easily compared to DIST-HLS prod-
ucts. The DIST-S1 will have a nominal 6-day repeat pass through a single observation
geometry in forward processing mode when continuous data generation is possible using
two platforms from the Sentinel-1 constellation. As we will discuss in later sections, we will
accumulate disturbances through multiple SAR geometries so the sampling rate for DIST-
S1 can be much higher if data is available. For example, over Los Angeles, the sampling
rate for DIST-S1 is approximately 3 days; in fact there are descending and ascending tracks
that pass over the same area in a 24-hour period.

We provide broad categories of change detection algorithms following the OPERA DIST-
HLS ATBD [4]. These categories contextualize the algorithms used to analyze change. A
change detection algorithm can be either signal-based or theme-based. A signal-based ap-
proach uses a radiometric measure directly from the sensor, e.g., optical reflectance or SAR
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backscatter, to delineate change. A classical signal-based SAR change detection algorithm
is the log-ratio, denoted here as ¢, proposed in [5], where the amount of change between a
pre-image Iy and post-image [ is measured via:

¢ :=log (:;—(1)) = log(Iy) — log(Ip). (1)

A theme-based approach first models a geophysical variable, e.g., forest cover, and then
uses the modeled variable for change detection. The OPERA DIST-HLS optical product is
theme-based in that it models percent vegetation cover to detect change. The SAR-based
RADD algorithm is theme-based in that it constructs forest and nonforest distributions
based on backscatter values, iteratively updating the distribution based on Bayes’ rule [1,
6, 7). Signal-based approaches are tied directly to acquired imagery, while theme-based
approaches clearly communicate the type of change detected.

Change detection algorithms can also be categorized as metric or classification ap-
proaches. A metric approach assigns a non-negative real value to each pixel measuring
the degree of disturbance relative to the pre-images. By convention, larger metric values
indicate greater change and smaller values indicate less change. For DIST-HLS, vegetation
cover loss is the disturbance metric [4]: greater loss corresponds to greater disturbance. For
RADD, the metric is the probability of non-forest pixels exceeding a threshold in the inter-
val [0.5,1) [7]. A classification approach directly labels each pixel as changed or unchanged.
Classification approaches are typically data-driven, trained on ground-truth datasets tar-
geting specific change types such as urban growth [8,9] or floods [10,11|. Such algorithms
often employ bi-temporal methods, using a single pre-image and a single post-image to
determine change.

This taxonomy allows us to more precisely characterize the DIST-S1 algorithm. We
highlight important differences between optically-derived and SAR-derived disturbances.
While the DIST-S1 product will complement the DIST-HLS product, the set of mappable
disturbances is not strictly overlapping. DIST-S1 measures structural change using a signal-
based metric of statistical deviations in interannual backscatter. DIST-HLS thematically
tracks interannual vegetation cover loss through the spectral signature of its input. All dis-
turbances in the OPERA disturbance suite (both DIST-HLS and DIST-S1) do not attribute
why a disturbance occurred (fire, development, etc.), though DIST-HLS’s thematic measure
indicates what was disturbed, namely vegetation. DIST-S1 generic disturbances indicate
















































































































































