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Carbon cycling in coastal waters
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The physical carbon pump

- . ATMOSPHERE

ocean gains heal. loses carbon

ocean loses heal, gains carbon

Low latitudes High latitudes

The colder seawater is, the more CO2 is dissolved in it.
The oceans in tropical and subtropical regions release CO2

into the atmosphere, whereas large amounts of CO2
are in solution in the polar seas.



Organic carbon pump Calcium carbonate pump

At mosphere

Photosynthetic carbon fixation and the In contr?st, caIC|.um carbonate
flux of organic matter to depth, termed production and its transport to depth,
organic carbon pump, generates a referred to as the carbonate pump,

CO, sinkin the ocean. releases CO, in the surface layer.



CO, and pH time series in the North Pacific Ocean
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Modeled concentrations of carbon species in surface seawater
(AT=2200 umol kg*) equilibrated with atmospheric pCO,

95 54 Average surface-
Water

carbonate
composition

CO, 05%
HCO, 89.0 %
CO.2 10.5%

- 8.0

pH

log[ i ]

7.8

- 7.6
2014 AD

17HD AD L 2100 &0, RCFR4 5 100 AD, BRCPRE 5
55 4+—1 . - . . . 74
200 400 B0 200 1000 1200 1400 1600 1800
pCO,

From Byrne, 2014



g A vy Maih 2

Workshop — A Practical introduction to marine
monitoring hardware and procedures
Trieste 15-17 September 2015

XD

FIXED-POINT
OPEN OCEAN
OBSERVATORIES

Henry’s law — solubility of CO2
Henry’s Law: [CO2] = KO(T,S) - fCO2

0.07 ' ' .
0.06 -
0.08  [CO2]: concentration of CO2in surface waters
' e fCO2: fugacitiy (» partial pressure) of CO2in
0.04- I surface waters
e KO: equilibrium constant as function of T and
0.03- I S
002 Ky = 9345.17/1 = 60.2409 4 23 3585 In (1'/100) P If the surface oceanis in equilibrium with the
8 [{‘p.nzzsmr—u.n(m:*:;(ir_p('jl'Jru.mum:‘;c; .;'1’,.""1()()';.”3] atmosphere. than atm
0.01- - * pCO2 is controlling surface pCO2. [CO2] out
Weiss (1974) of Henry’s Law.
! 5 10 15 20 25 50 * Colder waters store more CO2!
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Mole fraction and partial pressure

Mole fraction of a gas

xCO,=nCO,/ ¥.n. is usually expressed in umol mol*

The partial pressure of a gas is proportional to its mole fraction
pCO,=xCO, P

where P= total pressure of the mixture

The CO2 partial pressure assigned to a seawater sample refers to the partial pressure of CO2 in the
as phase that is in equilibrium with that seawater. Once the pCO2, or more precisely the fugacity
CO2, has been determined, with the Henry’s law =>[CO2]aq can be calculated



The fugacity of a pure gas

Partial pressure is a concept appropriate for ideal gases.
The chemical potential of a gasis:

K =p’+RTInp, (idealgas) p;=partial presssure of the gas species i
wC = standard potential, R= gas constant, T= absolute temperature

W=+ RTInf, (realgas) f =fugacity of the gas species i

In infinitely dilute gas mixture:
f./p, > 1 asp>0

fCO,= pCO, exp (P B+28) B (m3mol?)= (-1636.75+12.0408T-3.27957 102 T2+ 3. 16528 105 T3) 10
RT & (m3molt)= (57.7-0.118T) 10©
P= total pressure in Pa (1 atm = 101325 Pa)
fCO, and pCO, in patm, R=8.314 J K'*mol? (gas constant), T= absolute temperature



Saturation vapor pressure of water

* The air equilibrated with seawater is assumed to be at 100% humidity
pCO2=xCO2 (P-pH20)

P(atm) = total pressure
pH20(atm) = saturation vapor pressure of water

For a gas sample with xCO2=360 pmol mol* at 100% humidity and p=1 atm,
at 25°c and S=35 pH20= 0.03 atm

PCO2= 349 patm
in dry air (pH20=0) pCO2=xCO?2



Table 1.4.9: The different gquantities used to describe CO; in the gas phase.

Quantity Symbol used Unit Value® Remark

in literature

mole fraction rC0O, prmol mol™  360.0  in dry air

mixing ratio/

concentration” (0, ppmy 360.0 in dry air

partial pressure pCO, patm 349.0°  at 100% humidity

fugacity fCo, patm 347.99  at 100% humidity
“Values refer to, or are calculated from 700z = 360 pmol mol— measured in dry air.

" Also used for mole fraction, assuming that all gases in the mixture behave perfectly,
“At T =25°C and S = 35.

[.!! b | . E i 4
At 1= 2570, from Zeebe and Wolf-Gladrow, 2001



0. (mol m'3)

SOLUBILITY OF GASES VERSUS TEMPERATURE

70 T T T T I

NON-IDEAL GASES

gas molecular weight
CO, 44.0 A

>
N,O 44.0 =

=
CFC-11 137.4 3

2
CFC-12 120.9 %
CH, 16.0 2

oy Ll SF, 146.1

0. (mol m'3)

(CCLF,(CFC-12)
0 @m ! 1 |

0 - 10 15 20 25

1 SSF J 146 1

0 5 10 15 20 25

Temperature (°C)

30

IDEAL GASES

gas

molecular weight

Rn

Kr

Ar

02

N2

Ne

He

222.0 A

83.8
39.9
32.0

28.0

20.2

4.0

Figure 3.2.1

Increasing solubilty



Temperature effect on seawater pCO?2
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Figure 1.4.18: Seawa-
ter pC0: as a function
of temperature (7). If
measurements are made
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crete systems), large cor-
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he applied to calculate
pCO: at in sutu T (cf
Gayet et al., 1983). The
problem is less severe in
so-called continuouns sys-
tems where equilibration
and in situ T are similar.



Measurement of CO2

The main principle of pCO2 measurement is based on the equilibration
of a carrier gas phase with a seawater sample and subsequent
determination of the CO2 in the carrier gas by an infrared analyser.

As the pCO2 in seawater strongly varies with temperature a correction
IS necessary to compensate for the difference between equilibration
temperature and the in-situ seawater temperature. The equilibrated
surface water values should be accurate within 2 patm. This will
necessitate pressure measurements within 0.2 mBar and water
temperature measurements with an accuracy of 0.01 C



Seawater pCO2 measurement based on different
equilibration principles and detection methods

Liquid — Gas equilibration and direct absorption measurement
* Equilibrators:
» water <> gas
» water €2 membrane <> gas
* Detectors: NDIR, Laser, Wavelength-Scanned Cavity Ring Down Spectroscopy
Liquid — Liquid equilibration
* Equilibrator: semipermeable membrane
* Detector: spectrophotometric pH determination of dye solution

Liquid — “Solid” equilibration
e Equilibrator: semipermeable membrane (dye embedded)

» Detector: dye based fluorescence quenching
Credit: Assmann & Fietzek, 2015



Seawater pCO2 sensors

Table 1 The varnous designs of pCO; sensors

Equilibrator Measured phase  Determunation References

direct contact of water-gas gas NDIR ACT (2009a); Nemoto et al. (2009)

gas permeable interface gas NDIR Kavanne et al. (2002); Fiedler et al. (2012); Saderne et al. (2013). this study
gas permeable interface indicator solution  electrode Shitashima 2010

gas permeable interface indicator solution  fluorescence Govetetal. (1992); Tabacco et al. (1999); Rubin and Ping Wu (2000)

gas permeable interface indicator solution  spectrophotometry  Degrandpre (1993); Lefévre et al. (1993); Degrandpre et al. (1995, 1999);

Wang et al. (2002; 2003); Nakano et al. (2006); Lu et al. (2008)

Credit: Jiang et al. 2014



Indirect determination of pCO2
through spectrophotometric
oH determination

Equilibration with colorimetric
pH indicator solution in a gas
permeable tube membrane

pH shift in indicator solution is
related to pCO2




pCO2 Optodes

Dye based fluorescence
guenching a DLR

e Dye is embedded into a sensing
foil which is in equilibrium with
water CO2

e Comparison of the phase shift
between the sensing and the
reference luminophore
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Cavity Ring Down Spectroscopy:
time, not absorbance

Three

|
R
'l.'

Mirrored Cavity

Credit: Picarro inc, 2014

CRDS utilizes the unique infrared absorption spectrum
ﬁas phase molecules to c%uantlfy the concentration
isotopic composition of H20 (and other
molecules e.g., CO2, CH4, N20, HZS etc.)

Measure decay rate, rather than absolute absorbance

Small 3-mirrored cavity ~ 35 cc
Long effective path-length (> 10 km)
Time-based measurement

Laser is switched on and off, and scanned across
wavelengths

G2301 mesure CO2 CH4 H20



Commercial Instruments for in situ seawaters CO2 measurements

Instrument

Pro-OCEANUS Systems Inc.: CO,-Pro-CO2-Pro
cv

General Oceanics GO ,CO, system

Apollo scitech inc. ,C0, system (as-p2)

Sunburst Sensors: SAMI-CO,

Sunburst Sensors: Superco, system

Sunburst Sensors: AFT-CO,

CONTROS HydroC™ CO, Sensor

CONTROS HydroC™ CO, Flow Through Sensor

Picarro CO, System

Marianda Company SUNDANS system
SubCtech OceanPack System

Description Platforms
pCO, by IR detection featuring automatic zero point calibration High sampling rate; pumped interface; low cost; long term stability underway systems, moorings, profiling floats
pCO2 by LICOR IR detection. Designed for longterm installation and unattended use on research vessels or VOS ships underway systems

underway systems
Water sample is forced into the equilibrator by a shipboard pump. Equilibrated air is drawn from the equilibrator and dried with an electronic cooling system. ¥ sy

It is then quantified with an infrared CO, analyzer (LI7000) before sending back to the equilibrator. The shower-head equilibrator is effective (response time 2
min). The equilibrator is completely sealed from the outside room air.

Autonomous indicator-based sensors for measurement of the partial pressure of CO, of seawater. Temperature is also measured. Low power for long-term
(>1 year) deployments underway systems, moorings, drifters

designed for automated shipboard analysis of seawater and atmospheric CO2. Built around LI-COR 840A, analyzes CO2 levels every 2 seconds. The system
periodically runs 3-4 standard gases to calibrate NDIR system. Can support a Seabird thermosalinograph and other analog output sensors by special order. underway systems

Based on the same technology as the SAMI-CO2, packaged to be plumbed into a line on a research vessel. Runs autonomously with own data logging interface
or can be connected to a PC if real-time data is required. Uses colorimetric reagent method with traceable accuracy of +/- 3 patm.
underway systems, moorings, drifters

Optical, headspace-based underwater sensor for the measurement of the partial pressure of carbon dioxide (pCO,). Within the HydroC™ a headspace is

realized in the form of an equilibrated gas stream in which the CO2 concentration is measured optically by means of non-dispersive infrared (NDIR)

absorption spectrometry. Latest developments using an external pump have decreased response time to 60s. The HydroC™ has an internal zeroing procedure,

is pressure resistant to 6.000m water depth AUVs, ROVs, Gliders, Moorings

Water is pumped through the flow head. Dissolved gases diffuse through a specialized thin film composite membrane into the internal gas circuit leading to a
detector chamber, where the partial pressure of CO, is determined by means of IR absorption spectrometry. Concentration dependent IR light intensities are
converted into the output signal, which is either transmitted by cable or saved on an internal data logger. underway systems

The Picarro G1200 CO2/H20 Analyzer is a real time, trace gas monitor capable of measuring these gases parts-per-billion (ppbv) sensitivity. The analyzer is
based on Picarro’s unique Wavelength-Scanned Cavity Ring Down Spectroscopy (WS-CRDS), a time-based measurement utilizing a near-infrared laser to
measure a spectral signature of the molecule underway, surface mooring

The Surface UNderway carbon Dioxide prtial pressure ANalySer (SUNDANS) measures pCO2 by LICOR IR detection (sea surface + atmosphere), barometric
pressure, position (GPS); underway systems on research vessels

Flow through pCO2 system for underway measurements with high performance dual beam NDIR detector behind a silicon membrane. Resolution < 1 uatm;
accuracy +/- 3uatm, time response 1 minute. underway systems

From: Alliance for Coastal Technology http://www.act-us.info
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CO2 measurement

* Non-Dispersive Infrared (NDIR) detection

* Measures xCO, and dissolved gas pressure to allow
calculation of pCO,

* Measures the absorbance of a specific infrared wavelength
by CO, molecules in a gaseous headspace

* The measurement can be affected by:
* Temperature of the NDIR detector
e Gas stream pressure
e Gas stream humidity

e Detector ageing effects
e Accurate calibration PR
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Infrared Detection

Membrane Signal filter

— Detector

Infrared Lam I
P Optical Cell Reference filter

* Gases diffuse from water through the membrane into
an optical cell where CO, is detected using IR
detection
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Infrared Sensor Operation

* Gas flows through cell in contact with the semi-permeable
membrane (blue and green)

 When a zero measurement is made, the gas stream is routed
through an absorption column (red and green)

CO2 Absorbent Column

IR Detector
- ~—L]

Pressure D@j
-\ Sensor
. PR

______________________________ %C EANUS

Interface
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Accuracy and stability

* Detector temperature
* Requires stable and accurate temperature measurement
* Measured to + 0.1 Celsius

* Kept well above ambient to prevent condensation in the detection cell and to
keep thermal stability when water temperature changes
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Accuracy and stability

e Gas Stream Pressure

* Needs to be known in the detector as increased cell temperature can alter gas
pressure in the cell

* Increased pressure leads to an apparent increase in concentration
* Compensation of the signal is provided on board

* The gas pressure signal is used to calculate pCO,

* Many factors affect the total dissolved gas pressure, TDGP, in natural
waters so it must be measured

R
%C EANUS
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Accuracy and stability

e Gas Stream Humidity

* Water molecules absorb infrared at the same wavelength used to measure
CO,

 Ratio of signal is minimized at 4.26 um
* Still must be accounted for using an inline humidity cell
* Onboard correction for this effect

PR
%CEANUS
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Accuracy and stability

e Detector Ageing Effects
» Affects the performance through signal drift
* CO,-Pro models use an Automatic Zero Point Compensation, AZPC

* Absorption of CO, from detector gas stream allows for frequent measurement
and correction for detector zero drift

e Correction is automatic and in real-time, no post-deployment correction of
data needed

PR
%CEANUS
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pCO2 (ppm)
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 Example: instrument :

measured hourly for a period ™.« « v o W
of one year
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 Factory calibration check ;
before and after showed /
minimal change

* Provided reliable data for a
year with no intervention
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Post Calibration Check after 1 yr Deployment
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Accuracy and stability

* Accurate Calibration
* Pro-Oceanus uses NOAA standard gases and NOAA traceable gases
Minimum 5 point gas calibration using a polynomial curve fit
Gas pressure sensor calibration
Many years of testing have led to major improvements in all aspects listed

Improved temperature stability, internal corrections for pressure and
humidity means NO post-corrections required

PR
%CEANUS
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Semi-Permeable Membrane

* The only barrier between the water being measured and the detector

* Integrity of the membrane is key to proper functioning of the
Instrument

* Membrane should not be touched by fingers or other solid objects
* Options for copper biofouling prevention

PR
%CEANUS
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* The equilibration of gas across the instrument membrane is governed
by the laws of diffusion

1

" t0s=0.6

05 t.; is taken as one fifth of the
90—=V.
/ total time to equilibrate,

tes=0.2 ty, is approximately half the
time to equilibrate,

o o o o
N o

D

S

ty is roughly 60% of the time
to equilibrate.

Normalized Headspace Concentration
o
N (V5]

©c o o o ¢
w

s

o
o
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Normalized time (t/teq) tyy IS ta ken as teq.

PR
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Effect of the flow rate on the equilibration time

R esporse Time (min]

'l |
a 0.5 1 1.5 F 25 3 35 4 4.5
Measured Flow (L/mind

Time constant for equilibration of COZ2 across the supported interface
as a function of sample water flow rate.

R
%CEANUS



Standard Equipment for CO2-Pro CV

A.

- Sensor (A) comes with a bench
top deck box (B) and 120 V AC wall
plug to 12 V DC power supply (D). -
Deck box contains a 2 meter
underwater cable and plug for
connection to the sensor.

- A 2 meter RS-232 cable is also
supplied (C) for communication to
computer via serial port.

PR
%CEANUS



Specifications

Specification

Accuracy

Power Consumption

Input Voltage

Signal Output

Water Temperature Range
Equilibration time constant (te3s)
Detector

Warm up Time

Housing Material

+ 2 yatm (0 — 600 patm range)

220 mA (750 mA during warmup)*
(Average current draw for standard
water conditions)

12-18 VDC

RS-232, ASCII String

0-5 VDC Analog Signal available (or 4-
20 mA)

-2 to 20 °C Water Temp. (Arctic)

0 to 30 °C Water Temp. (Standard)
15 to 40 °C Water Temp. (Tropical)
2 minutes

Non-Dispersive Infrared (NDIR)
3-5 minutes (dependent on water
temperature)

Acetal Plastic (Titanium optional)

PR
%CEANUS



Instrument Operation

* The sensor may be operated in any orientation however:
Placing the instrument horizontally is ideal

Sediment and particles can accumulate on the membrane when the sensor
head is oriented upwards

Biofouling is more prevalent on the up side of the sensor in shallow waters —
membrane should not point up for extended deployments

Gas bubbles can become trapped along the membrane during submersion
when the membrane head is facing downwards

PR
%CEANUS



Communication to sensor

* Communication is achieved using an RS-232 terminal program
* Many functions the same with or without the internal datalogger
* Protocols supplied for non-datalogging version

* Datalogger
 Stores up to 2 Gb of data
» User friendly program to set logging frequency, zero interval

PR
%CEANUS



Datalogger and controller

------------- Oceanus Logger Main Menu ------------
FW Version 4.1.0w
Pro Oceanus Inc.
Date: 2012/11/09 Time: 14:53:53

1) Record Data Now 5) Auto Start Settings
2) View Logged Data

3) Erase Logged Data 6) Sleep Now

4) Change Clock Time 7) Display Live Data

PR
%CEANUS




Datalogger and controller

#2012/10/02 11:06:33, M, 44500, 41628, 481.444, 40.7, 22.814, 23.840, 1010, 40.3, 41.0,
#2012/10/02 11:06:35, M, 44500, 41628, 481.276, 40.7, 22.883, 23.800, 1010, 40.4, 41.0,
#2012/10/02 11:06:36, M, 44500, 41627, 481.211, 40.7, 22.814, 23.840, 1010, 40.4, 41.0,
#2012/10/02 11:59:56, M, 44502, 41575,1492.394, 40.7, 24.135, 24.920,/1010, 40.4, 40.9,
#2012/10/02 11:59:58, M, 44502, 41576, 492.369, 40.7, 23.998, 24.920, 1010, 40.4, 41.0,
#2012/10/02 17:59:56, M, 44495, 40906, 639.356, 40.7, 25.776, 25.360, 1013, 40.5, 40.9,
#2012/10/02 17:59:58, M, 44495, 40907, 639.458, 40.7, 25.913, 25.360, 1013, 40.4, 40.9,

Dark Grey

Light Blue
Dark Blue
Red
Orange
Yellow
Green
Purple
Light Grey

Zero A/D [counts] of most recent autozero
sequence

Current A/D [counts]

Measured CO, [ppm]

Average IRGA temperature [°C]

Humidity [mbar]

Humidity sensor temperature [°C]

Gas stream pressure [mbar]

IRGA detector temperature [°C]

IRGA source temperature [°C]

As the actual measurement is made on gas which is nearly saturated with watr vapor,
The output is the mole fraction of CO2 in wet air (wCO2) and

pCO2=wCO2*Pwet

where Pwet= measured total pressure of the internal gas which includes water vapor pressure

PRO
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Maintenance

* The instrument requires minimal maintenance
* Cleaning the membrane is all that is typically needed

* Biofilms can not only slow down the time to equilibrate, but also
result in false readings due to either the consumption or production
of CO, by biofilm organisms

PR
%CEANUS



Membrane Cleaning

* |t is not advised to touch the membrane at any time to avoid scratches and
premature wear

* The preferred method is using a dilute solution of oil-free laundry
detergent in water, diluted 1:100 to 1:200

* Use a small submersible pump in the solution and direct the water flow
directly onto the membrane face for 30 minutes. Place the pump 6 inches
from the interface and direct water onto the instrument face

* Follow this by using clean water and the water pump for 15 minutes to fully
rinse any soap residue from the membrane

* Air dry the membrane and place the protective cap over the end of the
instrument for storage

PR
%CEANUS



Internal Maintenance

End Cap

* CO, Absorption Column

* Replacing the Absorbent

* Either Ascarite Il or Soda Lime, *Ascarite
requires a small amount of Drierite on either
end to remove moisture

e Both change color when exhausted

Open the Instrument via the Mason ring
lock-down collar

Foam Filter

Drierite

CO2 Absorbent

Velcro

Pull out the electronics tray and
disconnect the column

Foam Filter

* Discard used absorbent and replace with
new

Quick Connect
End Cap

Lightly grease O-Ring Seal and reassemble

PR
%CEANUS
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Biofouling Prevention

* Solid copper helps prevent
biofouling

* Copper tape should not be placed
on the semi-permeable membrane
or in contact with dissimilar metals

e Apparently duct tape works too!

PR
%CEANUS



MAMBO buoy

Surface cage
27 august 2015
Maintenance
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Factory Maintenance

* Factory calibration checks, 5 point standard
* Recommended every 12-18 months
* Re-calibration of sensor if required

* Replacement of membrane interface

e Recommended every 2-3 years
* Dependent on application

PR
%CEANUS



MAMBOy¢: tex
Buoy

ISTITUTO NAZIONALE bt OCEANOGRAFIA € pI GEOFISICA SPERIMENT

Ultimi dati misurati
velocita e direzione del vento medio
velocita e direzione della raffica max

0 5 10 15 20 25 mis
1.%,_LTL.14.4..,;1~.L_.‘_L4.H44,L141_1..~14.JT_*L
0 10 20 30 40 50 60 70 80 90 100km/h
media max
vento ™5 90] 1.00] ms
velocita 32| 3.6/ kmh
direzione | 262/ 262| °N

nperatura aria [22.98] °C

umidita relativa %

mm/rg pressione 1015.3| hPa
atmosferica 761.6 mmHg
PAR PEIm’/s
temp. conc.O,
°C it mi/I

1m [22.79 M 4.8
10 m|{20.04 8.19)| 3.2
torbidita NTU|4.74] pCO,

clorofilla pg/1|5.92f ppm

: +1h ==> ora solare
UTC-time +2h <> ora legale
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cliccare la figura per ingrandire

Monitoraggio AMBientale
Operativo
Boa MAMBO-1

45°41 86'N - 13°42 50'E
E situata ai limiti della Riserva
Naturale Marina di Miramare nel
Golfo di Trieste.

Con cadenza semi-oraria effettua
misure meteo-marine i cui dati
sono accessibili in NEAR REAL
TIME
| grafici disponibili sul sito
presentano le serie temporali
relative ai periodi indicati.
L'utilizzo dei datit MAMBO-1 &
consentito per fini no profit previa
citazione della fonte (Dati
MAMBO-1, OGS).

Per I'eventuale richiesta dei dati
contattare: NODC

thmare /
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SAILOR - Southern Adriatic Interdisciplinary Laboratory for Oceanographic Research
E2-M3A buoy

FixO3 sites Surface Buoy last measurements

E2-M3A - Meteorological data E2-M3A - Oceanographical data

wind speed and direction  max wind gust temperature 24 15 °C

0 5 10 15 20 25 ms Depth:2m  conductivity [5.723] Sim
e RN NE W LJ_LL.Ll_..A_A_,_L

0 10 20 30 40 50 60 70 80 90 100kmh < psupom salinity (38.85] psu

m average max - 390 600 85 pCO2 ji? ppm
N wind . 2.90| 3.60] m's - + _8.08]
W g E speed  [10.4] 13.0] kmh [ [ E Fanel s
SE i) e 25|- 38} 5001 84 |_4.84) m
og . S ootal 2| ) - F 9 [a131.0908'N
3 - | | ; E X [18 4.0878°E
BEamto Wm  lemperature [2335] °C 20f o7} 400} 83 (18 4.0878 E]
30 790 1200 relative -
E E . humidity % ;E
25F 780 1050 F 154 364 3004 82} s
20 & 770 E 200 :. barometric [1019.7! hPa E
: 3 pressure 764.9 mmHg .
» _ » _ 15§ 760 750 10f 35 200f 81-
click for the Mediterranean FixO3 sites 108 750% 600F solar radiation k
s 7408 aso0f total  [__526] wim? s§ 34} 100 3.0%}
730 % 300 infrared 331 W/mz2 :
T |
5F 720% 1508 | TC-time og 33 od 79F

RN R 13/09/2015 - 08:02 LRI 13/09/2015 - 07:59
Last 10 days diagrams

FixO3 is a FP7 Collaborative Project coordinated by the R t For more information please contact: V. Cardin
National Oceanography Centre, Southampton, UK ' mare / Last update: February 19, 2015 - Webmaster: R.lung
Thanks to the NOAA for the chart
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XD

FIXED-POINT
OPEN OCEAN
OBSERVATORIES

pCO2 buoy data

DD/MM/YYYY HH:mm:ss (counts)

15/04/2015
15/04/2015
15/04/2015
15/04/2015
15/04/2015
15/04/2015
15/04/2015
15/04/2015
15/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015
16/04/2015

ZeroAD
15:59:05 44599
16:59:05 44599
17:59:05 44599
18:59:05 44599
19:59:05 44599
20:59:04 44599
21:59:05 44599
22:59:30 44654
23:59:04 44654
00:59:04 44654
01:59:04 44654
02:59:05 44654
03:59:05 44654
04:59:05 44654
05:59:05 44654
06:59:05 44654
07:59:30 44657
08:59:05 44657
09:59:04 44657
10:59:04 44657
11:59:04 44657
12:59:05 44657
13:59:04 44657
14:59:04 44657
15:59:05 44657
16:59:30 44661
17:59:04 44661
18:59:04 44661
19:59:05 44661

Current
(counts)
42066
42173
42210
42219
42213
42216
42215
42370
42219
42222
42241
42204
42199
42229
42203
42245
42389
42249
42238
42229
42171
42190
42206
42250
42231
42377
42198
42233
42264

XCO2wet IRGAav

ppm
324.95
313.2
310.78
311.3
313.98
314.03
315.12
304.59
327.85
325.81
32231
328.03
328.17
323.52
327.79
320.46
299.82
321.77
322.51
323.16
331.45
327.84
324.85
318.24
321.11
299.91
327.71
321.5
316.21

T°C

39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9
39.9

pH20
mbar

13.117
13.535
13.594
13.766
14.074
14.137
14.311
14.663
14.536
14.411
14.2
14.248
14.36
14.248
14.307
14.382
14.757
14.495
14.631
14.708
15.174
15.111
14.994
14.571
14.844
15.203
15.095
14.767
14.517

°C

HumT

18.32

18.8
18.64
18.72
18.84

18.8
18.88
19.92
19.12
18.88
18.76

18.6
18.72

18.6
18.56
18.64
19.68
18.76

18.8
18.88
19.36

19.4
19.28
18.84
18.92
19.92
19.28
18.84
18.68

Press
mbar

1054
1040
1031
1025
1022
1020
1018
1002
1008
1011
1012
1013
1015
1014
1015
1015
1007
1011
1014
1016
1019
1020
1020
1019
1019
1013
1018
1019
1019

IRGA Det

T°C

39.6
39.5
39.6
39.6
39.6
39.6
39.6
39.6
39.6
39.6
39.6
39.6
39.6
39.6
395
39.6
39.6
39.5
39.6
39.6
39.6
39.6
395
39.5
39.6
39.6
395
39.6
39.6

IRGA Sou pCO2

T°C

40.3
40.3
40.3
40.4
40.3
40.3
40.3
40.3
40.3
40.3
40.2
40.3
40.3
40.2
40.3
40.3
40.3
40.3
40.3
40.3
40.3
40.3
40.3
40.4
40.3
40.3
40.3
40.3
40.4

patm

-99
321.47
316.22
314.91
316.69
316.12
316.6
-99
326.15
325.09
321.91
327.95
328.74
323.76
328.36
321.01
-99
321.06
322.75
324.04
333.33
330.02
327.01
320.05
322.93
-99
329.25
323.32
318

N

difx %

0 -inf

W NP OWONOODUPEL, WNRERPROONOODTUPEL,WNREROOUEAWNR

4.247
0.016
0.004
-0.006
0.002
-0.002
0.049
4.294
0.003
0.01
-0.019
-0.002
0.015
-0.014
0.022
0.072
4.243
-0.005
-0.004
-0.029
0.01
0.009
0.021
-0.009
0.072
4.326
0.018
0.016
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OPEN OCEAN
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Laboratory measurements of

the carbonate system:
oH and TA



CARBON DIOXIDE PARAMETERS IN SEAWATER

Total Dissolved Inorganic Carbon
C1=[CO2] +[HCOs3-] + [CO32-] T, p independent
UNITs: moles per kilogram of solution (usually umol kg-1)

Total Hydrogen lon Concentration (pH)

pH=-lg[H+] or onthe total scale pH;=-log([H+]F+[HSO4-]) T, p dependent
UNITS: pH is dimensionless
But, total hydrogen ion concentration is in moles per kilogram of solution

Partial Pressure of CO2

(in air that is in equilibrium with the water sample)

P(CO2) =x(CO2) p=[CO2]/ Ko T, p dependent
UNITs: pressure units (usually patm)

Total Alkalinity
AT=[HCO=*] + 2[CO3>] + [B(OH)+] + [OH-] — [H+] T, p independent
UniTs: moles per kilogram of solution (usually pmol kg-)



Table 1.3 Methods for the measurerment of parameters of the carbon dioxide svstern in seawater (also see notes balow).

Total dizsolved inorzanic carbon
A Acdification / vacuum extraction / mancmefric determmation
B. Andification | gas stipping / coulometne determuination
L. Andification | gas stipping / mfrared detection
D. Closed-cell acidimstie tiration

Total alkalimty

E. Closed-cell acidimetric tiration

F. Open-cell acidimetnic fitration

. Other tifration systems
pH

H. Elsctromestiic dstermunation with standard Tris buffer

I. Spectophotometric determination using m-cresol pupls
x (CO)/plCOY)

I.  Darect mirared determmaton of x (0]

Credit: Dickson, 2010
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Inity

([Na +] + 2[Mg 2+] + 2[Ca 2+] + [K+]) over negative charge ([Cl-] + 2[SO42-])
is compensated by [HCO3-] + 2[CO 32 -] + [B(OH)4-],
where the latter sum represents the most important contribution to TA.

Figure 1.2.15: Charge bal
ance of the major jons in sea-
water {cl. Broecker and Peng,
1998 ). The small excess charge

of the conservative cations over
anions s mainly balanced by

HCO ] 4 2[CO57 ]+ [B(OH) 1.
The total charge concentration of the conservative cations yields 605.0

mmol kg -1, while the total charge concentration of the conservative anions
yields 602.8 mmol kg -1.

The small charge imbalance of 2.2 mmol kg -1 is equal to the total alkalinity
in seawater

(strictly, this is only correct when phosphate, ammonia and bisulfate ion are
neglected).

A more exact definition (Dickson, 1981) of total alkalinity is the quantity of hydrogen ion required to neutralize
bases formed from weak acids with pKa > 4.5. Our determination of total alkalinity employs the potentiometric
titration of a seawater sample with hydrochloric acid.



Certified Reference Materials

Table 1.5 Availability of referance materials for the guality control of carbon dicsdde messurements in seawater
FMI: Peference materials.

Analytical measurement Desired accuracy® Uncertainty®™ Awailability
Total dissolved inorganic carbon =1 nmal kg = ] pmol kg Since 1991w
Total alkalinity =1 pmol kg = ] pmol kg Since 1094
pH =0.002 £ 0003 Since 2009
Mole fraction of CO. in dry air = 0.5 umol'wol = 0.1 pmolimol | Since 19959

"These values are based on considerations outlined in the report of SCOR. Working Group 75 (SCOR, 1985). They
reflect the desire to measure changes in the CO_content of sexwater thar allow the increases due to the buming of

fossil faels to be observed.

M"Estimated standard uncertainties for the referance materials described here.

mGterilised nanmal seswater, cermifisd using a definitve method based on acidification, vaomum extraction, and
manomeric determination of the CO, released Available from UC San Diego (hnpo/andrew ncsd edu'colgo).
ECartified nsing a definittve method based on an opep-cell acidimetric dtraton techoique (Ddekson of i, 2003).
Availakle from T San Diege (hopoandrew.ncsd edu'codgo)

=hrandard buffer solations based on Tris in synthetic seawater (emzer & Dickson, 2005), Avatlable from UC San
Diego (hifp:'andrew nesd edu'colge)

"Cylinders of air certified by non-dispersive infrared spectromety. Available from MOAAESEL, Boulder, CO
(hipotwmanesrl noas. gov zmd o sz refzases stdzases himl). However, gas mixtares certified fo a lesser acouracy
can be obitained from 2 variety of maoufacoers.

Credit: Dickson, 2010
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Methods — pH spectrophotometric measurements

using m-cresol purple

The standard operative procedure was followed (SOP 6b., Dickson et al ., 2007)

« The measurements have been carried out in a double beam Varian Cary 100 spectrophotometer with thermostated (25.0° C)
cylindrical cell holders.

*Duplicate spectrophotometric measurements were performed on each sample adding a double amount (30 uL) of indicator (pH
~8.0) in order to corrected for effect of the addition of the indicator

The results were expressed on the pH; scale, the in The accuracy of measurements was eastimated from periodic

situ pH can be calculated on the basis of the in situ determinations of newly opened CRM Batch 107, deriving the pH;
temperature and salinity, according to the algorithm from the certified measurements of DIC ad A, by the CO2SYS

of Millero (2007). software (Lewis and Wallace, 1998) using the dissociation constants

for carbonic acids reported by Millero et al. (2006) , the dissociation
constant for bisulfate ion of Dickson (1990).

Accuracy Reproducibility
<0.005 +0.001

Dickson, A.G., Sabine, C. L., Christian, J.R. SOP 6b. 2007. Determination of the pH of seawater using the indicator dye m-cresol purple. Ver. 3.01. Jan 28, 2009. In:
Dickson, A.G., Sabine, C. L., Christian, J.R. (eds.) 2007. Guide to best practices for ocean CO, measurements. PICES Special Publication 3, 191 p.



Spectrophotometric pH measurement

1.0 1

HI

Acid =434 nm

Absorbance

ot pI—I:_ng(H[‘) ﬂ +1g A /A _3( ) &, ( ") ,
e 8( ) (A /A)& / ( ) (Dikson et al., 2007)




Calculation pH; 25°C

Simple Reads Report

Collection Time:

25/08/2015 4:32:Ze PM

Software Versiom: 3.00(1RZ)
Instrument : Cary 100
Fead 2bs(434) 2bs(578) &Abs(7T30)
1 -0_0Z&3 -0_0055 0.0317
Zero (-0.0271) {(-0.00E5)} {(0.0313)
z -0_0002Z 0. 0oao =0._0001
Zera {-0.0273) {(-0.00E3) (0.0313)
3 -0._0001 =0._0001 00000
4 0.0051 o.0008 -0.0015
E 0. 00Eed 00010 -0_0018
3 o.004s o.0004 -0._0020
7 0.000e 00008 0.0017
Zera {-0.0262) (-0.0047) (0.0333)
g 0.0001 0. 0oao 0.0001
5 0.00ES 0.00L8 -0.0015
10 0.00L17 00007 0.0004
Zera (—0.0242) {-0.0037) {(0.0333)
11 0.0003 00002 0.0001
Zera (—0.023&) {-0.0033) (0.0340)
12 o.0ooo 0. 0oao -0._0001
13 0.0035 0.0001 -0_0028
14 o.00z8 -0._0008 -0.0033
15 0.0032 -0._.0005 -0.003z2
lg 0.0031 -0._0005 -0.0033
17 0.3388 0.BZ0& -0_0021
18 0.3401 0.BZ248 -0._0021
15 0.341& 0.BZE87 -0_002Z
20 0.3434 0.B332 -0_0022
21 0.00zZ8 -0.001Z -0._0047
22 0004 -0._.0005 -0._.0040
23 0.0030 -0.001Z -0._0048
24 0.0031 -0.0011 -0._0048
Z5 0.0032 -0.0010 -0._.0045
e 0.2511 0.E2EE -0._0048
27 0.2301 0.EeZE1 -0._.0045

MODIFICA

=] :
HOME INSERISCI LAYOUT DI PAGINA

% [aria MUY
Incolla G C 5 A'
Appunti & Carattere [F]
0127 v x 37,5929

A E F G H
1 |Campione
2 |84 105 0037 00223 00149
3 00381 00225 00157
4 00385 00223 00152  0.0379
5 03333 08816 00137
[ 03351 08839  0.0139
7 0336  0,8865 0,014 0,3350
8 8105 00239 00134 00079
9 0.0232 00129 00077
10 00247 0.0138 0,008 0,0239
11 03889 0.7603  0.0089
12 03892 07608  0,0088
13 03894 07615 0.0086" 038927
14 |SJ 105 0.0292 0018 00127
15 00282 00176 00127
16 00283 00173 001227 002867
17 0.4471 0,653  0,0104
18 0.447 00653 0,0104
19 0.447 0653 001037 04470°
20 |SJ 105 00388 00252  0.0175
21 00381 00244 00168
22 00381 00248 0.0178" 003837
23 04604 06398 00162
24 04596 06392  0,0159
25 04596 06393  0.0159" 045997
26151107 0.0028 -0.0008 -0.0039

pH_acidit_12 2014 02 2015_trans

FORMULE

DATI

REVISIOME

VISUALIZZA

Unisci e allinea al centro

Allineamento

0.0224

0.,8840

0,0134

0,7609"

0,0176"

0.6530"

0.0248"

J

0.0153

0,0139

0,0079

0.,0088

0.0125

0.0104

0,0174

0,0160

K

0,2971

0,3652

0.4185

0.4215

L

0,8616

0,7475

0.6354

0,6146

MNumeri

M
Abs(434) Abs(578) Abs(730) Abs(d434) Abs(578) Abs(730) Abs(434)ci Abs(578)ci Abs(730)c (AGT8/A43 Salinity

-0.0014

0,0009

-0.0022

-0.0014

Foxit PDF

N

2,81

2,049

1.516

Farmattazione Formatta come

condizionale tabe

o]

33.9178

36,1064

37.6981

37,7285

Stili

P
Temperatu a

298,15

29815

298,15

298,15

Lidia Urbini ~
ra—”) 3 - I I
tili Inserisci Elimina Formato Ordinae Trovae
lla - — 7 filira~ seleziona
Celle Modifica
Q R S T u v W X
b [ d el edle2 pHT at 25 MNote

-235,593 6922873 4270554 0.078134 0,005707 0,056671

0,0569

-234,857 6898.597 4259018 0.078134 0,005707

-234.321 6880599 4250628 0.078134 0.005707 0.057066

-234.31 6880,252 4250468 0078134 0,005707 0,057069

8,187

8.011

7.863

7.844
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Total alkalinity (AT) - open cell poentiometric titration

The standard operative procedure was followed (SOP 3b., Dickson et al ., 2007)

 The coastal seawater samples are filtered in order to remove the particulate carbonates
which is mainly due to the discharge of local rivers and resuspension of bottom
sediments, 200 pL of HgCl, saturated are added to 500 mL sample

» The 0.1 M HCl titration solution was prepared in NaCl medium matching the ionic
strength of the samples, standardized against Na2CO3.

Periodic controls on the accuracy have been carried out on
certified reference material CRM Batch 107 supplied by
University of California, San Diego USA.

Accuracy Reproducibility

<2 umol kgt +1 umol kg

To estimate AT from titration data, a computer
program, based on a non-linear least squares

evaluation of the data, was adapted from

. Dickson A.G., Sabine C. L., Christian J.R. SOP 3b (2007) - Determination of total alkalinity in
Dickson et al. 2007 seawater using an open-cell titration, ver. 3.01 2008. In: Dickson, A.G., Sabine, C.L., Christian, J.R.
(eds.) 2007. Guide to best practices for ocean CO, measurements. PICES Special Publication 3, 191 p.



pCO?2 calculations from At and pHT

Different computer programs are available for the
calculation of the carbonate system base on the
thermodinamic equlibria

Provide built in data for the various equilibrium
constants and for total concentrations such as boron
that are proportional to salinity.

Allow calculation of CO2 (acid-base)speciation;
typically from two (or more) analytical parameters,
as well as salinity, temperature & pressure.

We will use
CO2SYS Excel ver 2.1 (2012)

Table 1. Carbonate system software packages.

Package Language Version  Reference

CO25YS*  QBasic 1.05 Lewis and Wallace (1998)
CO25YSP  Excel 24 Pelletier et al. (2007

CO25Y5% Excel 2.1 Fierrot et al. (2006)

CO25Y5% MATLAB 1.1 van Heuven et al. (2011)
CO2calct Visual Basic 1.3.0 Robbins et al. (2010)

1:5_'-.-'5':1 MATLAB 04-2014  Zeebe and Wolf-Gladrow (2001)
ODV® C++ 45.0 Schlitzer (2002)

1110-:‘5}-‘f Fortran 95 2.0 Orr and Epitalon (2015)
seacarb® K 3006 Gattuso et al. (20135)

sweo2l Excel 2 Hunter (2007); Mosley et al. (2010)
sweo2lh Vizual Basic 2 Hunter (2007

2 http://cdiac.ornl. gov/oceans/co2rprt.html

P hitp: /fwww.ecy.wa.gov/programs/eap/models.html

€ http://pubs.usgs.goviof/2010/1280/

d http: /fwww.soest. hawaii.edu

© http:/lodv.awi.de/

f http:/focmip3.ipsl.jussieu. fri/fmocsy

£ http://cran.1- project.org/package=seacarb

b http://neon.otago.ac.nz/research/mfe/people/keith_hunter/software/swco2/

From Orr et al., 2015



Input:

e - Salinity, Temperature and Pressure (or depth) (input conditions). If
left empty, the Pressure is assumed zero in the calculations.

- Total Si (optional) and Total Phosphate (optional). If left empty the
total Si and Total P concentrations are assumed zero in the
calculations.

e - Two (2) known CO2 parameters (TA, TCO2, pH, pCO2 or fCO2)

 Temperature and Pressure (or depth) at which the parameters wish to
be calculated (output conditions)



Scales and constants

K1 and K2 for carbonic acid*

KB for boric acid*

Kw for water

KSO4 for bisulphate ion*

KF for hydrogen fluoride

KP1, KP2, KP3 for phosphoric acid

Ksi for silicic acid

Solubility products Ksp(calcite), Ksp (aragonite) and KO
(CO2 in seawater)

* Requires operator choice



Choosing equilibrium constants

The important constraint is that the pH and the pKs are on the same scale.

T#robugh comparisons with field data it is presently considered that these are
the best:

- Lueker et al (Mehrbach et al. (1973) fitted to total hydrogen ion scale
valid for S: 19-43and T:2-35C,

- Mehrbach 1973 refitted by Dickson and Millero, 1987

- Cai and Wang (1998) suitable for estuarine waters

- Millero at al (2006) suitable for extreme T and S (0-50)

- Millero (2010), applicable over wider ranges of S(1-50) and T (0-50 C).
- the sulphate constant from Dickson (1990)

- the parameterization of borate from Uppstrom (1974)



Output (for both “input” and “output” conditions):

* - The other three (3) CO2 parameters.
- Contributions to the alkalinity.

e - Carbonate speciation.

* - Degree of saturation for calcite and for aragonite.
* - Revelle Factor

* The last four (4) are referred to as “Auxiliary Data” in the macro.



How to Run the Macro

1. Open the file in Excel...
a. Remember to enable macros.

b. If Excel doesn’t give you the choice, go to “Tools Macros Security...” and select “medium”. Close
the file and re-open it.

2. In Sheet “INFO”:

You can select which section of the program you want information on by selecting the appropriate
option from the left column. The information will be listed in the text box in the middle of the page.

3. In Sheet “INPUT”:

a. Select the set of CO2 constants you want to use for the calculations
b. Select the KHSO4

c. Select the pH scale of your data.

d. Select the Total Boron formulation to use.



pCO, calculation from A; and pH;25°C

b 4

E - - CO25ys v2.1_Acidit_luglio [modalita compatibilita] - Excel ? EH - x
® C O 2 SYS FILE HOME INSERISCI LAYOUT DI PAGINA FORMULE DATI REVISIONE VISUALIZZA Faxit PDF Lidia Urbini -

&D ;; i Comic Sans MS - A‘ ,a,v == = 5’/" E{"Tﬁtﬂa capo Generale - L_";J L_‘,:'.b EED E)‘ iil ) %Y H

Incolla " G € S - Py . -& - === &= Unisci e allinea al centro = &= « 95 000 ‘,_du _,,DB Form.at?tazione Formatta come  Stili Insensci Elimina Formato . Or.dina e Tro.\ra e

- condizionale = tabella~ cella~ - - A — filtra = seleziona -~
Appunti e Carattere P Allineamento P Mumeri [P Stili Celle Modifica -~

Outputs

A3 - fe || salinity v

Al AM AN AC AP AQY AR AS AT AU AV AW AX AY AZ BA BB B BD BE B
T ]
2 [|RESULTS (Output Conditions) i

+e0) out P (dbars) oH out fCO2 out  pCOZ out  HCO3 out €3 out COZ gut B Alk gut OH out P Alkout  Si Alk gut Revelle out | Caout | A out *C02 out (dry SubFlag
1 out (natm) (watm)  (umol/kgSW) (umol/kgSW)  (umal/kgSW) (umol/kgSW) (umal/kgSW) | (umol/kgSW) (umol/kgSW) at L atm) (ppm)
4 || 27264 00 8.081 4247 4260 20349 292.3 11.3 110.2 90 0.0 00 2.103 7.00 4,65 4415 | |
B : 23737 10.0 8.060 4417 4431 2060.0 2683 128 1060 65 0.0 00 9,545 6.06 399 4560 :
6 ] 224920 200 8.068 4332 4346 2076.4 2665 129 049 59 0.0 00 9.627 5,96 392 4463 ]
7 0 15.870 300 8079 4184 4199 2135.8 2115 150 92.2 32 01 01 10.645 492 317 4273 I
g ] 28,362 00 8,095 4089 4102 20067 3062 107 1136 10.2 0.0 00 8,894 TaT 492 4261 ]
9 ] 24328 10.0 8.045 455 .4 4569 2050.8 266.2 129 1049 6.6 0.0 00 9.530 599 3.96 4707 ]
10 0 20432 200 8.068 4300 4314 20819 2374 135 100.2 49 01 0.1 9,940 Bh3 361 4417 I
11 ] 12.610 350 8.070 4204 4310 2198.9 188.2 70 83.8 2.3 01 0.2 11429 437 2.80 437.2 ]
12 0 20,337 00 8.109 3948 3960 19837 3149 10.1 1133 1.2 0.0 00 8.798 768 B13 4123 I
13 ] 230565 10.0 8.084 4155 416.8 20497 2697 123 1049 6.3 0.0 00 9.540 6.13 403 4285 ]
14 0 18.277 200 8.067 434.2 4367 21275 2238 145 964 40 0.0 01 10,340 521 338 4447 I
15 ] 12 410 360 8.046 4617 4636 22373 1795 185 785 2.1 0.0 0.3 11.823 417 2.67 4700 ]
16 0 29,008 00 8.101 4031 4043 1995.6 3111 104 1133 10.8 0.0 00 8.843 7.54 504 4207 I
17 ] 21.693 10.0 8.106 3920 3833 2046.9 260.8 120 106 .8 59 01 00 2510 6.13 401 4034 ]
18 0 16.873 200 8.097 398.8 400.2 2110.8 22b0 139 97.0 37 01 01 10.279 b.24 339 407 .8 I
1a i 13,067 300 7.993 536.0 5380 22908 1668 210 729 20 0.2 0.3 12 429 388 249 5459 i -
INFO | INPUT | DATA ) 1 3

PRONTO B M -——+—+ 75%
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