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o i . NOAA Pacific Islands
Russe" E Bralnard Fisheries Science Center
¢83r?gc(%hl-?)n (WHOI), Charles January 2010

Recent spatial and temporal historical patterns of
calcification of corals across the Pacific Islands

Coring of massive corals and sampling branching corals to
determine recent history of coral calcification rates across
the Pacific Islands

« Using CT scan (WHOQI) to
examine 3-D internal structure
of corals and determine
calcification/extension rates

— Sampling broadly across the
Pacific Islands

— Early findings from American
Samoa, upwelling equatorial
islands in central Pacific
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Barbel Honisch LDEO of Columbia University
J. Zachos, E. Thomas, R. Zeebe 2009

Collaborative Research: Reconstructing deep-
sea acidification during the Paleocene-Eocene
Thermal Maximum

Boron isotopes in benthic foraminifers collected in the
eastern South Atlantic suggest deep-sea pH decreased by
~0.3 units

3C (WOl CaCo, twin)
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® Barbel Honisch LDEO of Columbia University
y ot 2008

Validation of the B/Ca proxy for surface seawater
pH and application to measure anthropogenic
ocean acidification

B/Ca in cultured planktic foraminifers increases with pH
and salinity but the sensitivity is low compared to
glacial/interglacial pH-variations.
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Barbel Honisch LDEO of Columbia University

D. Schmidt, S. Barker, J. Zachos, T. Kiefer 2010

Workshop on Paleo-ocean Acidification and
Carbon Cycle Perturbation Events

Paleoceanographers discussed the definition of an ocean
acidification event, proxy evidence for chemical and physical
ocean changes and biological consequences. A synthesis
report is in preparation.
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Barbel Honisch LDEO of Columbia University
2010

Ocean Acidification - Category 1: Calibration and
application of the boron isotope seawater-pH indicator
in deep-water corals

Live-collected deep-sea (bamboo) corals will be calibrated
for boron isotopes and B/Ca and anthropogenic OA will
be fLaced.

Anthropogenic
CO, (umolkg
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. . Scripps Institution of
: Lisa A. Levin Oceanography
L - Ariel Anbar; Achim Herrmann; Gwyneth Gordon (ASU) July 2011

= Mike Navarro; Christina Tanner (S10)

Development of geochemical proxies to evaluate
larval pH-exposure history

To develop proxies to determine pH exposure history for
living organisms in their larval state.

» Lab rearing experiments with controlled pH and O.;:
— *statoliths of market squid embryos
— *prodissoconch of mussel larvae

« Trace elements (Mg, Mn, Pb, Cu, U, Ba, Sr, B)
 |sotopic ratios (6''B, 638U and 6**Ca )
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Adina Paytan UCSC
A. Russell & T. Hill June 2009

Acidification of California coastal waters: A geologic record of
natural and anthropogenic pH variability

Reconstruct paleo-pH along the CA coast

 Interesting info about project
Location — CA coast cores (Santa Monica, Santa Barbara, Elkhorn)

Early results — B/Ca Calibration for Pacific G. bulloides different than
Atlantic data.
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! Justin B. Ries UNC — Chapel Hill
July 2010

! Geochemical and petrographic investigation of a
novel calcite-aragonite sea transition in terminal

Proterozoic time
(American Chemical Society #50214-DNI8)
Using geochemical and
petrographic information I e =l
within limestones of = SW (Ca¥] r\ >
] ] &8 d X -S(v;.'o!:(g!Ca 7000 3
terminal Proterozoic age PO, / 8

PN
A

(549-548 Ma) to
reconstruct changes in
seawater Mg/Ca ratios
and their impact on the
earliest metazoan marine 25 i e 8 s 2 e
calcifiers (Namacalathus 0 100 200 300 _ 400 500

Geologic time (Ma)

and Cloudina) Ries, 2010, Biogeosciences

Seawater mMg/Ca and
[Ca**] (x10 mmol kg-SW
N w

Py
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|Justin B. Ries UNC — Chapel Hill
Karl Castillo February 2009

Reconstructing the impact of thermo-chemical
changes in Carribbean seawater on coral
extension rates over the past century

Coral extension rates,
paleotemperatures and
paleo-seawater-pH are
being reconstructed for ,
the past century from 13 .. _ i
cores obtained from

nearshore, backreef, and

forereef colonies of the Forereef —{ O ‘
reef-building coral T T L . T
Siderastrea siderea 003 -002 -0.01 000 001 0.02

(MeSO-american Barrier Rate of change in annual extension (mm yr : per year)
Reef System).

Backresef — : =

PALEO, PROXIES, & MODELING

Castillo, Ries, Weiss, 2011, PLoS ONE



Tim Wootton University of Chicago

Cathy Pfister, Albert Colman, Pam
Martin Unfunded

Historical Context of Rapid pH Decline

Use historical and modern shell material to explore whether
observed pH change is unusual over the past 2300 yr

v' Tatoosh Island, WA, has unique record of shell ,
material: 45 yr of intensive ecological research, S N KR
>2300 yr of shellfish harvest by Makah tribe. | o

v' §'3C in mussels declines with measured pH 3

S'3C
v “Q‘v -

R R
Y ey e . g

— Historically unprecedented R S
— Limpets also show decline b
* Analysis of rare earth and trace elements

-

undenNay
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_Klmberly K Yates U.S. Geological Survey
" R Moyer (lead, Mendenhall Fellow) November 2008

b &

Coral Reef Calcification: Past, Present, Future

Measure modern and historical rates of coral calcification
and reconstruct past changes in seawater pH

 |Locations
— Florida Keys, Puerto Rico

v' Measured in coral cores
— Linear growth rate & density
— Boron isotopes as pH proxy

v' Measured modern growth rates

« Will model change in coral growth and seawater pH from
pre-industrial to present
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James C. Zachos UCSC
B. Honisch, R. Zeebe, E. Thomas May 2009

Collaborative Research: Reconstructing deep sea
acidification during the Paleocene-Eocene Thermal

Maximum

A model/proxy comparison of the changes in seawater pH
and A[CO;%] in response to a massive (>4500 Pg) C release.

 Interesting info about project

Primary Objective: to establish timing and magnitude of
changes in surface and deep sea carbonate saturation using B
isotope and B/Ca proxies of pH and A[CO,?%]

Includes a modern core-top calibration of B/Ca in extant and
descendent species of Eocene benthic foraminifera, Oridorsalis
umbonatus and Nuttalides umbonifera

Locations: Shatsky Rise, Walvis Ridge

The B/Ca ratios of mixed-layer planktonic foraminifera indicate a
large, sustained decline in surface saturation.



a James C. Zachos UCSC
%/ 1 B.Honisch, R. Zeebe, E. Thomas May 2009

Core Top B/Ca Calibration PETM Dissolution Horizon
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Richard E. Zeebe SOEST, Univ. Hawaii
J. Zachos and 8 other Pl’s 06/01/2006

Collaborative Research: Dynamics of carbon
release and sequestration: Case studies of two
early Eocene hyperthermals

Publications:

Zeebe, R. E. and J. C. Zachos., "Reversed deep-sea carbonate ion basin-gradient during Paleocene-
Eocene Thermal Maximum.“, Paleoceanography, PA3201, vol. 22 (2007).

Zachos, J. C., G. R. Dickens, and R. E. Zeebe, "An early Cenozoic perspective on greenhouse
warming and carbon-cycle dynamics.", Nature, p. 279, vol. 451, (2008).

Zeebe, R. E., Zachos, J. C., and G. R. Dickens., "Carbon dioxide forcing alone insufficient to explain
Paleocene-Eocene Thermal Maximum warming", Nature Geoscience (2009).

Stuecker, M. F., and Zeebe, R. E, "Ocean chemistry and atmospheric CO2 sensitivity to carbon
perturbations throughout the Cenozoic®, Geophys. Res. Lett., p. , vol. 37, (2010).

Uchikawa, J. and R.E. Zeebe, "Examining possible effects of seawater pH decline on foraminiferal
stable isotopes during the Paleocene-Eocene Thermal Maximum”, Paleoceanography, PA2216,
vol. 25, (2010).
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Richard E. Zeebe SOEST, Univ. Hawail
J. Zachos, B. Hoenisch, E. Thomas 07/01/2009

Collaborative Research: Reconstructing deep sea
acidification during the Paleocene-Eocene
Thermal Maximum

Publications:

Komar, N. and R. E. Zeebe, "Changes in oceanic calcium from enhanced weathering did
not affect calcium-based proxies during the Paleocene-Eocene Thermal Maximum®,
Paleoceanography, in revision (2011).



Kaltenbacher, Byrne September 2010

KLori Adornato SRI International
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Collaborative Research: Development of an in situ sensor for high-
resolution measurements of total dissolved inorganic carbon

Develop and test a total carbon (C;) measurement capability on
the in situ Spectrophotometric Elemental Analysis System (SEAS)
platform.

v Design and fabricate optical
cell

» Conduct lab tests

» Characterize C; measurement
temperature dependence

 Field test

» Collect concurrent pH and C;
field data

 Publish results




Simone Alin NOAA/PMEL and others

R. Feely, A. Dickson, M. Hernandez, L. Juranek,
M. Ohman, R. Goericke

Reconstructing OA Conditions in the Southern

o California Bight

=) Saturation states and pH for 3(.’6": o 3om .

| 2005-2010 reconstructed from 24 -..gg gm fulhy

—| CalCOFI oxygen and T (°C) DEN 1Rt hal BB
(o) ) i 1.2 8 Ty 36 % ° o v
—| data for southern California 067, 4 175m S [30
3 Current System ‘§¥§;u§m ggwi e
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James K B Bishop Univ. Cal., Berkeley
WETLabs, Inc.; Scripps Inst Dev Group ~ OCE 09654888 July, 2010

Autonomous Particulate Inorganic Carbon (PIC) Sensor

PIC concentration sensor PRSIMCETIMIND: e
for CTDs / ARGO floats. o R e M
CaCO, dynamics. e [l | s | 225 S | 1SS

v Next Gen. Design: gy g 0 gl £
optics & electronics. .. |

o Thermal/Pressure
Testing (in progress)

« Ship CTD deployment

calibration (May, July,
Aug 2011)

e Carbon Explorer Float e
deployment (2012) i g i sovbhabieomfrre
subarctic N Pacific.

OBSERVATIONS & MONITORING




¥ slJames K B Bishop Univ. Cal., Berkeley
L a8 | BNL and Scripps Inst. Dev. Group OCE 0936143, October, 2009

Carbon FLUX Explorer Development . ..~ -,

sedimentation sensor on profiling float. ==~ -
- 3 Imaging modes. mrRE - 14
Part. Org. C/ Inorg. C Flux.
- twilight zone deployment (100-1500 m)
- Real Time 24/7/365 observations.

v Next Gen. Design: Imager/Systems
v Bench/Lab Testing; Ballasting
v' Field test (October 2011)
o Finalize Design (in progress)
* Field Testing 3 CFE's
(May, July - Aug 2011)

« Operational Deployment (2012)

OBSERVATIONS & MONITORING




Russell E. Brainard Fishories Qo A

Richard Feely, Anne Cohen, Nichole Price,
Molly Timmers, Charles Young, Nancy Knowlton January, 2006

Monitoring Ecological Impacts of Ocean
Acidification Across the Pacific Islands

2 Conduct interdisciplinary integrated monitoring of the
-3 ecological impacts of ocean acidification across the U.S.
= Pacific Islands.
=

* Monitor spatial and temporal e
o3 | G
" patterns of carbonate i ~_
S chemistry :;j“ ¢ B
— . . . .
'<>T:  Monitor calcification rates of -
o corals and crustose coralline s . .
7 algae | ; o
S8 « Monitor cryptic biodiversity IS :




March, 2011

g Robert H. Byrne University of South Florida
3 =

—

Direct Determinations of Carbonat
lon Concentrations

Background
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I
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Robert H. Byrne University of South Florida
March, 2011
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Purification of meta Cresol Purple for
Measurements of Solution pH
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Robert H. Byrne University of South Florida
March, 2011

Characterization of mCP Absorbance Ratios and
Equilibrium Behavior in Seawater

pH=-log(Kf-e2)+log(1 R-¢, )

Absm;_ba nce

0.5 4

OBSERVATIONS & MONITORING
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Wei-Jun Cai University of Georgia

Hu & Noakes at UGA, C. Sabine
and others at NOAA-PMEL June, 2010

NOAA National OA Monitoring Program, Grays
Reef NMS site (offshore GA)

2 Collect and interpret high resolution pCO, and pH data at
3 NOAA buoy 41008. R I R TR
=} v Collected surface water < | \M{\“ﬂ"{ ( e
= pCO, data since 2006 ST T T T T7] . TER _;,;
%0 v Collected surface water = 4, Redh) (s L1
2] _ o Wmﬁwpw&vﬁ‘mw 6\_&1\- aM
S pH data since 2010 fbeety s 5
| v Collected bottom water = o iy i
< ollected bottom wate _ [ T

)| - (£ "
Z data " 'Wm_” o s
v Data interpretation (this P ]
O site is controlled largely by SST {

o
St !

but also affected by river td
inputs). e




Francis Chan Oregon State University
Bruce Menge August 2009

- “EAGER: Initiation of a pH/pCO,-sensing mooring
platform on the Oregon coast d ’

a Evelxlua_te. the fea§ibility of 1400 pCO, (yatm) ' |
- maintaining continuous pH and | - | :
pCO2 time-series w0 | A" "

O Examine the scales of 1% :]"v,.- A
iabilitv i I ] M ‘
varlat_)lllty in OA stress and its Z T

OBSERVATIONS & MONITORING




Chavez, Friederich, Barth, Chan, Hill, MBARI, Osy,

UCD, UCSB
McManus, Russell, Washburn

October, 2010
Blanchette, Gaylord, Hofmann, Menge,
Palumbi, Raimondi, Sanford

Collaborative Research: Acclimation and adaptation
to ocean acidification of key ecosystem components

* Deploy April 1

* Moorings, ships

* Physics

« Seawater chemistry

O
E in the California Current Large Marine Ecosystem
g Develop, test and deploy a pH sensor for the intertidal.
—1 Provide ocean context

—

o3 v Develop

@ v’ Test

g v’ Field test
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Michael DeGrandpre University of Montana
Jim Beck, Andrew Dickson August 2008

Collaborative Research: An autonomous indicator-based
pH sensor for oceanographic research and monitoring

so as to provide quality
control.

2 Commercialize an autonomous, in situ indicator-based pH
=3 sensor for ocean measurements.

- 24

< 620 | 'QI

®8 Results from the tank R Y | p—
— testing of a SAMI-pH SR VA VAV AT TATAVATARATATATAY
=<8 instrument configured to 2 )

‘£ occasionally measure the g 82 A

o8 pH of a Tris buffer (at the 3T g Rk MAAAAAAAA. 5

'<>T: instrument temperature) N | UMW,
> . _

L

»n
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O

Obs, Tris pH
Calc. Tris pH
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Z
g/’t
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Pi -4 .Andrew Dickson UC San Diego
i\ .
| : April 2010
The quality control of oceanic CO, measurements:
Preparation, certification, and distribution of reference
materials.

Seawater based reference materials certified for total
alkalinity, total dissolved carbon dioxide; pH reference
materials based on Tris buffers in synthetic seawater

v’ Distribute ~8,000 bottles of
seawater RM per year

v' Prepare prototype batches
of Tris buffer

« Start preparing Tris buffers
for regular distribution

« Assess overall uncertainty of
certified values assigned to
reference materials

OBSERVATIONS & MONITORING




ﬁ Richard A. Feely’ 'PMEL/NOAA, 20SU
3 S. Alin?, L. Juranek’, C. Sabine! and B. Hales? March 22, 2011

Collaborative Ocean Acidification and Hypoxia
Studies along the Cascadia Margin

1.580 samples

v' Test robustness of algorithms

v" Use algorithms with field data **
from moorings and gliders gk >

2 Develop Algorithms for Predicting pH and Aragonite

=3 Saturation in Hypoxic Waters of Cascadia Margin.

= ‘UI:O.'\\ 1255\ 120°W u«L\'\
- ¥ Conduct time series cruises | S
i in the summer of 2011 o "{2 i
% v Develop algorithms for . = 113
Z : _ : ; . = .
S hyppxu: and non-hypoxic SR st [
E reglons ""\‘E 92252;'3:; F40ON
i
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Dwight Gledhill NOAA AOML
Wanninkhof, Pierrot, Eakin, Liu June, 2010

Ocean Acidification Product Suite v0.5

The OAPS offers monthly synthesis of satellite and modeled environmental datasets to provide a
synoptic estimate of sea surface carbonate chemistry in the Greater Caribbean Region. Currently,
carbonate mineral saturation state is decreasing across the region at a rate of about 3% per decade and
exhibits considerable spatial and seasonal variability.

http://coralreefwatch.noaa.gov/satellite/current/experimental_products.html
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Refinements under development include:
+ Improved constraint of biological modification s @,
+ Effects of vertical entrainment W D




Jason Grear and Janet Nye US EPA

Coastal surveys of pCO2, total alkalinity, and
dissolved inorganic carbon

We are assessing current and needed equipment with an
emphasis on supporting current OA research in Narragansett
Bay (see slides by J. Grear and J. Nye).

v TOC analyzer for DIC
v" Auto titrator for TA

« Considering pCO2 system for
alternating deployment on survey
vessels (e.g., O.S.V. Bold) and our
laboratory seawater intake.

« Coordinating with NOAA
« Broader regional survey needs?

OBSERVATIONS & MONITORING




OBSERVATIONS & MONITORING

iversity of California.
Gretchen Hofmann University of ~alformnia,

April, 2010

SeaFET deployment in McMurdo Sound

Using an autonomous pH sensor, we also explored the
pH dynamics of the coastal waters of McMurdo Sound

84 8.4 84
Cindercones Cape Evans Erebus basin
83 83 83

IQ- - 8.2 8.2
1 ! R o l ,
v’ - \-,-' LIJ'J\ “_A /
80 " BcART 80 MMW,WMM“ --»—A-\,.._,"ﬁk-_

12 1016 10020 124 1102 1106 1Mo 1114 1202 1206 1210

Date
Time series data for SeaFET deployment at three sites in McMurdo Sound

« At all sites, the sensor was deployed at ~15 m depth below the sea ice
» Two shallow sites (total depth of ~75 feet) had abundant adult urchins
(Cindercones, Cape Evans) and sensor was deployed ~1m from the benthos
» Erebus Basin was a deep water site (depth is ~500m) and the sensor was
suspended on the water column at 15m depth below the sea ice
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Kris Holderied NOAA Kasitsna Bay Lab
® 7\ Mathis J., Doroff A. October, 2010

Variability in Subarctic Estuarine Ocean
Acidification: Kachemak Bay, Alaska

Pilot study to assess spatial/temporal variability of ocean
acidification in a subarctic estuary influenced by glacial water
iInput, upwelled ocean waters and phytoplankton blooms.

« Water sampling by Kasitsna

Bay Lab and Kachemak Bay
NERR

Carbonate analysis by Univ.
of Alaska Fairbanks

Sampling coordinated with
NOAA NMFS Kodiak Lab
and Gulf of Alaska OA | | |

) Kasitsna Bay lies on the south side of Kachemak
Surveys and moori ng data Bay, Alaska—near glaciers and upwelled Gulf of

AK waters




Ken Johnson MBARI
Todd Martz, Alex Gu, Stephen Riser 12/22/09 - 11/30/12

NOPP - Development of an Integrated ISFET pH Sensor for High
Pressure Applications in the Deep-Sea

Modify the Honeywell DuraFET® for use on profiling floats

v" Design a high-pressure test system for
evaluating sensor prototypes (MBARI/SIO) r sy non
v Perform accelerated lifetime testing on
prototype ISFET sensors over 0-2000 dbar
(MBARI/SIO)
« Re-design the high-pressure ISFET :
encapsulation for high-volume production

C—

(HON). O
« Establish T-P calibrations (MBARI/SIO) - |
* Deploy prototype Deep-Sea DuraFET on Apex

floats in 2012-2013 (UW).

O
=
14
O
E
<
®)
=
o3
(7))
<
o
-
S
14
LU
7))
[0
O




Laurie Juranek JISAO-UW/NOAA-PMEL
R.A. Feely, S.R. Alin, C.L. Sabine

Empirical algorithms to predict pH, Q from
hydrographic data

Allows low-cost monitoring of
carbon system parameters in

areas of interest from profilin
floats and AUVs

Chla (mg/m°)

°© o
N W

0.1

49°N e ~—~—
140°W  139°W  138°W  137°W  136°W .
\ e 04 05 06 07 08 09 10
month, 2010
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= m Rosenstiel School of Marine
> DI'. Chrls Langdon and Atmospheric Sciences
- J. Corredor, M. Degrandpre, K. Yates,
D. Gledhill, W. McGillis, B. Loose

Year-Long Time Series of Coral Reef Calcification based on
the Eulerian Method — Establishing a Baseline

Neasuremengs

TA & pH — weekly
Current Speed — every 6 min.
MAP pCO, — every 3 hrs.

Temp & Salinity — every 3 hrs.
ICON light — hourly

350

Calcification & Net Community Production

00 G [mmel m?d’)
Summer max; 24

50 Winter min 11 10

G (mmal CaCo, m*d")
NCP (mmol O, m~ d*)

Temperature & |11

0,

OBSERVATIONS & MONITORING
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Scripps Institution of

Lisa A. Levin Oceanography
~  Todd R. Martz, Christina A. Tanner Sept 2009

Macrophyte-induced variability in coastal ocean
pH and consequences for invertebrate larvae

To address the interplay between anthropogenically driven pH changes
and the inherently variable coastal ocean, and directly test the
implications for invertebrate larvae.

v Deployment of sensors

v" Produce high-frequency data sets of pH/DO
v Characterize variability

v"Identify driving mechanisms

Results:

o High correlation between DO and pH at 7m
depth

B s e
Ofuas o | [
Observed intermittent upwelling events S8 '*;.\ W W‘W\

Kelp modulates pH/DO on diel cycle

Extreme variability driven by tidal forcing - M».\ W W

OBSERVATIONS & MONITORING



2 Todd Martz Scripps Institution of Oceanography
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01/01/09 — 12/31/11

OCE-0844394 Evaluation and Adaptation of an lon Sensitive Field
Effect Transistor for Seawater pH Applications

Evaluate the Honeywell DuraFET® for use in autonomous
systems operating in the upper 100m of the ocean.

v' DuraFET modifications for dual reference
electrodes and low-power design.

v “SeaFET” now being commercialized by
Satlantic Inc.

v “SeapHOXx” integrated sensor package
includes a pumped manifold and additional
sensors for oxygen & salinity.

« Now working to establish calibration
protocols and validate sensor performance
in field tests.




Todd Martz Scripps Institution of Oceanography
Brian Ward, Paul Maguire, Jim MalLaughlin 07/15/10 - 06/30/14

OCE 0961250 - Development of a Micro-Rosette Sensor for Total
Dissolved Inorganic Carbon Measurement from Autonomous
Lagrangian Ocean Profilers

Build the first microfluidic sampling device (“micro-rosette™)
and use it to sample the ocean from profiling floats.

Samples captured as the float ascends the water
column.

Samples analyzed at depth on an isopycnal during
the float park cycle.

Potential to analyze more properties because
sensors are no-longer limited to fast-response
devices that must measure on the fly as the float
ascends.

Requires multi-disciplinary work between chemical
oceanographers and nanoengineers.
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::\ Jeremy T. Mathis University of Alaska Fairbanks

5 Laurie Juranek(APL — UW)
«\?’,‘r Richard Feely (NOAA — PMEL) September, 2011

Observation and Prediction of Ocean Acidification in the Western Arctic

Ocean - Impacts of Physical and Biogeochemical Processes on Carbonate
Mineral States (Funding from NSF)

®' Objective 1 — Better constrain the impacts of low
4 alkalinity ice melt, high pCO, river runoff, the

pa  remineralization of organic matter and the upwelling of
deep Arctic basin waters onto the Chukchi/Beaufort
shelves on saturation states in the surface and bottom

of Atmospheric CO2 - A .
‘ waters.
: : Objective 2 — Develop region-specific algorithms to
4 4 C\ -

relate Q) to standard hydrographic parameters (e.g., T,
02, S) for evaluation of trends in saturation states
poxport ¢ when full carbon system measurements are absent.
70° N el { m“w
Objective 3 — Constrain the biogeochemical feedbacks on saturation states by determining how
gradients in physical forcing (upwelling, ice-melt, river discharge, major currents) affect late season

These algorithms could be applied to data collected
on autonomous moorings to provide empirically

biological CO2 uptake and export, and how primary production/export in turn influence surface/

subsurface saturation states.

predicted aragonite saturation states at
unprecedented resolution.
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. University of Alaska Fairbanks
_Jeremy T. Mathis Sontornber, 2008
Jessica Cross (UAF PhD student)

Biogeochemical Assessment of the North Aleutian Basin Ecosystem:
Current Status and Vulnerability to Climate Change (funding from BOEM)

[ (h——
1TsW 176°W 1IT4W 172°W 1 TN 176" W 1= 172°W 170w

O 085S 10 15 Y0 1% 30 A8

= N

K 5 » _ Observations of aragonite Q (show in color) and calcite Q (shown
wremwe e e s with contour lines) along the MN and SL transects lines in
summer and fall of 2009.

Current Publications from this Work

Mathis, J.T., Cross, J.N., Bates, N.R., Lomas, M.L., Moran, S.B., Mordy, C.W., Stabeno, P., (2010). Seasonal Distribution of
Dissolved Inorganic Carbon and Net Community Production on the Bering Sea Shelf (Biogeosciences, 7, 1769-1787)
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Mathis, J.T., Cross, J.N., Bates, N.R., (2011) Coupling Primary Production and Terrestrial Runoff to Ocean Acidification and
Carbonate Mineral Suppression in the Eastern Bering Sea J. Geophys. Res., 116, C02030)

Bates, N.R., Mathis, J.T., Jefferies, M.A., (2010). Air-Sea CO2 fluxes on the Bering Sea Shelf. (Biogeosciences Discuss., 7,
1-44, 2010).




A"~ Kate Stafford (APL — UW)
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Jeremy T Math|s University of Alaska Fairbanks
Bob Pickart (WHOI) Deployed in September, 2010

An Interdisciplinary Monitoring Mooring in the Western Arctic Boundary
Current: Climatic forcing and ecosystem response (Funding from NSF)

—  The mooring contains two profilers (one
P N |+ attached to the mooring wire and one
A Y s . tethered to the top float) working in tandem
B \ /;;\*B === to sample the entire water column from the
7 NG 4} M,k,".‘_"i%ﬂxj seafloor to the underside of the ice.

Each profiler is measuring pressure, temperature,
conductivity (salinity), dissolved oxygen, pH,
turbidity, chlorophyll fluorescence, and nitrate. It
~will provide one complete profile a day, and a

~= second profile from 40m to the bottom. Two SAMI Il
pCO, sensors are deployed at fixed depths on the
mooring (30 m and 100 m).

The mooring will be in place for 5 years.



*Jeremy T. Mathis University of Alaska Fairbanks
"3, Chris Sabine (NOAA-PMEL) Deployed in 2011

o Laurie Juranek(APL — UW)

| Richard Feely (NOAA — PMEL)

Ocean Acidification Moorings in the Bering Sea and Gulf of Alaska
(funding from the NPRB and NOAA)

. « Continuous

subsurtace and
bottom pC*O),, pH.
nitrate. DO,
tlorescence and
turbidity

oW W

« Continuous surtace and
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* Seasonal surtace pCO, and pH. nitrate, DO bottom pCO),, pH. mitrate,
florescence and turbidity DO florescence and
» Continuous bottom pOCCO), . pH, mitrate, DO turbidity

tflorescence and turbadity




OBSERVATIONS & MONITORING

Daniel McCorkle

WHOI

Time series of pCO,, pH and Q in Waquoit Bay, MA

« Strong annual cycles in

pCO,, pH, and
aragonite saturation
state, driven by benthic
organic matter
decomposition

(highest in summer)

Natural +
eutrophication

The OA future is here
iIn Waquoit Bay

(Begs)

(a1eos |ej0) Hd

Waquoit Bay 2008 - 2010

: —@— Menauhant
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#Paul McElhany & Shallin Busch  NOAA-NWFSC

Corriegh Greene, Julie Keister Summer 2011

Fine-scale Spatial and Temporal Monitoring of
Carbon Parameters in Puget Sound

Describe the carbon chemistry environment experienced by coastal
zooplankton populations to inform experiments and modeling

Examples of variable pCO2 and pH

« Coupled biological/chemical
sampling along transects

* Measure zooplankton
distribution and abundance

* Measure pH and alka“mty as  surface pCO2 from PMEL buoy in Puget Sound
zooplankton are collected : -

sCOy = SaT

« Continuous pH monitors

« Seafet sensors deployed at
locations of biological
importance

OBSERVATIONS & MONITORING

Transect of pH through Puget Sound as a
function of depth (from Feely et al 2010)



OBSERVATIONS & MONITORING

Christina McGraw Clark University
K. Currie, P. Boyd, C. Hurd, K. Hunter June 2008

Autonomous OA culture systems with
spectrophotometric pH measurement

Culture systems control pH to within 0.02 pH units. A; is also
monitored so carbonate chemistry is each tank is known.

. ship-board culture systems
(deployed in the Tasman Sea)

v’ 2 trace-metal clean systems

v\ 24-tank system mimics daily

and seasonal fluctuations u

il

Culture systems are being used to study a wide range of
New Zealand and Antarctic organisms.



Christina McGraw Clark University
C. Hurd, A. Radu January 2011

New sensors for field measurements
of the carbonate system

Two sensor platforms are being developed to obtain high
resolution measurements of carbonate. Real-time monitoring
will allow us to investigate regional differences and the
interactive effects of multiple variables on calcification rates.

« 2011-2012

— Incorporation of sensors into sensing networks to obtain time-
resolved 3D maps of carbonate within defined areas

« 2012

— Microsensors to measure gradients in ion fluxes within diffusion
boundary layers

OBSERVATIONS & MONITORING



Llsa Robbins USGS- St. Petersburg

P. Knorr, R. Byrne, X. Liu, D.Gledhill, K.
Daly, C. Smith, K. Yates, J. Kleypas 2008-2013

Response of Florida Shelf Ecosystems
to Climate Change

“Monitoring and modeling Florida shelf carbonate chemistry”

v" 3 cruises 2008-2009 collected pH, DIC,
pCO, using USF MICA & discrgte
samples

v" Ten cruises underway in
2011-2012

v' Use CO2calc for data analyse

LA RN

Y, A

N
; AQ T k '
ff 4 %~ O P
Vi 3 5
! .

OBSERVATIONS & MONITORING

“, http://coastal.er.usgs.gov/flash
http://pubs.usgs.gov/of/2010/1280
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Lisa Robbins USGS- St. Petersburg
K.Yat R. B J. Lisle, J.
Wyr?neSP Kngrrrni/l Halr?seen X. Liu 2010-2012

Arctic research related to ocean acidification

Collecting high resolution data sets of seawater chemistry in
Arctic Ocean as auxiliary to Extended Continental Shelf (Law
of the Sea) cruise on CGC Healy

v 2010: 5 week cruise in Beaufort Sea and
Canada Basin

v" pH, pCO,, DIC collected
underway every two min- MICA

v' 600 discrete samples, nutrients, isotopes,
microbial samples, & 10 CTD casts

« 2011: 7 week cruise thru Canada
Basin to Alpha Ridge

« Similar data collection to 2010 and testing
equipment & methods

http://coastal.er.usgs.gov/ocean-acidification/polar.html



™ T
m Lisa Robbins USGS- St Petersburg
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Ellen Raabe, John Lisle 2009-2011
Florida Shelf Response to Climate Change Research
“Changing conditions in Florida shellfish beds ”

Our group is analyzing 25 years of Florida water quality
records from estuarine locations on Atlantic and Gulf to look
at estuarine acidification

« Data from Florida Department of Agriculture and
Consumer Affairs Shellfish Monitoring Program
— How has pH, temperature, and salinity changed over 25 years?

— 10 estuaries from around Florida (Atlantic ¢
are being analyzed

— >80,000 data records
— 7 out of 10 estuaries
statistically significant

trends
http://coastal.er.usgs.gov/flash




Christopher L. Sabine NOAA/PMEL

many collaborators from U.S. and abroad February, 2010

) .

NOAA Ocean Acidification Monitoring Project

Goal: Develop the monitoring capacity to quantify and track ocean acidification

and its impacts in open-ocean, coastal, and Great Lakes systems. * s
i -
Below is a map of monitoring sites we would like to establish ﬂ
] . |
BON & ;‘::-""W
Eraeea
G0N ;': ‘)FL‘ z'" h-.” ¥
A4 4 453 =d.
40N p ii“* )
w N 3ed

[AU-L\L

20751

s 4| -+ open ocean
{r coast/early waming
coral reef
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OBSERVATIONS & MONITORING
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Christopher L. Sabine NOAA/PMEL

Christian Meinig (NOAA/PMEL), Andrea
. Fassbender (Univ. of Washington) May, 2010

Development of a Robust Moored DIC Sensor for Carbon Cycle
Studies
O 3way vahes

Goal: Develop a moored DIC system |g ..., ...

HIPO4 |

modeled after the MAPCO, sensor @ Hwayvahe p—
@ 10wy wihve /./’<\-! Inlcl.n‘.\'
Table 1. Scientific Requirements of the PMEL DIC System —. v vi N\
Measurement Range | 1500 to 2500 + 2 pmol kg1 L; g [P /S Lisne /

Technique NDIR detection of acidified seawater <) ‘ L= = > G Wase
Calibration - gas WMO standard gas (at least 1, maybe 2) <
Calibration - liquid | Andrew Dickson CRM Y i , N

me

Biofouling Protection | Maintain accuracy for 400 days / N W Y
Endurance Up to 400 days unattended > MapC02 "\ o R r‘ Licor  —J
\ \/ 1

Engineering Capabilities and Functionality ’ . ‘
Cost <$40K (similar to MAPCO2)
Cas Staedard
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Platform Configurable to numerous surface buoys
Survivability Robust design for tropics and high latitude
Configuration Modular design, field serviceable

Service Field serviceable by 1 technician w/ basic training
Power Alkaline cells, field swapable

Aux Channels 2 ea.

Communications Bi-directional Iridium Modem

Additional Sensors GPS, CTD, MET, others as needed




Christopher L. Sabine NOAA/PMEL

C. Meinig, N. Lawrence-Slavas, R. Bott, T.
. Martz (Scripps), Liquid Robotics Inc. October , 2010

New Capabilities for Long-Term, Mobile CO, and Ocean Acidification
Measurements

Goal: Integrate a carbon measurement package into a Wave Glider

MAPCO2 Airblock Wave Glider AR Solor Panel

MARCO2-Wave Ghder
Mast and EQ Well

CI1D and pH Sensoes
MApCO2

Wave Glider

FWD Solor Hall-Panel AH# Waterprool Enclosure
MApCO2
CJCb«:bo' n Gas Bollles

Wave Glider

Siacs P Wave Glider Bectronics
( : MApPCO2 £Q
w wzzolp'ool Enclosure MApCO2 and pH Heclronics

Table 1: Global Climate Change Carbon Science Payload for the Wave Glider AMV.
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Supplier Measurement Calibrated Range & Accuracy

NOAA PMEL MAPCO, pCO, SW & Air (ppm) 200 to 600 £ 3 (stable over ~year)

Scripps (Martz) custom pH SW Acidity (pH) 0 to 14 £ 0.01 (£0.005 stability ~wks)
Conductivity (S/m) 0 to 6 £ 0.0003 (0 to 9 £ 0.0010)
Temperature (°C) 1to32+0.002 (-5 to +45 + 0.010)

Seabird Electronics Glider Payload CTD

Pressure (dbar) 0to 100 0.1% FS (same)
Salinity (PSS 78) 0 to 35 £ 0.005 (0 to 45 £ 0.015)




OBSERVATIONS & MONITORING

Sergio Signorini NASA GSFC

C. R. McClain, S. Hakkinen, A. Olsen, A. Omar, |. Skjelvan, M. February, 2011

" Chierici, J. Olafsson, N. Metzl, and G. Reverdin

Assessment and Impact of Carbon Variability in
the Nordic Seas

In situ and Sat measurements in support of data analysis,
algorithm development, and model forcing and validation

* Underway VOS pCO,

« Time series of pH, pCO,
T, S, nutrients, Chl-a . |
 DIC, alkalinity SAMI?  autonomous

- Existing time series sites Flow Through
(OWSM, IS-ts)

« Satellite products (Chl-a,
SST, POC, PIC, PP)

N




Adrienne Sutton PMEL/NOAA
C. Sabine, R. Feely Feb, 2010

High resolution OA time series in the surface ocean

Deploying CO,, pH, and other biogeochemical sensors on
moorings to assess OA variability over daily to seasonal
cycles.

« OA instrument package:
- MAPCO,

- SAMI2 pH Pa .' , |
- ] RLa Push ol R GO

% - ;‘,;;,_77 | . , ‘
QGEZ | Gcay S R«
hVa gsta MS*

FY2010 OA moorln g

OBSERVATIONS & MONITORING
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OBSERVATIONS & MONITORING

.\ -« Taro Takahashi LDEO, Columbia Univ.

January 1, 2011

Climatological Mean Distribution of pH and CO;~
in Global Ocean Waters in the Unified pH Scale

Project summary: Based on the total alkalinity, DIC, pCO,
and nitrate data, the monthly distribution of pH and aragonite
saturation are obtained over the global ocean for year 2000.
v pH (total H* ion scale) of the
global open ocean surface
water varies 7.95 to 8.22.

v’ Seasonal amplitude of pHis -~ ; "
~0.15 in high latitude areas. *

v While warm waters are
saturated with aragonite up B —
to 450%, high-latitude winter === ==
waters are near saturation.
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Kimbeﬂy K. Yates U.S. Geological Survey

L. Robbins, R. Moyer, C. Rogers, J. Mallela, October. 2000
R. Langton, D. Gledhill, J. Corredor, R. Byrne

Variation of carbonate system parameters (CSPs)
in coastal ecosystems

Measure spatial and temporal variation of CSPs in coastal
ecosystems of Florida, the Caribbean, Hawaii, & the Arctic

 Locations op 1. TA—>-TCO, —&-pH

— Florida Bay, Biscayne
National Park, U.S. Virgin
Islands, Puerto Rico, Tampa
Bay, Dry Tortugas, Bahamas,
Tobago, Hawaii, Arctic Ocean

v' Determined trends and ™" 333gstgsiagssadsess
range of variation
v' Examined biological,

chemical, and physical
controls

TA and TCO_ (umol kg'')
nd




Zhaohui Aleck Wang Hoods Rele Ocea o o

R. Wanninkhof, T-H Peng, W.J.
Cai, X. Hu, R.H. Byrne June, 2010

Distributions of the Marine CO, System along the
U.S. Atlantic and Gulf of Mexico Coast

The U.S. northeastern coastal water may be vulnerable to the Ocean Acidification
(data from the Gulf of Mexico and East Coast Carbon (GOMECC) cruise, July 10
— Aug 04, 2007): 8.6

Shelf water mean pHrs
8.4 - (Water depth < 300 m)

v South-north decreasing trend in
the mean shelf water pH,;,
companied by the decrease of
aragonite saturation state (Q,)

v' The U.S. northeastern coastal 74
water may be more vulnerable to OA " TX LA WFLEFL GA NC NJ MA NH
in the coming decades -
v By Year 2100, part of the U.S. °
northeastern water will be under-
saturated with respect to Q,

8.2 A

8.0 -

7.8 A

7.6 A

Sl

Shelf water mean Q,

—o— 2007
—&— 2100 (projected

OBSERVATIONS & MONITORING
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Wang et al., to be submitted

TX LA WFL EFL GA NC NJ MA NH
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Tim Wootton
Cathy Pfister

v' Census species abundance and
replacement rates (18 yr)

v" Monitor ocean conditions w/Hydrolab
probe (>50,000 measures over 11 yr)

v pH declining faster than expected
— Strong biological signals (diurnal, etc.)

v' Species replacement rates are
associated with pH decline

— Calcifiers perform more poorly, uncalcified
fleshy algae perform better

OBSERVATIONS & MONITORING

pH (toted scale, 25°C)

The University of Chicago
June 2010 (LTREB)

Ecological Dynamics in an Experimentally-
Tractable Natural Ecosystem

Generate time series of ocean condition and species
dynamics to develop models of ecological networks.

2008
Year
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Tim Wootton The University of Chicago
{ Cathy Pfister June, 2010 (LTREB)

What is Driving Rapid pH Decline?

<

o
.

4
e

=
a

v Consistency checks with more
accurate methods (pH.,../DIC/TA)

spec

PHyns Hydoly (molkg)
~

Spectrophotometric pHg

: o
76
v" Consistent pH regionally 5 %ﬁ
v' Interannual trends in non'COZ,atm T 7% 00 o2 1% 5 oo
drivers: no “Smoking gun” PHyey Spectophatmatric (molkg) Calculated pHyay (DICTA)

OBSERVATIONS & MONITORING
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2 Colleen Burge Cornell University
Harvell, Mydlarz June, 2009

“Influence of Temperature and Acidification on the
Dynamics of Coral Co-infection and Resistance

(72
‘z’ Study the interaction of environment, disease transm|SS|on
< & host response s 3 -
-+ 2009-2010
— Pathogen isolation &
characterization

o ] |§ua osé Jons Of disease in sea fans
— Initial pathogen experiments Putative lesions of left: Aspergillosis &
Right: a Labyrinthulomycota (Photos: EWeil)

« 2011

— Co-infection experiments

— Temperature & acidification
experiments

PHYSIOLOGICAL

Potential differentially expressed genes (blue
boxes) in sea fans exposed to A. sydowii (A),
a Labyrinthulomycota (L), or control media.



, o
Ronald S Burton S coamoaanty
March, 2010

enomic and Evolutionary Approaches to Understanding
Physiological Response to Ocean Acidification

Where we are:

« Essentially all physiological OA studies in
metazoans involve only acute stress responses

« Extensive genetic variation within and between
populations is largely ignored

. Strong focus on relatively few species The intertidal copepod Tigriopus californicus:
a model system for genomic and evolutionary

responses to environmental change

Where we probably should go:

 Experimental evolution studies, covering

multiple generations, to assess potential for Bt N ' E 34
adaptation to OA and other stresses WU T 2 i
« Population genomic studies indicate the 3 San Diego - S

potential for local adaptation
« Broaden the range of species studied
The more pronounced up-regulation of heat

 Employ new technologies and examine both shock genes in the San Diego population may

gene expression and protein diversity explain its higher stress tolerance compared to
the Santa Cruz population.



) Shallin Busch & Paul McElhany NOAA-NWFSC

Michael Maher, Jason Miller, Sarah Norberg, Carolyn
Friedman, Julie Keister, Steven Roberts, Paul Williams June 2009

Response of coastal species to ocean acidification

Understand the demographic, morphologic, and genomic
responses of Puget Sound species to future coastal chemistry

« Experimental conditions designed to mimic climate
change and variability in pH, dissolved oxygen, and
temperature

« Study species chosen by their economic, ecological,
and conservation importance

— Research focuses on early life stages
— Collect data that can inform ecological models

RESPONSES

PHYSIOLOGICAL

Study species at Northwest Fisheries Science Center: pinto abalone Olympic oyster Pacific oyster,
littleneck clam, geoduck, Dungeness crab, copepods, krill, rockfish



Wei-Jun Cai University of Georgia
A. Grottoli and M. Warner Sept, 2010

NSF-OA: Interactive Effects of Temperature, Nutrients, and
Ocean Acidification on Coral Physiology and Calcification

Development of microelectrodes and applications to coral internal pH and

n
L
w CO32_ meas u reme ntS % pH calibration
Z :
O Inner Ag/AgCl 122
% ® 20 1 0-201 2 (e e Parafim ;Zz
m 0 6 7 8 9 10
Y — Develop | | o
microelectrodes [ s
J . 100 dope = 38 983 umol kg™
g — Calibrate oH buffer _ W
6 m ICroeleCtrOdeS (pH serr?s_i'ﬁr\::eer:gﬂ?cz}iorner] Turbinaria SPp- o LZQ[CO1321 (urznol kgi)
3 . S u m m e r 2 O 1 1 & 2 O 1 2 ‘ 1 200 ‘ 4(;03‘ :[:);no‘l/kjtl))o ‘ 1000 2 SIC (mTOI/kg)S 6
% — Measuring carbonate 10rm e § | | R
> parameters during coral Tip size
E incubation ~10-20 um
— Collecting
microelectrode profiles e i

76 7.8 8.0 8.2 8.4 2 4 6 8 10
pH Qarag



| Robert Carpenter California State “grl.}/herfl'(sjlé)é

Peter Edmunds January 2011

Effects of OA on the Organismic Biology
and Ecology of Corals and Calcified Algae

Experiments to quantify responses of calcification and
photosynthesis/respiration of corals and algae to OA

RESPONSES

* Microcosm Experiments
— 8 coral species, 8 calcified algal species, 6 levels of pCO,
— Multi-factor experiments (light, temperature, nutrlents)
— Recruitment/Bioerosion A ‘
* Field Measurements
— Reef-wide Calcification (varying
community structure)
* Regional Comparisons
- Moorea, Hawaii

PHYSIOLOGICAL




Emlly Carrington UW Friday Harbor Laboratories
. Carrington, Summers, O’Donnell & Martone September, 2010

Effects of ocean acidification on coastal
organisms: an ecomaterials perspective

How does OA and other environmental factors affect the
structural integrity of organisms?

« Target Organisms
— Bivalve mussels
— Calcified coralline algae
— Crab-whelk-mussel trophic
cascade
« Responses Quantified
— Tissue composition
— Material properties

— Organismal performance
(ecologically relevant)

RESPONSES

PHYSIOLOGICAL




Anne Cohen Woods Hole Oceanographic Institution
08/29/2010-09/30/2013
McCorkle, Tarrant, de Putron

An Investigation of the Role of Nutrition in the Coral
Calcification Response to Ocean Acidification

‘Lﬁ Favia fragum corallite (left) and live primary polyp (right) 1) Impact of CO, and nutrition on development
7p) 100 .
(z) N !E Arbirt €0,
o =8 W wnco,
i 35"
m :g g 40
£5
¢ Heoteorot Autotro
2) Impact of CO, and nutrition on CaCO, production Auzim Onlyphy

Dot perwrnied by Nics Zand
SUMMARY OF INITIAL RESULTS
, »Corals reared under ambient (420 ppm) and high (1670
M teanco, ppm) CO, at 28°C corresponding to Q_. = 3.7 and 1.6,
& — were either fed or unfed:

1.Rate of skeletal development, evidenced by timing of

appearance of tertiary septa, was influenced by energetic

status only, not CO,

2.Corallite size was significantly larger in fed corals than
unfed corals, in ambient and high CO, treatments

“ﬁ::::::z ’ ‘“‘3‘;;""’ 3.CaCO; production (skeletal weight) was higher in fed,

high CO, corals than in unfed, low CO, corals
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Skolotal Weight (ug)
g & X'2

Drenkard et al., 2011 and in prep




é; Clay Cook Harbor Branch / FAU / NSF
| March, 2011

$

.

.
L

Affiliate Prof. Of Biology, Harbor Branch Oceanographic
Institute at Florida Atlantic University

NSF Program Director, BIO/IOS 2008-2010

RESPONSES

« BIO representative on NSF / OA working
group, 2010

* Program Director, Symbiosis, Defense and
Self-recognition

« (General research interest in coral physiology,
symbiosis
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Long, W.C., Swiney, K.

Chionoecetes spp., and Lithodes sp.

« 2008 pilot studies

RESPONSES

Experimental studies on Paralithodes spp.

Robert Foy Kodiak Laboratory, AFSC,NMFS,NOAA

May, 2007

Effects of OA on embryogenesis, larvae condition, and adult
survival of commercial crab species in Alaska

Control 7.8 pH 7.5 pH
* 2009 design C02 delivery red king crab survival
< — Flow through ’ !
% — pH control o W\L\ - el
=« 2010 experimental work on red| . 7 N -
=l king crab and Tanner crab. E 08— \\_‘—\
7 . _ ® 04 - .
=+ 2011 refine response variables| o3 o
0.2

o — Energetics, condition, microarray | o1 Luj_\

— Stock modeling ’ 50 100 150 200

— Economic impact studies Day




Martin Grosell RSMAS, University of Miami
>~ March, 2011

| Impact of CO, on acid-base balance, rectal base
excretion and intestinal carbonate formation in marine

Ufﬂ) . . fISh 30 PCO2 (torr)
25+ Objectives 6 o oo
O — Characterize the magnitude N %/l}/
fﬂ and time course of acid-base //
12 balance disturbances during ! .ﬂymo
exposure to elevated CO, | - ]
(560-1900 ppm) 0 - -
7.5 7.6 7.7 7.8

pH
— Describe th_e mechanlsr_ns of Blood acid-base status during exposure to 1900
compensation for CO2 induced -
acidosis
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— Examine the potential for
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Effect of ocean acidification on early life
history stages of the Antarctic sea urchins

In this project, we are characterizing the response of embryonic and
larval Antarctic sea urchins (Sterechinus neumayeri) to ocean acidification
and oce