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ABSTRACT

A land-based infrared (IR) camera is used to detectangered Southern Resident killer whales in P&geand,
Washington, USA. The observations are motivate@ Ipyoposed tidal energy pilot project, which wid kequired to
monitor for environmental effects. Potential moriiig methods also include visual observation, pasacoustics, and
active acoustics. The effectiveness of observatiortbe infrared spectrum is compared to obserwmatio the visible
spectrum to assess the viability of infrared imgder cetacean detection and classification. Impgexs obtained at
Lime Kiln Park, Washington from 7/6/10-7/9/10 usilegFLIR Thermovision A40M infrared camera (7.5
37°HFOV, 320x240 pixels) under ideal atmospheritditions (clear skies, calm seas, and wind speéands). Whales
were detected during both day (9 detections) agtitn(75 detections) at distances ranging from 4262 m. The
temperature contrast between dorsal fins and theswsdace ranged from 0.5 to 4.6 °C. Differencesrimssivity from
sea surface to dorsal fin are shown to aid deteatchigh incidence angles (near grazing). A coisparto theory is
presented, and observed deviations from theoryreestigated. A guide for infrared camera selecthased on site
geometry and desired target size is presented, sptrific considerations regarding marine mammaédtien.
Atmospheric conditions required to use visible @mfthred cameras for marine mammal detection a@bkshed and
compared with 2008 meteorological data for the pseg tidal energy site. Using conservative assumgtiinfrared
observations are predicted to provide a 74% inereabours of possible detection, compared withali®bservations.
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1. INTRODUCTION

The primary purpose of this study is to evaluatedfficacy of using infrared (IR) imaging for silearacterization and
marine mammal monitoring of a proposed tidal engmpject in Admiralty Inlet, Puget Sound, Washingtddmiralty
Inlet is a known transit point for endangered SetritResident killer whale©fcinus orca) entering Puget Souhd
Current plans for monitoring the site include tise of a passive acoustic detection system basacetwork of
hydrophones in northern Admiralty Inlet and landdzh observers. Land-based infrared detection @uddhent this
approach by providing surface images of killer vélsas they pass both day and night. Southern Residler whale
sightings in Admiralty Inlet are relatively raretivia strong seasonal variation. Further north jraelKiln Park,
sightings are nearly a daily occurrence in JuneJaufyd Therefore, Lime Kiln Park was chosen to thstefficacy of
land-based infrared detection of Southern Resikiéiat whales.

2. INSTRUMENTATION

Infrared and visual imagery were collected at Lifile Park, Washington from 7/6/10-7/9/10. Three esas in a
protective housing were mounted to the railinghef Lime Kiln Park lighthouse (Latitude 48°30'57"Nrgitude 123°
9'9"W) at a height of 13 meters above sea levet. ddmeras were positioned to face west towardoNacBC with an
incidence angle of 72°. The infrared camera usedAEIR ThermoVision A40M uncooled microbolometathaan 18
mm lens (7.5-1dm, 37° horizontal field of view, 320x240 pixelshé front acrylic glass was removed from the
protective housing to avoid attenuation of the ihal by the glass. Two visual cameras were malitg¢he same
housing as the FLIR A40M. A Canon VB-C50FSi wasdusemarily to test the infrared sensitivity of £0D-based
camera for night filming. However, even with thé&aned cut filter removed, detection was not pdssitsing the Canon
before nautical dawn or after nautical dusk. AnP@rey Research FLEA2 FL2-08S2M was used to dofigh
resolution black and white images during day relogsl



Atmospheric conditions were ideal throughout tleddfistudy at Lime Kiln Park with clear skies, @&mperatures
between 10 and 27 °C, and wind speeds below 4Dufing nighttime hours, the relative humidity readra maximum
of 85% and dropped to a minimum of 43% during tlaemest part of the day.

3. SOUTHERN RESIDENT SIGHTINGS SUMMARY

During the four days of field observations, SouthiResident killer whales (SRKW) passed Lime KilmkPHL times.
Out of these 11 passes, 8 were recorded as shovable 1. During daylight hours the recording drcameras was
initiated by reports of whales in the area by tlieaONetwork or the Whale Museum'’s hydrophone arkaghttime
footage was recorded throughout the night and wedethe next morning. A “surfacing event”, as répdron Table 1,
is counted each time a single whale can be seeredbe surface, and a “pass” is a collection otioarous surfaces
with no gaps (where no whales can be seen in titade) longer than 1 minute . Video 1 shows an @kauf footage
recorded at 3:48 on July'7

Table 1. Summary of SRKW passes observed at LinmeRérk from July 6th — July 9th 2010.

Start Time Duration Surfacing events Range
Day (PDT) Day/Night (seconds) captured on IR (meters)
July 7" 2010 3:48 Night 151 22 42-66
July 7" 2010 3:53 Night 25 3 70-82
July 7" 2010 3:57 Night 44 7 106-111
July 7" 2010 4:59 Twilight 72 23 124-162
July 7" 2010 5:10 Twilight 46 20 52-78
July 7" 2010 11:45 Day 40 4 90-128
July 7" 2010 19:25 Day 33 3 84-97
July 7" 2010 19:46 Day 76 2 97-107
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Frame: 279 Time: 07-Jul-2010 03:50:03
Video 1. Footage of SRKW passing Lime Kiln Park3at8 on July 7 including the output of the automated
detection algorithm. Whales are distinguished frbatkground variations and highlighted with a bouagdi
rectangle. Range and temperature contrast areligislayed. http://dx.doi.org/doi.number.goes.here.

4. POST-PROCESSING

Whenever possible, infrared image non-uniformitiae to sensor drift were removed using the bujlbon-uniformity
correction (NUC) function. This function mechanigglositions an internal blackbody reference imfrof the sensor.
Camera software then automatically identifies asrdects for non-uniformities in the detector. Faytiime recordings,
a NUC correction was completed at the start of geds. Due to limited access to the equipmenigat,mo NUC
corrections were completed during nighttime reaugd] resulting in significant noise from sensoftdri



Footage was first reviewed to identify whale sigh8. Sections of video with whales were exportethfStreams 5
DVR recording software to 16 bit binary format WwaThe binary files were then read into MATLAB fanalysis.
Footage of whales was separated into sectionsioh@tes or less (<1350 frames) to enable effigeotessing. To
identify stationary pixels (due to sensor or lerift)dthe mean image was calculated by takingniean pixel value over
all frames within each section. The mean imagetivais removed from each frame, resulting in an in@yeected for
drift in the mean. Care was taken to ensure eaxtioreof footage has at least 200 frames withouwdledy so the mean
image is not significantly biased by the tempemincrease associated with whales surfacing. Tked palue of the
corrected frames was then translated from “couftts) associated with the FLIR’s raw signal to tenapure contrast
(°C) by using the calibration equatfon

AT = cts/95.2 (1)
As shown in Figure 1, the dorsal fin, blow, andyegre all distinguishable in the recorded infraf@atage. Of these

three potential detection targets, the dorsalditne only one with a fairly predictable relativegke to the sea surface.
Although the angle between the fin and sea susades from fin to fin, they remain relatively ciogo 90°.

Dorsal Fin

() 1seNU0D aineladwa |

Figure 1. Infrared image of potential targetsdetacean detection. Color map has been adjustthmce visual
contrast. Color bar shows temperature contrast frensea surface mean (°C).

Dorsal fins were identified during a second reva@viootage containing whales. The location of efaclis defined by
the vertices of a bounding triangle. The accurd@ach bounding triangle was then rated. A ratihi bindicates that
a dorsal fin is clearly distinguishable and therimting triangle fits the fin well. A rating of “2’hdicates that at least a
portion of the dorsal fin is distinguishable and thounding triangle identifies that portion. A natiof “3” indicates that
the dorsal fin could not be clearly distinguisheither from the sea surface or the rest of the et &lody.

For large incidence angle8{, > 60), the angle from the camera to a protruding ddisas near nadir. Assuming the
dorsal fin is covered with a film of sea watenyviuld be expected to have similar emissivity propsras that of water.
The estimated range of emissivities for the sefasarand dorsal fin are shown in Figure 2. Thenflhhave an
emissivity near unity while the emissivity of theassurface decreases rapidly above 60° incidergie.ahs the
emissivity of the sea surface decreases, moreeakiteived signal depends on reflection from thye Sknce the
emissivity of a protruding fin remains fairly coast, the temperature contrast between the fin la@durrounding water
is expected to increase with incidence angle.
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Figure 2. Tt;e estimated range of emissivifygnd reflectivity p) from a protruding dorsal firo§,) and the sea
surface @sed”.

5. RANGE

The effective range of an infrared camera dependh@camera’s resolution, field of view, and tize ®f the desired
target. The camera used for this study has a rEmolaf 320 x 240 pixels and a 37° horizontal fieldview. Figure 3
shows the camera’s field of view mapped onto Cimesoordinates (X-axis facing west, Y-axis facgugithy. It can be
seen that all fins with a confidence rating of feémn square) fall within a 75 meter range. Thigyests a maximum
distance of 75 meters for identifying killer whéiles with this particular camera and lens geomeRiyels size is larger
on the edge of the field of view due to radial leisortion.

Whales at distances greater than 100 meters wenéfidd primarily by observing blows. This methiscpractical to
use when the target species and approximate ladatedready known from other means such as visiosgrvation or
hydrophone detection. Blows are distinguished framales and background noise by tracking the matioough
multiple frames. Blows appear and dissipate quickljie whales show steady movement and backgrooise risuch
as sun glare) stays relatively fixed.

The smallest blows detected were made up of twelpit a distance of 162 meters. The purpose ahtirétoring
system dictates the required resolution. In ord@btain an accurate temperature contrast measoteie target, there
must be at least one pixel not biased low by avegagf the target temperature with the lower terapee of the
background. The value for each pixel is an averddiee radiation received from the area coverethhy pixel. Pixels
that only partially cover a target (edge pixelsl) wierefore return a weighted average of the taage the background
radiation based on the percentage of the targetredvRecall that whale fins are approximatedtaigagle. In order for
at least one pixel of a triangle to not be affedigdveraging, a minimum of 9 pixels is requiretj(iFe 4).

As shown in Figure 5, the mean maximum temperatondrast for all identified fins is 1.8 °C. For dimvith fewer than
9 pixels the mean is 1.6 °C and for fins with 9rare pixels the mean is 2.3°C confirming that pesraging lowers
the maximum apparent temperature for fins with thas 9 pixels. Therefore, only fins with 9 or mpirels will be
used for the remainder of this analysis.
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Figure 3. FOV of FLIR A40M camera at Lime Kiln Pairk real world coordinates. Axes show distance from
camera, the X-axis shows distance west and theid’shows distance south (positive) and north (megiat
Contours (white dotted lines) show line of sighdtance to camera. Color gradient denotes pixel(size
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Figure 4. An illustration of the minimum numberpkels (9) required for a triangle target in orttehave at least
one pixel not affected by pixel averaging.
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Figure 5. Distribution of maximum temperature castrbetween dorsal fin bounding triangles and seface.
Fins with 9 or more pixels are shown in green amnslfith less than 9 pixels are shown in red.



6. RESOLUTION

As discussed above, at least 2 pixels per tard®I Bre recommended for the detection of killer itidows, and at
least 9 pixels per target (PPT) are recommendedd®al fin temperature measurement. These fisdialgng with
target size and working distance, can be usedtesrdme the appropriate infrared camera for a goeployment.
Focal plane array resolution is restricted to comumd#ly available sensors. For example, most modeanobolometers
have 640 x 480 pixels and the highest resolutioreatly available is 1024 x 1024 pixels (FLIR SC8R0

To simplify camera selection, initial calculatioten be completed considering only the horizonteddr dimensions in
the center of the desired field of view. Equaf@pis used to calculate the horizontal width & tamera’s field of
view for a given horizontal focal plan array (FPAgsolution (P, minimum horizontal target size{)T and horizontal
pixels per target ( PR

W,(m) = Px,(pixels) * (Lm)) (2)

¢ % PPT,, (pixels)

The calculated width and the estimated distanteeaesired target are then used with (3) to cateuhe required
angular field of viewdc). The required angular field of view is used étest the closest available lens.

, W(m)

o (d =2xtan” ————
c(degrees) * tan 2+d (m)

(3)

Once a camera and lens is selected, a direct lirem@sformation (DLT) can be used to verify tha gpproximations
are adequate for both horizontal and vertical tggmi. To correct for lens distortion, a uniformdyof aluminum foil
was attached to white poster board. Since the alumnifoil is highly reflective to infrared radiati@nd the poster board
is not, the apparent temperature contrast candaelglseen and the lens distortion can be appragaies cubic in
radius from the center of the imdge

For many applications, multiple camera solutioresraquired. For example at Admiralty Inlet, theided minimum
target size is 0.5 m (fin size), the desired minimrhorizontal width is 250 meters (extent of propbpiot array), and
the desired pixels per target is 9 (high confidedeatification of SRKW fins). From (2) it can Been that even with
1024 x 1024 resolution (the highest resolution enify available) it is not possible to satisfy taesquirements with a
single camera. Three fixed cameras mounted sidgdeywould provide a 306 meter width, but there lekdae no added
benefit to vertical resolution. Another option éstutse a foveal view system. In a foveal view systeme camera is used
for detection (2 pixels per target, blow targetid @ second camera is used to collect higher rig@olimages (9 pixels
per target, dorsal fin target).

7. THE EFFECTS OF INCIDENCE ANGLE

When viewed at incidence angles above 60°, therapptemperature of the sea surface is expected khighly
dependent on sky temperaturggTbecause reflected radiation from the sky begirdominate over emitted radiation
from the sea surface. 1] is less than (£, as is common on clear days, the sea surfaceaypgamperature will
decrease with increasing incidence angles. Figsteo@ss the apparent temperature change of theideaes with
incidence angle immediately after 6 non-unifornaityrections. As expected, a decrease in appararsustace
temperature with increasing incidence angles caarlgl be seen for incidence angles from 58° (mimmnincidence
angle recorded, used as reference temp 0 °C) tgm¥X incidence angle recorded). The 4 distinct [s1(66°, 71°, 72°,
and 73°) in the 12:33 scene are due to 4 kayakatpassed through the FOV of the camera durisgstténe, biasing
the mean image to a greater extent than the trerfsten a whale surfacing. The scenes from Jiiigiow a more
negative slope between incidence angle and seacsudmperature, suggesting a colder sky tempertitat day
relative to the ¥. For incidence angles greater than 76°, the appaea surface temperature increases in the 184 a
20:52 scenes. This increase is due to glare frenséfting sun. The camera faces west and as theppuoaches the
horizon more of the sun’s radiation is reflectefitbé sea surface to the camera. Sunset on Julydhat 21:09
explaining why the glare effect is most pronounicethe 20:52 scene.
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Figure 6. Temperature change of the sea surféativeeto the reference bin versus incidence afaléhe center
column of averaged bins for 6 recordings taken idiately after non-uniform correction (NUC).

The radiance (M) measured by an infrared imaggivien by

M = Seff(esea)Msea (Tsea) + peff(esea)Msky(Tsky)' (4)

whereM,, andMg,,, are calculated using Planck’s function at tempeesll,., andT,,, £.¢fis the effective sea
surface emissivity, angl((is the effective sea surface reflectivity. For diservations in this study, only a single
infrared imager was available so the effectivetekyperature was not measured. In order to coerétatobserved sea
surface temperature change with published values@$sivity it is necessary to approximate thetskyperature.
Solving (4) forMy,,, at an arbitrary point a we obtain

Mg(To)-£qMsea(Tsea)
Maiya(Tory.a) = = 05

()

The reported sea temperature from the nearest NBBBC buoy (New Dungeness buoy) was 10.9 °C. Since a
external blackbody calibration was not performedhmnFLIR A40M during the field observations, thé&ared footage
indicates accurate temperature changes, but noluddysemperatures. In order to determine the absoémperature,
we relate the change in sea surface temperattine toue sea temperature by plotting emissivitgusitemperature
change and applying a least squares fit. By extasipa, the temperature change from the true sdacgitemperature
(0° incidence angle=1) to the reference bin (58° incidence ang#®).95) is found to be approximately -0.2 °C,
suggesting an estimated reference temperature 600 Using the estimated reference bin tempezgtl0.7 °C), the
temperature changes from Figure 6, and (5), thmattd sky temperature is found to range betweéiadd 7.4 °C.

We use this estimate of,J to predict the change in fin to sea surface teatpse contrast with incidence angle. Figure
7 shows both the observed and expected tempei@nteasts as a function of incidence angle. Thdipted fin to sea
temperature contrasts (dashed lines) were calduleieg (4) and the minimum (4.4 °C) and maximurd (C)
estimated sky temperatures. Observed maximum featemperature contrasts for fins with 9 or npoxels are

shown. To obtain the best fit of the observed tewpee contrasts, the predicted temperature cdrduages (dashed
lines) were adjusted with an empirical offset @f €C at an incidence angle of 0°. As can be séenmiajority of
observed values fall within the predicted envelbp given incidence angle. The slope of the leqsaes fit (LSF)

curve (solid line) is less steep than the predistede for both the minimum and maximum sky temeea(dotted
lines). The coefficient of determination?Ror the LSF is only 0.18 indicating that thereit a significant trend in the
data.
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Figure 7. Observed and predicted fin to sea tertygeraontrast as a function of incidence anglediered values

were calculated from the minimum and maximum edeohaky temperatures. Only fins with 9 or more [s)ae
included.

The fins from the pass at 5:10 have a wide rangdsérved temperature contrasts, some fallingdeitsie range of
values predicted by theory. The standard deviaifdemperature contrasts for this pass is 1 °Gilyjea order of
magnitude higher than the other two passes (0.4 Ddb °C). Although the reasons for this varigpgire unknown,
one possible cause could be reflection of the boran the whales’ fins since this pass is the @dyage collected of
whales during the hours of twilight, but futuredstus required to test this hypothesis.

8. INCIDENCE ANGLE DISCUSSION

The apparent temperature contrast between a Willafe dorsal fin and the surround sea surfacecesrination of the
true temperature contrast and the effects of ewitigsiThe true temperature contrast is unknown iarekpected to vary
from fin to fin. Kastings et almeasured the fin to sea temperature contraste# iaptive killer whales using a skin-
surface thermistor and found that it ranged betwiedrand 2.2 °C. Since a thermistor was used, tedses represent
the temperature contrast from the skin-surfacéefdorsal fin. When a whale surfaces, the dorsakfinains covered
with a thin film of sea water. Since water is vatly opaque to infrared radiation, the fin temperatmeasured by an
infrared imager is the temperature of the watethensurface of the fin, and is therefore expeabdoktlower than the fin
skin surface temperature. Using an infrared imageyjer et af. measured the fin to sea temperature contraseef fr
living minke, humpback, and fin whales and founat hranged between 0.5 and 1.9 °C.

As discussed above, the predicted fin to sea teahyrercontrast curves fit the observed data behtam empirical
offset of 0.4 °C at an incidence angle 0°. Thisgasts a true fin to sea temperature contrast df@©,.&however there is
not a statistically significant trend in the obsmhdata (R= 0.18). Also, the slope of the least squaresuiive in Figure
7 is less than the predicted trend suggestingeatémperature contrast greater than 0.4 °C. Tharapptemperature of
the sea surface varies by as much as 1.7 °C (Fgjutee to emissivity effects, and the mean obsktemperature
contrast of fins with 9 or more pixels is only 2@G (Figure 5). Although an accurate estimate oftthe fin to sea
temperature contrast is not possible with the cirdata, it can be inferred that emissivity effemtplain much of the
observed fin to sea temperature contrast.



9. AUTOMATED DETECTION

Infrared imagery of marine mammals offers the aduimtkfit of simplifying automated detection. Autdethdetection
using visual imagery relies principally on deteatedtion. Since the sea surface is in constant motios can lead to
many false detections. Automated detection usifrgried imagery is based on thermal gradients. Sme¢emperature
of the sea surface is nearly uniform in calm candg, there are fewer false detections. Howevemlgh seas, the
incidence angles to surface waves can give ristei@ted apparent temperature and increasing éafrafutter”. Basic
detection systems for both visual and infrared ienggvere tested at Lime Kiln Park. The standardonafetection
provided with the Canon VB-C50FSi showed constatéation due to tidal currents and surface wavgadpusting
the sensitivity and creating a mask for waves erthar field of view, the detections could be ledito once every few
minutes, however, with these settings, passingeghakre not detected in the visual imagery. In sargmmotion
detection using a visual spectrum camera is lik@hesult in a high number of false positive detext for this
application.

Infrared footage was processed through two phdsmstomated detection. First, footage was analysiolg the default
object recognition functions in MATLAB’s image prssing toolbox. Not surprisingly, objects (wavesface
disturbances, boats, birds, etc) were detectedanyevery frame. Next, a simple algorithm waslangented to help
distinguish whales from false detections. Thresholdre applied to classify objects as whales basesignal intensity,
total area, perimeter, and eccentricity. In additieeighboring frames are compared to filter falstections that only
occurred in single frames.

These thresholds were determined empirically tHndrigl and error. The footage from the Julypass at 3:48 (longest
pass) was analyzed with the automated detectianitdmg and false detections were systematicallyoved by
modifying the threshold values. The intensity shi@d (60 counts) corresponds to a minimum tempe¥aiontrast of
0.6 °C. The area minimum (30 pixels) and maximuf0QLpixels) will vary greatly depending on the diste to the
target. The current algorithm is therefore onlylejaple to surfacing events between 40 and 60 métee range of
surfacing events from the 3:48 pass). The arealtlotd removes false detections from very smalhag large surface
disturbances. Detected surface waves with aregarltvan the minimum area threshold frequently appe long arcs
which have large perimeters and eccentricitiesinall enough areas to be below the maximum areattbld. For
these false detections the perimeter (max 2009)ieeld eccentricity (max 0.99) thresholds were ddd@bjects passing
all criteria are identified with a bounding box arathge and temperature contrast are displayedeovidshows an
example of the output of the developed algorithich Bable 2 summarizes the results of the develofgmtitam on the
July 7" pass at 3:48.

Table 2. Results of the automated detection algoritn the July 7th pass at 3:48.

Duration of review | Framestoreview | Whales detected False detections
Manual detectic 150 seconc 113( 71 -
Automated detectic 9 seconc 70 60 42
Percen 6% 6% 85% -

The automated algorithm shows detection in onl§r@thes (6% of the original footage) and account8&%96 of the
surfacing whales identified by manual review. T$tisws that even a simple algorithm can signifigargtiuce the
footage requiring manual review, while maintainagigh detection rate. A more sophisticated algoritould be
developed to increase the percentage of whalesifiddrand decrease the false detections. By treckihales through
multiple frames, as for some machine vision algang, it is conceivable that an automated detegiiogram could be
developed using shape and motion classificationwoald either eliminate or significantly decredise amount of
footage requiring manual review.

10. ADVANTAGES OF INFRARED IMAGERY
In this section, the advantages of infrared image®er visual observation are quantified for usebrerving a tidal

energy pilot project in northern Admiralty Inletefformance data for infrared imagery is not avaddor all weather
conditions because of the limited literature regagydhfrared detection of marine mammals. The figbdervations for



this study were recorded in ideal weather conditi@bear skies, calms seas, and wind speeds betnig)}and cannot
provide additional insight. Therefore, it is nospible to construct a full performance gradient eidor marine
mammal detectability based on meteorological dsftar reviewing the underlying physics behind imé&d and visual
camera performance, pass-fail criteria for detelityplare established. These criteria are baserktmvant literature
from the fields of infrared detection of groundgets, free space optics (FSO), and Civil Aviatibnese criteria are
then compared to weather conditions at Admiraltgtifor each hour over the course of a year (2808ed as a
representative year based on availability of datdough the meteorological data used is spetifiddmiralty Inlet,
the methodology can be transferred to any locatiteteorological data is compiled from three sourties Whidbey
Island AgWeatherNet Station maintained by Washin@tate University, the Whidbey Island Naval Aiat&in (NAS),
and NOAA'’s National Data Buoy Center station 46Ql88w Dungeness, WA).

Table 3 summarizes the benefit of infrared obsemadver visual observation in Admiralty Inlet, ggantified by the
pass-fail criteria and meteorological data from&00

Table 3. Summary of the benefits of infrared obaton over visual observation. Infrared shows @@&entage point (74%) increase
over visual.

Visual Infrared
Parameters Data Source Criteria % Criteria %
. . Field observations (Lime Kil Between Civil o o
Ambient Light and Admiralty Inlet) Dawn & Dusk 56% All hours 100%
I—Tuerﬁg\i/t?/ Stull et al’ and Wyatt et &. All hours 100% All hours 100%
Fog Beier & Gemperleiny CAT | fog or 999 | CAT!fogor 99%
below below
Sea State Baldacci et af° SeasStale 2« | gaqy | SeAS@UL 2| gqp
below below
. All criteria All criteria o
Composite satisfied 3% satisfied 67%

All four of the criteria must be satisfied for edubur to be considered as a pass for the combiaeeptage. The
parameter with the greatest sensitivity is se& £88%). If detection is possible in sea statd&combined results
would change to 59% for visual and 95% for infrafieel infrared detection could enable nearly aomius
observation). Additional parameters not considangtis evaluation that could influence the syseffectiveness
include high sky temperature, sun glare, and pitatipn.

11. CONCLUSIONS

A land-based infrared camera (FLIR Thermovision i40.5-14um, 37°HFOV, 320x240 pixels) was used to detect
Southern Resident killer whales from Lime Kiln pamRVashington State. The primary purpose of thid\sis to
evaluate the efficacy of infrared imagery for moriitg marine mammals at a proposed tidal ener@y piloject in
northern Admiralty Inlet, Puget Sound. Resultsiira field study at a nearby site demonstrate theessful detection
of killer whales (body, dorsal fin, and blow) dugiboth day and night at ranges from 43 to 162 meWhales at

distances greater than 100 meters were identifi@sbpily by their blows and suggest a minimum gfigels per target
for detection.

The apparent dorsal fin to sea temperature corghasts dependence on both the number of pixelsapget and
incidence angle. For a killer whale dorsal finlegist 9 pixels per target are necessary to minithizeffects of pixel
averaging on maximum observed temperature conirhstapparent fin to sea temperature contrastasesewith
incidence angle. This increase is shown to beaeltd the reflection of sky radiation due to inseghsurface

reflectivity at near-grazing angles. Observatiaresia agreement for predicted increase of fin toteenperature contrast
with incidence angle.



The benefits of infrared imagery include the additdf night-time detection which increases the baipossible
detection. For the case study of Admiralty Inldtservation time increases by 74% (28% percentage iporease) for
infrared-based systems versus visual detection.

The implementation of automated detection is sifiggliby detecting temperature gradients insteadaifon. A simple
algorithm is developed that reduced frames requiraview by 94% and identifies 85% of surfacing lesaFurther
refinement is required to reduce the number of edigketections and false-positives.
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