(Week 1, Day 1: Overview of light in water) ClaSS context: Wee k ) rOad map
(Week 1, Days 2-5: I0Ps)

MONDAY: particles to I0Ps and back

Tour of particles in the ocean | ) |OPs and particle characteristics, and the physical
P theory describing how they are linked.

~ "

Group exercise: Designing an optical sampling plan g Lab: Mie theory and modeling IOPs from
to observe processes/properties of interest particle characteristics.

Tuesday: Light and radiometry and their measurement |—> Tuesday lab: Hydrolight, part |

Wednesday: AOPs and the radiative transfer equation
Polarization

el \\/ednesday lab: Polarization

Thursday: Overview of inline system for underway optics sampling

Friday: Calibration and validation of remote sensing |—> Friday lab: Hydrolight, part 2 eek 3: Cruise!

Friday: Check-in and general cruise preparation —_-_'/










What is remote sensing?

...as simple as an iphone on a fishing pole

Ocean optics side project 2015, ‘Landsat 10’

L3 ~




What is remote sensing?

as complex as a billion dollar mission with over a decade of planning
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Space/time resolution




Temporal scale

Legend
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MetSats in polar orbits /
circle the earth each 100

minutes. As the earth turns
befow, they see the entire
planet twice per 24 hours.

MetSats in Geostationary
orbits are above the
equator, moving with the
earth. They see one region

of the earth continuously.

From Bruce Monger
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NMFS PERMT #14809-03
ACA PERMIT #2016-024, 2017-034

Duke Marine Robotics and Remote Sensing



Aerospace Information Research Institute (AIR)



Spatial Resolution Temporal Range
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For passive OCR we’re
measuring Lt and deriving Rrs

For active systems we’re
measuring backscatter

For SST we’re measuring
~12um and assuming
blackbody and using Planck’s
Law

.

5500 °C -20°C

Sun Earth

Intensity

For SSH we’re measuring
backscatter of radar or lidar
backscatter (altimetry) " os s T T so

Wavelength (um)

NASA Earth Observatory
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contributions to at-
sensor radiance
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Total At-sensor Radiances at Various 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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Signal strength relative to noise

signal M

VS

signal
noise

noise

What studies are enabled from the left plot compared to right?



Ocean color remote sensing is an INVERSE PROBLEM

Radiometers observed the combined effects of optical constituents,

not the constitutes themselves.

Rrs (A)

in practice, same Rrs can
be observed for different
water conditions




Ocean color remote sensing is an INVERSE PROBLEM

Radiometers observed the combined effects of optical constituents,
not the constitutes themselves.

Ancillary data are needed when possible

to eliminate unphysical solutions that may
be mathematically sound! Rrs (M)

in practice, same Rrs can
be observed for different
water conditions




ACCUMULATION OF UNCERTAINTY

In situ data o
(oxygen, o
circulation
nutrients, etc.)

Siegel et al 2022

TOA
radiance

=)

POC «<— [IOP =—> C(hl SST

/\\/

Conin PCC
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)

Food-web Empirical Inverse
models models models

)

Carbon

export Sequestration

How independent are RS products?

Many products are retrieved from remote
sensing that are used by modelers as
independent products

However, these products are highly correlated
with each other as they are derived from one
central product
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NMFS PERMT #14809-03
ACA PERMIT #2016-024, 2017-034

Duke Marine Robotics and Remote Sensing
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Complementary Satellites to OCR

Le Gulf Stream
vu par Copernicus et le satellite SWOT
Copernicus Marine Service: 2023-03-16 SWOT: 2023-03-16
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Complementary Satellites to OCR
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Relevancy of remote sensing for societal challenges



ATLANTIC

OCEAN
o S . .
'; .-.t':-' - ? i % e
2011
"..:‘{{g.‘m ra— o
2013
Nt
s s, T T
2015
C’%u
t/
RinD a’Qa
- e lSsu,n Bejt -
i ""%;ﬁ;@.:,p " aaean " s :~ a
-
1500 km 2017

Sargassum Density (kg/m?)
0 0002 0004 0006 0.008 0.01
Work by Mengqiu Wang and Chaumin Hu

2012

2014

2016

2018

“New normal’ of sargassum blooms??

NASA Earth Observatory



Detection of algal blooms can lead to health benefits and financial savings

GeoHealth

Research Article & OpenAccess ) @

Quantifying the Human Health Benefits of Using Satellite
Information to Detect Cyanobacterial Harmful Algal Blooms and
Manage Recreational Advisories in U.S. Lakes

Signe Stroming, Molly Robertson, Bethany Mabee, Yusuke Kuwayama 3%, Blake Schaeffer

First published: 18 June 2020 | https://doi.org/10.1029/2020GH000254 | Citations: 26



MODIS-Aqua’s 20" birthday

Previously it was thought 30 years were needed to detect climate change trend (separate from natural
interannual variability)....

R, trend signal-to-noise ratio (MODIS 7.2002-6.2022): >2 in 51.9% of ocean

% ‘ ol G T,
R :
8
4
‘. v Y.
Green stippling:-significant Chl. trend (9.5% out. of 51.9%)
2

Figure 1: Map of locations where ocean color trend signal-to-noise ratio (SNR) is >2 for 20-year annual time series.
Intensity of purple color indicates the SINR. Green stippling indicates regions with significant chlorophyll trends.

Cael et al 2023
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Previously it was thought 30 years were needed to detect climate change trend (separate from natural
interannual variability)....

R, trend signal-to-noise ratio (MODIS 7.2002-6.2022): >2 in 51.9% of ocean
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Figure 1: Map of locations where ocean color trend signal-to-noise ratio (SNR) is >2 for 20-year annual time series.
Intensity of purple color indicates the SINR. Green stippling indicates regions with significant chlorophyll trends.
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MODIS-Aqua’s 20" birthday

Previously it was thought 30 years were needed to detect climate change trend (separate from natural

interannual variability)....

Multivariate trend analysis
has more information than
univariate (chl)!

Estimate and uncertainty
of trend in variable 2

P Correlation of uncertainties
. of trends in each variable

ﬂ2 ﬂ Trend in both variables
Trend in o
variable 2
y

'Bl Trend in variable 1

@
Estimate and uncertainty
of trend in variable 1

Cael et al 2023



>50% of ocean has detectable climate change
(in multivariate Rrs) trend after 20 years.

<1, " Time of emergence in modelled Rrs [years| - median = 22.3 years
Vv ety S 100
: = Model / »
E « MODIS P '
» 0.8 5 solch - 80
= = Y4
= 0.6 ' ' 5 .
g St : 60
£ 04 10
S 0.2 20
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Years of data/simulation ()

Figure 2: Left: cumulative distribution function of the time of emergence (ToE) of the ocean color trend in the model
simulation. Orange point indicates fraction of total surface ocean area with a significant trend in the 20-year MODIS-
Aqua time-series. Right: map of ToE in the model simulation. Orange lines are the 20-year ToE contour. See [11] for
a similar plot for Chl.

Cael et al 2023
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Significance for future Pls
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- Missions and analyses we design
now will be measuring peak periods
of CO2 and unprecedented
temperature changes

—
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\s(iurrent anthropogenic -
'« CO2 emissions We may be close to tipping points
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(from Dave Schimel, With appreciation to Lovenduski and Bonan)



Decadal strategic vision released by NASA
for ocean biology and biogeochemistry
community

5 grand challenges

Earth’s Living Ocean:
Vast, Dynamic, Essential
to Humanity



Satellite Sensing Program

Additional Elements of Integrated ‘Observing System’

of Record /Planned

Satellite

Suborbial

Modeling /Data Processing
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Decadal strategic vision released by NASA
for ocean biology and biogeochemistry
community

5 grand challenges



