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Who Cares About Shallow wa!ers;?

e Military needs maps of bathymetry and bottom classification
In denied-access areas for amphibious operations; water
clarity maps for optical mine finding and diver operations

e Ecosystem managers need to map and monitor bottom type
and water quality for management of coral reefs, sea grass._.
beds, kelp forests, fisheries, and recreation .

* episodic (hurrlcane effects ‘harmful algal bfooms
pollution events)

- long-term (global climate change, anthropoegenic changes
from %oas;al land usage) -

e ‘Maps needed at 1-10 meter spatial scales (not kilometers),
?an‘g sometimes within ~1 day of image acquisition
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Total At-sensor Radiances at Variotis Altitudes

Most airborne remote sensing is done from altitudes of 1,000 to
10,000 m. Atmospheric path radiance is very important.
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Case 1 water, Chl = 1
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Remember L (NIR) = 0 in Case"1"Water

Upwelling (nadir-viewing) radiances just above the sea surface

L (sfc); Chl = 1

total at—sensor
atmospheric
water—leaving

surface—reflected =

Note that L, = O
for A > 750 nm

400 500 600 /700 800 900
wavelength [nm]




L,(NIR) > 0 In" Case 2 or Shallow Water

Upwelling (nadir-viewing) radiances just above the sea surface

L (surface); Case 2 water

total at—sensor
atmospheric
water—leaving

surface—reflected e
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' Q-:%?ii-'h_Theﬂfblack pixel assumption may not be valid in shallow or Case 2 water
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Ro(N) = (A, A) Ris(Ay)
Viewing at edge Even if the black pixel
® Mariime acrosol assumption is good,

m  Coastal aerosol

v TRppatie strongly absorbing

RH =70 i
90 (usually in the blue)

98 %

absorbing aerosol aerosols lead to
subtracting too mueh.
aerosol contribution, and
you can end up with
negative R, near 400

nm.
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DigitalGlobe WorldView-2 (8 band, multispectral) satellite imagery of St.
Joseph’s Bay, Florida, USA.
www.digitalglobe.com/about-us/content-collection#overview

DG sells high-spatial resolution (0.5-2 m) imagery of TOA digital counts & TOA
radiances (no longer true?)

WorldView2 Spectral Response
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wavelength (nm)

4 RGB generated from WV2 bands 5, 3, and 2
R (or 656,546, and 478 nm for red, green,

‘ and blue).

B This area is about 6.3 km?2 (1400 x 1297

A pixels)
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R, = 0.000091968DC - 0.009940139 0.002

r2 = 0.830558942
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Digital Counts

R/ (546 nm) for.10 ground stations vs Example'conversion of TOA digital
2 LOA digital counts'for the image counts to R,.(A\) for one image pixel.
4 DPixelsiof the same locations.
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The ELF functions account for atmospheric path radiance for any atmospheric
conditions, without the need for knowledge of what those conditions are. No
atmospheric measurements are needed.

The technique works for optically shallow or case 2 wateF’for which R, may not
approach zero in the near-IR. No “black pixel” assumptlen |s needed

The technique works for any sun and sensor geometry, or sensor altitude
(airborne or satellite)
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ELF requires field measurements of R,. to be made at thetime of i lmagg
acquisition, which is labor intensive and may be |mposs1b’fe -in some locations.

A set of ELFs-is yalid'ehly for one Image and cannot be applied to a different

area or to different images of the same area, because the atmospheric and

water condmens (or bottom depth) vyJ,]_LM_ffer for other locations and times.
—

The same ELF Is applied to all pixels in the image, even though different parts

..of theimage may have different atmospheric.:conditions and different viewing

.-geometries. . (In the case of airborne sensors, the viewing geometry and

atmospheric path lengths from sensor to surface can vary greatly for different

Jﬁage pixels.)



Atm Corr 2. Radiative Transfer niques
If we know the inherent optical properties of the atmosphere, then we
can use an atmospheric radiative transfer (RT) model to compute the

atmospheric path radiance contribution to the measured total, and
subtract it out to obtain the water-leaving radiance.

Example: The TAFKAA RT model was developed by the US Navy for

this purpose and is used by many research groups (see the TAEKAA-_..

references in the papers directory; TAFKAA = The Algorlthm Formgrly
Known As ATREM; ATmosphéfic REMoval). — — =

TAFKAA has been used to create large look-up tables for various wind
speeds, sun'é’n@les viewing directions, and atmospheric properties
(aerosols, surface pressure, humidity,-etc). These calculations

required=6x 107 RT simulations with TAFKAA, taking several months

of time on a 256 processor SGI supercomputer.

TAFKAA User’s Guide, 2002
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0.7 m deep, sand bottom
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0.7 m deep, sand bottom optically deep water
0.07 E 0.06
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TAFKAA and ELE=€orrections applied to the same WV2 image pixels differed
by as much as a factor or 5 at 427 nm. This makes a HUGE difference in

retrieved values of.bettom depth, Chl,"étc:=

Which correction is correct? Probably neither one!!

—— LW{TAFKAA) I

750

Digital Counts




Why the differe







Atmospheric Correction Tecw Es

The ELF technigue can give good results for any atmospheric
conditions and does not require aerosol modeling, extrapolation, or
zero water-leaving radiances. The estimation of R IS easy to do
with inexpensive instruments. It is therefore widely used for coastal
remote sensing when R, measurements can be obtained.

The disadvantage is that it requires surface radiance measurements =

in order to find the functions (the EL_Fs) that transform the at-sensor
radiance L, or digital countsinto L, or R at the sea’ sa-surface.

The ELF can fail at'lafgé off-nadir viewing directions (longer
atmospherlc paths) or if the atmospheric conditions vary over the

SCENE. ws e _—————
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Atmospheric Correction TecMes

Radiative transfer techniques such as TAFKAA can give good results
for any atmospheric conditions, viewing geometry, and do not require
extrapolation or zero water-leaving radiances. They are therefore
widely used.

The disadvantage is that they require measurement, or modeling, or
guessing, of the atmospheric properties needed to deC|de what=" —==
correction to use at each pixel (for TAFKAA, the Iook up table ha.g
>60,000,000 values to chosé from!) ——

RT corrections will fa|I |f you input inaccurate atmospheric properties
(aerosol type and concentration, humidity, sea-level pressure, etc.).
You never have.all-of the measuréments needed for exact
calculations (altitude profiles of aerosols, humidity, etc.)
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Revised
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' SﬂﬂfCurt you're a hard man to please. You'll never be able to do
= spheric correction with the accuracy you require.”
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When the atmos




(Derivation and results are in the papers)

1

r.=(0.070 + 0.155u°-752)u(1 - 1.03 exp{—[
cos(B,,)

+ 1.2(1 + 2.Ou)0'5]aﬂ])

1
+ 0.31p expl—[ ™ + 1.1
cos(0,,

X (1 + 4.9u )0'5]01}1} .

Unknown parameters: u = b,/(a + b,); a'= a + b; p is the bottom
reflectance, and H is the bottom depth. 0,, is the known in-water sun
zenith-angle. |



Spectrum Matching anc Look-U'p-TabIe'!rS Inversion

(Mobley et al., 2005. Applied Optics, 44(17), 3576-3592)

Rather than matching image R ¢(A) to a semi-analytical model, the
spectra are matched to a database of-R. spectra that correspond to
known environmental conditions. i

The first step is to create a database of R, spectra that correspond to
all possible combinations of water absorption and scattering
properties, bottom depths, and bottom reflectances that might be found="
in the area being studied. (Done with a special versron of EcoLight;
nadir-viewing R, only)

The databasespectrum that is closest to the image spectrum then

gives the retrteved envrronmental conditions.
#" B S

CRISTAL METH Comprehensive Reflectance Inversion based on Spectrum matching
and TAble Lookup, Multi-Environment Techniques based on Hydrolight): proprietary
““software package developed by me to handle the creation of R, databases, image
e 2 processmg and display of retrieved results.
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total scat coef & [m™1]

0.0 po0f 0.000
400 450 500 550 600 650 700 750 400 450 500 550 600 650 Y00 %50 400 450 500 550 600 630 700
wavelength A [nm] wavelength A [nm] wavelength A [nm]

total backscat coef by [m~1]

1% of database R, spectra
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bottom depths
— 7, =0.01,0.25,
0.75,1.0,..., =

reflectance R, [nondim]
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Many different absorption, scattering, backscatter, and bottom reflectance

spectra;, each for many different depths. These spectra can be based on

observations-or-models. (using a special version of
“EcoLight)
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Image ProcéSsing -

(after atmospheric correction)

i

pixel{1632,362)

far]

LJT I0F set 17

abs coef

pixel R
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Rrs x 180000
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LUT retrieval.

Depth 2.75 m

80% sand, 20% grass
|OP set #17

0.00F. i T g =
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wavelength A {nm) wavelangth A

b spectrum match database of R, spectra



There is not a unique
way to say how “close”
one spectrum is to
another.

Least-square and
absolute value
differences work best
and run fastest.

MName

Description

Quantity Computed

Euclidean

sum of squared
differences

sum of absolute
differences

Chebyshev

largest absolute
difference

Canberm

sum of absolute
differences divided

by sum of values

1 [RT0) + Ry 0]

sum of absolute
differences divided
by sum of absolute
values

| By - R0y

[Ry'(y) + R ()]

cosine of the angle
between the spectra

§’3 R0 R0
N, = N, X

1z
{E[R,.@.}P - E[&.@F}

Correlation
Coefficient

cosine of the angle
between the spectra
after the spectra are
centered on therr
means

E [R0,) - R™[R20,) - R

15 teron -Rep - B inon -

}mX




g

. >

=
é:
=

.

L

dense seagrass

Horseshoe Reef

- mixed sediment,
g corals turf algae,

saagrass

Lee Stocklng Ry
Island, Bahamas ,
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—» NRL- DC*PHILLS image from ONR CoBOP program, May 2000
+501:x899 pixels at ~1.3 m resolution
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[hese retrieval errors also include errors due to latitude-longitude calculations in
mggplng aeoustic ping locations to image pixels (horizontal errors of several meters or
)’nore due to-failure of built-in navigation instrument), and due to sun glint and whitecaps




R,(488.0)

0.500 pm
0.450 -

0.400 -
0350 -
0.300
0.250F -
0200 -
| 0.150
0100

0.050
0.000

R P S

R, (488) is what you would need for
performance evaluation of a 488 nm

bathymetric lidar



bottom
fype
aoid
sand

darker
sadiment

sparse
vegetation

dense
vegetation

coral, sed,
algae mix

kelp
ca depth

speckle due to sun glint and
whitecaps, which were not
removed from the image spectra




Can do this statistically from the distribution of retrieved values for
the k closest matching spectra (k Nearest Neighbors, or kNN)

pixel (845, 15)
pixel (845, 15) K = 30

k = 30 bin size = 0.50 m

PHILLS acoustic =12.77 m
closest match =
closest match =11

next 29 average =12.34 m
median =12.37 m
std. dev. = 0.94
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the-30 closest matches give a the average or median gives a
histogram of retrieved depths better estimate of the depth, plus
< an error estimate



The closest and most
frequently retrieved
pixel (845, 13) bottom reflectance

(spectrum ID, # times retrieved) | Spectrum was 30%
closest match ( 29,13)

next 29 ' sand and 70%
most frequently retrieved (29,13)
average of 30 ’ SeagraSS.

The other bottams are
similar mixtures of
sand and grass,
sargassum, turf algae,
and macrophytes.
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400 450 500 550 600 650 700 750 :
wavelength [nm] So we can be fairly

certain that the bottom
IS dense vegetation,
probably sea grass




—1

£
—
—
]
o
Q
o
[
=
)
Bt
=
o]
o
[43]

400

400

Ty W e

(55, ) The retrieval is very certain about
e the absorption coefficient

closest mateh (37, 5)

next 29

most frequently retrieved (44,14)
average of 30

The retrieval is fairly certain about
the scattering coefficient

. | The retrieval is UNcertain about

450 500 550 600 650
wavelength [nm]

the backscatter coefficient

0.010

pixel (845, 15)
\ k = 30
{spectrum ID, ¥ times retrieved)
0.008 closest mateh (37, 9)
next 29
most frequently retrieved (44,14)
average of 30

maost frequently retrieved (44,14)
average of 30

0.006

0.004 (50, 1)
—{{ 44, 13)

0.002 (37,9
(30, 2)

backscat coef [m™']

0.000

400 450 500 550 BOO 650 /700 /50
wavelength [nm]

450 500 550 600 650 700 750
wavelength [nm]



Does This I\/Iake*Sénsel.!‘ |

In these very clear waters, the water absorption determines how
much light gets to the bottom and back to the surface. Water-
column scattering and backscatter contribute less to the water-
leaving radiance in shallow water than does the bottom reflectance.

The retrieval was therefore most certain about the absorption
coefficient, and least certain about backscatter. S
The bottom reflectances all had similar reflectance spectra
because it’'s the reflectance that is important. The retrieval wasn’t
able to distinguish between sea grass, turf algae, sargassum, and
macrophytes, which all have similar reflectances.

P

Tz
g =

In very shallow (<5 m) clear water, the retrieved bottom reflectance

““becomes very certain and the water scattering and backscatter

very.uncertain (i.e., least important in determining R,.)

* " .
Rt .



preprocessing time / image processing time / pixels per sec

- HOPE (Lee, semi-analytic) ' CRISTAL
n=11577 .. " n=11577
" rms=112m : - rms=1.14m

=085 s 0/48 m/156] | "=0%

Retrieved Depth [m)

lncreasmg' :
llf?i??s«v LA 45h/23m/326

n=11577 . 20/ n=11577
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- SAMBUCA f  Lyzenga
' n=11120 : ' n=11577
- rms=13m 2

=085

Retrieved Depth [m)

0/1147 h/0.1

15 | e T
acoustic depth [m acoustic depth [m

From Dekker et al, 2012, Limnol. Ocean. Methods




3ull kelp (Nereocystis luetkeana) is very
nportant for food, medicines, sheltering
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CICORE

2004

B DEM Land 0% 0% 20% B 30 % 40 % . 50 %
= Beox  o% B0 % B 00 % ~100% *100 %
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ss Mapping

hesis, Judd et al., 2006

distributions, previously
unknown.




Species-level Mapping'in AUstra aters

CASI R(O') 29 07'04 7 ‘ SO&”}TZ:':::M 1 [o]
Eastern Banks Seagrass Specues ' B H. spinulosa

Seagrass Species == i i:co:i:o:ium
B Zocstera muolarod - — . serrulata
B Halophila ovalis ’ B H. uninervis
B Haophila spinulosa B Z. mueleri

I Cymedocea serrulata

B Syringodiom soelifolum
Halophia ovalis &
Zostera muellare!

0 Halophia sprulose &
Halkophia ovalis

B Zostera mustisra &
Halophila ovafis

Figure 232 2eagracc cpeciec oompocition mape to 3.0 m depth for the Eactern Banke, derived Flgure 16. TransectJevel summaries for fisld survey of ssagrass specles composition, collected
from Quickdird-2 image from Eastern Banks in July 2004

& Phinn, et al., 2006
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Having well calibrated R, spectra removes the non-uniqueness
that plagues band-ratio and other techniques that depend only on
spectral shape. Both spectral shape and magnitude are critical.
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wavelength A [nm] wavelength A [nm]

normalized R, spectra _ calibrated R, spectra

. Red: infinitely deep water, Chl = 10 mg m-3
= Blue: 2 m deep clear water, sea grass bottom



As always, good retrievals
depend on having a good
atmospheric correction

atmospheric

undercorrection by
| 0.003 1/sr gives

acoustic bathymetry 1

good atmos correction oy ‘ bottom depths 100

| shallow

bad atmos correction

15
100 200 300 400 500 600 700 800 900
pixel



4OO 450 5OO 550 600 650 7OO 750 8OO
wavelength A (nm)




Remaining Problems: GINCREmoval

Standard algorithms for whitecap and glint removal also
remove very shallow water (same for thin clouds)

0.000 N e Iy
400 450 500 550 600 650 700 750 800
wavelength A (nm)
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Summary

Both database and semi-analytical spectrum-matching
techniques for retrieval of bathymetry and bottom type
have proven themselves and are now widely used.

However, all spectrum-matching technigues MUST have
atmospherically well-corrected imagery. Bad atmos
correction = bad retrievals.
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Atmospheric correction for optically shallow or Case 2
waters, and-for absorbing aerosols, requires ancillary
measurements at the time of image acquisition, which
are notqaos"§’ble on a routine basis. The unsolved
problem of atmospheric correction is the limiting factor

_for remote sensing of coastal waters.
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Yunnan, China, 2009




“The Other
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