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The	  rapid	  increase	  in	  atmospheric	  carbon	  dioxide	  (CO2)	  over	  the	  last	  250	  

years	  has	  led	  to	  the	  absorption	  of	  approximately	  550	  billion	  tons	  of	  anthropogenic	  

CO2	  by	  the	  global	  ocean.	  This	  oceanic	  uptake	  of	  CO2	  has	  resulted	  in	  decreasing	  pH	  

and	  alterations	  to	  carbonate	  chemistry,	  threatening	  many	  ecologically	  and	  

economically	  important	  marine	  species.	  	  The	  majority	  of	  biological	  production	  takes	  

place	  on	  highly	  dynamic	  coastal	  margins,	  which	  require	  instrumentation	  capable	  of	  

high-‐frequency	  measurements.	  In	  practice,	  measurements	  of	  sufficient	  resolution	  

often	  do	  not	  include	  all	  required	  analytical	  parameters	  necessary	  to	  constrain	  the	  

carbonate	  chemistry	  in	  order	  to	  investigate	  biogeochemical	  processes	  relevant	  to	  

ocean	  acidification.	  

This	  report	  provides	  a	  proof-‐of-‐concept	  for	  the	  development	  of	  an	  

instrument	  designed	  to	  make	  autonomous	  measurements	  of	  the	  partial	  pressure	  of	  

CO2	  (PCO2)	  and	  total	  CO2	  (TCO2)	  in	  a	  continuous	  sample	  stream	  at	  high	  frequency,	  

based	  on	  combination	  of	  two	  existing	  measurement	  techniques.	  The	  objective	  is	  to	  

provide	  measurements	  sufficient	  to	  constrain	  the	  carbonate	  chemistry	  in	  ocean	  

waters	  while	  capturing	  the	  variability	  seen	  over	  short	  timescales	  in	  estuaries	  and	  on	  

coastal	  margins.	  	  By	  constraining	  the	  carbonate	  chemistry	  and	  performing	  real	  time	  

calculations	  of	  the	  saturation	  state	  of	  calcium	  carbonate	  and	  other	  carbonate	  

parameters,	  this	  instrument	  can	  be	  utilized	  as	  a	  monitoring	  tool	  for	  fisheries	  in	  need	  

of	  high	  resolution	  time	  series	  carbonate	  data.	  	  	  

	   In	  our	  combined	  system,	  PCO2	  is	  determined	  by	  measuring	  the	  infrared	  

absorbance	  due	  to	  CO2	  in	  the	  re-‐circulated	  gaseous	  headspace	  of	  a	  shower-‐type	  

equilibrator.	  For	  TCO2	  analysis,	  a	  low-‐flowing	  seawater	  sample	  stream	  is	  acidified	  

and	  passed	  through	  a	  microporous	  membrane	  contactor.	  The	  evolved	  CO2	  diffuses	  



into	  a	  high-‐flowing	  CO2-‐free	  strip-‐gas	  stream	  and	  is	  measured	  by	  infrared	  

absorbance	  in	  the	  same	  manner	  as	  the	  PCO2	  method.	  	  

	   The	  results	  of	  laboratory	  testing	  indicated	  the	  instrument	  is	  able	  to	  resolve	  

TCO2	  changes	  with	  0.5%	  precision.	  The	  system	  responds	  to	  changes	  in	  TCO2	  with	  a	  

time	  constant	  of	  12	  seconds.	  	  TCO2	  analysis	  of	  gravimetrically	  prepared	  liquid	  

carbonate	  standards	  and	  discrete	  field	  samples	  that	  were	  cross-‐analyzed	  at	  the	  

Hales	  lab	  at	  Oregon	  State	  University	  indicated	  the	  internal	  accuracy	  of	  the	  system	  is	  

better	  than	  1%.	  PCO2	  measurements	  made	  with	  the	  combined	  PCO2/TCO2	  system	  

were	  within	  3.5%	  of	  measurements	  made	  on	  synchronously-‐collected	  discrete	  

samples	  preserved	  with	  HgCl2	  and	  subsequently	  analyzed	  in	  the	  Hales	  lab.	  However,	  

absolute	  accuracy	  has	  yet	  to	  be	  validated	  for	  both	  PCO2	  and	  TCO2	  measurements.	  	  

	   Field	  observations	  carried	  out	  at	  Whiskey	  Creek	  Shellfish	  Hatchery	  at	  Netarts	  

Bay	  on	  the	  Oregon	  coast	  illustrate	  the	  instrument’s	  ability	  to	  capture	  the	  high	  

variability	  seen	  in	  the	  bay.	  The	  maximum	  rates	  of	  change	  seen	  in	  carbonate	  

conditions	  were	  123µM	  hr-‐1	  for	  TCO2	  and	  103µatm	  hr-‐1	  for	  PCO2,	  corresponding	  to	  

environmental	  changes	  of	  2.4oC	  hr-‐1	  in	  temperature,	  and	  2.6	  psu	  hr-‐1	  in	  salinity.	  Our	  

interpolation	  method	  developed	  to	  model	  alkalinity	  between	  synchronized	  TCO2	  

and	  PCO2	  measurements	  predicts	  the	  saturation	  of	  calcium	  carbonate	  minerals	  with	  

an	  internal	  precision	  of	  1.6%.	  The	  error	  of	  the	  resultant	  high-‐resolution	  time	  series	  

of	  calcium	  carbonate	  saturation	  is	  estimated	  to	  be	  less	  than	  3.6%.	  	  I	  conclude	  that	  

this	  instrument	  is	  capable	  of	  producing	  quality	  time	  series	  of	  carbonate	  data	  at	  

sufficient	  resolution	  to	  be	  a	  powerful	  tool	  for	  coastal	  biogeochemical	  research	  and	  

deepening	  our	  understanding	  of	  the	  impacts	  of	  ocean	  acidification.	  	  	  

	   	  



ACKNOLEDGEMENTS	  
	  

I	  would	  like	  to	  thank	  Burke	  Hales	  for	  the	  guidance	  and	  support	  he	  has	  

provided	  throughout	  my	  graduate	  studies	  and	  research	  while	  at	  OSU.	  	  Burke’s	  

critical	  eye	  for	  detail	  and	  honesty	  contributed	  greatly	  to	  my	  development	  and	  

progress	  in	  the	  rigors	  of	  science.	  I	  deeply	  appreciate	  his	  patience	  and	  understanding	  

during	  life’s	  trials	  and	  push	  to	  stay	  on	  track	  in	  order	  to	  not	  lose	  grasp	  on	  my	  goals.	  	  

I	  would	  like	  to	  thank	  George	  Waldbusser	  for	  his	  insights,	  advice	  and	  

friendship.	  His	  enthusiasm	  for	  science	  and	  ability	  to	  communicate	  are	  contagious	  

and	  inspiring.	  He	  has	  helped	  me	  learn	  how	  to	  ask	  the	  right	  questions	  and	  explore	  

different	  angles.	  His	  hospitality	  made	  entering	  OSU	  a	  warm	  and	  welcoming	  

experience.	  

I	  would	  also	  like	  to	  thank	  Ed	  Dever	  for	  being	  a	  member	  of	  my	  advising	  

committee	  and	  helping	  me	  re-‐evaluate	  my	  personal	  goals	  and	  the	  appropriate	  paths	  

to	  reach	  them.	  	  

I	  would	  like	  to	  give	  special	  thanks	  to	  Sue	  Cud	  and	  Mark	  Wiegardt	  for	  their	  

hospitality	  and	  generosity.	  They	  provided	  endless	  help	  and	  support	  to	  my	  research	  

with	  their	  facility	  and	  resources	  at	  Whiskey	  Creek	  Shellfish	  Hatchery.	  The	  gave	  me	  a	  

place	  to	  stay	  and	  wonderful	  food,	  making	  me	  forget	  the	  countless	  miles	  I	  spent	  

driving	  to	  the	  coast.	  	  

Thank	  you	  to	  Dale	  Hubbard	  for	  giving	  me	  so	  many	  of	  the	  skills	  necessary	  to	  

complete	  my	  fieldwork	  and	  instrument	  development.	  He	  has	  been	  gracious	  and	  

helpful	  at	  every	  step	  along	  the	  way.	  I	  enjoyed	  sharing	  our	  interests	  in	  guitars	  and	  

surf.	  	  	  

Thank	  you	  to	  Joe	  Jennings	  for	  patiently	  showing	  me	  where	  I	  could	  find	  

anything	  I	  needed	  in	  the	  lab	  or	  on	  the	  ship	  and	  for	  teaching	  me	  how	  to	  run	  

instruments	  and	  setup	  shipboard	  operations.	  He	  helped	  me	  get	  my	  sea	  legs.	  	  

Thank	  you	  to	  Fred	  Prahl	  for	  his	  great	  sense	  of	  humor,	  openness	  and	  

enthusiasm.	  I	  always	  appreciated	  his	  plethora	  of	  anecdotes	  for	  every	  occasion.	  I	  

especially	  appreciated	  his	  help	  and	  thoughtfulness	  during	  struggling	  moments.	  	  	  



Thank	  you	  to	  my	  professors	  and	  fellow	  students	  for	  fostering	  my	  passion	  for	  

science	  while	  reminding	  me	  to	  have	  fun.	  Thank	  you	  to	  Lori	  Hartline	  and	  Robert	  

Allan	  for	  always	  making	  me	  feel	  welcome	  and	  supported	  at	  CEOAS.	  	  

Finally	  thank	  you	  to	  my	  family	  and	  friends	  for	  all	  their	  love	  and	  support.	  I	  

could	  not	  have	  made	  it	  here	  without	  it.	  They	  have	  kept	  me	  from	  feeling	  discouraged	  

and	  gave	  me	  the	  confidence	  to	  never	  stop	  pursuing	  my	  dreams.	  



	  
	  
	  
	  

Proof-‐of-‐Concept:	  Automated	  high-‐frequency	  measurements	  of	  PCO2	  and	  TCO2	  	  
	  

and	  real-‐time	  monitoring	  of	  the	  saturation	  state	  of	  calcium	  carbonate	  
	  
	  
	  
	  
By	  
	  

Jesse	  M.	  Vance	  
	  
	  
	  
	  
	  
	  
	  

A	  Technical	  Report	  
	  

Submitted	  to	  	  
	  

Oregon	  State	  University	  
	  
	  
	  
	  
	  

In	  partial	  fulfillment	  of	  	  

the	  requirements	  for	  the	  	  

degree	  of	  	  

Master	  of	  Science	  

	  

	  

	  

	  

Presented	  June	  14,	  2012	  

Commencement	  June	  2012	   	  



TABLE	  OF	  CONTENTS	  
Page	  

1.	  Introduction………………………………………………………………………………….……………...….1	  
1.1	  Topic	  and	  Relevance………………………..................................................................................1	  	  
1.2	  Carbonate	  Chemistry……………………….................................................................................2	  
1.3	  Analytical	  Methods……………………….....................................................................................3	  
1.4	  Project	  Objectives……………………………………………………..……………………………….4	  	  

2.	  Methods………………………………..…………………………………………………………………….……4	  
2.1	  Principle	  of	  Methods..…………………………………...…………………………………………...4	  

2.1.1	  PCO2	  Analysis……………………………………..………………...………………….………..4	  
2.1.2	  TCO2	  Analysis………………………………..……………………………………………….….5	  

2.2	  Instrument	  Design…………………………………………………………………….………………5	  
2.2.1	  System	  Description…………………………………………………………….…………..…5	  
2.2.2	  Software………………………………………………………………………………………...…9	  

2.3	  Calibration	  Procedures……………………………………………………………………………14	  
2.3.1	  Reagents.………………………………………	  ……………………………………..…………14	  
2.3.2	  Methods……………………………………………………………………………………….…14	  

2.4	  Sampling	  Method………………………………………………………………………………….…15	  
2.4.1	  Lab	  Tests………………………………………………………………………………………...15	  
2.4.2	  Field	  Tests………………………………………………………………………………………16	  

2.5	  Field	  Deployment……………………………………………………………………………….……16	  
2.5.1	  Setting	  ………………………………………………………………………………….………...16	  
2.5.2	  Automated	  operation………………………………………………………………………18	  

2.6	  Maintenance…………………………………………………………………………………...………18	  
2.6.1	  Reagent	  Usage………………………………………………………………..................……18	  
2.6.2	  Cleaning	  Procedures……………………………………………………………………..…18	  

2.7	  Data	  Analysis…………………………………………………………………………………………..19	  
2.7.1	  Data	  Processing……………………………………………………………………………….19	  
2.7.2	  Generating	  Carbonate	  Time	  Series……………………...………………….………...20	  

3.	  Results	  &	  Discussion……………………………………………………………………………………….23	  
3.1	  Response	  Time………………………………………………………………………………………..23	  
3.2	  System	  Stability	  and	  Precision…………………………………………………………………24	  
3.3	  Validation.………………………………………………………………………………………………28	  
3.4	  Discrete	  Sample	  Mode……………………………………………………………………………..33	  

3.4.1	  PCO2	  mode……………………………………………………………………………….…..…33	  
3.4.2	  TCO2	  mode……………………………………………………………………………….……..34	  

3.5	  Field	  Data………………………………………………………………………………………….…….34	  
3.5.1	  Real	  Time	  ……………………………………………………………………………………….34	  
3.5.2	  Processed	  data………………………………………………………………………...….…..36	  

3.6	  Interpolation	  Model………………………………………………………………………...….…...40	  



	  
4.	  Conclusion…………………………………………………………………………………………………...…46	  
References…………………………………………………………………………………………………………48	  
Appendices………………………………………………………………………………………………………..50	  
	   Appendix	  A……………………………………………………………………………………………..51	  
	   Appendix	  B……………………………………………………………………………………………..52	  
	   Appendix	  C…….………………………………………………………………………………………..53	  
	   Appendix	  D……………………………………………………………………………………………..54	  
	   Appendix	  E…….………………………………………………………………………………………..55	  
	   Appendix	  F…….………………………………………………………………………………………..56	  
	   Appendix	  G…….………………………………………………………………………………………..57	  
	   Appendix	  H……………………………………………………………………………………………..59	  
	   Appendix	  I………………………………………………………………………..……………………..60	  
	   Appendix	  J….….………………………………………………………………………………………..61	  

Appendix	  K…….………………………………………………………………………………………..62	  
	  
	   	  



LIST	  OF	  FIGURES	  
	  

Figure	  	   	   	   	   	   	   	   	   	   	   Page	  
1.	   Schematic	  of	  gas	  and	  liquid	  flow	  during	  operations	  of	  combined	  

	  PCO2/TCO2	  system………………………………………...….…..……………….	  	   6	  
2.	   Illustration	  of	  hardware	  interface.…………………………………...….…..	  	   9	  
3.	   Flowchart	  of	  automate	  system	  operation	  scheme…………………….	  	   10	  
4.	   Flowchart	  of	  software	  scheme	  for	  real-‐time	  calculation	  of	  
	  	   saturation	  state	  of	  calcium	  carbonate.……………………………………..	  	   13	  
5.	   Geographic	  location	  of	  field	  site.……………………………………………...	   17	  
6.	   Flowchart	  of	  data	  processing	  methods	  to	  construct	  times	  series	  	  

of	  carbonate	  data	  from	  continuous	  PCO2/TCO2	  measurements…	  	   22	  
7.	   System	  response	  time	  for	  TCO2	  measurements………………………..	  	   24	  
8.	   Gas	  calibration	  curve	  for	  response	  of	  infrared	  detector……………	  	   25	  
9.	   Liquid	  calibration	  cure	  for	  TCO2	  measurements………………………	  	   25	  
10.	   Test	  of	  system	  stability	  TCO2	  operational	  mode….……………………	  	   26	  
11.	   System	  repeatability	  of	  gas	  measurements……………………………….	   27	  
12.	   System	  repeatability	  of	  liquid	  measurements……………………………	   27	  
13.	   Continuous	  PCO2	  measurements	  synchronized	  with	  	  

measurements	  of	  discrete	  samples…………………………………………...	   29	  
14.	   TCO2	  analysis	  of	  gravimetrically	  prepared	  carbonate	  samples…...	   30	  
15.	   Comparison	  of	  WCH	  and	  OSU	  TCO2	  sample	  measurements………..	   32	   	  
16.	   Error	  bias	  in	  OSU	  TCO2	  sample	  measurements………………………….	   32	  
17.	   Raw	  data	  during	  calibration	  sequence	  with	  averaged	  values	  used	  	  

for	  linear	  regression………………………………………………………………….	   35	  
18.	   Raw	  data	  during	  standard	  combined	  PCO2/TCO2	  operation…………	   35	  
19.	   Real-‐time	  aragonite	  saturation	  data……………………………………………	   36	  
20.	   Extraction	  of	  PCO2	  mode	  data……………………………………………………..	   37	  
21.	   Extraction	  of	  TCO2	  mode	  data……………………………………………………..	   38	  
22.	   Time	  series	  of	  continuous	  PCO2/TCO2	  measurements	  at	  	  

Netarts	  Bay,	  OR	  from	  5/19-‐23/12…………………………………..…………..	   39	  
23.	   Linear	  model	  of	  alkalinity-‐salinity	  relationship	  based	  on	  single	  	  

regression…………………………………………………………………………………..	   40	  
24.	   Schematic	  of	  interpolation	  model	  for	  alkalinity	  data…………………….	   41	  
25.	   Predictive	  power	  of	  a	  single	  linear	  regression	  of	  alkalinity	  and	  	  

salinity	  data	  within	  a	  6-‐hour	  window……………………………………………	   42	  
26.	   Goodness	  of	  fit	  for	  single	  linear	  regression	  alkalinity	  model…………..	   43	  
27.	   Goodness	  of	  fit	  for	  recursive	  regression	  alkalinity	  model……………….	   43	  
28.	   Composite	  time	  series	  of	  saturation	  state	  of	  aragonite	  and	  calcite	  	  

with	  environmental	  data	  at	  Netarts	  Bay,	  OR	  from	  5/19-‐23/12……….	   45	  



	  
	  

LIST	  OF	  TABLES	  
	  
Table	   	   	   	   	   	   	   	   	   	   	   Page	  
1.	   PCO2	  validation.	  Discrete	  PCO2	  sample	  data	  from	  OSU	  analysis	  	  

with	  extracted	  synchronous	  continuous	  measurements	  made	  	  
at	  WCH	  in	  the	  field………………………………………………………………….…	   29	  

2.	   TCO2	  validation.	  Discrete	  TCO2	  sample	  data	  from	  OSU	  analysis	  	  
with	  extracted	  synchronous	  continuous	  measurements	  made	  	  
at	  WCH	  in	  the	  field…………………………………………………………………….	   31	  

3.	   Validation	  of	  PCO2	  discrete	  sampling	  mode………………………………...	   33	  	  	   	  
4.	   Validation	  of	  TCO2	  discrete	  sampling	  mode………………………………...	   34	  	  
5.	   Standard	  error	  of	  interpolation	  model	  for	  carbonate	  	  

parameters…………….……………………………………………………………..……	   46



1	  

1.	  Introduction	  

1.1	  	   Topic	  and	  Relevance	  	  

Ocean	  acidification,	  referred	  to	  as	  “the	  other	  CO2	  problem,”	  is	  the	  result	  of	  

oceanic	  uptake	  of	  anthropogenic	  carbon	  dioxide	  emissions	  [1].	  The	  ocean	  is	  a	  

substantial	  carbon	  reservoir,	  containing	  approximately	  38,000Gt	  ,	  and	  plays	  a	  

dominant	  role	  in	  regulating	  atmospheric	  CO2	  via	  gas	  exchange	  [2].	  During	  the	  last	  

250	  years	  (the	  Anthropocene)	  the	  amount	  of	  carbon	  dioxide	  in	  the	  atmosphere	  has	  

increased	  from	  approximately	  280	  parts	  per	  million	  by	  volume	  (ppmv)	  to	  394	  ppmv	  

due	  primarily	  to	  energy	  production	  and	  land-‐use	  practices,	  dramatically	  altering	  

Earth’s	  carbon	  reservoirs.	  	  [1].	  Fossil	  fuels	  are	  the	  product	  of	  prolonged	  

photosynthesis	  and	  burial	  of	  organic	  matter	  over	  geologic	  timescales.	  By	  extracting	  

and	  combusting	  this	  carbon	  over	  short	  time	  scales,	  we	  have	  effectively	  added	  this	  as	  

“new”	  inorganic	  carbon	  to	  the	  atmosphere.	  	  

The	  carbon	  cycle	  is	  critical	  to	  Earth’s	  long-‐term	  climatic	  stability	  [3].	  

Antarctic	  ice	  cores	  have	  shown	  that	  atmospheric	  CO2	  has	  varied	  between	  180-‐300	  

ppmv	  over	  glacial/inter-‐glacial	  cycles	  [4].	  However,	  at	  no	  point	  in	  the	  last	  800,000	  

years	  has	  atmospheric	  CO2	  been	  greater	  than	  that	  until	  recently.	  Furthermore,	  the	  

concentration	  of	  atmospheric	  CO2	  is	  rising	  more	  than	  100	  times	  faster	  than	  at	  any	  

point	  in	  the	  last	  650,000	  years	  [2].	  	  

Large-‐scale	  studies	  have	  shown	  that	  the	  ocean	  has	  absorbed	  550	  billion	  tons	  

of	  anthropogenic	  CO2	  [5].	  This	  absorption	  of	  CO2	  results	  in	  the	  lowering	  of	  seawater	  

pH,	  which	  has	  been	  well	  documented	  by	  time	  series	  data	  [2].	  Ocean	  stations	  ALOHA	  

and	  HOT	  have	  shown	  a	  rise	  in	  surface	  ocean	  PCO2	  and	  concomitant	  decrease	  in	  pH	  

over	  the	  past	  20	  years	  consistent	  with	  rising	  atmospheric	  CO2	  [1].	  In	  recent	  years	  

the	  effects	  of	  ocean	  acidification	  on	  marine	  biota	  have	  increased	  concern.	  	  

Ocean	  acidification	  may	  have	  profound	  impacts	  on	  a	  variety	  of	  ecosystems.	  	  

Elevated	  CO2	  and	  the	  low	  mineral	  stability	  associated	  with	  it	  have	  already	  been	  

shown	  to	  severely	  impact	  early	  development	  and	  larval	  performance	  of	  Crassostrea	  

gigas,	  an	  oyster	  species	  that	  is	  essential	  to	  the	  US	  West	  Coast	  shellfish	  industry	  [6,	  

7].	  Coastal	  margins,	  particularly	  estuaries,	  are	  highly	  dynamic	  and	  require	  high-‐

frequency	  measurements	  in	  order	  develop	  our	  understanding	  of	  the	  physical	  and	  
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biological	  processes	  that	  drive	  variability.	  Two	  analytical	  parameters	  must	  be	  

measured	  to	  constrain	  the	  carbonate	  chemistry.	  	  

1.2	  	   Carbonate	  Chemistry	  

Atmospheric	  carbon	  dioxide	  is	  equilibrated	  with	  the	  surface	  ocean	  by	  air-‐sea	  

gas	  exchange	  over	  the	  timescale	  of	  a	  year	  [8].	  	  CO2	  is	  unique	  from	  other	  major	  

atmospheric	  gases	  in	  that	  it	  reacts	  with	  the	  water	  molecules	  [9].	  When	  CO2	  is	  

dissolved	  in	  seawater	  it	  reacts	  to	  form	  carbonic	  acid,	  which	  dissociates	  into	  

bicarbonate	  (HCO3-‐)	  and	  carbonate	  (CO32-‐)	  ions,	  releasing	  hydrogen	  ions	  (H+).	  These	  

reactions	  are	  summarized	  in	  Equation	  1.	  	  

CO2	  (g)	  ↔	  	  CO2	  (aq)	  +	  H2O	  	  ↔	  	  H2CO3	  	  ↔	  	  HCO3-‐	  +	  H+	  	  ↔	  	  CO32-‐	  +H+	  	  	   (1)	  

Total	  CO2	  (TCO2)	  is	  defined	  as	  the	  sum	  of	  the	  concentrations	  of	  these	  carbonate	  

species.	  	  

	   TCO2	  =	  [CO2*]	  +	  [HCO3-‐]	  +	  [CO32-‐]	   	   	   	   (2)	  

where	  CO2*	  is	  the	  combined	  aqueous	  CO2	  and	  H2CO3	  which	  are	  virtually	  

indistinguishable	  analytically.	  The	  production	  of	  hydrogen	  ions	  lowers	  pH,	  which	  is	  

defined	  as	  the	  negative	  log	  of	  the	  activity	  or	  concentration,	  depending	  on	  scale,	  of	  

hydrogen	  ions.	  

	   	   	   	   	   pH	  =	  -‐log{H+}	  	   	   	   	   (3)	  

At	  lower	  pH	  the	  equilibrium	  shifts	  to	  reduce	  the	  proportion	  of	  carbonate	  ion.	  	  

Carbonate	  availability	  is	  critical	  to	  calcifying	  organism,	  which	  form	  skeletal	  

structures	  of	  calcium	  carbonate	  written	  as	  

	  	  	  	  	  	  Ca2+	  +	  CO32-‐	  ↔	  	  CaCO3	   	   	   	   (4)	  

	  The	  saturation	  state,	  Ω,	  describes	  the	  thermodynamic	  favorability	  for	  calcium	  

carbonate	  precipitation.	  	  

	  	  	  	  	  	  	  Ω=[Ca2+][CO32-‐]/Ksp	   	   	   	   (5)	  

where	  Ksp	  is	  a	  the	  temperature,	  salinity	  and	  pressure-‐dependent	  solubility	  product	  

for	  calcium	  carbonate.	  When	  omega	  is	  greater	  than	  one,	  precipitation	  is	  favored;	  

whereas	  dissolution	  is	  favored	  when	  omega	  is	  below	  one.	  As	  CO2	  is	  dissolved	  into	  

seawater	  it	  favors	  calcium	  carbonate	  dissolution	  via	  the	  reaction	  

	   	   	   	   CaCO3	  +	  CO2	  +	  H2O	  ↔	  	  2HCO32-‐	  +	  Ca2+	   	   (6)	  
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1.3	   	  Analytical	  Methods	  

The	  concentrations	  of	  the	  inorganic	  carbon	  species	  and	  the	  saturation	  state	  

of	  calcium	  carbonate	  cannot	  be	  measured	  directly	  but	  rather	  can	  be	  calculated	  if	  any	  

two	  of	  the	  analytical	  parameters	  PCO2,	  TCO2,	  Total	  Alkalinity	  or	  pH	  are	  measured.	  	  

	   Total	  alkalinity	  (TA)	  and	  pH	  offer	  the	  most	  economic	  approaches	  to	  

measuring	  carbonate	  chemistry;	  however,	  these	  two	  parameters	  are	  not	  the	  best	  

choices	  for	  accurate	  constraint	  of	  the	  carbonate	  system.	  TA	  is	  generally	  defined	  as	  

the	  number	  of	  moles	  of	  hydrogen	  ion	  equivalent	  to	  the	  excess	  of	  proton	  acceptors.	  It	  

can	  be	  described	  as	  the	  acid-‐neutralizing	  capacity.	  	  In	  practice,	  this	  is	  not	  well	  

defined.	  It	  can	  be	  written	  as	  a	  charge	  balance	  

TA	  =	  [HCO3-‐]	  +	  2[CO32-‐]	  +	  [B(OH)4-‐]	  +	  [OH-‐]	  +	  [HPO42-‐]	  +	  2[PO43-‐]	  +	  	   (7)	  

[SiO(OH)3-‐]	  +	  [NH3]	  +	  [HS-‐]	  –	  [H+]	  –	  [HSO4-‐]	  –	  [HF]	  –	  [H3PO4]	  	  

	  The	  contributions	  of	  bicarbonate,	  carbonate,	  borate	  and	  hydroxide	  ion	  

concentrations	  account	  for	  99%	  of	  TA.	  pH,	  as	  defined	  above,	  is	  difficult	  to	  accurately	  

measure	  in	  seawater	  and	  is	  expressed	  on	  four	  different	  scales.	  The	  free	  hydrogen	  

scale	  takes	  into	  account	  only	  the	  hydrogen	  ion.	  The	  total	  hydrogen	  scale	  includes	  

sulfate.	  The	  seawater	  scale	  includes	  both	  sulfate	  and	  hydrogen	  fluoride.	  The	  NBS	  

scale	  is	  calibrated	  to	  buffer	  solutions	  of	  accepted	  standard	  values.	  	  

	   PCO2	  is	  the	  partial	  pressure	  of	  CO2	  in	  a	  gaseous	  headspace	  that	  is	  in	  

equilibrium	  with	  the	  water.	  This	  is	  related	  to	  the	  dissolved	  aqueous	  CO2	  by	  Henry’s	  

Law	  as	  shown	  in	  Equation	  8.	  	  

	   	   	   	   PCO2	  =	  [CO2*]/KH	   	   	   	   	   (8)	  

KH	  is	  the	  Henry’s	  law	  constant	  for	  CO2	  and	  is	  dependent	  on	  temperature,	  salinity	  and	  

pressure.	  This	  parameter	  is	  analytically	  easy	  to	  measure	  and	  the	  equations	  that	  

govern	  it	  are	  well	  defined.	  	  

	   TCO2	  is	  clearly	  defined,	  as	  shown	  above.	  This	  parameter	  can	  be	  directly	  

measured	  by	  coulometry,	  gas	  chromatography	  or	  infrared	  detection.	  	  In	  each	  

method	  the	  seawater	  is	  acidified	  and	  the	  evolved	  CO2	  gas	  is	  measured.	  	  

	   TCO2	  and	  PCO2	  are	  the	  parameters	  of	  choice	  in	  constraining	  the	  carbonate	  

system	  because	  of	  their	  well-‐established	  definitions	  and	  precise	  analytical	  methods.	  

Both	  parameters	  have	  been	  measured	  at	  high	  frequency	  with	  a	  non-‐dispersive	  
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infrared	  (NDIR)	  detector.	  PCO2	  measurements	  have	  been	  made	  using	  various	  

shower-‐type	  equilibrators	  [10-‐12].	  Bandstra	  and	  Hales	  developed	  a	  method	  for	  

high-‐frequency	  measurement	  of	  TCO2	  using	  a	  commercially	  available	  microporous	  

membrane	  contactor	  and	  NDIR	  detector	  [13].	  	  

1.4	  	   Project	  Objectives	   	  

	   I	  have	  built	  an	  automated	  system	  to	  measure	  the	  PCO2	  and	  TCO2	  in	  a	  

continuous	  sample	  stream	  at	  high	  frequency	  based	  on	  previously	  developed	  

methods.	  This	  instrument	  has	  the	  capability	  of	  constraining	  the	  carbonate	  chemistry	  

via	  real	  time	  calculations	  of	  saturation	  state	  of	  calcium	  carbonate	  and	  other	  

carbonate	  parameters.	  The	  sampling	  rate	  is	  1Hz,	  providing	  the	  ability	  to	  resolve	  the	  

high	  variability	  over	  short	  timescales	  seen	  in	  estuaries	  and	  on	  coastal	  margins.	  In	  

addition	  to	  measuring	  a	  continuously	  flowing	  sample	  stream,	  the	  system	  has	  the	  

capability	  of	  measuring	  discrete	  samples.	  This	  instrument	  also	  serves	  as	  a	  tool	  for	  

real-‐time	  monitoring	  of	  seawater	  quality	  that	  can	  be	  used	  for	  economically	  relevant	  

fisheries.	  	  

	   Here	  I	  provide	  a	  proof-‐of-‐concept	  for	  the	  nearly	  simultaneous	  measurements	  

of	  PCO2	  and	  TCO2	  using	  an	  automated	  system	  to	  generate	  a	  high-‐resolution	  time	  

series	  of	  carbonate	  chemistry	  data.	  We	  describe	  the	  analytical	  methods,	  instrument	  

design,	  software	  programing	  and	  numerical	  methods	  for	  data	  analysis.	  We	  present	  

operational	  lab	  test	  results	  and	  field	  data	  collected	  in	  Netarts	  Bay,	  Oregon	  in	  2012.	  	  

	  

2.	  Methods	  

2.1	  	   Principle	  of	  Methods	  

2.1.1	  PCO2	  Analysis	  

Continuous	  measurement	  of	  PCO2	  of	  seawater	  relies	  on	  the	  rapid	  

equilibration	  between	  aqueous	  dissolved	  CO2	  in	  seawater	  and	  a	  gaseous	  headspace.	  	  

This	  is	  typically	  accomplished	  using	  a	  flow-‐through	  apparatus	  in	  which	  the	  flow	  of	  

water	  and	  air	  are	  tightly	  controlled	  through	  an	  equilibration	  chamber.	  The	  

residence	  time	  of	  the	  gas	  in	  the	  headspace	  of	  the	  chamber	  should	  be	  greater	  than	  

that	  of	  the	  water	  to	  ensure	  equilibration.	  We	  have	  constructed	  a	  “shower-‐type”	  

flow-‐through	  equilibrator	  similar	  to	  previous	  methods	  [11],	  adapting	  the	  
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membrane-‐equilibrator	  approach	  of	  Hales	  et	  al.	  [14].	  	  	  The	  air	  in	  the	  headspace	  is	  re-‐

circulated	  through	  the	  water	  in	  the	  equilibrator	  chamber	  and	  the	  CO2	  concentration	  

in	  the	  equilibrated	  air	  is	  detected	  by	  NDIR	  absorbance.	  

2.1.2	  TCO2	  Analysis	  

For	  continuous	  TCO2	  measurements	  we	  follow	  the	  method	  developed	  by	  

Bandstra	  et	  al.	  in	  the	  Hales	  lab	  at	  Oregon	  State	  University	  [13].	  In	  this	  approach	  a	  

low	  flow-‐rate	  stream	  of	  seawater	  is	  acidified,	  shifting	  the	  equilibrium	  from	  

carbonate	  and	  bicarbonate	  species	  to	  dissolved	  CO2.	  The	  CO2	  gas	  diffuses	  through	  a	  

microporous	  membrane	  contactor	  and	  is	  swept	  away	  by	  a	  high-‐flowing	  stream	  of	  

CO2-‐free	  carrier	  gas	  and	  is	  detected	  by	  NDIR	  [13].	  The	  mass	  balance	  across	  the	  

membrane	  contactor	  is	  

FLTCO2,in	  =	  FLTCO2,out	  +	  γFGXCO2,out	  	   	   	   	   (9)	  

where	  FL	  and	  FG	  are	  the	  liquid	  and	  gas	  flows	  respectively	  and	  γ	  is	  a	  unit-‐conversion	  

factor	  [13].	  The	  stripping	  efficiency,	  E	  is	  defined	  by	  the	  removal	  of	  TCO2	  from	  the	  

seawater	  in	  the	  stripper.	  	  

E	  =	  (FLTCO2,in	  –	  FLTCO2,out	  )/	  FLTCO2,in	   	   	   (10)	  

Taking	  the	  mass	  balance	  and	  the	  stripping	  efficiency	  it	  can	  be	  shown	  that	  the	  TCO2	  

is	  related	  to	  the	  gas	  and	  liquid	  flows,	  stripping	  efficiency	  and	  molar	  fraction	  of	  CO2	  

as	  shown.	  	  	  

TCO2,in	  =	  (FG/FL)	  (γXCO2,out/E)	   	   	   	   (11)	  

This	  indicates	  that	  if	  the	  gas	  and	  liquid	  flow	  rates	  are	  tightly	  controlled	  and	  the	  

stripping	  efficiency	  remains	  constant	  then	  the	  TCO2	  of	  the	  analyzed	  seawater	  is	  

directly	  proportional	  to	  the	  XCO2	  detected	  by	  NDIR.	  

	  

2.2	  	   Instrument	  Design	  

2.2.1	  System	  Description	  

We	  have	  designed	  an	  automated	  carbonate	  chemistry	  analyzer	  to	  monitor	  

the	  saturation	  of	  calcium	  carbonate	  in	  real	  time	  at	  high	  resolution	  in	  seawater	  by	  

measuring	  PCO2	  and	  TCO2	  to	  constrain	  the	  carbonate	  chemistry.	  	  Computer-‐operated	  

valves	  and	  pumps	  control	  the	  operational	  modes	  and	  calibration	  methods.	  	  The	  
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system	  has	  four	  modes	  of	  operation:	  PCO2	  only,	  TCO2	  only,	  combined	  PCO2/TCO2,	  and	  

a	  discrete	  sampling	  mode.	  Figure	  1	  shows	  the	  configuration	  of	  air	  and	  liquid	  flow	  

through	  the	  system	  during	  PCO2	  and	  TCO2	  operations.	  	  

	  

	  
Figure	   1.	   Schematic	   of	   air	   and	   liquid	   flows	   in	   combined	  PCO2/TCO2	   system.	   Dashed	   lines	  
show	  the	  gas	  flows	  for	  PCO2	  and	  TCO2	  analysis.	  	  

	  

The	  electronics	  and	  non-‐wetted	  components	  of	  the	  system	  are	  housed	  in	  an	  

enclosure	  constructed	  of	  acrylonitrile	  butadiene	  styrene	  (ABS)	  plastic	  (available	  at	  

www.digikey.com,	  #377-‐1793-‐ND).	  Electronic	  components	  were	  mounted	  on	  an	  

aluminum	  shelf	  inside	  the	  enclosure.	  The	  layout	  is	  shown	  in	  Appendix	  H.	  Watertight	  

connectors	  and	  water-‐resistant	  switches	  were	  used	  for	  environmental	  robustness.	  	  

During	  PCO2	  operation	  air	  is	  re-‐circulated	  through	  the	  equilibration	  chamber	  

by	  a	  Hargraves	  BTC	  diaphragm	  pump	  (available	  at	  www.hargravesfluidics.com,	  

#H022C-‐11).	  The	  gas	  flow	  rate	  is	  maintained	  at	  300ml/min	  by	  an	  Alicat	  MC	  model	  

mass	  flow	  controller	  (available	  at	  www.alicatscientific.com,	  #MC-‐1SLPM-‐

D/GAS:Air,5V,RIN,HC).	  During	  PCO2	  mode	  an	  8-‐port	  low-‐pressure	  VICI	  Cheminert	  2-‐

position	  valve	  (available	  at	  www.vici.com,	  #C22-‐6188EH)	  places	  the	  NDIR	  detector	  

into	  the	  recirculation	  loop	  so	  that	  the	  CO2	  content	  of	  the	  gaseous	  headspace	  is	  

continuously	  measured.	  We	  have	  elected	  to	  use	  a	  Li-‐Cor	  model	  840	  (available	  at	  

www.licor.com,	  #LI-‐840A).	  It	  is	  an	  absolute	  rather	  than	  differential	  detector	  with	  a	  
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single	  optical	  bench	  and	  does	  not	  require	  a	  continuous	  stream	  of	  CO2-‐free	  gas	  to	  a	  

reference	  cell.	  Immediately	  upstream	  of	  the	  LI-‐840	  is	  a	  1-‐µm	  

polytetrafluoroethylene	  (PTFE)	  filter	  to	  catch	  aerosols	  and	  water	  droplets.	  	  

The	  shower-‐type	  equilibrator	  was	  constructed	  out	  of	  polyvinyl	  chloride	  

(PVC)	  plastic,	  shown	  in	  Appendix	  AC.	  The	  chamber	  volume	  is	  1.2L	  with	  a	  raised	  

drain	  to	  maintain	  a	  standing	  water	  volume	  where	  the	  headspace	  is	  0.85L.	  The	  liquid	  

flow	  through	  the	  chamber	  is	  set	  to	  4	  LPM	  with	  a	  rotameter	  and	  gate	  valve.	  The	  

residence	  time	  of	  the	  water	  in	  the	  chamber	  is	  approximately	  13	  seconds.	  Gas	  

exchange	  is	  maximized	  for	  rapid	  equilibration.	  Incoming	  water	  is	  sprayed	  through	  a	  

fire	  sprinkler	  at	  the	  top	  of	  the	  chamber.	  Gas	  in	  the	  re-‐circulation	  loop	  returns	  

through	  perforated	  tubing	  submerged	  in	  the	  water	  inside	  the	  chamber.	  	  The	  

chamber	  is	  fitted	  with	  a	  platinum	  resistive	  temperature	  detector	  (RTD)	  probe	  

(available	  at	  www.minco.com,	  #S604PD75Y36T,	  #TT291PD1EG)	  and	  an	  Allsensors	  

differential	  pressure	  sensor	  (available	  at	  www.allsensors.com,	  #1PSI-‐D-‐4V)	  for	  

temperature	  and	  pressure	  corrections	  to	  the	  PCO2	  measurements.	  	  	  

	   During	  TCO2	  operation	  the	  liquid	  sample	  to	  be	  analyzed	  is	  selected	  for	  by	  a	  6-‐

port	  VICI	  Cheminert	  multi-‐position	  valve	  (available	  at	  www.vici.com,	  #EMHMA-‐CE,).	  

The	  analysis	  stream	  is	  driven	  by	  an	  FMI	  QV	  model	  metering	  pump	  fitted	  with	  an	  RH	  

pump	  head	  and	  ceramic	  piston	  (available	  at	  www.fmipump.com,	  #QVRH00).	  An	  FMI	  

V300	  stroke	  rate	  controller	  (available	  at	  www.fmipump.com,	  #V300),	  set	  by	  an	  

analog	  voltage	  signal,	  drives	  the	  pump	  motor	  to	  maintain	  a	  stable	  flow	  rate	  of	  

20ml/min.	  The	  flow	  is	  monitored	  by	  a	  MacMillan	  model	  101	  flowmeter	  (available	  at	  

www.mcmflow.com,	  #Model101-‐3-‐D-‐K-‐A4-‐Y).	  The	  sample	  stream	  is	  acidified	  by	  

10%	  hydrochloric	  acid,	  which	  is	  injected	  at	  a	  rate	  of	  0.1ml/min	  by	  a	  Watson-‐Marlow	  

model	  400F/B1	  peristaltic	  pump.	  Downstream	  of	  the	  pump	  is	  a	  mixing	  coil	  

constructed	  out	  of	  1	  m	  of	  natural	  peek	  tubing	  that	  has	  an	  outer	  diameter	  of	  1/16”	  

and	  an	  inner	  diameter	  of	  0.04”	  (available	  at	  www.vici.com,	  #TPK140-‐10F).	  	  The	  

analysis	  stream	  flows	  through	  the	  lumen	  side	  of	  a	  Liqui-‐Cel	  MiniModule	  membrane	  

contactor	  (available	  at	  www.liqui-‐cel.com,	  #MiniModule1x5.5).	  Downstream	  of	  the	  

membrane	  contactor	  the	  effluent	  is	  restricted	  by	  an	  additional	  1m	  coil	  of	  peek	  
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tubing	  to	  maintain	  approximately	  7psi	  of	  backpressure.	  	  	  

	   During	  TCO2	  operation	  the	  8-‐port,	  2-‐position	  valve	  selects	  the	  TCO2	  carrier	  

gas	  stream	  for	  analysis	  by	  the	  Li-‐840.	  The	  carrier	  gas	  stream	  is	  atmospheric	  air	  that	  

has	  been	  passed	  through	  a	  purifying	  column	  of	  soda	  lime	  that	  removes	  CO2	  from	  the	  

gas	  (available	  at	  www.drierite.com,	  #27068).	  A	  second	  Hargraves	  BTC	  diaphragm	  

pump	  drives	  TCO2	  gas	  flow.	  Gas	  flows	  on	  the	  shell	  side	  of	  the	  membrane	  contactor	  

countercurrent	  to	  the	  liquid	  flow.	  Shell	  side	  pressure	  is	  maintained	  at	  approximately	  

4psi	  with	  a	  relief	  valve,	  set	  to	  be	  lower	  than	  the	  lumen-‐side	  liquid	  pressure	  to	  

prevent	  bulk	  carrier	  gas	  transport	  across	  the	  membrane.	  	  This	  pressure	  is	  sufficient	  

to	  activate	  a	  second	  Alicat	  MC	  model	  mass	  flow	  controller	  that	  maintains	  a	  stable	  

gas	  flow	  at	  900ml/min.	  The	  carrier	  gas	  is	  vented	  downstream	  of	  the	  LI-‐840.	  In	  the	  

field,	  a	  Sea-‐Bird	  Electronics	  45	  MicroTSG	  (available	  at	  www.seabird.com,	  #45)	  is	  

used	  to	  measure	  the	  temperature	  and	  salinity	  of	  the	  seawater	  sample	  stream.	  	  

	   The	  NDIR	  detector,	  mass	  flow	  controllers,	  thermosalinograph,	  and	  valve	  

actuators	  are	  interfaced	  with	  RS-‐232	  for	  serial	  communications.	  Each	  of	  these	  

peripherals	  was	  wired	  to	  an	  FTDI	  Chip	  RS232	  to	  USB	  converter	  (available	  at	  

www.ftdichip.com,	  # USB-‐RS232-‐WE-‐1800-‐BT_5.0).	  	  The	  liquid	  flow	  sensor,	  

pressure	  sensor	  and	  rtd	  probe	  produce	  voltage	  signals	  and	  are	  all	  interfaced	  with	  a	  

National	  Instruments	  USB-‐6009	  multichannel	  data	  acquisition	  (DAQ)	  card	  (available	  

at	  www.ni.com,	  #USB-‐6009).	  	  The	  serial	  devices	  and	  DAQ	  card	  are	  connected	  to	  a	  7-‐

port	  Belkin	  USB	  hub	  (available	  at	  www.belkin.com,	  #F5U701-‐BLK),	  which	  is	  used	  to	  

interface	  to	  the	  controlling	  computer	  and	  software.	  	  
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Figure	  2.	  Illustration	  of	  
control	   and	   data	  
interfaces.	   The	   valves,	  
MFCs,	   TSG	   and	   LI-‐
840A	   are	   interfaced	  
with	   serial	   to	   USB	  
converters.	   A	   digital	   –	  
analog	   card	   is	   used	   to	  
control	   the	   operation	  	  
of	   pumps	   and	   receive	  
voltage	   signals	   from	  
sensor.	  All	   devices	   are	  
controlled	   by	   a	   laptop	  
computer	   using	   a	  
program	  written	  using	  
LabView	  software.	  

	  

2.2.2	  Software	  

The	  instrument	  is	  controlled	  and	  operational	  data	  is	  collected	  using	  a	  

program	  developed	  with	  LabView	  software	  (available	  at	  www.ni.com,	  #776678-‐35).	  

Serial	  devices	  are	  managed	  by	  subprograms.	  	  In	  brief,	  the	  program	  controls	  the	  

operations	  by	  switching	  valves,	  powering	  pumps	  and	  setting	  flow	  rates.	  Measured	  

and	  operational	  data	  are	  collected	  and	  displayed	  graphically	  in	  real	  time	  as	  well	  as	  

written	  to	  a	  text	  file.	  The	  general	  operation	  scheme	  is	  shown	  in	  Figure	  3	  .All	  

peripherals	  are	  interfaced	  with	  the	  computer	  by	  USB	  connection.	  The	  USB	  ports	  and	  

serial	  connections	  are	  automatically	  assigned	  identification	  by	  the	  computer.	  The	  

connections	  for	  each	  component	  of	  the	  instrument	  must	  be	  specified	  and	  are	  used	  to	  

identify	  the	  devices	  in	  the	  program.	  	  
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Figure	   3.	   Flowchart	   of	   general	   automated	   operation	   scheme,	   showing	   system	  
startup,	   analysis	   and	   shutdown	  procedures.	  Red	  denotes	   a	   stop	  or	  wait	   function;	  
blue	  denotes	  system	  processes;	  orange	  denotes	  user	  input.	  
	  

Upon	  startup	  the	  program	  loads	  the	  hardware	  configurations	  and	  initializes	  

serial	  communications.	  If	  no	  errors	  are	  reported	  the	  system	  idles	  with	  valves	  in	  

their	  home	  positions	  and	  data	  are	  displayed	  graphically.	  The	  bottom	  left	  portion	  of	  

the	  interface	  screen	  contains	  user-‐controlled	  settings	  as	  shown	  in	  the	  screenshot	  in	  

Appendix	  H.	  	  The	  user	  inputs	  the	  number	  of	  the	  gas	  and	  liquid	  standards,	  their	  

values	  and	  the	  durations	  for	  which	  they	  are	  run.	  The	  time	  between	  system	  

calibration	  procedures	  is	  set	  by	  the	  user	  and	  a	  delay	  before	  the	  first	  standard	  

sequence	  after	  data	  logging	  has	  been	  initiated	  can	  be	  specified.	  The	  gas	  flow	  rates	  

are	  programmable	  while	  the	  liquid	  flow	  is	  set	  by	  the	  voltage	  signal	  sent	  to	  the	  stroke	  

rate	  controller.	  PCO2	  may	  be	  averaged	  across	  a	  user	  specified	  interval;	  the	  default	  is	  

10	  seconds.	  The	  rate	  at	  which	  data	  is	  sampled	  is	  specified	  and	  is	  typically	  set	  to	  1	  
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second.	  The	  user	  sets	  the	  file	  duration	  for	  data	  output,	  for	  which	  the	  default	  is	  1	  

hour.	  	  

	   The	  user	  may	  set	  the	  operational	  mode	  at	  any	  time.	  When	  operating	  in	  

combined	  PCO2/TCO2	  mode,	  the	  durations	  of	  the	  PCO2	  and	  TCO2	  intervals	  are	  set	  by	  

the	  user.	  Once	  all	  parameters	  have	  been	  set,	  the	  user	  must	  press	  a	  button	  on	  the	  

screen	  to	  begin	  logging	  data.	  It	  is	  standard	  protocol	  that	  a	  calibration	  procedure	  is	  

carried	  out	  at	  the	  beginning	  and	  end	  of	  all	  data	  acquisition	  to	  maintain	  data	  quality.	  

After	  a	  calibration	  procedure	  the	  linearity	  of	  the	  response	  is	  displayed	  graphically.	  	  

	   There	  are	  separate	  subprograms	  for	  calibration	  of	  the	  detector	  response	  and	  

TCO2	  measurements.	  The	  detector	  is	  calibrated	  against	  three	  gas	  standards.	  When	  

the	  gas	  calibration	  is	  initiated	  the	  valves	  are	  programmed	  to	  step	  through	  the	  tanks	  

based	  on	  the	  number	  of	  standards	  inputted.	  After	  15	  seconds	  the	  gas	  signal	  is	  stable	  

and	  is	  then	  averaged	  across	  the	  remainder	  of	  the	  standard	  duration	  and	  outputted	  

to	  an	  array.	  This	  is	  repeated	  for	  each	  gas	  standard	  and	  a	  linear	  regression	  is	  

performed	  between	  the	  output	  array	  and	  an	  array	  containing	  standard	  values.	  The	  

same	  process	  is	  carried	  out	  for	  liquid	  TCO2	  standards,	  however	  in	  this	  case	  the	  

signal	  is	  not	  averaged	  until	  after	  85	  seconds.	  The	  slope	  and	  intercept	  of	  the	  linear	  

regression	  for	  the	  gas	  calibration	  is	  applied	  to	  the	  XCO2	  for	  the	  liquid	  analysis.	  

During	  standard	  operations	  these	  slopes	  and	  intercepts	  are	  applied	  to	  calibrate	  PCO2	  

and	  TCO2	  data	  in	  real	  time.	  	  The	  time	  elapsed	  between	  calibrations	  is	  specified	  and	  

is	  set	  to	  8	  hours	  under	  standard	  operation.	  Additionally,	  calibration	  procedures	  can	  

be	  run	  at	  any	  time	  by	  pressing	  the	  “Run	  Standards”	  button	  on	  the	  screen.	  	  

During	  combined	  PCO2/TCO2	  mode	  the	  program	  loops	  through	  a	  sequence	  

structure	  that	  controls	  operations.	  The	  sequence	  starts	  by	  turning	  on	  the	  TCO2	  air,	  

liquid	  sample,	  and	  acid-‐reagent	  pumps,	  and	  turning	  off	  the	  PCO2	  air	  pump.	  Next	  the	  

valves	  are	  set	  for	  TCO2	  operation	  and	  the	  system	  waits	  for	  the	  TCO2	  interval	  

duration.	  Once	  complete,	  the	  TCO2	  air	  and	  peristaltic	  pumps	  are	  turned	  off	  and	  the	  

PCO2	  air	  pump	  is	  turned	  on.	  Next	  the	  valves	  are	  set	  for	  PCO2	  operation.	  For	  the	  first	  

30	  seconds	  of	  the	  PCO2	  interval	  the	  liquid	  metering	  pump	  is	  set	  to	  15ml/min	  and	  the	  

liquid	  valves	  select	  a	  reservoir	  containing	  a	  1%	  bleach	  solution	  and	  the	  wetted	  

components	  are	  washed	  to	  limit	  biological	  fouling.	  TCO2	  pumps	  are	  then	  powered	  
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off	  for	  the	  remainder	  of	  the	  PCO2	  interval.	  The	  liquid	  metering	  pump	  is	  turned	  on	  

and	  the	  membrane	  contactor	  is	  flushed	  with	  the	  sample	  stream	  for	  60	  seconds	  prior	  

to	  TCO2	  analysis.	  	  This	  sequence	  is	  repeated	  until	  the	  calibration	  is	  no	  longer	  valid	  

and	  the	  calibration	  procedure	  is	  initiated	  by	  either	  the	  set	  interval	  or	  manual	  action.	  	  

Calibrated	  PCO2	  and	  TCO2	  values	  are	  required	  to	  calculate	  the	  aragonite	  

saturation	  in	  real	  time.	  When	  in	  TCO2	  mode	  the	  response	  value	  is	  averaged	  across	  

the	  TCO2	  interval,	  after	  waiting	  120	  seconds	  for	  the	  signal	  to	  fully	  stabilize.	  The	  gas	  

and	  liquid	  calibration	  slopes	  and	  intercepts	  are	  applied	  to	  the	  mean	  value	  and	  it	  is	  

displayed	  as	  the	  mean	  TCO2	  on	  the	  screen.	  The	  PCO2	  is	  calculated	  by	  applying	  

pressure	  of	  the	  headspace	  in	  the	  equilibration	  chamber	  to	  the	  gas	  calibrated	  XCO2	  

values.	  The	  PCO2	  is	  averaged	  at	  the	  default	  10-‐second	  interval.	  Thermodynamic	  

equilibrium	  constants	  for	  the	  carbonate	  system	  are	  calculated	  from	  the	  temperature	  

and	  salinity,	  measured	  by	  the	  SBE45	  MicroTSG,	  at	  the	  set	  sampling	  interval.	  The	  

concentration	  of	  calcium	  is	  calculated	  from	  the	  salinity	  according	  to	  the	  relationship	  

	  	  	  	  [Ca	  2+]	  =	  (S/1.80655)	  x	  (0.02127/40.078)	   	   	   (12)	  

The	  mean	  PCO2	  and	  TCO2	  values	  and	  thermodynamic	  constants	  for	  the	  conditions	  

are	  then	  used	  to	  calculate	  the	  concentrations	  of	  dissolved	  aqueous	  CO2,	  bicarbonate	  

and	  carbonate	  ions.	  Finally	  the	  saturation	  state	  is	  calculated	  from	  the	  concentrations	  

of	  carbonate	  and	  calcium	  ions	  and	  the	  aragonite	  solubility	  at	  the	  environmental	  

temperature	  and	  salinity.	  This	  process	  is	  illustrated	  in	  Figure	  4.	  
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Figure	  4.	  Flowchart	   illustrating	  system	  processes	  and	  calculations	  performed	  to	  
calculate	   the	   saturation	   state	   of	   aragonite	   in	   real	   time	   while	   in	   combined	  
pCO2/TCO2	  operational	  mode.	  	  

	  

During	  PCO2-‐only	  and	  TCO2-‐only	  operational	  modes	  the	  pump	  and	  valve	  

controls	  are	  set	  in	  a	  continuous	  loop	  between	  calibrations.	  The	  thermodynamic	  

equilibrium	  constants	  and	  calcium	  concentration	  are	  calculated	  continuously,	  

regardless	  of	  operational	  mode;	  however,	  during	  stand-‐alone	  modes,	  there	  are	  no	  

calculations	  of	  carbonate	  ion	  concentrations	  or	  saturation	  state.	  

	   We	  built	  in	  functionality	  to	  analyze	  discrete	  samples.	  	  The	  user	  presses	  a	  

button	  on	  the	  screen	  to	  run	  a	  discrete	  sample.	  Once	  pressed	  the	  mode	  is	  set	  to	  

discrete	  sample	  mode	  and	  pump	  and	  valve	  operations	  are	  set	  to	  manual	  control.	  In	  

discrete	  sample	  mode	  a	  new	  header	  file	  is	  created	  and	  the	  name	  is	  appended	  with	  a	  

“discrete_sample”	  identifier	  that	  raw	  and	  calculated	  data	  are	  written	  to.	  	  
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2.3	  	   Calibration	  Procedures	  

	   2.3.1	  Reagents	  	  

	   Gas	  standards	  were	  gravimetrically	  prepared	  by	  Scott-‐Marin	  (available	  at	  

www.scottmarrin.com,	  #02-‐050A-‐590B).	  Reference	  gas	  mixtures	  contain	  target	  

concentrations	  of	  CO2	  in	  Ultra-‐pure	  AirTM.	  Three	  gas	  standards	  were	  used	  to	  

calibrate	  the	  NDIR	  detector	  with	  values	  189ppmv,	  792ppmv,	  and	  1396ppmv.	  

Liquid	  TCO2	  standards	  were	  gravimetrically	  prepared	  in	  the	  laboratory	  from	  

crystalline	  sodium	  bicarbonate	  (available	  at	  www.fishersci.com,	  #S233500),	  

anhydrous	  disodium	  carbonate	  (available	  at	  www.fishersci.com,	  #424285000)	  and	  

carbonate-‐free	  artificial	  seawater.	  Artificial	  seawater	  was	  prepared	  in	  10L	  from	  10g	  

calcium	  chloride	  (available	  at	  www.vwr.com,	  EM1.02382.0500),	  100g	  magnesium	  

sulfate	  (available	  at	  www.vwr.com,	  JT2500-‐7),	  315g	  sodium	  chloride	  (available	  at	  

www.vwr.com,	  #3624-‐05)	  and	  filtered,	  deionized	  water.	  	  Liquid	  standards	  were	  

prepared	  in	  a	  2L	  volumetric	  flask	  and	  stored	  in	  gas-‐impermeable	  bags	  that	  had	  been	  

fitted	  with	  1/8	  OD	  outlets	  and	  gated	  valves.	  Three	  liquid	  standards	  were	  used	  to	  

calibrate	  the	  TCO2	  response	  with	  values	  1.mM,	  1.7mM	  and	  2.4mM.	  

10%	  (v/v)	  hydrochloric	  (HCl)	  acid	  used	  to	  acidify	  the	  sample	  was	  prepared	  

by	  diluting	  37.%(v/v)	  HCl	  (available	  at	  www.vwr.com,	  #9530-‐33)	  stock	  in	  deionized	  

water.	  	  

	   2.3.2	  Methods	  

	   Calibration	  procedures	  are	  automated	  and	  controlled	  by	  subprogram	  within	  

the	  instruments	  operation	  program.	  The	  LI-‐840A	  detector	  is	  calibrated	  using	  three	  

gas	  standards.	  	  During	  the	  gas	  calibration	  subprogram	  a	  10-‐port	  stainless	  steel	  VICI	  

Valco	  multi-‐position	  valve	  (available	  at	  www.vici.com,	  #EMTMA-‐CE,	  #EMTCA-‐CE)	  

selects	  the	  reference	  gas	  cylinder.	  The	  4-‐port	  and	  8-‐port	  2-‐position	  valves	  are	  set	  

such	  that	  the	  outlet	  of	  the	  standard	  valve	  is	  routed	  to	  the	  (TCO2)	  mass	  flow	  

controller,	  which	  maintains	  a	  flow	  of	  0.900	  LPM	  to	  the	  detector.	  Each	  standard	  is	  

run	  for	  programmable	  duration,	  for	  which	  the	  default	  is	  60	  seconds.	  	  

	   TCO2	  analysis	  is	  calibrated	  using	  three	  liquid	  carbonate	  standards.	  During	  the	  

liquid	  calibration	  subprogram	  the	  6-‐port	  Cheminert	  VICI	  multi-‐position	  valve	  

selects	  the	  carbonate	  standard	  to	  be	  introduced	  into	  the	  analysis	  stream.	  The	  2-‐
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position	  valves	  and	  pumps	  are	  set	  as	  they	  are	  in	  TCO2	  mode	  and	  the	  liquid	  standards	  

are	  analyzed	  in	  the	  same	  manner	  as	  a	  sample.	  Each	  standard	  is	  run	  for	  

programmable	  duration	  typically	  set	  to	  120	  seconds.	  	  

	   Real	  time	  calibration	  curves	  are	  generated	  for	  each	  subroutine.	  There	  is	  a	  

hold	  time	  while	  the	  signal	  stabilizes.	  This	  is	  set	  to	  25	  seconds	  for	  gas	  calibration	  and	  

85	  seconds	  for	  liquid	  calibration.	  After	  the	  stabilization	  the	  signal	  at	  the	  detector	  is	  

averaged	  until	  5	  seconds	  prior	  to	  the	  end	  of	  the	  standard	  duration	  so	  as	  to	  not	  

include	  artifacts	  related	  to	  valve	  switching.	  The	  mean	  standard	  values	  are	  added	  to	  a	  

data	  array	  and	  a	  linear	  regression	  is	  calculated	  between	  the	  standard	  data	  and	  the	  

known	  standard	  values	  inputted	  by	  the	  user.	  The	  regression	  data	  are	  shown	  

graphically	  after	  the	  calibrations	  are	  run.	  	  

	  

2.4	  	   Sampling	  Method	  

	   2.4.1	  Lab	  Tests	  

Several	  trials	  were	  conducted	  during	  instrument	  development.	  	  Standard	  

calibration	  procedures	  for	  gas	  and	  liquid	  analysis	  were	  carried	  out	  as	  described	  

above.	  These	  laboratory	  calibration	  procedures	  were	  used	  to	  investigate	  the	  

precision	  and	  reproducibility	  of	  the	  system	  as	  well	  as	  its	  response	  time.	  	  

The	  response	  of	  the	  system	  can	  be	  modeled	  with	  a	  first-‐order	  exponential	  as	  

described	  by	  Bandstra	  (2006).	  

C(t)	  =	  Co	  +	  (Cf-‐Co)(1-‐e–t/τ)	   	   	   	   (13)	  

Here	  Co	  is	  the	  initial	  value	  and	  Cf	  is	  the	  final	  value	  across	  a	  stepped	  increase	  in	  TCO2.	  

The	  step	  function	  is	  accomplished	  by	  using	  the	  valves	  to	  switch	  between	  to	  liquid	  

reference	  standards.	  The	  time-‐constant,	  τ,	  in	  this	  equation	  is	  solved	  for	  by	  fitting	  a	  

curve	  to	  the	  data	  and	  is	  a	  characteristic	  of	  the	  instrument.	  This	  indicates	  the	  

response	  time	  of	  the	  system.	  The	  time	  elapsed	  from	  valve	  switching	  to	  a	  new	  stable	  

signals	  depends	  on	  the	  magnitude	  of	  the	  difference	  in	  values	  and	  user-‐defined	  signal	  

stability.	  

To	  test	  internal	  consistency	  of	  TCO2	  measurements,	  liquid	  carbonate	  samples	  

were	  prepared	  in	  the	  same	  manner	  as	  the	  standards	  but	  in	  500ml	  volume	  and	  

stored	  in	  300ml	  tinted	  glass	  bottles.	  These	  samples	  of	  known	  concentration	  were	  
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introduced	  in	  the	  discrete	  sample	  operational	  mode.	  Some	  of	  these	  samples	  were	  

split	  and	  also	  run	  on	  the	  TCO2	  analyzer	  in	  the	  Hales	  lab	  at	  Oregon	  State	  University.	  

Additionally	  calibration	  standards	  were	  introduced	  as	  samples.	  	  

	   2.4.2	  Field	  Tests	  

	   In	  the	  field,	  calibration	  procedures	  were	  used	  to	  assess	  the	  TCO2	  response	  

reproducibility	  over	  time.	  The	  mass	  flow	  controllers	  and	  the	  liquid	  flow	  meter	  

monitor	  the	  air	  and	  liquid	  flow	  stability	  respectively.	  Samples	  of	  the	  source	  water	  

were	  taken	  and	  introduced	  in	  discrete	  sample	  operational	  mode	  to	  verify	  that	  the	  

system	  response	  is	  the	  same	  under	  different	  modes	  of	  sample	  introduction.	  	  

Discrete	  samples	  of	  source	  water	  were	  taken	  and	  run	  in	  the	  Hales	  lab	  for	  PCO2	  and	  

TCO2	  analysis	  to	  validate	  field	  measurements.	  	  

	  

2.5	  	   Field	  Deployment	  

	   2.5.1	  Setting	  	  

	   Netarts	  Bay	  is	  a	  small,	  shallow,	  lagoon-‐type	  estuary	  located	  on	  the	  northern	  

central	  coast	  of	  Oregon	  (Figure	  5).	  Its	  geomorphology	  is	  that	  of	  a	  bar-‐built	  estuary	  

[15].	  The	  estuary	  comprises	  10.88	  km2	  with	  a	  watershed	  of	  approximately	  49	  km2	  

[16].	  With	  little	  freshwater	  input	  it	  is	  dominated	  by	  conditions	  in	  the	  adjacent	  

coastal	  ocean.	  Whiskey	  Creek	  Shellfish	  Hatchery	  is	  located	  on	  the	  eastern	  edge	  of	  

the	  bay	  approximately	  halfway	  between	  northern	  and	  southern	  shorelines.	  The	  

hatchery	  pumps	  in	  seawater	  for	  its	  oyster	  seed	  production	  from	  a	  channel	  along	  the	  

eastern	  edge	  of	  the	  bay.	  The	  intake	  pipe	  sits	  0.5	  m	  above	  the	  seafloor	  at	  an	  average	  

depth	  of	  2	  m.	  The	  bay	  experiences	  high	  variability	  in	  salinity	  seasonally	  with	  

average	  conditions	  being	  31	  psu.	  	  



17	  

	  
Figure	  5.	  Geographic	  location	  of	  field	  site.	  (A)	  Map	  of	  the	  Oregon	  
coast	  with	   box	   indicating	   location	   of	   (B)	   Netarts	   Bay	  with	   the	  
approximate	  location	  of	  WCH	  labeled.	  	  

	  

We	  plumbed	  into	  the	  main	  intake	  line	  with	  ½	  in	  OD	  nylon	  tubing.	  The	  intake	  

water	  is	  run	  through	  the	  Seabird	  45	  MicroTSG.	  The	  intake	  flow	  is	  split	  sending	  

seawater	  to	  the	  shower-‐type	  equilibration	  chamber	  and	  to	  a	  300	  µm	  cartridge	  filter.	  

The	  flow	  through	  the	  filter	  is	  maintained	  at	  2	  LPM	  with	  a	  gate	  valve.	  The	  filter	  

housing	  is	  fitted	  with	  1/8	  in	  OD	  tubing	  to	  draw	  filtered	  seawater	  for	  TCO2	  analysis.	  

The	  gate	  valve	  down	  stream	  of	  the	  filter	  maintains	  backpressure	  to	  supply	  

~200ml/min	  to	  the	  liquid	  selection	  valve.	  The	  intake	  flow	  is	  constant	  and	  

maintained	  by	  the	  hatchery	  for	  continuous	  flow-‐though	  analysis.	  	  
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	   2.5.2	  Automated	  Operation	  

	   The	  system	  is	  designed	  to	  autonomously	  measure	  PCO2	  and	  TCO2	  at	  set	  

intervals	  in	  a	  continuous	  flow-‐through	  setting.	  	  Once	  the	  gate	  valves	  in	  intake	  

sample	  lines	  are	  set,	  flows	  are	  held	  constant.	  The	  interface	  program	  controls	  

instrument	  operations.	  Upon	  startup,	  the	  user	  defines	  the	  values	  for	  gas	  and	  liquid	  

standard	  and	  their	  durations.	  	  The	  user	  then	  chooses	  the	  operational	  mode	  and	  the	  

interval	  at	  which	  the	  system	  is	  calibrated.	  In	  the	  combined	  PCO2/TCO2	  mode,	  the	  

user	  sets	  the	  intervals	  for	  PCO2	  and	  TCO2	  operations.	  Typically	  TCO2	  is	  measure	  for	  5	  

minutes	  twice	  per	  hour	  and	  PCO2	  is	  measured	  the	  remainder	  of	  the	  time.	  In	  the	  

combined	  mode,	  the	  aragonite	  saturation	  is	  calculated	  in	  real	  time	  using	  the	  current	  

calibrated	  PCO2	  and	  most-‐recent	  calibrated	  TCO2	  data	  and	  thermodynamic	  constants	  

calculated	  from	  the	  temperature	  and	  salinity	  measured	  by	  the	  TSG.	  	  

	  

2.6	  	   Maintenance	  

	   2.6.1	  Reagent	  Usage	  

	   In	  the	  field,	  under	  standard	  PCO2/TCO2	  operation	  and	  calibration	  procedures,	  

160ml	  of	  liquid	  carbonate	  standards	  are	  consumed	  each	  day.	  Liquid	  standards	  are	  

made	  in	  2L	  volumes	  with	  some	  losses	  due	  to	  preparatory	  rinses	  of	  bags	  during	  

transport	  and	  filling.	  Therefore	  under	  typical	  operations,	  liquid	  standards	  last	  for	  10	  

days.	  	  

	   2.6.2	  Cleaning	  Procedures	  

	   Main	  ½	  in	  OD	  lines	  for	  intake	  flow,	  rotameters,	  the	  equilibration	  chamber	  

and	  TCO2	  filter	  cartridge	  accumulate	  biological	  growth	  and	  and	  must	  be	  cleaned	  

every	  3-‐6	  weeks,	  depending	  on	  season	  and	  environmental	  conditions.	  The	  cleaning	  

procedure	  for	  primary	  lines	  starts	  by	  washing	  with	  1%	  (v/v)	  bleach,	  followed	  by	  

flushing	  with	  fresh	  water	  and	  then	  washing	  with	  1%	  (v/v)	  HCl,	  followed	  by	  

additional	  flushing	  with	  fresh	  water.	  The	  bleach	  solution	  is	  prepared	  using	  Clorox	  

bleach	  diluted	  with	  tap	  water	  in	  a	  5gal	  bucket.	  The	  HCl	  solution	  is	  prepared	  by	  

diluting	  commercial	  grade	  muriatic	  acid	  with	  tap	  water	  in	  a	  5gal	  bucket.	  Cleaning	  

solutions	  and	  freshwater	  are	  driven	  by	  a	  submerged	  pump	  capable	  of	  pumping	  at	  

4LPM.	  
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	   To	  reduce	  fouling	  of	  the	  membrane	  contactor	  and	  maintain	  stability	  of	  TCO2	  

response,	  a	  wash	  procedure	  was	  written	  into	  the	  system	  operation	  program.	  After	  

TCO2	  analysis,	  a	  1%	  (v/v)	  bleach	  solution	  is	  pumped	  through	  the	  liquid	  sample	  

stream	  at	  a	  rate	  of	  15ml/min	  for	  30	  seconds.	  After	  prolonged	  use	  or	  excessive	  

biologic	  soil	  accumulation,	  the	  membrane	  contactor	  is	  cleaned	  according	  to	  the	  

manufacturer’s	  specifications.	  This	  includes	  a	  10min	  flush	  with	  distilled	  water	  

followed	  by	  a	  45min	  wash	  with	  2%(w/v)	  NaOH;	  then	  a	  45min	  wash	  with	  3%(v/v)	  

HCl	  and	  finally	  a	  15min	  flush	  with	  distilled	  water.	  This	  procedure	  is	  performed	  

every	  8	  weeks	  or	  as	  needed.	  

	  

2.7	  	   Data	  Analysis	  

	   2.7.1	  Data	  Processing	  

	   The	  instrument	  is	  designed	  to	  make	  continuous	  measurements	  and	  log	  data	  

at	  1Hz.	  The	  high	  frequency	  of	  measurements	  results	  in	  large	  data	  sets.	  A	  series	  of	  

programs	  were	  written	  in	  Fortran	  to	  process	  these	  data.	  The	  primary	  function	  of	  

this	  instrument	  is	  to	  constrain	  the	  carbonate	  chemistry	  and	  collect	  time	  series	  data	  

for	  the	  saturation	  of	  calcium	  carbonate	  minerals.	  To	  accomplish	  this	  the	  raw	  data	  

must	  be	  consolidated,	  calibrated,	  temperature	  and	  salinity-‐corrected	  and	  the	  

carbonate	  parameters	  calculated.	  	  

	   	  First	  a	  setup	  file	  is	  created	  listing	  the	  raw	  data	  files	  that	  are	  to	  be	  

consolidated.	  This	  setup	  file	  contains	  the	  parameters	  used	  to	  convert	  analog	  

voltages	  from	  the	  sensors	  to	  temperature,	  pressure	  and	  flow	  rate	  values.	  The	  

program	  consolidates	  the	  data	  into	  a	  single	  text	  file	  with	  appropriate	  header	  with	  

calculated	  values	  from	  sensor	  voltages.	  	  

Following	  consolidation	  the	  data	  is	  organized	  into	  PCO2,	  TCO2,	  gas	  standard	  

and	  liquid	  standard	  modes	  by	  extracting	  data	  according	  to	  valve	  positions.	  When	  

valves	  are	  switched,	  the	  system	  has	  a	  characteristic	  response	  time.	  PCO2	  mode	  data	  

are	  extracted	  from	  45	  seconds	  after	  valves	  switching	  to	  2	  seconds	  prior	  to	  valve	  

switching.	  These	  data	  are	  smoothed	  by	  taking	  the	  mean	  across	  10-‐second	  intervals.	  

TCO2	  mode	  data	  are	  extracted	  from	  120	  seconds	  after	  valve	  switching	  to	  2	  seconds	  

prior	  to	  valve	  switching.	  TCO2	  mode	  data	  is	  averaged	  across	  the	  entire	  interval	  and	  
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thus	  each	  TCO2	  interval	  is	  treated	  as	  a	  single	  point	  with	  the	  standard	  deviation	  

calculated.	  Gas	  and	  liquid	  standard	  data	  is	  extracted	  between	  valve	  switches	  and	  are	  

processed	  in	  their	  own	  respective	  programs.	  There	  are	  four	  output	  files	  from	  the	  

program,	  one	  for	  each	  mode.	  	  

Gas	  and	  liquid	  standards	  data	  are	  processed	  in	  separate	  programs,	  both	  

following	  the	  same	  method	  to	  generate	  calibration	  curves.	  Data	  is	  extracted	  and	  the	  

mean	  calculated	  from	  35	  seconds	  prior	  to	  valve	  switching	  to	  5	  seconds	  prior	  to	  

valves	  switching.	  This	  ensures	  that	  the	  average	  standard	  value	  is	  taken	  after	  the	  

signal	  has	  stabilized	  and	  that	  no	  artifacts	  associated	  with	  valve	  switching	  are	  

included.	  Separate	  setup	  files	  are	  used	  for	  both	  gas	  and	  liquid	  calibration	  programs	  

that	  contain	  information	  regarding	  the	  number	  of	  standards	  and	  their	  values.	  These	  

setup	  files	  tell	  the	  program	  how	  many	  times	  to	  repeat	  the	  procedure	  above.	  The	  

average	  measured	  standard	  values	  are	  fed	  into	  a	  data	  array	  and	  the	  known	  

concentrations	  for	  each	  standard	  are	  fed	  into	  a	  separate	  array.	  Once	  the	  final	  

standard	  in	  a	  sequence	  is	  completed,	  a	  linear	  regression	  is	  performed	  between	  the	  

two	  data	  arrays.	  The	  timestamp	  for	  each	  regression	  analysis	  is	  taken	  as	  the	  average	  

of	  all	  standard	  data	  within	  the	  calibration	  sequence.	  This	  process	  is	  repeated	  for	  

each	  calibration	  procedure	  in	  the	  time	  series.	  There	  are	  two	  output	  files	  from	  each	  

program.	  The	  first	  output	  file	  contains	  the	  average	  measured	  values	  for	  each	  

standard	  and	  the	  number	  of	  data	  point	  taken	  for	  each.	  The	  second	  output	  file	  

contains	  the	  sequence	  times,	  slopes,	  intercepts	  and	  Chi-‐squared	  values.	  	  

There	  are	  separate	  programs	  for	  calibrating	  PCO2	  and	  TCO2	  data.	  In	  each	  case	  

the	  program	  steps	  through	  the	  XCO2	  data	  and	  synchronizes	  it	  with	  the	  calibration	  

values.	  The	  slopes	  and	  intercepts	  are	  interpolated	  between	  standard	  sequence	  times	  

by	  simply	  taking	  the	  difference	  between	  initial	  and	  final	  values	  divided	  by	  the	  

number	  of	  points	  between	  and	  adding	  this	  incrementally	  to	  the	  initial	  value.	  The	  

interpolated	  slopes	  and	  intercepts	  are	  then	  applied	  to	  the	  data.	  For	  TCO2	  data	  the	  

upper	  and	  lower	  bounds	  are	  calculated	  at	  plus	  or	  minus	  one	  standard	  deviation.	  	  

	   2.7.2	  Generating	  Carbonate	  Time	  Series	  

	   	  A	  subroutine	  was	  written	  to	  calculate	  the	  thermodynamic	  equilibrium	  

constants	  at	  a	  given	  temperature,	  salinity	  and	  pressure	  using	  the	  equations	  that	  are	  
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accepted	  under	  standard	  operating	  procedures	  within	  the	  Guide	  to	  Best	  Practices	  for	  

Ocean	  CO2	  Measurements	  [17].	  	  Calibrated	  PCO2	  and	  TCO2	  measurements	  are	  used	  to	  

constrain	  the	  carbonate	  chemistry	  and	  calculate	  the	  other	  parameters	  such	  as	  

aragonite	  and	  calcite	  saturation	  states.	  However,	  these	  measurements	  cannot	  be	  

made	  at	  the	  same	  time	  with	  this	  system.	  Therefore	  to	  construct	  a	  continuous	  time	  

series	  for	  all	  carbonate	  parameters,	  TCO2	  data	  must	  be	  interpolated	  across	  the	  PCO2	  

mode	  intervals.	  To	  capture	  natural	  variability	  in	  the	  seawater,	  carbonate	  data	  is	  

modeled	  using	  the	  alkalinity-‐salinity	  relationship	  through	  the	  PCO2	  interval.	  	  An	  

overview	  of	  this	  process	  is	  shown	  in	  Figure	  6.	  	  
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Figure	   6.	   Flowchart	   illustrating	   the	   process	   of	   constructing	   time	  
series	   data	   for	   carbonate	   chemistry	   from	   data	   collected	   during	  
combined	  PCO2	  and	  TCO2	  mode	  operation.	  
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	   The	  calibrated	  PCO2	  and	  TCO2	  measurements	  are	  used	  in	  a	  program	  written	  

to	  establish	  the	  alkalinity-‐salinity	  relationship	  and	  its	  variability	  through	  time.	  For	  

each	  TCO2	  value	  the	  program	  finds	  the	  flanking	  PCO2	  values.	  The	  PCO2	  is	  then	  

interpolated	  across	  the	  TCO2	  interval	  and	  mean	  PCO2	  value	  is	  synchronized	  with	  the	  

TCO2	  value.	  An	  output	  file	  contains	  synchronized	  PCO2,	  TCO2,	  salinity,	  depth	  

(pressure)	  and	  the	  analysis	  (equilibrator)	  and	  source	  (TSG)	  temperatures.	  From	  

these	  data	  the	  remaining	  carbonate	  parameters	  are	  calculated	  and	  written	  to	  an	  

output	  file.	  TCO2	  is	  corrected	  for	  density	  and	  converted	  from	  units	  of	  micromoles/L	  

to	  micromoles/kg	  seawater,	  as	  are	  the	  concentrations	  of	  ions.	  pH	  is	  given	  on	  the	  

seawater	  scale	  and	  alkalinity	  is	  given	  in	  units	  of	  microequivalents/kg.	  	  

	   The	  program	  then	  steps	  through	  the	  time	  series	  of	  carbonate	  data	  and	  looks	  

for	  alkalinity	  and	  salinity	  data	  within	  a	  6-‐hour	  window.	  The	  midpoint	  of	  the	  time	  

window	  is	  stepped	  forward	  in	  30-‐minute	  increments.	  If	  the	  window	  has	  at	  least	  

three	  points,	  a	  linear	  regression	  is	  performed	  between	  the	  alkalinity	  and	  salinity	  

data	  arrays.	  Linear	  regressions	  are	  performed	  recursively	  throughout	  the	  data	  set.	  

The	  output	  file	  contains	  the	  sequence	  numbers,	  times,	  slopes,	  intercepts	  and	  chi	  

squared	  values.	  	  

	   The	  alkalinity-‐salinity	  fit	  data	  is	  then	  synchronized	  with	  the	  PCO2	  data	  using	  

the	  midpoint	  of	  each	  time	  window.	  Alkalinity	  is	  calculated	  from	  salinity	  using	  the	  

time-‐appropriate	  linear	  regression	  throughout	  the	  PCO2	  interval.	  The	  carbonate	  

parameters	  are	  then	  calculated	  from	  alkalinity	  and	  PCO2	  data,	  following	  the	  

procedures	  suggested	  by	  Zeebe	  and	  Sarmiento	  and	  Gruber	  [9,	  18].	  	  

	  

3.	  Results	  &	  Discussion	  

3.1	  	   Response	  Time	   	  

The	  TCO2	  response	  of	  the	  system	  is	  dictated	  by	  the	  gas	  and	  liquid	  flow	  rates	  

and	  the	  stripping	  efficiency	  of	  the	  membrane	  contactor.	  Bandstra	  found	  that	  the	  

stripping	  efficiency	  of	  the	  membrane	  contactor	  used	  in	  our	  methods	  is	  close	  to	  

100%	  [13].	  	  	  Under	  stable	  conditions,	  the	  system	  has	  a	  characteristic	  response	  time	  

that	  can	  be	  found	  by	  modeling	  the	  data	  according	  to	  Equation	  13	  listed	  above.	  The	  
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response	  can	  be	  measured	  by	  introducing	  a	  step	  function	  change	  in	  inlet	  conditions,	  

accomplished	  by	  switching	  between	  two	  liquid	  TCO2	  standards.	  Using	  this	  model,	  

the	  response	  time	  constant	  was	  calculated	  to	  be	  approximately	  12	  seconds.	  With	  τ	  

established,	  the	  response	  time	  can	  be	  determined	  for	  a	  known	  change	  in	  TCO2.	  

Figure	  7	  shows	  that	  it	  takes	  approximately	  60	  seconds	  to	  adequately	  respond	  to	  a	  

nearly	  400ppmv	  change	  in	  XCO2.	  	  	  This	  corresponds	  to	  5	  time	  constants	  and	  99.5%	  

of	  the	  system	  step	  change.	  The	  typical	  change	  in	  XCO2	  at	  the	  detector	  between	  PCO2	  

and	  TCO2	  measurements	  is	  600ppmv.	  Therefore	  it	  takes	  approximately	  75	  seconds	  

to	  get	  to	  within	  0.1%	  of	  the	  signal	  for	  the	  switch	  to	  TCO2.	  This	  model	  can	  be	  used	  to	  

determine	  the	  minimum	  time	  to	  wait	  before	  accepting	  measurement	  data.	  As	  

previously	  noted	  the	  stabilization	  time	  for	  TCO2	  measurements	  is	  typically	  set	  to	  

120	  seconds	  to	  minimize	  error	  in	  the	  calculations	  of	  real-‐time	  and	  processed	  data.	  

	  
Figure	  7.	  System	  response	  to	  changes	  in	  TCO2.	  Input	  was	  controlled	  
by	   valve	   switching	   between	   liquids	   of	   known	   carbonate	  
concentrations.	  The	  data	  is	  modeled	  using	  Equation	  13	  to	  determine	  
the	  systems	  e-‐folding	  time	  of	  12	  seconds.	  	  

	  
3.2	  	   System	  Stability	  and	  Precision	   	  

The	  system	  is	  capable	  of	  sufficiently	  high	  precision.	  Figures	  8	  and	  9	  show	  

linear	  fits	  used	  to	  calibrate	  the	  detector	  and	  TCO2	  measurements	  respectively.	  The	  

root	  mean	  square	  error	  (RMSE)	  of	  the	  linear	  regression	  in	  Figure	  8	  for	  the	  

calibration	  of	  the	  detector	  was	  0.461%	  with	  an	  R2	  value	  of	  0.99998.	  	  Figure	  9	  shows	  
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a	  linear	  fit	  used	  to	  calibrate	  TCO2	  measurements	  with	  calibrated	  detector	  response	  

values.	  The	  RMSE	  of	  the	  linear	  regression	  in	  this	  plot	  is	  0.015%	  with	  an	  R2	  value	  of	  

1.00000.	  	  Two	  of	  the	  three	  prepared	  standards	  used	  to	  produce	  this	  curve	  were	  

injected	  between	  two	  calibration	  sequences.	  The	  TCO2	  values	  calculated	  with	  this	  

linear	  regression	  agreed	  with	  the	  preparation	  solutions	  to	  within	  0.5%.	  	  

	  

	  
Figure	  8.	  Gas	   calibration	   curve	   for	   response	  of	   the	  NDIR	  detector.	  This	  
graph	  shows	  the	  detector	  response	  in	  mole	  fraction	  of	  CO2	  in	  ppm	  versus	  
the	  mole	  fraction	  of	  CO2	  in	  the	  reference	  gas	  standard.	  	  

	  
	  

	  
Figure	  9.	  TCO2	  calibration	  curve	   for	  response	  of	   the	  system.	  This	  graph	  
shows	  the	  detector	  response	   in	  mole	   fraction	  of	  CO2	   in	  ppm	  versus	   the	  
prepared	  TCO2	  concentration	  in	  the	  reference	  liquid	  standard.	  	  
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Figure	  10	  shows	  the	  results	  of	  a	  stability	  test	  in	  which	  a	  homogeneous	  

seawater	  sample	  was	  run	  as	  a	  discrete	  sample	  for	  20	  minutes.	  During	  this	  interval	  

the	  mean	  deviation	  of	  the	  detector	  response	  was	  0.45%.	  The	  seawater	  TCO2	  was	  

determined	  to	  be	  1905.6	  µM	  by	  this	  system.	  This	  seawater	  was	  also	  analyzed	  at	  the	  

Hales	  lab	  at	  Oregon	  State	  University	  and	  was	  within	  0.3%	  of	  this	  measured	  value.	  	  	  
	  
	  

	  
Figure	  10.	  Test	  of	   system	  stability	  during	  TCO2	  mode.	  Detector	  response	   is	  
proportional	  to	  TCO2	  of	  sample.	  A	  homogeneous	  seawater	  sample	  that	  had	  a	  
TCO2	  concentration	  of	  1911.78µM	  was	  injected	  continuously	  for	  20min.	  The	  
mean	  deviation	  of	  response	  was	  0.45%	  throughout	  the	  interval.	  

	  
Long-‐term	  stability	  and	  reproducibility	  of	  the	  system	  is	  exhibited	  in	  Figures	  

11	  and	  12.	  Figure	  11	  shows	  the	  uncalibrated	  detector	  response	  for	  gas	  standards	  

during	  automated	  calibration	  procedures	  while	  under	  normal	  continuous	  combined	  

PCO2/TCO2	  operations.	  The	  signal	  was	  reproducible	  to	  within	  0.18%	  over	  4	  days.	  

The	  mean	  slope	  was	  1.0155,	  with	  a	  relative	  standard	  deviation	  of	  0.186%.	  The	  mean	  

R2	  value	  was	  0.99997	  for	  the	  fits	  of	  these	  data.	  With	  no	  drift	  in	  the	  detector	  

response,	  the	  stability	  of	  liquid	  TCO2	  measurements	  was	  assessed	  over	  this	  same	  

time	  period	  by	  analyzing	  the	  uncalibrated	  response	  for	  a	  set	  of	  liquid	  standards.	  
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Figure	   11.	   Mean	   gas	   standard	   values	   during	   calibration	   procedures	  
spanning	  4	  days.	  Values	  are	  within	  0.18%	  agreement	  of	  each	  other.	  The	  
calibration	  curves	  had	  a	  mean	  slope	  of	  1.0155	  with	  a	  mean	  deviation	  of	  
0.186%	  over	  this	  time.	  	  

	  
Figure	  12	  shows	  the	  uncalibrated	  liquid	  TCO2	  standard	  responses	  during	  the	  

same	  calibration	  procedures	  as	  the	  gas	  values	  shown	  in	  Figure	  11.	  The	  TCO2	  

response	  signal	  was	  reproducible	  to	  within	  0.51%	  over	  the	  4	  days,	  indicating	  an	  

acceptable	  level	  of	  precision.	  The	  mean	  slope	  of	  the	  TCO2	  calibration	  curves	  was	  

1.8678,	  with	  a	  mean	  deviation	  of	  0.453%.	  	  The	  mean	  R2	  value	  for	  these	  calibrations	  

was	  0.99995.	  

	  

	  
Figure	   12.	   Mean	   liquid	   standard	   values	   during	   calibration	   procedures	  
spanning	  4	  days.	  Values	  are	  within	  0.51%	  agreement	  of	  each	  other.	  The	  
calibration	  curves	  had	  a	  mean	  slope	  of	  1.8678	  with	  a	  mean	  deviation	  of	  
0.453%	  over	  this	  time.	  
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The	  reference	  materials	  used	  to	  assess	  precision	  were	  consistent	  throughout	  

the	  test.	  However	  these	  replicates	  were	  injected	  by	  automation	  in	  one	  location	  

under	  essentially	  the	  same	  conditions.	  More	  rigorous	  testing	  of	  reproducibility	  and	  

precision	  of	  the	  system	  is	  desirable.	  	  

	  
3.3	  	   Validation	  

Absolute	  accuracy	  was	  not	  evaluated	  for	  PCO2	  and	  TCO2	  measurements.	  

Measurements	  of	  PCO2	  and	  TCO2	  were	  verified	  by	  comparison	  to	  an	  established	  

chemical	  oceanographic	  research	  laboratory.	  Internal	  consistency	  of	  TCO2	  

measurements	  was	  validated	  by	  analyzing	  samples	  of	  gravimetrically	  prepared	  

carbonate	  reference	  liquids	  that	  were	  prepared	  similarly	  to	  TCO2	  calibration	  

standards.	  

Discrete	  samples	  were	  collected	  in	  the	  field	  from	  the	  same	  water	  source	  at	  

WCH	  in	  300ml	  tinted	  glass	  bottles,	  poisoned	  with	  300µl	  of	  saturated	  mercuric	  

chloride	  solution	  and	  sealed	  with	  metal	  caps.	  Discrete	  samples	  were	  analyzed	  at	  the	  

Hales	  lab	  within	  the	  College	  of	  Earth,	  Ocean	  and	  Atmospheric	  Sciences	  at	  Oregon	  

State	  University	  (OSU).	  Figure	  13	  shows	  a	  time	  series	  of	  continuous	  PCO2	  

measurements	  made	  using	  the	  combined	  system.	  Discrete	  sample	  were	  analyzed	  at	  

OSU	  and	  synchronized	  with	  the	  instrument	  data.	  The	  samples	  were	  within	  3.47%	  of	  

the	  PCO2	  measurements	  made	  with	  the	  combined	  system.	  Table	  1	  shows	  discrete	  

sample	  data	  with	  the	  percent	  difference	  calculated	  for	  each.	  	  This	  is	  an	  expected	  

level	  of	  disagreement	  considering	  the	  sources	  of	  error	  during	  sample	  collection,	  

transport,	  time	  elapsed	  after	  collection	  and	  OSU	  laboratory	  methods.	  
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Figure	  13.	  Time	  series	  of	  continuous	  PCO2	  measurements	  taken	  in	  the	  
field	   at	   WCH.	   Discrete	   sample	   data	   were	   synchronized	   to	   assess	  
accuracy	   of	   measurements.	   Samples	   were	   within	   3%	   of	   measured	  
values.	  

	  
	  

	  
Table	   1.	   Extracted	   time	   series	   data	   from	   field	  measurements	   and	  
discrete	   sample	   values.	   PCO2	   measurements	  were	  with	   in	   3.47%	  
agreement.	  	  	  
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To	  validate	  TCO2	  measurements	  and	  assess	  accuracy,	  internal	  standards	  

were	  made	  in	  the	  lab	  using	  the	  standard	  protocols	  for	  liquid	  carbonate	  references	  

solutions.	  Internal	  standards	  were	  made	  in	  0.5L	  volumes	  and	  were	  injected	  into	  the	  

system	  in	  discrete	  sample	  mode.	  Additionally,	  liquid	  TCO2	  calibration	  standards	  

were	  injected	  and	  the	  TCO2	  measured	  according	  the	  calibration	  curves	  that	  they	  

generated.	  	  Figure	  14	  shows	  the	  TCO2	  measurements	  of	  31	  samples	  of	  known	  

carbonate	  concentrations	  with	  in	  the	  calibration	  range	  of	  1.0mM	  to	  2.4mM.	  The	  

mean	  percent	  error	  was	  0.884%.	  The	  mean	  RSME	  for	  the	  calibration	  curves	  that	  

were	  used	  for	  these	  measurements	  was	  0.314%.	  

	  

	  
Figure	   14.	   TCO2	   analyses	   of	   31	   liquid	   samples	   with	   known	   carbonated	  
concentrations.	   Samples	   were	   prepared	   gravimetrically	   in	   either	   2L	   or	   0.5L	  
volume.	  The	  mean	  percent	  error	  for	  the	  combined	  system	  was	  0.884%.	   	  	  

	  
These	  test	  represent	  a	  verification	  of	  the	  preparation	  of	  gravimetric	  liquid	  

standards.	  Standards	  were	  prepared	  using	  research	  grade	  reagents	  and	  calibrated	  

glassware	  and	  measuring	  equipment.	  These	  tests	  serve	  as	  an	  unverified	  test	  of	  

internal	  accuracy	  as	  the	  carbon	  content	  of	  these	  reagents	  were	  not	  independently	  

verified	  during	  the	  time	  of	  these	  tests.	  Therefore	  these	  tests	  cannot	  be	  used	  to	  

rigorously	  assess	  accuracy.	  Certified	  reference	  materials	  are	  still	  needed	  to	  assess	  

the	  absolute	  accuracy	  of	  the	  instrument.	  	  	  

y	  =	  1.0004x	  
R²	  =	  0.99745	  

900	  

1100	  

1300	  

1500	  

1700	  

1900	  

2100	  

2300	  

2500	  

900	   1100	   1300	   1500	   1700	   1900	   2100	   2300	   2500	  

Pr
ep
ar
ed
	  T
CO

2	  
Sa
m
pl
e	  
Co
nc
en
tr
at
io
n	  
µ
m
ol
/L
	  

Measured	  TCO2	  µmol/L	  

Gravimetrically	  Prepared	  TCO2	  Sample	  Analyses	  



31	  

In	  the	  absence	  of	  such	  reference	  materials,	  discrete	  samples	  were	  collected	  in	  

the	  field	  during	  TCO2	  analysis	  and	  run	  in	  the	  OSU	  lab	  for	  comparison.	  Table	  2	  shows	  

the	  sample	  collection	  times	  with	  the	  calibrated	  TCO2	  measured	  on	  both	  systems	  and	  

the	  percent	  difference.	  The	  samples	  collected	  ranged	  in	  TCO2	  from	  approximately	  

1793	  to	  1986	  µM.	  Analyses	  between	  the	  two	  systems	  were	  within	  0.963%	  

agreement.	  	  

	  

	  
Table	  2.	  Discrete	  samples	  collected	  at	  the	  field	  site	  used	  
to	   validate	   TCO2	   measurements.	   The	   mean	   percent	  
difference	   between	   measurements	   made	   with	   the	  
combined	  system	  and	  at	  OSU	  was	  0.963%.	  

	  
Comparing	  the	  measurements	  between	  the	  systems,	  there	  is	  increased	  error	  

with	  increasing	  concentration.	  Figure	  15	  shows	  the	  linear	  relationship	  between	  

measurements.	  The	  slope	  is	  very	  close	  to	  1	  indicating	  reasonable	  agreement.	  

However,	  there	  is	  increased	  deviation	  at	  higher	  concentrations	  of	  TCO2.	  	  This	  is	  

further	  borne	  out	  in	  Figure	  16,	  which	  shows	  the	  linear	  relationship	  between	  percent	  

differences	  and	  TCO2	  illustrating	  a	  bias	  of	  greater	  error	  with	  increasing	  TCO2.	  This	  

can	  be	  explained	  by	  a	  lack	  of	  precision	  in	  liquid	  standard	  preparation	  at	  the	  OSU	  lab	  

during	  these	  analyses,	  which	  resulted	  in	  an	  inaccurate	  slope	  value	  during	  

calibration.	  The	  mean	  standard	  error	  of	  the	  calibration	  curves	  for	  the	  OSU	  system	  

was	  approximately	  3%	  with	  a	  larger	  deviation	  at	  high	  concentration,	  while	  the	  

standard	  error	  of	  the	  calibration	  curves	  for	  the	  WCH	  system	  during	  these	  analyses	  

was	  0.5%.	  That	  said,	  the	  operations	  of	  OSU	  system	  have	  been	  rigorously	  validated	  

and	  this	  test	  provides	  some	  indication	  that	  the	  combined	  system	  at	  WCH	  is	  capable	  

of	  reasonably	  high	  accuracy.	  	  
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Figure	  15.	  Comparison	  between	  TCO2	  measurements	  made	  by	   the	  OSU	  
lab	  system	  and	  the	  combined	  system	  at	  WCH	  of	  5	  discrete	  field	  samples.	  
Deviation	  is	  increasing	  with	  TCO2	  concentration.	  
	  
	  

	  
Figure	   16.	   Linear	   model	   shows	   increasing	   percent	   error	   with	   TCO2	  
concentration	   that	   is	   the	   result	   of	   inaccurate	   slope	   in	   the	   calibration	  
curve	  for	  the	  OSU	  system.	  	  
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3.4	  	   Discrete	  Sample	  Mode	  

	   The	  combined	  system	  is	  designed	  be	  able	  to	  analyze	  discrete	  samples	  for	  

both	  PCO2	  and	  TCO2	  measurement	  in	  addition	  to	  normal	  flow-‐through	  operations.	  

Additionally,	  discrete	  sampling	  mode	  was	  used	  extensively	  to	  introduce	  internal	  

samples	  during	  TCO2	  measurement	  validation	  tests.	  To	  validate	  the	  equilibrator	  

apparatus	  and	  PCO2	  and	  TCO2	  measurements	  during	  sampling,	  the	  discrete	  sampling	  

and	  flow-‐through	  methods	  were	  compared.	  	  

3.4.1	  PCO2	  Mode	  

To	  assess	  the	  PCO2	  measurements	  of	  discrete	  samples	  the	  intake	  was	  

sampled	  and	  compared	  to	  flow-‐through	  operation.	  First,	  the	  system	  was	  set	  to	  PCO2	  

mode	  under	  normal	  flow-‐through	  operations	  and	  allowed	  to	  equilibrate.	  After	  stable	  

PCO2	  measurements	  were	  made	  the	  intake	  water	  was	  sampled	  into	  a	  300ml	  tinted	  

glass	  bottle	  and	  the	  discrete	  sampling	  mode	  was	  engage	  using	  the	  software	  controls.	  

Equilibration	  using	  the	  shower-‐type	  and	  discrete	  sampling	  apparatus	  was	  then	  

compared.	  The	  detector	  response	  was	  calibrated	  using	  the	  slope	  and	  intercept	  

values	  in	  Table	  3	  and	  the	  PCO2	  at	  the	  analysis	  temperature	  was	  calculated	  from	  the	  

equilibrator	  headspace	  pressure	  and	  the	  detected	  XCO2.	  Temperature	  corrections	  

were	  made	  according	  to	  Equation	  19	  for	  both	  equilibrators.	  	  

	   pCO2Source	  T	  =	  pCO2Analysis	  T	  	  x	  	  EXP(0.0423*(Source	  T	  –	  Analysis	  T))	   (19)	  

The	  calibrated,	  temperature-‐corrected	  PCO2	  measurements	  were	  within	  0.453%	  

agreement.	  	  

	  

	  
Table	  3.	  Test	  of	  PCO2	  measurements	  using	  the	  discrete	  sampling	  mode.	  The	  time	  of	  analyses	  
is	   given	   with	   the	   XCO2	   value,	   which	   was	   calibrated	   according	   to	   the	   parameters	   shown.	  
Equilibrator	   and	   source	   temperatures	   are	   given	   and	   were	   used	   to	   make	   temperature	  
correction	   to	  compare	  PCO2	  measurements	  at	   the	  source	   temperature	  using	   two	  different	  
equilibrators	  on	  the	  same	  system.	  	  
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	   3.4.2	  TCO2	  Mode	  

	   Assessment	  of	  TCO2	  measurements	  in	  discrete	  sampling	  mode	  was	  carried	  

out	  similarly	  to	  the	  PCO2	  validation.	  Intake	  water	  was	  sampled	  in	  300ml	  tinted	  glass	  

bottles	  and	  injected	  into	  the	  system	  for	  analysis.	  Calibrated	  TCO2	  measurements	  for	  

both	  delivery	  methods	  were	  compared	  and	  found	  to	  be	  within	  0.318%	  agreement.	  

Table	  4	  shows	  the	  TCO2	  analysis	  data	  for	  each	  source	  and	  delivery.	  The	  mean	  XCO2	  
response	  is	  calibrated	  according	  to	  the	  mean	  TCO2	  slopes	  and	  intercepts	  shown.	  The	  

calibrated	  TCO2	  measurements	  were	  compared	  and	  the	  percent	  difference	  taken.	  

	  

	  
Table	  4.	  Test	  of	  TCO2	  measurements	  using	  the	  discrete	  sampling	  mode.	  The	  source,	  delivery	  
and	  run	  date	  identify	  each	  analysis.	  The	  mean	  TCO2	  slopes	  and	  intercepts	  are	  applied	  to	  the	  
XCO2	   values	   and	   the	   calibrated	   TCO2	   measurements	   are	   compared.	   The	   average	   percent	  
difference	  between	  flow-‐through	  and	  discrete	  sampling	  methods	  is	  0.317%.	  
	  
3.5	  	   Field	  Data	  

3.5.1	  Real	  Time	  Data	  

The	  objectives	  for	  this	  instrument	  include	  real-‐time	  calculations	  of	  the	  

carbonate	  parameters,	  including	  the	  saturation	  state	  of	  calcium	  carbonate	  minerals,	  

from	  the	  nearly	  simultaneous	  measurements	  of	  PCO2	  and	  TCO2	  in	  the	  seawater.	  Real	  

time	  measurements	  are	  dependent	  on	  accurate	  calibration	  of	  the	  detector	  and	  TCO2	  

measurements.	  Figure	  17	  shows	  the	  raw	  data	  during	  a	  calibration	  procedure	  and	  

the	  mean	  standard	  values	  used	  for	  the	  linear	  regression.	  	  
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Figure	   17.	   Raw	   data	   during	   calibration	   procedure	  with	  mean	   gas	   and	  
liquid	  standard	  values	  used	  for	  the	  linear	  regression.	  	  
	  
	  
Figure	  18	  shows	  raw	  data	  under	  typical	  combined	  PCO2/TCO2	  operations.	  

Automated	  calibration	  procedures	  are	  performed	  every	  8	  hours	  under	  standard	  

operation.	  The	  default	  PCO2	  and	  TCO2	  intervals	  are	  1500	  and	  300	  seconds	  

respectively.	  Therefore	  there	  is	  a	  5-‐minute	  interval	  of	  continuous	  TCO2	  

measurement	  every	  30	  minutes.	  	  	  

	  

	  
Figure	  18.	  Raw	  data	  during	  standard	  pCO2/TCO2	  operation.	  TCO2	  measurements	  
are	   taken	   for	   5-‐minute	   intervals	   every	   30	   minutes	   with	   PCO2	   measurements	  
made	  in	  the	  interim.	  Calibration	  procedures	  are	  performed	  every	  8	  hours.	  	  
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The	  saturation	  of	  aragonite	  is	  calculated	  in	  real	  time	  according	  to	  methods	  

discussed	  in	  section	  2.2.2.	  Figure	  19	  shows	  an	  example	  of	  such	  data.	  The	  red	  

markers	  represent	  real	  time	  data.	  The	  black	  line	  in	  the	  graph	  is	  the	  saturation	  

calculated	  in	  the	  post-‐processing	  methods.	  The	  offset	  in	  this	  case	  was	  due	  to	  

inaccuracies	  in	  the	  real-‐time	  calibration	  and	  inconsistencies	  in	  the	  averaging	  of	  

TCO2	  values.	  Averaging	  of	  TCO2	  data	  likely	  began	  before	  the	  signal	  stabilized,	  

resulting	  an	  inaccurate	  slope	  value	  (within	  0.383%)	  and	  large	  differences	  in	  the	  

intercepts	  (mean	  difference	  of	  93.759%,	  see	  Appendix	  E).	  This	  leads	  to	  higher	  TCO2	  

values	  and	  an	  overestimate	  of	  saturation	  state.	  	  

	  

	  
Figure	   19.	   Real-‐time	   aragonite	   saturation	   calculated	   from	   last	   mean	  
calibrated	   TCO2	   value	   and	   real-‐time	   pCO2.	   Thermodynamic	   equilibrium	  
constants	  are	  calculated	  from	  temperature	  and	  salinity.	  	  

	  

3.5.2	  Processed	  Data	  

A	  series	  of	  quality	  control	  measures,	  calculations	  and	  organization	  of	  the	  raw	  

data	  goes	  into	  consolidating	  accurate	  time	  series	  data	  from	  field	  data.	  The	  methods	  

developed	  for	  the	  data	  sets	  produced	  by	  this	  instrument	  are	  discussed	  in	  section	  

2.7.2.	  After	  consolidation	  of	  the	  raw	  data	  files	  and	  corrections	  are	  made	  to	  analog	  

data,	  the	  gas	  and	  liquid	  standards,	  PCO2	  and	  TCO2	  data	  are	  each	  extracted.	  Figure	  20	  
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shows	  an	  example	  of	  extracted	  PCO2	  mode	  data	  overlaid	  the	  raw	  data.	  The	  extracted	  

PCO2	  mode	  data	  is	  averaged	  across	  10-‐second	  windows.	  Figure	  21	  shows	  and	  

example	  of	  extracted	  TCO2	  mode	  data.	  TCO2	  mode	  data	  is	  averaged	  across	  the	  entire	  

stabilized	  signal	  and	  the	  interval	  is	  treated	  as	  a	  single	  point.	  The	  standard	  deviation	  

of	  the	  TCO2	  signal	  across	  the	  interval	  is	  calculated	  and	  is	  used	  as	  a	  quality	  control	  

measure	  for	  TCO2	  data	  processing.	  TCO2	  measurements	  with	  a	  standard	  deviation	  

(of	  XCO2)	  greater	  than	  3	  do	  not	  get	  calibrated	  and	  are	  left	  out	  of	  the	  final	  time	  series.	  	  

The	  standard	  deviation	  is	  also	  calculated	  for	  the	  PCO2	  interval	  and	  values	  greater	  

then	  10	  ppmv	  do	  not	  get	  further	  processed.	  	  

	  

	  

	  
Figure	  20.	  PCO2	  mode	  data	  extracted	  from	  and	  then	  overlaid	  raw	  data.	  PCO2	  
data	  is	  averaged	  at	  10-‐second	  windows.	  
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Figure	  21.	  TCO2	  mode	  data	  extracted	  from	  and	  then	  overlaid	  raw	  data.	  TCO2	  mode	  
data	   is	   averaged	  across	   the	  entire	   stabilized	  signal	  and	   the	   interval	   is	   treated	  as	  
one	  point.	  	  

	  
PCO2	  and	  TCO2	  mode	  data	  are	  calibrated	  by	  synchronization	  with	  the	  

interpolated	  calibration	  slope	  and	  intercept	  values.	  The	  slopes	  and	  intercepts	  are	  

calculated	  from	  the	  mean	  standard	  values	  in	  the	  last	  30	  seconds	  of	  the	  interval	  

during	  a	  stable	  signal	  as	  illustrate	  in	  Figure	  17	  and	  then	  interpolated	  over	  the	  time	  

interval	  between	  calibrations.	  Figure	  22	  shows	  examples	  of	  calibrated	  PCO2	  and	  

TCO2	  time	  series	  data.	  	  These	  data	  were	  collect	  from	  5/19-‐5/23/2012	  at	  Netarts	  

Bay,	  Oregon.	  Oscillations	  are	  consistent	  with	  diurnal	  frequency	  and	  are	  driven	  by	  

biological	  production	  in	  the	  bay.	  The	  significant	  decrease	  in	  TCO2	  and	  salinity	  during	  

May	  21,	  2012	  are	  explained	  by	  intrusion	  of	  the	  Columbia	  River	  plume	  into	  the	  bay	  

during	  periods	  of	  downwelling-‐favorable	  winds	  (see	  Figure	  28).	  	  The	  maximum	  

rates	  of	  change	  seen	  in	  the	  carbonate	  conditions	  during	  the	  time	  series	  were	  123	  µM	  

hr-‐1	  for	  TCO2	  and	  103	  µatm	  hr-‐1	  for	  	  PCO2,	  corresponding	  to	  changes	  of	  2.4oC	  hr-‐

1	  in	  temperature	  and	  2.6	  psu	  hr-‐1in	  salinity.	  This	  illustrates	  the	  instrument’s	  ability	  

to	  capture	  the	  high	  variability	  seen	  in	  the	  bay.	  	  
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Figure	   22.	   Time	   series	   data	   of	   continuously	   sampled	   seawater	   from	   Netarts	   Bay,	  
Oregon	  was	  analyzed	  from	  5/19-‐5/23/12.	  (A)	  Temperature-‐corrected,	  calibrated	  pCO2.	  
(B)	  Calibrated	  TCO2	  with	  1	  standard	  deviation	  error	  bars.	  (C)	  Temperature	  and	  salinity	  
data	  taken	  at	  the	  time	  of	  PCO2	  and	  TCO2	  measurements.	  	  
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3.6	  	   Interpolation	  Model	  	  

	   In	  order	  to	  construct	  a	  time	  series	  of	  the	  other	  carbonate	  parameters,	  PCO2	  

and	  TCO2	  data	  must	  be	  consolidated	  and	  interpolated	  through	  time	  in	  a	  way	  that	  is	  

consistent	  with	  natural	  variability.	  To	  accomplish	  this	  we	  created	  an	  interpolation	  

model	  that	  was	  discussed	  in	  section	  2.7.2.	  After	  PCO2	  and	  TCO2	  data	  are	  

synchronized	  alkalinity	  is	  calculated.	  The	  relation	  between	  alkalinity	  and	  salinity	  is	  

tightly	  correlated	  and	  is	  not	  subject	  to	  decoupling	  the	  way	  TCO2	  and	  salinity	  may	  be	  

due	  to	  photosynthesis	  and	  respiration.	  Given	  the	  strong	  correlation	  between	  

alkalinity	  and	  salinity,	  a	  single	  linear	  regression	  approach	  may	  have	  been	  

considered	  sufficient.	  However,	  evaluating	  a	  single	  linear	  regression	  of	  the	  alkalinity	  

and	  salinity	  data	  (shown	  in	  Figure	  23)	  from	  time	  series	  data	  presented	  above,	  the	  

mean	  percent	  error	  of	  predicted	  alkalinity	  was	  1.499%.	  	  

	  

	  
Figure	   23.	   Linear	  model	   of	   alkalinity-‐salinity	   relationship	   based	   on	   a	   single	  
regression	   of	   all	   values	   in	   the	   time	   series	   data	   for	   PCO2	   and	   TCO2	  
measurements	   of	   seawater	   from	   Netarts	   Bay,	   Oregon	   was	   analyzed	   from	  
5/19-‐5/23/12.	  

	  

The	  highly	  dynamic	  setting	  of	  Netarts	  Bay	  requires	  a	  more	  complex	  approach	  

to	  capture	  the	  variability	  in	  the	  alkalinity-‐salinity	  relationship	  over	  short	  timescales.	  

We	  have	  developed	  an	  approach	  that	  models	  alkalinity	  with	  significantly	  less	  error.	  	  	  

As	  noted	  before	  and	  illustrated	  in	  Figure	  24,	  the	  model	  steps	  through	  the	  data	  at	  30-‐

minute	  increments	  looking	  for	  alkalinity	  and	  salinity	  data	  in	  a	  6-‐hour	  window.	  

y	  =	  45.825x	  +	  666.32	  
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Linear	  regressions	  are	  recursively	  performed	  on	  the	  alkalinity	  and	  salinity	  data	  

arrays	  throughout	  the	  time	  series.	  This	  accurately	  captures	  the	  alkalinity-‐salinity	  

relationship	  and	  allows	  for	  variability	  through	  time.	  

	  

	  
Figure	   24.	   Scheme	   for	   determining	   alkalinity-‐salinity	   relationship	   through	   time	  
series	  data	  by	  recursively	  fitting	  a	  linear	  regression	  to	  windows	  of	  data.	  This	  allows	  
the	  natural	  variability	  in	  the	  relationship	  to	  be	  easily	  modeled.	  

	  
We	  investigated	  the	  predictive	  power	  of	  a	  single	  linear	  regression	  using	  data	  

in	  a	  6-‐hour	  window.	  Figure	  25	  shows	  that	  the	  percent	  error	  increases	  as	  a	  function	  

of	  time	  beyond	  the	  6-‐hour	  window.	  This	  illustrates	  the	  6-‐hour	  interval	  is	  

appropriate	  to	  capture	  variability	  conditions	  and	  minimize	  error	  in	  calculating	  

alkalinity	  from	  salinity.	  The	  percent	  error	  is	  less	  than	  1%	  within	  this	  interval,	  

whereas	  if	  the	  linear	  fit	  is	  applied	  to	  conditions	  out	  to	  a	  24-‐hour	  window	  the	  percent	  

error	  approaches	  4%.	  	  	  	  
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Figure	   25.	   Plot	   of	   the	   percent	   error	   of	   the	   alkalinity	   predictability	   using	   a	  
single	   linear	   regression	   of	   data	   in	   a	   6-‐hour	  window	   as	   a	   function	   of	   time.	  
Error	  becomes	  significantly	  worse	  beyond	  the	  6-‐hour	  window.	  

	  
	   The	  goodness	  of	  fit	  for	  the	  single	  regression	  and	  recursive	  regression	  models	  

are	  shown	  in	  Figures	  26	  and	  27.	  These	  plots	  show	  the	  predicted	  alkalinity	  versus	  

alkalinity	  calculated	  from	  measured	  parameters,	  TCO2	  and	  PCO2.	  The	  goodness	  of	  fit	  

for	  our	  recursive	  regression	  model	  is	  significantly	  improved	  over	  the	  single	  

regression	  model.	  Further,	  the	  mean	  percent	  error	  of	  predicted	  alkalinity	  is	  three	  

times	  less	  using	  the	  recursive	  approach.	  	  
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Figure	  26.	  Plot	  of	  fitted	  alkalinity	  using	  a	  single	  linear	  regression	  approach	  
versus	   alkalinity	   calculated	   from	   measured	   PCO2	   and	   TCO2.	   The	   mean	  
percent	  error	  using	  the	  single	  regression	  model	  is	  1.499%.	  
	  
	  

	  
Figure	   27.	   Plot	   of	   fitted	   alkalinity	   using	   the	   recursive	   approach	   versus	  
alkalinity	   calculated	   from	   measured	   PCO2	   and	   TCO2.	   The	   mean	   percent	  
error	  using	  the	  recursive	  regression	  model	  is	  0.457%.	  	  

	  
	  

	   This	  model	  is	  then	  applied	  to	  PCO2	  mode	  interval	  and	  the	  alkalinity	  is	  

calculated	  from	  salinity.	  The	  modeled	  alkalinity	  and	  measured	  PCO2	  are	  then	  used	  to	  

calculate	  the	  carbonate	  parameters	  resulting	  in	  a	  high-‐resolution	  time	  series	  of	  

carbonate	  system	  data.	  	  The	  carbonate	  system	  values	  that	  were	  calculated	  directly	  
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from	  the	  synchronized	  measured	  PCO2	  and	  TCO2	  data	  in	  the	  steps	  above	  provide	  a	  

further	  check	  on	  the	  goodness	  of	  fit	  for	  this	  interpolation	  model.	  Figure	  28	  shows	  

the	  saturation	  state	  time	  series.	  The	  dashed	  lines	  represent	  the	  data	  interpolated	  

through	  the	  PCO2	  interval	  while	  the	  markers	  represent	  the	  calculations	  form	  the	  

synchronized	  PCO2/TCO2	  measurements.	  The	  mean	  deviation	  of	  the	  predicted	  values	  

from	  the	  measured	  observation	  is	  within	  1.6%	  for	  both	  aragonite	  and	  calcite	  

saturation	  states.	  
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Figure	  28.	  Time	  series	  data	  of	  (A)	  the	  saturation	  state	  of	  calcite	  and	  aragonite	  
carbonate	  minerals	  from	  data	  collected	  in	  Netarts	  Bay	  from	  5/19-‐5/23/12.	  The	  
dashed	  lines	  represent	  interpolated	  data	  and	  are	  within	  1.6%	  agreement	  with	  
the	   data	   represented	   by	   markers	   that	   was	   calculated	   from	   measurements	  
constraining	  the	  carbonate	  system.	  (B)	  Temperature	  and	  salinity	  data	  taken	  at	  
the	   time	   of	  PCO2	   and	  TCO2	  measurements.	   (C)	  North-‐south	  wind	   forcing	   data	  
taken	  from	  NOAA	  Buoy	  9437540	  at	  Garibaldi,	  OR	  approximately	  10miles	  north	  
of	  field	  site.	  	  

	  

The	  interpolation	  model	  appears	  to	  be	  quite	  successful	  at	  capturing	  natural	  

variability	  in	  the	  seawater	  seen	  in	  the	  bay.	  Table	  5	  shows	  the	  standard	  errors	  of	  the	  

predicted	  values	  of	  interpolated	  carbonate	  parameters.	  	  
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Table	   5.	   	   Standard	   error	   of	   estimates	   using	   the	   interpolation	   model	  
developed	   to	   create	   time	   series	   of	   carbonate	   system	   parameters.	   This	  
model	   captures	   the	   natural	   variability	   to	   within	   1%	   of	   the	  
measurements.	  	  	  

	  
The	  inherent	  error	  of	  alkalinity	  calculated	  from	  PCO2	  and	  TCO2	  measurements	  is	  +/-‐

3.0µmol/kg	  [18].	  This	  error	  must	  be	  taken	  into	  account	  when	  evaluating	  the	  

accuracy	  of	  the	  composite	  time	  series	  data.	  This	  increases	  the	  mean	  deviation	  in	  

interpolated	  alkalinity	  values	  to	  0.677%.	  With	  up	  to	  13.0µmol/kg	  uncertainty	  in	  

interpolated	  alkalinity	  and	  a	  maximum	  error	  of	  3.5%	  in	  pCO2,	  the	  error	  of	  

interpolated	  saturation	  state	  of	  calcium	  carbonate	  is	  less	  than	  3.6%.	  	  
	  
	  

4.	  Conclusion	  

	   I	  have	  built	  a	  system	  that	  automatically	  makes	  high-‐frequency	  measurements	  

of	  PCO2	  and	  TCO2	  for	  constraint	  of	  the	  carbonate	  system	  and	  real-‐time	  calculation	  

and	  display	  of	  the	  saturation	  state	  of	  calcium	  carbonate	  in	  a	  dynamically-‐changing	  

flowing	  stream	  of	  natural	  seawater.	  The	  system	  makes	  continuous	  measurements	  at	  

programmable	  intervals	  using	  a	  flow-‐through	  design	  with	  the	  capability	  of	  running	  

discrete	  samples.	  The	  system	  uses	  a	  non-‐dispersive	  infrared	  detector	  to	  measure	  

CO2	  content	  of	  either	  an	  equilibrated	  headspace	  for	  PCO2	  measurements	  or	  evolved	  

gas	  from	  an	  acidified	  sample	  stream	  for	  TCO2	  measurements.	  	  

	   At	  this	  point	  in	  development	  the	  precision	  of	  instrument	  is	  within	  0.5%.	  The	  

internal	  accuracy	  of	  the	  system	  with	  respect	  to	  TCO2	  measurements	  is	  0.8%.	  TCO2	  

measurements	  were	  within	  1%	  agreement	  with	  established	  measurements	  at	  the	  

Hales	  lab	  at	  Oregon	  State	  University,	  while	  PCO2	  measurements	  were	  within	  3%	  

agreement.	  However,	  absolute	  accuracy	  has	  yet	  to	  be	  established.	  The	  discrete	  

sample	  mode	  of	  operation	  performs	  well	  with	  discrete	  PCO2	  measurements	  being	  
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within	  0.5%	  of	  the	  shower-‐type	  flow-‐through	  equilibrator	  while	  discrete	  TCO2	  

samples	  were	  within	  0.3%	  of	  the	  flow	  through	  apparatus.	  	  

	   The	  numerical	  methods	  used	  to	  construct	  time	  series	  of	  carbonate	  data	  from	  

combined	  PCO2/TCO2	  operations	  accurately	  interpolates	  through	  PCO2	  mode	  using	  

synchronized	  PCO2	  and	  TCO2	  measurements	  to	  model	  variability	  in	  the	  alkalinity-‐

salinity	  relationship.	  Alkalinity	  is	  interpolated	  to	  within	  0.5%	  leading	  to	  aragonite	  

calculations	  that	  are	  within	  3.6%	  given	  uncertainty	  in	  the	  measurements	  and	  

calculations.	  

	   There	  was	  significant	  deviation	  in	  real-‐time	  calculation	  of	  saturation	  states	  

due	  to	  miscalculations	  and/or	  synchronization	  problems	  in	  the	  software	  program.	  

However,	  since	  the	  instrument	  is	  capable	  of	  reproducing	  measurements	  and	  has	  

shown	  to	  be	  stable	  for	  multiple	  days	  of	  continuous	  operation,	  I	  feel	  this	  will	  be	  a	  

simple	  programming	  issue	  to	  resolve.	  	  

	   I	  have	  shown	  a	  successful	  proof-‐of-‐concept	  with	  acceptable	  stability,	  

precision	  and	  internal	  consistency;	  although	  validation	  of	  accuracy	  must	  be	  

pursued.	  With	  that,	  this	  instrument	  remains	  a	  cost-‐effective,	  small-‐footprint	  system	  

for	  high-‐resolution	  measurements	  to	  constrain	  the	  carbonate	  chemistry.	  This	  

provides	  a	  powerful	  tool	  for	  studying	  ocean	  acidification	  and	  variability	  and	  

mechanisms	  of	  carbon	  cycling,	  particularly	  in	  highly	  dynamic	  coastal	  settings.	  	  
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Appendix	  A.	  Recipe	  for	  liquid	  carbonate	  standards.	  Crystalline	  bicarbonate	  and	  
carbonate	  was	  dissolved	  into	  artificial	  seawater.	  	  
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Appendix	  B.	  Comparison	  of	  real-‐time	  and	  post-‐processed	  calibration	  parameters	  
from	  linear	  regressions	  of	  gas	  and	  liquid	  standards	  data.	  	  
	  
Table	  E.1.	  The	  detector	  calibrations	  show	  the	  slopes	  and	  intercepts	  from	  linear	  regressions	  
between	  gas	  standards	  and	  detector	  responses	  at	  various	  time	  points.	  The	  TCO2	  calibrations	  
show	   the	   slopes	   and	   intercepts	   from	   linear	   regressions	   between	   liquid	   standards	   and	  
detector	   response	   at	   synchronized	   time	   points.	   The	   real-‐time	   and	   post-‐processing	  
calculations	   are	   compared	   for	   each	   calibration.	   Both	   the	   detector	   and	   TCO2	   calibrations	  
exhibit	  an	  offset	  between	  the	  real-‐time	  and	  post-‐processing	  methods.	  	  	  
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./0123400 .103. .103. 01035 3/126. 321760 31056
./.103000 .10.6 .10.5 01.3. 33158/ 3.1784 /1004
./.150200 .10.6 .10.5 01.2/ 331/8/ 3.1663 21842
./3153540 .10.8 .10.5 01.63 331273 3.1873 21627
./2158/.0 .10./ .10.6 01.25 3313/. 3.18/6 21.55

9:"&);" 01..6 9:"&);" 21344
<(=3'()*+,&)#+%-'

!"#$% &'()%*+,' - !"#$ &'()%*+,' -
*789%/)"0' *789%/)"0' 1+22'3'45' *789%64$'35'0$ *789%64$'35'0$ 1+22'3'45'

./0122360 .1778 .1753 0167. >281333 >.0/1887 441307

./.103260 .1787 .1783 012.6 >26166/ >451487 4.106.

./.150660 .175. .1762 01/.5 >/.1/86 >.031857 7/175.

./3152.60 .1762 .1760 01.52 >261833 >.001403 421648

./21052/0 .1767 .1784 01/5/ >351540 >721068 441536

./2158550 .1785 .1782 01325 >221.46 >431066 42144/
9:"&);" 01272 9:"&);" 421584

18:

18:
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Appendix	  D.	  	  Example	  of	  linear	  fits	  of	  alkalinity	  versus	  salinity.	  Data	  is	  chosen	  from	  
inside	  6-‐hour	  windows.	  The	  midpoint	  time	  is	  stepped	  forward	  in	  30-‐min	  intervals.

	  
	  

	   	  

!!!!!!!!!!!"!!#$%&$'!()*$+
,-.!&%/%!0'12!0)($+!)*!
!345%'$&6$+17'8$+39%/%3:,#3:,#;2%<.=3:,#;2%<.=;,-.;,%'>?%'+
!@)*$%'!0)/+!8'$%/$&!A)/5!B'1C'%2!:,#;D(EF40)/G!A')//$*!><!H$++$!?%*8$
I'18$++$&!><!HJ?
4(1B$+!%*&!)*/$'8$B/+!01'!D(E!K+!4%()*)/<!()*$%'!'$C'$++)1*+

L*/K%(M DK$;9-N L*/$'8$B/ 4@1B$ 6$&85)+O P1;&%/%
Q QRSTRU.V"Q F="VSTR==R QW=TW"X.VX .RT"WV".U "
. QRSTRV=UUR FQ"SSTR.=W QQUT=W"RW. =T=XRXUV X
= QRSTXQR"QW FQVS"T=XQ" Q."TVV=UQ= UTQV.R=" X
R QRSTX=XR=Q FQVS"T=XQ" Q."TVV=UQ= UTQV.R=" X
X QRSTXX".UR FRUQST=VVV .Q"TR.VUS= "T"X""U X
" QRSTXUUSWU FRUQST=VVV .Q"TR.VUS= "T"X""U X
U QRSTXVUV=Q F"V"=T.SS. .WWT="S"WU VT..=Q"V "
W QRST"QWURR F"V"=T.SS. .WWT="S"WU VT..=Q"V "
V QRST"=VXWU FWQV. =.UTRQQQVR VTVS=QX "
QS QRST""SR FWQV. =.UTRQQQVR VTVS=QX "
QQ QRST"WQ.RR Q"=WTRSSS. Q=TVW.RX" Q.T=.=S"W "
Q. QRSTUS.SXU Q"=WTRSSS. Q=TVW.RX" Q.T=.=S"W "
Q= QRSTU..V FQX=WTWRVU QQXTRUXSW. QRTXQQQXR "
QR QRSTUR=UQ= FQX=WTWRVU QQXTRUXSW. QRTXQQQXR "
QX QRSTU"RXXU F"VRTS=RVU WWT"X.=W. Q.TV"WXRQ "
Q" QRSTUWX=U F"VRTS=RVU WWT"X.=W. Q.TV"WXRQ "
QU QRSTWS".Q= FRQQTXQRSQ UVT"VR." Q=TQ=WXW" "
QW QRSTW.US." FRQQTXQRSQ UVT"VR." Q=TQ=WXW" "
QV QRSTWRUWU F"=QT=UW.R W"TXQSS"= Q.TVXXWVR "
.S QRSTW"W"W= F"=QT=UW.R W"TXQSS"= Q.TVXXWVR "
.Q QRSTWWVX." F=QQTXQRV. U"TR"=XU QQTQQXSV "
.. QRSTVQS==V F=QQTXQRV. U"TR"=XU QQTQQXSV "
.= QRSTV=QQW= FQ=W=TUW=W QQSTQQRQ. VTU"QV.U "
.R QRSTVXQVV" FQ=W=TUW=W QQSTQQRQ. VTU"QV.U "
.X QRSTVU.W=V FQSRXTSRQQ VVT."W."X =TU==RXW "
." QRSTVV="X. FQSRXTSRQQ VVT."W."X =TU==RXW "
.U QRQTSQRRV" FX.VTS""UQ W.TVWXWUW =TR"=U" X
.W QRQTS=X=SV FX.VTS""UQ W.TVWXWUW =TR"=U" X
.V QRQTSX"QX. "RTXS=V=U "RT..USXW .TV.VW=U R
=S QRQTSU"V"X F.QR.TQ"SV Q=RTSSSXQV QSTRVXVVX X
=Q QRQTSVUWSV F.XWQTSRQ QRUTWQ=X"W QQT"WRRSQ R
=. QRQTQQW".. FQWWQTVR" Q."TQQ=SSU ..TVSQS.R X
== QRQTQ=VR"X V.WRT."UXW F..XT."VWU ..TUWQ=XX R
=R QRQTQ"S.UW FQ"=XTSV"U QQWTRXQ..X ..TRVSXRV X
=X QRQTQWQQ.. FXVSTXW"S" WXTUV".XU ..TX".."U R
=" QRQT.SQV=X FU=WT=VRX= VSTRXQ.X" .ST.S".U. X
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Appendix	  E.	  Example	  of	  alkalinity	  calculated	  from	  salinity	  through	  PCO2	  interval.	  	  

	  

!!!!!!!!!!!"!!#$%&$'!()*$+
,)-$+!+$')$+!&%.%!./!0$!1+$&!2/'!3%(31(%.)/*!/2!3%'0/*%.$!4%')%0($+
5%(31(%.$&!1+)*6!75#85%(389(:;!<')..$*!0=!>$++$!?%*3$
!@'/3$++$&!0=!A4!
9(:%()*).=!3%(31(%.$&!2'/-!+%()*).=!&%.%!2'/-!2)($+!)*!
!BCD%'$&E$+/1'3$+BF%.%B75#B75#8-%=GHB75#8-%=GH85IG8J5IG&%.%

FIK C/1'3$8, 9*%(=+)+8, C%()*).= F$J.D J5IG 9LM C(/J$ N*.$'3$J.
OPQRSHPQTT OGRQP OGROS HORPO Q HSPRTSUO GQTGRSGO OGURVVH" WOVQURHSOU
OPQRSHPSHO OGRQP OGROU HORPO Q HSPRVGOS GQTGRSGO OGURVVH" WOVQURHSOU
OPQRSHSOGU OGRQP OGROU HORPO Q HSSRGOSH GQTGRSGO OGURVVH" WOVQURHSOU
OPQRSHSPUO OGRQS OGRO" HORPO Q HSSRSUT GQTGR"VOO OHOR"QQV WGQSHRVHHO
OPQRSHSVVS OGRQS OGRO" HORPO Q HSURGH"H GQTHRQUOH OHURPQT WGGQORSOPU
OPQRSHUUU" OGRQS OGRO" HORPO Q HSURTHTG GQTHRHHGO OPOROOSG WGHPVRQVSV
OPQRSH"QOT OGRQS OGROT HORPO Q HS"RH"QH GQTHRUQGH OPSRTGGH WGPVURU""S
OPQRSH"STG OGRQS OGRO" HORPO Q HSTROOVV GQTHRT"GP OSQRSGVS WGUPPRGSV
OPQRSHTQGS OGRQS OGROS HORPO Q HSTR""HP GQTPROPGU OSSRGHUU WG"VORTPQU
OPQRSHTUTO OGRQP OGRO" HORPO Q HSTR""VH GQTPRPOHP OSVRVPHT WGVHVRPGOV
OPQRSPGPS OGRQU OGROT HORP Q HSTR"OQ" GQTHRQH"O OUPRUSO WHQT"RQQHP
OPQRSPGTQO OGRQU OGRO" HORP Q HSTR"SUT GQTHRGUQO OUVRHSTO WHGHPRSTS
OPQRSPHOSG OGRQU OGROT HORP Q HSTROTPO GQTHRPTHG O"PRQUSH WHHTGROUUS
OPQRSPHSUP OGRQU OGROV HORP Q HS"RTHV GQTHR"QU" O"TR""GP WHSGVR"PT
OPQRSPPOPP OGRQU OGROV HORP Q HS"RPUGU GQTHRVGVT OTHRP"VU WHU""RHGVU
OPQRSPPPVS OGRQU OGROV HORP Q HS"RPT"V GQTPROSHO OTTROTUT WHTGPRVOQV
OPQRSPPVSG OGRQ" OGROV HORP Q HS"R"VQT GQTPRH"UG OVGRTVHV WHV"GRPVGP
OPQRSPSHT OGRQ" OGRG HORP Q HS"RUU"T GQTPRU OV"RUQOO WPOGQRQ"H"
OPQRSPSTGG OGRQ" OGRGO HORP Q HSTROVHP GQTPRTGHO GQGRHQTG WPGU"RUSSH
OPQRSSGUST OGRQ" OGROV HORHV Q H""RGSTP GQTGRV"U GQ"RQOSP WPPOSRGHUT
OPQRSSHGQ" OGRQU OGROT HORHV Q HTORQGGP GQTHROSG GOOR"GGS WPSUGRTOTP
OPQRSSHUUS OGRQU OGROV HORHV Q HTHRSPVU GQTHRHGTS GOURPGV" WP"OQRHVVV
OPQRSSVT"S OGRQU OGRG HORHV Q HTPRGQVO GQTHRHGTS GOURPGV" WP"OQRHVVV
OPQRSUQPO OGRQU OGROV HORHV Q HTGRSGSS GQTHRHGTS GOURPGV" WP"OQRHVVV
OPQRSUQ""U OGRQU OGROT HORHV Q HTORGVHH GQTHRHGTS GOURPGV" WP"OQRHVVV
OPQRSUOOG" OGRQU OGROV HORHV Q H"VRTGQG GQTHRHGTS GOURPGV" WP"OQRHVVV
OPQRSUOP"T OGRQU OGRG HORHV Q H"TRSHS GQTHRHGTS GOURPGV" WP"OQRHVVV
OPQRSUOTGV OGRQU OGRO" HORHV Q H""RVTTO GQTHRHGTS GOURPGV" WP"OQRHVVV
OPQRSUGPTS OGRQU OGROT HORHV Q H"SRPHUP GQTHRHGTS GOURPGV" WP"OQRHVVV
OPQRSUHOPO OGRQU OGROT HORHV Q H"HRUHTH GQTHRHGTS GOURPGV" WP"OQRHVVV
OPQRSUHSUT OGRQU OGRO" HORHV Q H"GRSOQH GQTHRHGTS GOURPGV" WP"OQRHVVV
OPQRSUPOPT OGRQU OGROV HORHV Q HUVRT"SV GQTHRHGTS GOURPGV" WP"OQRHVVV
OPQRSUP"PH OGRQU OGRG HORHV Q HU"R"UGO GQTHRHGTS GOURPGV" WP"OQRHVVV
OPQRSUSQVP OGRQU OGROV HORHV Q HUURTUVG GQTHRHGTS GOURPGV" WP"OQRHVVV
OPQRSUSPOP OGRQU OGRG HORHV Q HUSRSPGG GQTHRHGTS GOURPGV" WP"OQRHVVV
OPQRS"H""U OGRQS OGROT HORHT Q HSURPGU" GQTOROUPG GOURPGV" WP"OQRHVVV
OPQRS"PHGU OGRQS OGROU HORHT Q HSURSUT GQTOROUPG GOURPGV" WP"OQRHVVV
OPQRS"P"VV OGRQS OGROT HORHT Q HSURSOQU GQTOROUPG GOURPGV" WP"OQRHVVV
OPQRS"SGGU OGRQS OGROU HORHT Q HS"RGUP GQTOROUPG GOURPGV" WP"OQRHVVV
OPQRS"S"V OGRQU OGROV HORHT Q HS"RVQG" GQTOROUPG GOURPGV" WP"OQRHVVV
OPQRS"UGPT OGRQU OGRG HORHT Q HSTRTT"O GQTOROUPG GOURPGV" WP"OQRHVVV
OPQRS"UTGT OGRQU OGROV HORHT Q HUQRHP"S GQTOROUPG GOURPGV" WP"OQRHVVV
OPQRS""HQO OGRQU OGROV HORHT Q HUORHU"S GQTOR"OHS GGSRPGOO WPVVG
OPQRS"""GT OGRQ" OGRG HORHT Q HUGRHUVT GQTGRGUGP GHPRPOGP WSG"HRUQQO
OPQRS"TOO OGRQU OGROV HORHT Q HUHRUOQO GQTGRTOOT GPHRPQHT WSSSSRGQQG
OPQRS"TSSG OGRQ" OGRO" HORHT Q HUSRP"VG GQTHRHUO" GSGRHVSG WSTHUR"VVT
OPQRSVPSSV OGRQ" OGRG HORHU Q H"GRUSGG GQ"TRUTGT GUORHTUU WUOOTRHVVV
OPQRSVSQ"T OGRQ" OGRG HORH" Q HUVRTHPP GQTOR"SS" G"QRH""V WUPQQ
OPQRSVSU"H OGRQT OGRGH HORHU Q HU"RSUP" GQ"VRPGOV G"VRHUVH WUUTORUQQO
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Appendix	  F.	  Example	  of	  carbonate	  parameters	  calculated	  from	  PCO2	  and	  
interpolated	  alkalinity.	  	  
	  

	  
	  
	  

!!!!!!!!!!!"!!#$%&$'!()*$+

,%'-.*%/$!0%'%1$/$'+!2%(23(%/$&!4'.1!0,56%*&!7(8%()*)/9!&%/%!4'.1:

!;<=%'$&>$+.3'2$+;?%/%;@,#;@,#AB%96C;@,#AB%96CA,56A0,56A7(8

,%(23(%/$&!3+)*D!@,#A,56A,%(26E!F')//$*!-9!G$++$!H%*2$

I'.2$++$&!-9!GBH

?5J <.3'+$AK 7*%(9+)+AK <%()*)/9 ?$0/= 7LM ?N, 0,56 ,56 #,5C ,5C 0#+F+ 51$D%O, 51$D%O7

PQRSCCQ"TC USV" USUT C6 R 6PUCS6WTP 6RQPSPTU" QPTST"6T PVSTV6 PUPRSPQP PP6SCQT" VSRPV 6S"W PS"CU

PQRSCCWP"W USV" USU" C6 R 6PUCS6WTP 6RQPSTUWC QPVSPC"Q PVS"Q"" PUPRSURQU PP6SRQ6" VSRP" 6S"QC PS"CQ

PQRSCQC6QT USUC PRSRQ CPSUV R 6PVUSW"VU 6RQRSTCQW Q6WSQP6V PUSRCV6 PUPPSP"CW PPRSQ66V VSRP 6S"RC PS"RU

PQRSCQC"PU USUC PRSRQ CPSUV R 6PVUSW"VU 6RQRS"PWU Q6WSTW"C PUSRQUP PUPPS6UCT PPRSC"CC VSRRU 6S"R6 PS"RV

PQRSCQQPUC USUC PRSRW CPSUV R 6PVUSW"VU 6RQRST"TQ Q6WSWCQV PUSRQCT PUPPS6CQT PPRSCUV6 VSRRU 6S"RC PS"RU

PQRSCQQ"VV USUQ PRSRQ CPSUV R 6PVUSW"VU 6RQRS"RUQ Q6WSVPCP PUSRQU" PUPPS6"TT PPRSCVC VSRRU 6S"R6 PS"RU

PQRSCQWQ6V USUW PRSRW CPSU" R 6PV"S"Q 6RCUSPP"6 Q6WSVVUU PUSRQ"U PURUSVQCT PPRS66WT VSRRU 6STUU PS"RT

PQRSCQTRRV USUW PRSRT CPSU" R 6PV"S"Q 6RCUSP"6P Q6TSRQPP PUSRWQ" PURUSU6PU PPRSPUWW VSRRU 6STUV PS"RT

PQRSCQTTRC USUT PRSR" CPSU" R 6PV"S"Q 6RCUSPQWV Q6TSPTCQ PUSRWCU PURUSVVPC PPRS6PRQ VSRRU 6STUV PS"RT

PQRSCQ"PC" USU" PRSRU CPSU" R 6PV"S"Q 6RCUSPW6P Q6TSCWUV PUSRWTC PURUSVVQW PPRS6PPC VSRRV 6STUV PS"RT

PQRSCQ"WPU USU" PRSRU CPSU" R 6PV"S"Q 6RCUSPT"6 Q6TSCU6C PUSRW"V PURUSURQC PPRS6RW6 VSRRV 6STUV PS"RT

PQRSCQVPU USUV PRSRU CPSUT R 6PVWSURPT 6RC"STQQ" Q6TST"QU PUSRTW6 PURVSW"6C PPRSRR"6 VSRRV 6STUQ PS"RC

PQRSCQV"WW USUV PRSPP CPSUT R 6PVWSURPT 6RC"STUU" Q6TSV6RW PUSR"P" PURVSTQUQ PRUSU"VT VSRRV 6STUC PS"RC

PQRSCQUCPU USUU PRSPP CPSUT R 6PVWSURPT 6RC"S"V6V Q6"S6QWC PUSRVQQ PURVS"TWP PRUSUCCC VSRR" 6STU6 PS"R6

PQRSCQUVWQ USUU PRSRU CPSUT R 6PVWSURPT 6RC"SUWWT Q6"S"WC6 PUSPR" PURUSRPT" PRUSVCP" VSRR" 6STVU PS"

PQRSCWRW6W PRSRP PRSPQ CPSUT R 6PVWSURPT 6RC"S"QWP Q6"SWRC" PUSRVCC PURVSTU"U PRUSUTQ VSRR" 6STUC PS"R6

PQRSCWPPRW PRSRP PRSP6 CPSUW R 6PVQSRT6" 6RCTSCP6Q Q6VS6UVV PUSPPUU PUR"SWV6T PRUSTRUV VSRRT 6STVQ PSTU"

PQRSCWPTTU PRSR6 PRSPC CPSUW R 6PVQSRT6" 6RCTS6U"6 Q6VSQCTW PUSPPU" PUR"SWWT PRUST6PW VSRRT 6STVQ PSTU"

PQRSCW6CWT PRSRC PRSPC CPSUW R 6PVQSRT6" 6RCTSC"CU Q6VSV6VW PUSPCRV PUR"STWVQ PRUSWVQW VSRRT 6STVC PSTU"

PQRSCW6U6P PRSRQ PRSPW CPSUW R 6PVQSRT6" 6RCTSCPU Q6VSVTC PUSP6TP PUR"SW"T6 PRUSTPT" VSRRT 6STVQ PSTU"

PQRSCWCW"" PRSRQ PRSPC CPSUW R 6PVQSRT6" 6RCTSWPPP Q6USQ6P6 PUSPWP PUR"SVWQ PRUSWRTP VSRRW 6STVP PSTUW

PQRSCWQRUW PRSRW PRSPW CPSUQ R 6PV6S66QP 6RCQSVUUC Q6USQWR6 PUSPQ" PURTSCUP6 PRUSCTPP VSRRW 6ST"V PSTUC

PQRSCWQQT6 PRSRT PRSPT CPSUQ R 6PV6S66QP 6RCQSV"QT Q6USWWVC PUSPQWW PURTSCWR" PRUSC"VW VSRRW 6ST"V PSTUQ

PQRSCWWR6T PRSRT PRSP" CPSUQ R 6PV6S66QP 6RCQSVQUU Q6USQ"U6 PUSPQ6 PURTSCPCT PRUSCUQC VSRRW 6ST"U PSTUQ

PQRSCWWW"T PRSR" PRSPU CPSUQ R 6PV6S66QP 6RCQSVR"T Q6USWC"Q PUSPCV6 PURTS6QWV PRUSQ6CT VSRRW 6STV PSTUQ

PQRSCWT6T6 PRSRV PRSPV CPSUC R 6PVRSCVWW 6RCCSQ6" QCRS6Q6W PUSPTQQ PURWSPPVU PRUSPQC" VSRRQ 6ST"C PSTU

PQRSCTQW"V PRS6P PRSC6 CPSU R 6P"QSVTUT 6R6VS"QQT QCCSR6TV PUS6RUP PURRSU"WV PRVSWWU" VSRRP 6STWU PSTV6

PQRSCTW6W PRS6C PRSCC CPSU R 6P"QSVTUT 6R6VSTQWW QCCSPRU" PUS6RRP PURRSV66W PRVST66U VSRRP 6STTP PSTVC

PQRSCTW"R" PRS6Q PRSCQ CPSVU R 6P"CSRCP 6R6TSUCR" QC6SV6QV PUSPV6C PVUUS6PR" PRVSWC"" V 6STWU PSTVP

PQRSCTTPV PRS6W PRSCT CPSVU R 6P"CSRCP 6R6TS"W"V QC6SWPRQ PUSPTPU PVUVSUWTW PRVSTCUC VSRRP 6STTP PSTVC

PQRSCTTWQ" PRS6W PRSCW CPSVU R 6P"CSRCP 6R6TSVP6P QC6STT"V PUSPTVU PVUUSRCQQ PRVSTRV" VSRRP 6STTP PSTVC

PQRSCT"6RC PRS6" PRSC" CPSVU R 6P"CSRCP 6R6TS"PW6 QC6S"QU6 PUSPT PVUVSVVCP PRVST"6P VSRRP 6STT6 PSTVQ

PQRSCT""VC PRS6U PRSQ6 CPSVV R 6P"PSPU6Q 6R6QSVPWV QC6SRU PUSPPU6 PVUTSUUWW PRVS"RP VSRRP 6STTC PSTVQ

PQRSCTVPCQ PRSC PRSQC CPSVV R 6P"PSPU6Q 6R6QS"CUW QC6SRQV" PUSPPPP PVUTSV"UU PRVS"QVT VSRRP 6STTQ PSTVW

PQRSCTVVRW PRSCP PRSQ CPSVV R 6P"PSPU6Q 6R6QSURT6 QC6S"PV PUSPCQW PVU"SPPW6 PRVSTWTT V 6STT6 PSTVQ

PQRSCTU6Q" PRSC6 PRSQC CPSVV R 6P"PSPU6Q 6R6QSTVRU QC6S6Q6W PUSPR"6 PVUTS"VCV PRVS"VUU VSRRP 6STTW PSTVT

PQRSCTU"6 PRSCC PRSQW CPSV" R 6PTUSCWCW 6R66SV"C" QC6SPQCW PUSRU"W PVUWSP66P PRVSTWQ VSRRP 6STT6 PSTVQ

PQRSC"RCPT PRSCQ PRSQW CPSV" R 6PTUSCWCW 6R66S"T"P QC6SRRC" PUSRVW PVUQSUTPC PRVS"6R" VSRRP 6STTQ PSTVW

PQRSC"RUPP PRSCT PRSQ" CPSV" R 6PTUSCWCW 6R66STTVV QC6SR"UP PUSR"WV PVUQSVR"P PRVS"VWU VSRRP 6STTW PSTVT

PQRSC"PCCV PRSC" PRSQ" CPSV" R 6PTUSCWCW 6R66STT6P QC6S6W6U PUSR""C PVUQS"UQU PRVS"VUU V 6STTW PSTVT

PQRSC"PVPP PRSCV PRSQU CPSVT R 6PT"SWPQU 6R6RSU6 QCPSVUQU PUSRWTC PVUCSPQQU PRVS"PVV VSRRP 6STTQ PSTVW

PQRSC"66TU PRSCU PRSW CPSVT R 6PT"SWPQU 6R6RS"TWW QCPSTCUU PUSRCV" PVU6SUPU6 PRVSVR"T VSRRP 6STTT PSTVT

PQRSC"6UP PRSQP PRSWP CPSVT R 6PT"SWPQU 6R6RSTTRQ QCPSTUTC PUSR6V" PVU6S"WQU PRVSV"TV VSRRP 6STTV PSTV"

PQRSC"CQVU PRSQC PRSWC CPSVT R 6PT"SWPQU 6R6RSQQ"W QCPSQ6VV PUSRRQQ PVU6SQCQ" PRUSRRVQ VSRRP 6ST"P PSTU

PQRSC"CVQ PRSQQ PRSW6 CPSVW R 6PTWST"TC 6RPVSU6VW QCPS"PRC PUSRPP" PVUPSPRCP PRVSVPCT V 6STTT PSTV"

PQRSC"QCPC PRSQQ PRSWW CPSVW R 6PTWST"TC 6RPVS"6U" QCPSP6RT PVSUVW" PVURSVPQV PRVSU6U6 VSRRP 6STTU PSTVU

PQRSC"Q"QP PRSQW PRSWW CPSVW R 6PTWST"TC 6RPVSTTP" QCPSPRCT PVSU"V" PVURS"PPV PRVSU"PC VSRRP 6ST" PSTVU

PQRSC"WPR" PRSQT PRSWU CPSVW R 6PTWST"TC 6RPVSCTVQ QCRSQC66 PVSUQ6U PVURS6VPU PRUSPQCT VSRR6 6ST"Q PSTU6

PQRSC"WTV" PRSQ" PRSW" CPSVW R 6PTWST"TC 6RPVSQPCU QCRS"QVU PVSUWRT PVURSCQCC PRUSP6RP VSRRP 6ST"Q PSTU6

PQRSC"T6V6 PRSQV PRSWV CPSVQ R 6PTCSVC"T 6RPTSTRWV QCRSTCRW PVSUQR6 PVVVST"VP PRVSUV"T VSRRP 6ST"P PSTU

PQRSC"TTQV PRSQU PRST CPSVQ R 6PTCSVC"T 6RPTSQ"UQ QCRSQWTC PVSU6TQ PVVVSQUCC PRUSRWU" VSRRP 6ST"C PSTUP

PQRSC"TUVQ PRSQU PRST6 CPSVQ R 6PTCSVC"T 6RPTS6V66 Q6USVVRQ PVSURP PVVVS6RVQ PRUSP"6U VSRR6 6ST"W PSTU6

PQRSC""WCC PRSWP PRSTC CPSVQ R 6PTCSVC"T 6RPTSRVWT Q6USTTP PVSV"U PVV"SUPP PRUS6UWW VSRR6 6ST"V PSTUQ

PQRSCVWQW6 PRSWQ PRSTV CPSVQ R 6PTCSVC"T 6RPTSRUW6 QCRS6Q PVSVVWU PVV"SUR"" PRUSCRPT VSRR6 6ST"U PSTUW

PQRSCVTRUC PRSWQ PRSTW CPSVQ R 6PTCSVC"T 6RPTS6"VU QCRS""V PVSURUW PVVVSP"C" PRUSPUWV VSRRP 6ST"T PSTUC

PQRSCVTWWP PRSWQ PRSTW CPSVQ R 6PTCSVC"T 6RPTS6RPQ QCRSWQU PVSVUUQ PVVVSRTP6 PRUS6QRU VSRRP 6ST"" PSTUQ

PQRSCV"PQT PRSWQ PRSTT CPSVQ R 6PTCSVC"T 6RPT Q6USUTPP PVSV"CT PVV"S"TUV PRUSCWTW VSRR6 6STV PSTUW

PQRSCV"WP6 PRSWQ PRSTT CPSVQ R 6PTCSVC"T 6RPWSUTR" Q6USVWWP PVSVTU PVV"S"PQT PRUSC""P VSRR6 6STV PSTUT

PQRSCVVRT6 PRSWW PRSTQ CPSVQ R 6PTCSVC"T 6RPWSU"Q" QCRSR"PU PVSV"6C PVV"S"6VQ PRUSC"Q VSRR6 6STV PSTUT

PQRSCVVTQP PRSWW PRSTW CPSVQ R 6PTCSVC"T 6RPWS"TVP Q6USQT"" PVSVQWV PVV"SQ6UP PRUSQUC6 VSRR6 6STVC PSTUV

PQRSCVURUU PRSWW PRST" CPSVQ R 6PTCSVC"T 6RPWSTPUW Q6USRQW PVSV6"C PVV"S6PWU PRUSW"TC VSRRC 6STVW PSTUU

PQRSCVUWPP PRSWW PRST" CPSVQ R 6PTCSVC"T 6RPWSQV6P Q6VSTCTU PVSVRUQ PVV"SRPWQ PRUSTW"C VSRRC 6STV" PS"

PQRSCURRPW PRSWT PRSTT CPSVQ R 6PTCSVC"T 6RPWSC"PW Q6VSQUWU PVS"U" PVVTSVQVV PRUS"6W" VSRRC 6STVU PS"RP

PQRSCURTVT PRSW" PRSTV CPSVW R 6PTWST"TC 6RPTSVQRV Q6"SUUCC PVS"T"" PVVVSRRUV PPRSRTCC VSRRQ 6STU" PS"RT

PQRSCUP6TT PRSWV PRS" CPSVW R 6PTWST"TC 6RPTSQPC" Q6TSUCQP PVS"PWP PVV"SCVQW PPRSCPQ VSRRW 6S"RC PS"P

PQRSCUPTQ" PRSWV PRSTU CPSVQ R 6PTCSVC"T 6RPQSQUTU Q6TSC66" PVSTVUQ PVVWSW"R6 PPRS6C"C VSRRW 6S"R6 PS"RU

PQRSCU66"C PRST PRS"P CPSVQ R 6PTCSVC"T 6RPQSR"UV Q6WSQVR" PVSTQRC PVVQSUWC PPRSQVTT VSRRT 6S"RV PS"PC

PQRSCU6"QT PRSTP PRS"C CPSVQ R 6PTCSVC"T 6RPCS"P"" Q6QSTCTT PVSWU"6 PVVQSQ6WQ PPRSTUWP VSRR" 6S"PC PS"PT

PQRSCUCPWV PRST6 PRS"6 CPSVQ R 6PTCSVC"T 6RPCSWQ6" Q6QSCPCV PVSW"" PVVQSPTT PPRS"UUV VSRR" 6S"PW PS"PV

PQRSCUC"6C PRSTC PRS"W CPSVQ R 6PTCSVC"T 6RPCSRRUQ Q66SUTP PVSWPPT PVVCSCVQC PPPSPPCT VSRRV 6S"6C PS"6C

PQRSCUQPW PRSTQ PRS"T CPSVQ R 6PTCSVC"T 6RP6S""P6 Q66SQTW6 PVSQVCU PVVCSRC6V PPPS6WQW VSRRU 6S"6T PS"6W

PQRSCUQ"PQ PRSTT PRS"" CPSVQ R 6PTCSVC"T 6RP6SQUC" Q66SRCVU PVSQWC6 PVV6STPVU PPPSQ6P" VSRRU 6S"C PS"6V
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Appendix	  G.	  Comparison	  of	  carbonate	  parameters	  calculated	  from	  PCO2	  and	  TCO2	  
measurements	  (observed)	  to	  those	  calculated	  from	  the	  interpolated	  alkalinity	  and	  
PCO2	  (modeled).	  Seawater	  from	  Netarts	  Bay,	  OR	  was	  analyzed	  from	  5/19/12	  –	  
05/23/12.	  
	  
Table	   AA.1.	   Day	   of	   year	   of	   measurements	   and	   calculated	   alkalinity,	   DIC,	   [CO2],	   [HCO3-‐],	  
[CO32],	   pH,	   ΩCa,	   ΩAr,	   Observed	   parameters	   are	   calculated	   from	   measurements,	   Modeled	  
parameters	  are	  calculated	  from	  the	  interpolated	  alkalinity	  and	  measured	  pCO2	  
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Appendix	  H.	  Image	  of	  instrument	  construction	  and	  layout.	  	  
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Appendix	  I.	  Image	  of	  wetted	  components	  of	  TCO2	  system.	  FMI	  QV	  pump,	  mixing	  coil,	  
flow	  meter,	  membrane	  contactor	  and	  pressure	  gauge	  are	  mounted	  on	  PVC	  plastic	  
for	  stability	  and	  orientation.	  	  

	  
	  
	  
	  
	  
	  



61	  

	  
Appendix	  J.	  Image	  of	  shower-‐type	  equilibrator	  of	  PCO2	  measurements.	  	  
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Appendix	  K.	  Image	  of	  filter	  and	  transverse	  flow	  orientation	  used	  to	  sample	  intake	  
water	  for	  TCO2	  analysis.	  	  
	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  


