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1 Purpose

This protocols document describes fixed-wing aircraft aerial imagery collection and image
classification methods. It is intended to support the use and analysis of spatial data generated
by the kelp aerial monitoring (KAM) program. This work is funded by Washington State
Department of Natural Resources and by the Washington State Legislature.

2 Background

Kelp canopies sustain vibrant nearshore ecosystems that provide habitat and food for salmon,
forage fish, orcas, and many other species. Kelp canopies also support coastal economies and
are an integral part of culture and history in the Northeast Pacific (Naar 2020). Declines in kelp
canopies, particularly within South and Central Puget Sound in Washington State, have sparked
collaborative efforts to conserve and protect these important ecosystems. In 2020, a diverse
group of stakeholders and rightsholders produced the Puget Sound Kelp Conservation and
Recovery Plan (Calloway et al. 2020), a summary of the current state of floating kelp forests and
their regulation in Washington and roadmap for future actions. Since the Kelp Plan was
published, Washington State has further committed to protecting and conserving floating kelp
canopies, codifying support for the Statewide Kelp Forest and Eelgrass Meadow Health and
Conservation Plan into law in 2022 (RCW 79.135.440).

In concert with this work, the Washington State Floating Kelp Vital Sign Indicator (“Indicator”)
(Berry et al. 2023, Claar et al. 2025) was created by the Kelp Forest Monitoring Alliance of
Washington State to track status and trends in kelp bed area state-wide. This Indicator has
revealed large areas where additional data are needed to support stewardship mandates and
maintain healthy ecosystems.

To support the Indicator, the Washington State Department of Natural Resources (WA DNR)
launched the Kelp Aerial Monitoring (KAM) program in 2022. This program utilizes fixed-wing
aircraft to collect annual aerial imagery covering more than 750,000 acres of nearshore habitat
to visualize and map floating kelp canopies and other marine vegetation. Following collection,
the imagery is analyzed by WA DNR to detect and quantify floating kelp forest canopies. The
data from this program support the Indicator by ensuring continuity of long-term kelp forest
monitoring coverage along the Strait of Juan de Fuca, Pacific Coast, and DNR Aquatic Reserves,
and is also beginning to fill in the many data gaps in state-wide coverage. The KAM program
complements other floating kelp monitoring efforts across the State — including kayak surveys
and drone surveys —and addresses the need for a multi-method approach to effectively map
Washington's diverse nearshore environments (Claar and McKenna 2026). The KAM program is
ongoing, and additional years of imagery and analysis will continue to deepen our
understanding of floating kelp forest spatial and temporal distribution, providing critical
information for effective conservation and management of kelp forests in Washington.
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3 Image Collection Planning and Approach

Aerial imagery is collected annually during maximum canopy extent in summer. Detailed
imagery collection information is described in annual reports available from the Nearshore
Habitat Program webpage' (NV5 Corvallis 2022, NV5 Corvallis 2023, NV5 Corvallis 2024, NV5
Corvallis 2025). Overall image collection specifications are described briefly here, but users
should consult the acquisition reports for further information on collection conditions for

specific years and areas of interest (AOls).

3.1 Environmental conditions

Ideal survey windows for aerial imagery collection are narrow for capturing floating kelp
canopies in Washington State. Imagery must be collected during the maximum extent of
summer growth and in conditions of low tide, slack currents, calm seas, minimal clouds, and
optimal sun angles to ensure optimal canopy visibility and comparability of data across years.
The target specifications for imagery collection are reported in Table 1, and scripts to calculate
acquisition windows are available on GitHub? (Cowdrey 2025). Consult acquisition reports for
exact collection conditions for specific AOls and years.

Table 1. Environmental condition specification requirements for imagery collection.

Condition Specification

July 15 to Sept 15. Image collection occasionally extends into late

Season September or early October if weather precludes collection during earlier
windows.
Low Tide
Height <1 ft MLLW
Currents Slack currents within 1 hour before and after low tide
>25° and <45° degrees off horizon to avoid direct sun glare off water in
Sun Angle _
imagery
Sea State Surface winds <10 kt and swell <1.5 m
Clouds Cloud-free skies or fully overcast if necessary; no patchy clouds

3.2 Equipment and settings

Imagery is collected in four spectral bands (red, green, blue, and near-infrared) with >80% along
track overlap and >40% side overlap (“sidelap”) between frames. Fixed-wing aircraft flights are
conducted at altitudes corresponding to a ground sampling distance of <6 inches (~15 cm).

! https://dnr.wa.gov/aquatics/aquatic-science/nearshore-habitat-program
2 https://github.com/WA-Nearshore/kelp-tides-and-sun-angles
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Examples of previous sensors are: the Leica DMC Il (Leica Camera AG, Wetzlar, Germany; used
only in 2022), and the Vexcel UltraCam Falcon Prime and UltraCam Falcon Mark I (Vexcel
Imaging, Centennial, CO, USA; used from 2022-2025). Camera specifications are reported in
individual acquisition reports (NV5 Corvallis 2022, NV5 Corvallis 2023, NV5 Corvallis 2024, NV5
Corvallis 2025; access from the Nearshore Habitat Program kelp monitoring webpage?®). Flight

altitudes vary based on sensor, for example in 2022 altitudes ranged from 8,200 ft to 11,800 ft,
while flight altitudes between 2023 and 2025 were 8,200 ft.

3.3 Areas of interest (AOls)

Imagery has been collected across ten AOIs (Figure 1). These AOls encompass areas of
Washington State where floating kelp is known to be present and is most likely to be detectable
via fixed-wing aerial imagery (i.e., where it forms relatively large and/or dense beds). Areas with
sparse fringing floating kelp presence, for example many of those in Central Puget Sound, are
not ideal for mapping via aerial imagery with a fixed-wing aircraft because the resolution that is
feasible to capture at a regional scale (~15 cm) is likely to miss much of the canopy.
Additionally, many of the sparse fringing kelp beds in these areas are already surveyed with
higher-resolution UAS imagery (~5 cm resolution) and/or in-situ kayak-based mapping. AOI
boundaries have varied slightly throughout the years as the program has evolved. The ten AOIs
surveyed by the KAM program, from the Pacific Coast inland, include:

e Northern Coast (NCO): spans part of the Pacific coast of the Olympic Peninsula, from
Destruction Island at the south end to Cape Flattery, including Tatoosh Island, at the
north end. Areas south of Destruction Island are excluded because no floating kelp has
been detected in long-term monitoring of those shorelines (Van Wagenen 2025).

e Western Strait of Juan de Fuca (WST): spans the Strait of Juan Fuca from the inside
Cape Flattery east to Agate Bay. (WST and EST were collected as one AOI in 2022, called
"SJF")

e Eastern Strait of Juan de Fuca (EST): spans the Strait of Juan Fuca from Agate Bay east
to Point Wilson. (EST and WST were collected as one AOI in 2022, called “SJF".)

e San Juan Islands (SJI): covers all of the San Juan Islands.

¢ WA DNR Aquatic Reserves (AQR): covers three of WA DNR's Aquatic Reserves (AR),
including Smith and Minor Islands AR, Cypress Island AR, and Cherry Point AR. Protection
Island AR is also captured as part of the Eastern Strait of Juan de Fuca AOI, and Fidalgo
Bay AR is captured as part of the North Puget Sound AOI.

¢ North Puget Sound (NPS): spans the north end of Whidbey Island to just south of
Cherry Point Aquatic Reserve; including Deception Pass, Anacortes, and Bellingham.

e Admiralty Inlet (ADM): spans from Admiralty sill at Point Wilson and Fort Casey south
to the Hood Canal Bridge in Hood Canal and south to Hansville (Point No Point) and
Edmonds in Puget Sound. It covers much of the Puget Sound-facing coastline of
Whidbey Island, including Possession Point.

3 https://dnr.wa.gov/aquatics/aquatic-science/nearshore-habitat-program/kelp-monitoring
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e Saratoga/Whidbey Basin (SWH): spans waters between Whidbey Island and Camano
Island, from Hope Island south to Clinton, including Hat Island.

e Tacoma Narrows (TAC): covers the Tacoma Narrows from the southern tip of Vashon
Island, southern Colvos Pass, and Point Defiance south to Fox Island.

e Squaxin Island (SQX): covers a small area at the southern end of Squaxin Island; only
surveyed in 2022 due to kelp sparsity and spatial overlap with other intensive
monitoring.

These AOIs were designed with multiple objectives in mind. Some AOls were designed to align
with previous aerial imagery products (i.e, NCO, SJF, SJI, AQR; Van Wagenen 2025). Some AQOls
were also designed to align with existing Floating Kelp Indicator sub-basins (i.e., NCO, SJI, NPS,
ADM, SWH; Berry et al. 2023). AOls in South Puget Sound were designed based on the
distribution of remotely detectable floating kelp within that sub-basin. The Squaxin Island AQOI
was only imaged in 2022 because floating kelp was not easily detected within the imagery and
robust local-scale monitoring is already ongoing at that location (i.e., kayak, UAS).

KAM Imagery Classification Protocols, v.1
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Figure 1. Map of Areas of Interests (AOIs) where imagery is collected. AOIs are labelled individually on the map.
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4 Image Processing

4.1 Ground survey

Ground survey data are collected by the contractor throughout the study area to adjust aircraft
positional and attitude data and to perform positional accuracy assessments of final orthophoto
products. These air targets typically encompass high visibility hard surfaces such as road
markings or painted chevrons. Air target positions are established prior to imagery collection
using fast static or RTK techniques and are surveyed during each aerial survey season. For
further details, consult the annual Acquisition Reports on the Nearshore Habitat Program kelp

monitoring webpage?.

4.2 Orthophoto creation

Image processing, aerial triangulation, and orthophoto creation are conducted by the
contractor. Initial images are geometrically corrected, color balanced and level-adjusted, and
output as 8-bit TIFF files that are delivered to WA DNR. These corrected images are then aerially
triangulated by the contractor using ground control data and calibration information,
orthorectified to high-resolution DEMs, and mosaicked together with seam blending and
automated color balancing. Finally, orthomosaics are assessed for positional accuracy using the
air targets collected during ground surveys. The final orthomosaics are delivered to WA DNR as
tiled 8-bit TIFF files with ground resolution of 6 inches. See Acquisition Reports on the
Nearshore Habitat Program kelp monitoring webpage® for further details.

5 Image Analysis Process

To quantify floating kelp canopy presence within the processed image mosaics, a semi-
automated pipeline combines expert interpretation with an unsupervised pixel clustering
algorithm. The specific steps include masking the imagery, applying a spectral index,
segmenting the indexed imagery, applying an iterative self-organizing (ISO) cluster algorithm (a
version of k-means clustering) to the false-color composite and segmented spectrally-indexed
imagery to generate a 10-class output, and then finally conducting a manual class assignment
(Figure 2). The analysis pipeline is conducted for one AOI and year at a time (e.g., 2022 WST),
with the exception of the AQR AOI which is analyzed in three separate sub-AOls (i.e., Cherry
Point, Smith and Minor Islands, and Cypress Island). All analyses are conducted using tools from
ArcGIS Pro and the ArcPy library (v. 3.3, Esri, Redlands, CA) in the spatial reference system NAD
1983 HARN Washington State Plane South (US ft). Details for each step are described below, and
code to complete Python analyses is available on GitHub® (Claar 2026). This approach balances
classification granularity and accuracy with the efficiency necessary to map kelp forest canopies
at a regional scale.

4 https://dnr.wa.gov/aquatics/aquatic-science/nearshore-habitat-program/kelp-monitoring
5 https://github.com/WA-Nearshore/kelp-aerial-monitoring /releases/tag/v1.0
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Figure 2. Overview of the image analysis pipeline used to generate floating kelp canopy data from the imagery for each
AOI. Both Clipped Imagery and Segmented Indexed Imagery are inputs for the IsoClustering algorithm. Products are
shown as rhombuses, processing steps are shown as rectangles. Color indicates type; for products, initial is blue,
intermediate is teal, final is green; for processes, red indicates manual processes, yellow indicates automated
geoprocessing steps.

5.1 Manual image masking

First, an experienced nearshore scientist masks the image mosaics to exclude deep water, land,
and shallow regions and create the clipped imagery. Masking the imagery is important to avoid
false positives where terrestrial vegetation, intertidal algae, or wrack are classified as floating
kelp. Masking is done by visually evaluating the imagery to identify areas with floating kelp
present and manually drawing bounding polygons within ArcGIS Pro to create the masks.
Floating kelp is typically distinguishable in the imagery due to its unique elongated shaped and
high reflectance in the NIR band relative to adjacent water (Figure 3).

Figure 3. Example of mask (teal) outlining areas of floating kelp presence in imagery, separating floating kelpfrom
land, deep water, and non-floating-kelp vegetation in the shallows. Imagery is displayed in NIR-G-B.

The imagery is then clipped to the mask using the ArcGIS tool ‘Clip’. This step prevents the
misclassification of pixels on land or deep water as kelp and improves the separability of
features in the area of interest by removing things like terrestrial or other marine vegetation
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from consideration by the unsupervised clustering algorithm. Masking imagery is a common
preprocessing step in the remote sensing of kelp forests (Schroeder et al. 2019).

5.2 Spectral Indexing (BNDVI raster creation)

After imagery is masked and clipped, a spectral "BNDVI" (blue normalized difference vegetation
index) raster is created using the ArcGIS ‘Band Arithmetic’ tool. This tool converts the values
from the multi-band raster into a single band that emphasizes the difference between kelp and
non-kelp pixels, due to large differences in reflectance in the blue and near-infrared ranges of
the electromagnetic spectrum. Spectral indexing is commonly implemented in methods to map
kelp from imagery (Schroeder et al. 2019, Timmer et al. 2022, Gendall et al. 2023, Cowdrey and
Claar 2024). For this program, BNDVI was selected based on work by Cavanaugh et al. (2021),
and because our visual evaluation of other common indices on this imagery confirmed that
BNDVI appeared to create the strongest differentiation between kelp pixels and water pixels.

The BNDVI raster is computed as follows using the ‘Band Indices’ raster function:

NIR — Blue

BNDV] = ——
NIR + Blue

Where NIR is the near-infrared channel, and Blue is the blue channel, thus creating a new single
band raster where each pixel contains a BNDVI value between +1 and -1.

5.3 Segmentation of BNDVI raster

The BNDVI raster is then segmented using the ArcGIS ‘Segment Mean Shift’ tool which groups
neighboring pixels that have similar spectral characteristics into object “segments” by using a
moving mean-value calculation window. The maximum level of spatial and spectral detail (20.0,
value options range from 1.0 to 20.0) is used during segmentation to best separate floating kelp
from adjacent pixels. No minimum or maximum segment size is specified. In classification trials,
maximizing spatial and spectral detail yielded the best classification results.

5.4 Unsupervised classification (ISO clustering)

Unsupervised classification is run on the imagery by using the ArcGIS ‘Train Iso Cluster Classifier’
and 'Classify Raster’ tools. These tools use the segmented BNDVI and the clipped imagery (NIR-
G-B composite) rasters to group similar pixels into spectral “clusters,” and then apply those
cluster definitions to the input imagery to create an output categorical raster product. Function
settings are as follows: the maximum number of classes is 10, maximum number of iterations is
20, skip factor is 10, segment attributes “color”, "mean”, and “std” are included, and maximum
number of cluster merges per iteration set to 5. Iterative Self-Organizing (ISO) clustering is a
version of k-means clustering that available as part of the ArcGIS Image Analyst toolbox (more

information here,® Esri 2026).

6 https://pro.arcgis.com/en/pro-app/latest/tool-reference/spatial-analyst/how-iso-cluster-works.htm
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5.5 Supervised Class Assignment

After I1SO clustering is complete, the 10-class clustered output raster is manually reviewed
against the original image mosaics to determine which classes constitute floating kelp and
which constitute water or other non-kelp objects. The ArcGIS ‘Reclassify’ tool is used to assign
each class to 0 (not floating kelp) or 1 (floating kelp). In some instances, a class may represent
floating kelp in one area of an AOI but not in another. For example, in some areas, a class that
includes individual kelps on the offshore edge of the bed will overclassify floating kelp area in
shallow areas. Therefore, if that class was assigned to 0, the full extent of the floating kelp bed
would be lost, and if that class was assigned to 1, the floating kelp area in the shallows would be
overestimated. When this occurs, the clustered raster is split so that values can be reclassified in
each portion of the mosaic separately. These split areas are mosaicked back together after
reclassification to create a single binary raster that represents the floating kelp canopy area for
each AOI and year (i.e., the classified kelp presence raster).

5.6 Accuracy assessments

Accuracy assessments are necessary to understand sources of potential error and bias in the
classification pipeline. Traditional image classification accuracy metrics use reference data
collected on the ground or using higher resolution imagery collected concurrently to evaluate
classification outputs (Congalton and Green 2019). However, because floating kelp is highly
dynamic and its surface expression is dependent on the season, tide, current, and wind/wave
conditions at the instant of collection, it is not feasible to capture high-resolution ground-truth
reference data that would facilitate pixel-level accuracy assessments at a regional scale.
Therefore, an alternative method is employed, using randomly generated points throughout the
imagery that are then evaluated and classified by an experienced nearshore scientist to create
reference data (described below). Evaluating the accuracy assessment points yields four metrics:

1. User's accuracy for each class: the percentage of classified pixels in each class that
correctly capture the reference data evaluations. The complement of user’s accuracy is
the measure of Type | error, or false positives.

2. Producer's accuracy for each class: the percentage of reference data evaluation points in
each class that are correctly classified. The complement of producer’s accuracy is the
measure of Type Il error, or false negatives.

3. Overall accuracy: the percent correctly classified pixels in both classes (kelp and water)

4. Cohen'’s kappa value: this compares the classification result to the rate of agreement one
would expect given random chance and is expressed on a scale of 0-1, where 1 is perfect
agreement and O is no agreement.

5.6.1 Sample points generation

The field-standard equation from Congalton and Green (2019) is used to calculate an
appropriate number of total accuracy assessments points needed to meet predetermined
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confidence and precision expectations (95% confidence and 5% precision used for this
program):

A= p)

n=2~_ )

B = x*(1,y) where y =1 - o/k
Where:
n = the number of assessment points needed

B = the upper tail critical value for the chi-square distribution with one degree of
freedom, and 1 — a/k, where o is the Type 1 error rate from predetermined
confidence level and k is the number of classes in the schema, (k = 2 for this
program).

b = the pre-specified precision level (0.05)

p = the fraction of imagery area of the class closest to 50% coverage of the clipped
analysis area. As k = 2 for this program, using either cover class will yield the same
result.

Then the n points are distributed amongst the two classes using a hybrid stratified random
sampling approach with a minimum sample size per strata, or map class (i.e., kelp canopy and
not kelp canopy). First, 50 randomly distributed points are generated within each stratum, then
the remaining points are distributed (n - 2*50) in each stratum proportionally based on the
relative cover of each class. This process is executed via custom ArcPy script tool ‘Create Custom
Accuracy Assessment Points’ (McKenna 2025, available on Github”) which relies on the ArcGIS
tool ‘Create Accuracy Assessment Points' to generate the points and then randomizes the point
output order to minimize reviewer bias. This point distribution method balances proportional
coverage of sample points with adequate representation of all classes and is a recommended
approach for classification products where the lowest cover class is of the greatest interest, as it
is with the floating kelp canopy class in our case (Olofsson et al. 2014, Congalton and Green
2019).

5.6.2 Expert review

To generate reference data, sample points are overlayed on the original imagery, with neither
the classified results nor the ‘Classified’ field of the point layer attribute table visible, and then
reviewed by an expert nearshore scientist. To improve visibility of floating kelp and help
distinguish between floating kelp and other vegetation types, multiple symbolizations are used
in ArcGIS. Typically, imagery is viewed in false-color NIR-G-B with a percent clip and gamma for
the red band set to 1.2 or 1.4. However, RGB visualization is also useful, especially for
distinguishing between floating kelp and eelgrass (eelgrass often appears greener). BNDVI is
useful for identifying if faint signals (typically offshore) are likely floating kelp by illuminating

7 https://github.com/WA-Nearshore/classification-accuracy-assessment
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whether they are photosynthetic or not. These settings and symbology choices are provided as
an example, and each imagery reviewer personalizes visualization to best distinguish classes on
their monitor. The reviewer then makes a determination based on these symbolizations of the
imagery (RGB, false-color NIR-G-B, BNDVI) whether each point feature falls on kelp canopy (1)
or water/non-kelp (0). This result value is assigned in the ‘Grndtruth’ field of the point layer
attribute table in ArcGIS Pro.

5.6.3 Evaluate accuracy

Finally, the '‘Compute Confusion Matrix’ tool in ArcGIS is used to compare the visually assigned
point classes (field: ‘Grndtruth’) to the classification output (field: ‘Classified’). This generates an
error matrix with the users’ and producers’ accuracy for each class and overall accuracy and the
Cohen'’s kappa for the classification product. If kappa is lower than 0.75, the classification may
be revisited and adjusted to improve accuracy. Accuracy assessment results are included in the
metadata of the final classified kelp presence raster.

5.6.4 Data Availability
Imagery and classified products are available online at the WA State Nearshore Habitat Program
page® or at the Nearshore Data and Apps page®.

8 https://dnr.wa.gov/aquatics/aquatic-science/nearshore-habitat-program
° https://experience.arcgis.com/experience/028ded90c96c46eab38ecf72bd8ec847/
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