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Passive microwave — key for monitoring
marine carbon
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Parameters important for studying marine carbon and exchange

Highlight further potential of passive microwave measurements.
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Marine carbon cycle

Biological and physical pumps of carbon dioxide
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M d ri NnNe Ca rbO N CyC I e Visible spectrum

ocean colour
observations

Biological and physical pumps of carbon dioxide
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M d ri NnNe Ca rbO N CyC I e Visible spectrum ocean

colour observations (but
could use passive
microwave!)

Biological and physical pumps of carbon dioxide
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. Thermal infrared/passive

M a I’I n e Ca r bO n CyC I e microwave (SST), passive
microwave (SSS), passive and
active microwave (wind, ice)

Biological and physical pumps of carbon dioxide
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. Thermal infrared/passive

M a I’I n e Ca r bO n CyC I e microwave (SST), passive
microwave (SSS), passive and
active microwave (wind, ice)
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M d ri NnNe Ca rbO N CyC I e Visible spectrum

ocean colour
observations

Biological and physical pumps of carbon dioxide
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Particulate Inorganic Carbon (PIC)

Visible spectrum

COCCOIithOphoreS ocean colour

observations
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Dissolved organic carbon (DOC)

DOC has many components, one is Colored Dissolved Organic Matter (CDOM)
DOC correlates with a.poy in coastal, estuarine and shelf seas.

Regional approaches, exploit DOC-a.po-salinity linkages.

Published methods ocean colour satellite sensors.

-0+ Mannino et al., 2016
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al., 2008; Griffin et al., 2011; Lépez et al., 2008; Lopez et al., 2012;
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. Thermal infrared/passive

M a I’I n e Ca r bO n CyC I e microwave (SST), passive
microwave (SSS), passive and
active microwave (wind, ice)

Biological and physical pumps of carbon dioxide
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Ocean acidification (inorganic carbon)

Increasing pCO, decreases
the pH of the water (CO,
reacts with water for form
carbonic acid which
releases H* ions and
reduces the pH). So,

known as ‘the other CO, - [ ——2]
problem’. H,0 + CO,(aq) H,CO, HCO,- Co2

pCO,

H* H*

DIC = Dissolved Inorganic Carbon (umol kg*)

pCO, = partial pressure of CO, (patm)
pH = - log(H+)




Ocean acidification (inorganic carbon)

Increasing pCO, decreases
the pH of the water (CO,
reacts with water for form
carbonic acid which
releases H* ions and

reduces the pH). So, |

known as ‘the other CO, [

problem’. HO + CO(OQ) H,CO,
pCO,

Determining two DIC = Dissolved Inorganic Carbon (umol kg*)

parameters along with
knowledge of salinity
and temperature
enables you to resolve
whole system.

pCO, = partial pressure of CO, (patm)
pH = - log(H+)




Ocean acidification (inorganic carbon)

Increasing pCO, decreases
the pH of the water (CO,
reacts with water for form
carbonic acid which
releases H* ions and
reduces the pH). So,
known as ‘the other CO,
problem’.

Alkalinity is highly correlated
(conserved) with salinity (and
temperature).

DIC highly correlated with
temperature (and salinity)

TA (umol l<g")

Jiang et al., 2014
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Ocean acidification (inorganic carbon)

L-band Salinity and thermal infrared temperature from space allows space-based
observations of total alkalinity (A;) and DIC.

Exploit salinity-alkalinity relationships via regional empirical algorithms

Capability from space
identified by:

Land et al., 2015
Salisbury et al., 2015

major DIC

Component
(~85%)




Review and forward look

R =

Salinity from Space Unlocks Satellite-Based Assessment of Ocean
Acidification

Peter E. Land,*’ Jamie D. Shutler,” Helen S. Findlay,1 Fanny Girard-Ardhuin,® Roberto Sabia,'
Nicolas Reul," Jean-Francois Piolle,’ Bertrand Chapron,® Yves Quilfen,§ Joseph Salisbury,”
Douglas Vandemark,™ Richard Bellerby," and Punyasloke Bhadury"

"Plymouth Marine Laboratory, Prospect Place, The Hoe, Plymouth PL1 3DH, UK.

*University of Exeter, Pearyn Campus, Comwall TR10 9FE, UK.
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"Telespazio-Vega UK. for European Space Agency (ESA), ESTEC, Noordwik, The Netherlands

“Ocean Processes Analysis Laboratory, University of New Hampshire, Durham, New Hampshire 3824, United States

*Norwegian Institute for Water Research, Thormehlensgate $3 D, N-5006 Bergen, Norway

YDepartment of Biological Sciences, Indian Institute of Science Education and Research-Kolkata, Mohanpur 741 246, West Bengal
India

Highlights that L-band salinity
from space enables us to monitor
and study marine carbonate
parameters.




ESA Pathfinders Ocean Acidification
project
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L-band & SST -Total alkalinity time series
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L-band & SST -Total alkalinity time series
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. Thermal infrared/passive

M a I’I n e Ca r bO n CyC I e microwave (SST), passive
microwave (SSS), passive and
active microwave (wind, ice)

Biological and physical pumps of carbon dioxide
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ldentifying regions of upwelling -
episodic low pH events

CYCLONIC WIND HORTHERN NELISPHERE ANTICYCLONIC WIND
9‘ ) Upwelling: mostly a wind driven effect

NG AN N 4| Offshore: Ekman pumping
NG \f ) I B * driven by the divergence or convergence of the surface

:{ fes SR "‘x\ | " ‘, ,;*»* i

e.g. the wind stress curl in hurricanes.

fat W C]
- - Coastal: Ekman transport and pumping

T aTe ‘,‘,,SVMe/:edis-ergen.::e_r__.;""ea's"a'w-"‘/'1 (‘\ - -

i v it . Across most continental shelves, especially eastern
. = |, _.. boundaries of ocean basins (forced by wind systems).
8 omocion 19 ooty
‘v> Ekman trangport “/» wind . surface cument

Low temperature upwelling waters bring nutrients, but also low pH water to the surface.
Low pH can upset food webs, growth, reproduction and energy balances of marine animals.



ldentifying regions of upwelling -
episodic low pH events

Upwelling: mostly a wind driven effect

Offshore: Ekman pumping
driven by the divergence or convergence of the surface
e.g. the wind stress curl in hurricanes.

Coastal: Ekman transport and pumping
Across most continental shelves, especially eastern
boundaries of ocean basins (forced by wind systems).

Low temperature upwelling waters bring nutrients, but also low pH water to the surface.
Low pH can upset food webs, growth, reproduction and energy balances of marine animals.



ldentifying regions of upwelling -
episodic low pH events

Hurricane lgor, 2010 Chuckchi and Beaufort seas

Example are from scatterometer data (active microwave, 25-50 km).



. Thermal infrared/passive

M a I’I n e Ca r bO n CyC I e microwave (SST), passive
microwave (SSS), passive and
active microwave (wind, ice)

Biological and physical pumps of carbon dioxide
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Atmosphere-ocean gas fluxes (ocean carbon sink)

F=k (aw pCOZW — Qs pCOZa )

Using: Thermal infrared/passive
microwave (SST), passive
microwave (SSS), passive and
active microwave (wind, ice)



Atmosphere-ocean gas fluxes (ocean carbon sink)

Using: Thermal infrared/passive
microwave (SST), passive
microwave (SSS), passive and
active microwave (wind, ice)



Atmosphere-ocean gas fluxes (ocean carbon sink)

F a, pCOZW — Qs pCOZa )

Using: Thermal infrared/passive
microwave (SST), passive
microwave (SSS), passive and
active microwave (wind, ice)



Atmosphere-ocean gas fluxes (ocean carbon sink)
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FluxEngine — gas flux toolbox

Toolbox developed for community use:

*  Open source license (python and PERL based).

« Standard NetCDF data input and output.

* Net flux tool with traceable land/ocean/basin templates.
* User configurable gas flux calculation.

+ Extensively verified using published data.

Air-sea COZ flux using the unset unset gas transfer velocity (k) (g C m-2 day-1)

«

-0.2 0.1 -0.0 °o 0.1 0.2

Example mean daily flux output

Example process indicator layer output using
ESA Climate Change Indices chl-a

Shutler, J. D., Piolle, J-F., Land, P., Woolf, D. K., Goddijn-Murphy L.,, Paul, F., Girard-Ardhuin, F., Chapron, B.,
Donlon, C. J., (2016) Flux Engine: A flexible processing system for calculating air-sea carbon dioxide gas fluxes oceanflux evolution
and climatologies, Journal of Atmospheric and Oceanic Technology.

support to science element



FluxEngine — gas flux toolbox

Toolbox devel
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Air-sea CO2Z flux using

Example 1
m s g C m* day!
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Shutler, J. D., Piolle, J-F.
Donlon, C. J., (2016) Fluy
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and climatologies, Journal of Atmospheric and Oceanic ?echnology.

layer output using
Indices chl-a

oceanflux evolution

support to science element



Atmosphere-ocean gas fluxes (ocean carbon sink)

FluxEngine

Air-Sea Flux of Carbon Dioxide




Passive microwave — key for monitoring
marine carbon

1 GHz 200 GHz
ini water
sa!|n|ty , sea surface wind foam rain
(dielectric) temperature vapour
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Parameters important for studying marine carbon and exchange




Atmosphere-ocean gas fluxes and exchange
(ocean carbon sink)

Some sort of
turbulence
description
called the gas
transfer velocity




Gas exchange at the water surface

VISIBLE
RADIATION
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Gas exchange at the water surface

LIMNOLOGY

and

0.(_“ l; AN 0(" I{A ll H Y. M l; 'l‘ H 0 I)S Linmol. Ocesmrogr: Methods 12, 2014, 351-162
o » - E 2014, by the American Soclety of Limnology and Oceanography, Inc.

Relationship between wind speed and gas exchange over the
ocean revisited

Rik Wanninkhof
Atlantic Oceanographic and Meteorological Laboratory (AOML) of NOAA, 4301 Rickenbacker Causeway, Miami, FL 33149



Gas exchange at the water surface

JOURNAL OF GEOPHYSICAL RESEARCH w
Oceans

Explore this journal =

Space-based retrievals of air-sea gas
transfer velocities using altimeters:
Calibration for dimethyl sulfide

Lonneke Goddijn-Murphy &1 David K. Woolf,Christa Marandino

-
h

View issue TOC
First published: 24 August 2012 Full publication history Volume 117, Issue C8

August 2012
DOl 10.10259/2011)JCO07535  View/save citation

Cited by: 1 article £} Citation tools



Gas exchange at the water surface

JOURNAL OF GEOPHYSICAL RESEARCH
Oceans

@AGUPUBLICATIONS

Journal of Geophysical Research: Oceans

LT,

RESEARCH ARTICLE A reconciliation of empirical and mechanistic models of the
10.1002/2015JC011096 air-sea gas transfer velocity

—

Key Points: Lonneke Goddijn-Murphy?, David K. Woolf2, Adrian H. Callaghans3, Philip D. Nightingale4, and
F » The air-sea gas transfer model Jamie D. Shutlers
presented is consistent with data on *
a diverse set of gases | ) ) ) . ) ) ) e
D‘ « Bubble-mediated alr-sea gas transfer ERI, University of the Highlands and Islands, Inverness, UK, “ICIT, Heriot-Watt University, Stromness, UK, “Scripps
cannot be ignored in strong winds Institution of Oceanography, La Jolla, California, USA, “Plymouth Marine Laboratory, Plymouth, UK, *Centre for Geography,
= How the void fraction of bubble Environment and Society, University of Exeter, Penryn, UK
c plumes could affect air-sea gas
transfer velocity is discussed
. ]




Gas exchange at the water surface

Remote Sensing of Environment

Volume 138, December 2013, Pages 1-5

Improvements to estimating the air-sea gas transfer velocity
by using dual-frequency, altimeter backscatter

Lonneke Goddijn-Murphy® & & David K. Woolf®, Bertrand Chapron®, Pierre
Queffeulou®

' Show more

http://dx.doi.org/10.1016/j.rse.2013.07.026 Get rights and content



Gas exchange at the water surface
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Summary

Monitoring ocean carbon is key to enable us:

— i) to track our progress towards reaching the goals of the historic Paris
climate agreement,

— ii) identify and monitor ecosystems at risk of ocean acidification
events.

Passive microwave measurements are key for studying and monitoring
marine carbon.

They are currently being used extensively in synergy with other
measurements, both in situ and others from space.

But the full potential of the use of passive microwave, including L band, for
marine carbon research is largely unexplored.

Jamie Shutler, University of Exeter, j.d.shutler@exeter.ac.uk
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