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ABSTRACT

A three year  research pro jec t  was presented ( f i r s t  year) th a t  would 

define the ro le  of the a r c t i c  ocean, sea ice ,  tundra, t a ig a ,  high la t i tu d e  

ponds and lakes and polar anthropogenic a c t i v i t y  on the carbon dioxide 

content of the atmosphere. IXje to the large physical and geographical 

d ifferences  between the two polar regions,  a comparison of CO2 source and 

sink s trengths  of the two areas was proposed. Research opportunit ies  during 

the f i r s t  year ,  p a r t i c u la r ly  those aboard the Swedish icebreaker,  YMER, 

provided addit ional confirmatory data about the natural source and sink 

s trengths  for  carbon dioxide in the a r c t i c  regions. As a r e s u l t ,  the 

hypothesis th a t  these natural sources and sinks are strong enough to 

s ig n i f i c a n t ly  a f f e c t  global atmospheric carbon dioxide leve ls  i s  considerably 

strengthened. Based on the avai lab le  data we ca lcu la te  tha t  the whole
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a r c t i c  reg ion  i s  a  n e t  annual s ink  f o r  about 1.1 x 10'' g  o f  Cop, o r  t h e  

e q u i v a l e n t  o f  about 5% o f  t he  annual anthropogenic i n p u t  i n t o  t h e  atmosphere. 

Three o b j e c t i v e s  a re  proposed f o r  t he  second yea r  o f  t h i s  t h r e e  y e a r  

proposed research e f f o r t .  The f i r s t  o b j e c t i v e  i s  t o  con t i nue  t h e  research 

on t h e  seasonal sources and s inks  o f  C o p  i n  t h e  a r c t i c .  p a r t i c u l a r  a t t e n t i o n  

w i l l  be p a i d  t o  t h e  seasonal sea i c e  zones d u r i n g  the  f reeze  and thaw 

per iods,  and the  ' t und ra - ta iga  regions,  a1 so d u r i n g  t h e  f reeze  and thaw p e r i o d s .  

A.number .of manuscr ipts  . have . r e s u l t e d  from t h e  work t o  date. The 

second o b j e c t i v e  i s  t o  complete the  techn ica l  r e p o r t s  and manuscr ipts  ( 9  a t  

t h i s  t ime)  which a re  i n  var ious  stages o f  development. 

The t h i r d  o b j e c t i v e  i s  t o  prepare f o r  t he  comparat ive A n t a r c t i c  

oceanographic s tud ies  which w i l l  be c a r r i e d  o u t  i n  t he  t h i r d  year .  



INTRO DUCT I O N  

1 The i n c r e i s e  i n  atmospheric carbon d i o x i d e  i s  g e n e r a l l y  expected' t o  

l e a d  t o  increased g loba l  temperatures. It has been i n c r e a s i n g  a t  a  r a t e  

o f  0.7 - 1.0 ppm/yr o r  1.5 - 3 x  l o 9  mT (Kee l i ng  e t  a1. 1976). Foss i l  f u e l  

p roduc t i on  has cont inued t o  increase a l s o  and i t  i s  es t imated (Bocastaw and 

Kee l ing ,  1981 ) . t h a t  about h a l f  (0.505 - 0 .548)  o f  t he  carbon d i o x i d e  produced 

. f rom anthropogenic sources remains i n the  atmosphere. Whil e  g l  obal 

temperatures may increase by Z°C, temperatures n o r t h  of 6 0 " ~  l a t i t u d e  may 

increase by 4"-11°C o r  h ighe r  (Manabe and Weatherald, 1975; Manabe, 1979). 

Carbon d i o x i d e  induced temperature changes w i  11 a f f e c t  several  environmental 

t v a r i a b l e s  i n c l u d i n g  decomposit ion, t h e  p roduc t i on  o f  o r g a n i c a l l y  bound 

carbon, t h e  th ickness  and e x t e n t  o f ,  sea i c e  as w e l l  as the  t r a n s f e r  o f  

gases across t h i s  i n t e r f a c e .  

I Much o f  t he  recen t  d iscuss ion  on g loba l  carbon balance has focused 

a t t e n t i o n  on temperate o r  t r o p i c a l  regions. Less a t t e n t i o n  has been g iven 

t o  the  p o l a r  regions,  and i n  p a r t i c u l a r  the  A r c t i c  w i t h  i t s  i c e  covered 

ocean, tundra  and t a i g a  ecosystems. The r o l e  o f  vege ta t i on  and s o i l s  i n  

the  w o r l d  carbon budget i s  c o n t r o v e r s i a l .  Furthermore, t h e  e f f e c t  o f  

c l i m a t i c  change on n e t  accumulat ion r a t e s  i n  no r the rn  ecosystems i s  p o o r l y  

,known. For tunate ly ,  p rev ious  research e f f o r t s  i n  t he  A r c t i c  and s u b a r c t i c  

regions,  i n  p a r t i c u l a r  t he  l a r g e  research e f f o r t s  o f  t h e  AEC/DOE sponsored 

Cape Thompson P r o j e c t  and t h e  NSF sponsored Tundra Biome p r o j e c t  o f  t h e  

1,nternat ional  B i o l o g i c a l  Program prov ided a  s u b s t a n t i a l  .da ta  base which i s  

use fu l  i n  ga in ing  an understanding of t he  r o l e  o f  t he  a r c t i c  b iosphere 

i n  t he  g loba l  carbon c y c l e  (Tiezen, 1978; Coyne and Kel l e y ,  1975). 

It i s  unc lear  whether no r the rn  ecosystems w i l l  p rov ide  nega t i ve  o r  

p o s i t i v e  feedback i n  the  g loba l  carbon c y c l e  w i t h  the  p r e d i c t e d  increase i n  

atmospheric carbon d iox ide ,  a l though most o f  t he  evidence i n d i c a t e s  a  negat ive  
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feedback r o l e  ( M i l l e r ,  1980). Est imates of t h e  c u r r e n t  r a t e s  o f  carbon 

accumulat ion i n  no r the rn  ecosystems vary, b u t  most est imates i n d i c a t e  n e t  

accumulation. I f  t h e  carbon balance o f  t e r r e s t r i a l  systems becomes nega t i ve  

w i t h  increased g loba l  temperature, inc reased carbon d i o x i d e  re leased i n t o  

t h e  atmosphere may have a  p o s i t i v e  feedback on g loba l  temperatures.. The 

carbon d i o x i d e  re lease  i n  no r the rn  ecosystems should be f u r t h e r  acce le ra ted  

where permafrost i s  thawed. A1 though i t  i s  d e s i r a b l e  t o  es t imate  the  

c u r r e n t  carbon balance o f  no r the rn  ecosystems as p r e c i s e l y  as poss ib le ,  i t  

i s  equa l l y  impor tan t  t o  understand t h e  c u r r e n t  f l uxes  o f  t h i s  gas across 

t h e  land-atmosphere i n t e r f a c e  on a  seasonal bas i s .  

I n f o r m a t i o n  on t h e  t r a n s f e r  o f  C02 across t h e  a i r - sea - i ce  i n t e r f a c e  

was known i n  p rev ious  yea rs  o n l y  from shor t - te rm observa t ions  f rom occasional  

oceanographic c r u i s e s  o r  i c e  s t a t i o n s .  The WE carbon d i o x i d e  research and 

assessment program o f f e r e d  an increased o p p o r t u n i t y  t o  a s c e r t a i n  t h e  r o l e  

o f  t h e  i c e  covered ocean i n  t h e  exchange o f  C02. Although, t he re  a r e  s t i l l  

s i g n i f i c a n t  data gaps, t he  p r e l i m i n a r y  r e s u l t s  o f  t h i s  research c l e a r l y  

i n d i c a t e  t h a t  t he  a r c t i c  reg ion  ( t a i g a ,  tundra,  and ocean) ac ts  as a  w i n t e r  

source (Gosink e t  a1 . 1976, K e l l  ey, 1968, Gosi nk and K e l l  ey, 1977) and a  . 

summer s ink  f o r  atmospheric C02, r e s u l t i n g  i n  a n e t  annual average s i n k  o f  

1188 x 1 0 ~ ~ ~  C02. This amount i s  equ iva len t  t o  4.6 percent  o f  t h e  annual 

g loba l  anthropogenic i n p u t  of C02 t o  the  troposphere. Presumably, t he  very 

low sea water  e q u i l i b r i u m  p a r t i a l  pressures o f  C02 ( w i t h  respec t  t o  a i r )  i n  

t h e  a r c t i c  seas (Tab le  1  ; a l s o  Appendix 4 )  d u r i n g  t h e  summer c o n t r i b u t e  

s i g n i f i c a n t l y  t o  t he  draw-down o f  atmospheric carbon d i o x i d e  (Gosink and 

Ke l l ey ,  1979). 

I n  t h i s  proposal we descr ibe  c u r r e n t  progress o f  ou r  research (See a1 so 

t h e  i n t e r i m  r e p o r t  t o  DOE-Appendix 21, our  proposed t h r e e  tasks  f o r  t h e  

proposed cont rac t '  renewal per iod ,  and a  statement o f  f u t u r e  p lans f o r  

p rospect ive  f i e l d  research e f f o r t s  i n  bo th  p o l a r  regions.  
- 

4  



~ Table 1. Seasonal Source-Slnk Strengths o f  the  Varfous Regions t n  t h e  A r c t i c  

Area % Area lnvas lon  APc02 Dura t ion  
(Mont t~s)  Season Reg 1 on (106 kt$) Ac t i ve  Evasion.Rate (ppm) ~ o u r c e ( x 1 0 ~ ~  g CO?) ' S i n k  (x1012 g C02) 

U l n t e r  1. Centra l  Basin 8.4 5-10 1.10 x 1012 10 t o  100. 9 56 - 1119 - 
2. Darer~ts ,  La'ptev, 2.5. 25 ig km-2 mo-1 atm-I )*  -20 t o  -401 . 

and Kara Seas 
3. East S iber lan,  0 ..9 10 20 t o  40 , 6 16 - 32 - Y 

Ct~ukchi and 
Beau fo r t  Seas 

4. Green1 and Sea 1.3 25 
and Da.ff in Oay 

5. Norwegian Sea 0.5 . 100 .- -257 

6. Annual Sea I c e  . 6-7 1 00 2.8-28.3 x 06 1 - 
( 9  km-2 mo- 

' 7. Tundra and Tat ga 1.6 100 See t e x t  - 
Wtnter To ta ls  208 - 2636 

(avg ,1422) 

Sununcr 1. Cen t ra l  Bas in  8 -4 10 1.48 x 1012 -30 t o  + 10 
( g  km-2 mo-1 atm-I)*  

2. Darents, Laptev 2.5 100 -90 t o  -140 
and Kara Seas 

3. East S iber tan,  0.9 100 ,e -40 t o  -80 
Chukcht and 
Beau fo r t  Seas 

4. Greenland Sea 1.3 
and O a f f i n  Day 

5. Norueglan Sea 0.5 

6. Sea I c e  Me1 t Ponds 17 

7. Tundra-Tat ga 1.6 
F reeze-Thaw 1.6 
P l a n t s  1.24 
Ponds ancl Lakes 0.36 

7 See t e x t  - 
70 See t e x t  - 

100 - 
100 - 
1 00 10 ,300  

( g  k m - i * t i - f  atm-I.)* 

Annual 1. Anthropogenic See t e x t  

Annual To ta ls  
I 

513 - 3103 
(avg 1958) 

I I 
*This  i s  the  snnle as 0.070 nrl~ole cn172 a'tm-1 sin-1 I 

. . 

I 
Annual Net Sink 1100 x 10'* g LO* 
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ACCOMPLISHMENTS ( FIRST YEAR) 

YMER-80: Based on t e c h n i c a l  p resen ta t i ons  i n  Sweden made by each o f  

t he  p r i n c i p l e  i n v e s t i g a t o r s  and a  proposal .submitted t o  t h e  Swedish 

government YMER-80 o rgan iz ing  committee, we were i n v i t e d  t o  p a r t i c i a p t e  on 

bo th  l e g s  o f  t he  YMER-80 e x p e d i t i o n  t o  t h e  eas tern  A r c t i c  Ocean. A c r u i s e  

r e p o r t  i s  g iven i n  Appendix 1. As a  r e s u l t  o f  th , i s  c ru i se ,  e a r l i e r  

observa t ions  (Ke l l ey ,  1970) of t h e  ex tens ive  low p a r t i a l  pressures o f  C02 

(ca. 180-220 ppm) i n  sur face sea waters were confirmed. It was a1 so poss ib le  

t o  show t h a t  these very  low p a r t i a l  pressures had a  much g rea te r  a rea l  

ex ten t ,  thus a f f o r d i n g  a  g r e a t e r  sea sur face area f o r  t he  exchange o f  

atmospheric C02. . It was a1 so p o s s i b l e  t o  es t imate  how deep these very  1  ow 

p a r t i a l  pressures pene t ra te  (ca. 20 m) and the  depth o f  which the  PC02 

equals the  average p a r t i a l  pressure (ca. 130 m) i n  t h e  l a t e  summer no r the rn  

atmosphere. It was a l s o  p o s s i b l e  t o  es t imate  the i nvas ion  r a t e  o f  C02 

across these c o l d  sur face waters (0.078 mmoles atm-1 cm-2 min-1) which 

a l lowed us t o  determine t h a t  t he  Barents - Kara - Laptev - Norwegian Sea 

area ac ts  as a  s t rong  summer s ink  absorbing about 2  x  1 0 ' ~ ~  C02. 

Manuscripts:  A back1 og o f  publ i c a t i o n s  resu l  t e d  because we were w a i t i n g  

f o r  con f i rm ing  data (e.g. YMER-80 data) .  We now have a r t i c l e s  i n  var ious  

stages o f  p repa ra t i on  t o  be submit ted f o r  publ i c a t i o n  ( ~ p p e n d i c e s  3-7). 

Techn-iques and Ins t rumenta t ion :  We have developed a  new technique (Gosink 

and Ke l l ey ,  1981 ) t e s t e d  on the  YMER-80 expedit ion, '  whereby we can r e t r i e v e  

reasonably accurate data for.CO2 i n  sea water from accurate measurements o f  

pH, s a l i n i t y  and temperature (Appendix 5  and 6 ) .  The p r e l i m i n a r y  r e s u l t s  

i n d i c a t e  t h a t  t h i s  method y i e l d s  data t h a t  c l o s e l y  f o l l o w  those obta ined by 

.gas chromatography. I f  t h i s  technique proves t o  be a  r e l i a b l e  one, t h e  data 



base f o r  C02 i n  oceanic sur face waters and a t  depth c o u l d  be cons ide rab l y  

expended. 

There have been l o n g  delays i n  a c q u i r i n g  u r g e n t l y  needed a n a l y t i c a l  

ins t ruments  p r i m a r i l y  as a  r e s u l t  o f  l a t e  r e c e i p t  o f  FY-1981 funds f o r  t h i s  

research from DOE. A l l  o f  t h e  i ns t rumen ta t i on  has. o n l y  r e c e n t l y  been 

acqu i red  (due t o  l o n g  manufacturer l e a d  t imes)  b u t  w i l l  be c a l i b r a t e d  and 

ready f o r  f i e 1  d  t e s t i n g  i n  A p r i l ,  1981. 

Bering, Chukchi, Eas t  S i b e r i a n  Seas: We expect  t o  complete by t h e  end o f  

t he  f i r s t  yea r  o f  t h i s  s tudy t h e  f i r s t  o f  f o u r  c r u i s e s  t o  the  area o f  t h e  

Bering, Chukchi, and East  S i b e r i a n  Seas. These c r u i s e s  a re  scheduled aboard 
-- - - 

\ 

t he  R / V  A1 pha He1 i x  ( U  o f  A1 aska operated UNOLS vessel ) . These c r u i s e s  

w i l l  enable us t o  o b t a i n  i n f o r m a t i o n  on t h e  C02 p a r t i a l  pressure d i f f e r e n c e s  

between t h e  ocean and atmosphere du r ing  two c r i t i c a l  per iods  o f  t h e  year ,  

namely around the  t ime  o f  t he  s p r i n g  p lank ton  bloom a t  t h e  seasonal i c e  

zone, and d u r i n g  freeze-up i n  t h e  f a l l .  

Tundra-Taiga Regions: Previous i n f o r m a t i o n  on t h e  e v o l u t i o n  o f  C02 from 

f rozen  s o i l s ,  e s p e c i a l l y  d u r i n g  the  p e r i o d  o f  change o f  phase (thaw o r  

freeze-up) (Coyne and K e l l  ey, 1971, Gosink and g el 1  ey, 1977, and Gosink and 

Ke l l ey ,  1979) was obta ined p r i m a r i l y  by occasional  i n  s i t u  sampling a t  

s i t e s  w e l l  above t h e  A r c t i c  C i r c l e  and l a b o r a t o r y  experiments. . Depending 

on t h e  s o i l  type, drainage cond i t i ons ,  depth o f  thaw, e t c .  t h e  evasion o f  

C02 t o  t h e  atmosphere cou ld  be s u b s t a n t i a l .  Laboratory experiments w i t h  

d i f f e r e n t  tundra  and t a i g a  s o i l  types (Coyne and Ke l l ey ,  1971) i n d i c a t e s  

t h a t  re lease  o f  C02 f rom s o i l  d u r i n g  the  p e r i o d  o f  change o f  phase may 

account f o r  0.4 -56 x  1  012g o f  C02 t o  the  atmosphere. The o b j e c t i v e  of our  

spr ing t ime research i s  t o  complete a  s e r i e s  o f  CO2 observat ions i n  s i t u  



on a  t r a n s e c t  from about 64"N t o  70°N l a t i t u d e  which w i l l  t r a v e r s e  a  no r th -  

r: south s e c t i o n  o f  t he  no r the rn  tundra  and t a i g a  r e g i o n  i n c l u d i n g  a  wide 

v a r i e t y  o f  s o i  1  types. . The f i r s t  t r a n s e c t  w i  11 o c c u r  d u r i n g  t h e  p e r i o d  o f  

phase change '( thaw) which w i l l  a l l o w  us t o  t e s t  t h e  Yal i d i t y  o f  t h e  data 

I ob ta ined f rom l a b o r a t o r y  experiments as they r e l a t e  t o  ac tua l  f i e l d  - 

measurements and t o  es t imate  the  C02 f l u x  f rom the  s o i l  t o  t h e  atmosphere- 

assoc ia ted  w i t h  t h e  nor thward march o f  t h e  thaw l i n e .  This p e r i o d  o f  change 

I o f  phase a l s o  i s  an impor tan t  one t o  the  va r ious  ecosystems encountered 

a1 ong t h i s  ex tens ive  nor th -south  t ransec t .  The authors .have a1 so consul t e d  

w i t h  D r .  P h i l i p  C. M i l l e r  (San Diego S ta te  U n i v e r s i t y ,  San Diego, C A I  i n  

D orde r  t o  b r i n g  about a  mu tua l l y  b e n e f i c i a l  l i a i s o n  f o r  bo th  DOE r e l a t e d  

p ro jec ts .  Dr. M i l  1  e r  w i l l  a t tempt  t o  coo rd ina te  some o f  h i s  f i e l d  s tud ies  

w i t h  ours whenever p r a c t i c a l .  The f i r s t  t r a n s e c t  i s  scheduled d u r i n g  a  

; s i x  day p e r i o d  a t  t h e  end o f  A p r i l .  Dur ing the  p e r i o d  o f  phase as deduced 

from prev ious  observa t ions  a t  70°N l a t i t u d e  i n  Alaska, i t  i s  noted t h a t  

subnivean C02 increases g r e a t l y  (more than 8 t imes the  atmospheric concen- 

b t r a t i o n )  several t imes (Coyne and Ke l ley ,  1973) du r ing  t h i s  per iod .  This 

phenomena i s  n o t  observed i n  the  data f rom o t h e r  temperate o r  t r o p i c a l  

areas. It i s  suspected t h a t  t h i s  g d d i t i o n a l  e v o l u t i o n  o f  C02 may be due 

I t o  funga l  spore fo rma t ion  and myce l i a l  growth which i s  enhanced du r ing  

per iods  o f  h i g h  r e l a t i v e  humid i t y  under t h e  snow and assoc ia ted  w i t h  t h e  

e v o l u t i o n  o f  C02. 



PROPOSED RESEARCH ( SECOND YEAR) 

Three o b j e c t i v e s  a re  proposed f o r  t he  second yea r  o f  t h i s  t h r e e  yea r  

proposed research e f f o r t .  The f i r s t  o b j e c t i v e  i s  t o  cont inue t h e  research 

on the  seasonal sources and s inks  o f  carbon d i o x i d e  i n  t h e  a r c t i c  regions.  

P a r t i c u l a r  a t t e n t i o n  w i l l  b e  p a i d  t o  the  seasonal sea i c e  zone d u r i n g  the  

thaw and r e f r e e z i n g  pe r iod ,  and t h e  tund ra - ta iga  reg ions ,  a l s o  d u r i n g  t h e  

f reeze and thaw per iods.  

The U n i v e r s i t y  o f  Alaska Ship Committee has been appr ised o f  our  need 

f o r  two c r u i s e s  t o  t h e  Bering/Chukchi Sea i c e  edge area. One i s  scheduled 

f o r  t he  f a l l  1981 ; the  o t h e r  f o r  t h e  l a t e  s p r i n g  1982. I n  a d d i t i o n  t o  

o b t a i n i n g . s e a  sur face water  p a r t i a l  pressure data, as w e l l  as v e r t i c a l  PC02 

p r o f i l e s ,  a t t e n t i o n  w i l l  a1 so be concentrated on t h e  i c e  edge boundary 

p a r t i c u l  a r  d u r i n g  t h e  s p r i n g  . 
. . 

The Ber ing  Sea i c e  edge i s  an a i r - s e a - i c e  f r o n t a l  system t h a t  o f f e r s  

an o p p o r t u n i t y  t o  s tudy t h e  coup l i ng  o f  meteoro log ica l ,  phys i ca l  and 

oceanographic processes i n  an area where events a re  concentrated i n  t ime  

and space and can be expected t o  occur each yea r  w i t h i n  a  more o r  l e s s  

p r e d i c t a b l e  t ime p e r i o d  (e.g. s p r i n g ) .  A f t e r  reach ing  i t s  most sou the r l y  

ex ten t ,  t h i s  f r o n t a l  i c e  edge system w i l l  move n o r t h  e v e n t u a l l y  exposing 

the sur face waters o f  t h e  marginal seas o f  t he  A r c t i c  Ocean (e.g. Chukchi , 

East  S ibe r ian ) .  Whenever p o s s i b l e  we w i l l  use c r u i s e  per iods  where ' o the r  

on-board p r o j e c t s  w i l l  p rov ide  mu tua l l y  b e n e f i c i a l  data (hydrographic 

p l  ankton, pr imary p r o d u c t i v i t y  data e tc .  ) . 
The sea i c e  edge i s  a  very  heterogeneous r e g i o n . c o n s i s t i n g  o f  several  

types o f  sea i c e  o f  v a r i a b l e  th ickness  and ex ten t .  M e l t  water may serve t o  

a s t a b i  1  i ze the  water  c o l  umn w i th .  t he  poss i  b i  1  i ty o f  phytopl  ankton bloom 

p roduc t i on  assoc ia ted  w i t h  an uptake o f  C02 from t h e  water  column. Any 
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u p w e l l i n g  phenomena assoc ia ted  w i t h  the  i c e  edge w i l l  a l s o  serve t o  promote 

a  phy top lank ton  bloom through n u t r i e n t  enrichment o f  t he  p h o t i c  zone. 

Storms w i l l  a1 so modify t h e  c'omposit ion o f  t h e  marginal  i c e  zone and a i d  i n  
I 

the  fo rmat ion  o f  p lank ton  blooms and the  poss ib le  re lease  o f  a1 ge f rom t h e  

i c e  w i t h  t h e  n e t  e f f e c t  t h a t  C02 i n  t h e  water .and presumably i n  t h e  near 

su r face  atmosphere w i l l  be a f fec ted .  Data ob ta ined from s p r i n g  and f a l l  

c r u i s e s  w i l l  a l l o w  us t o  more c o n f i d e n t l y  assess t h e  e f f e c t  o f  these i c e  

covered seas on the  atmospheric C02 balance. 

We a n t i c i p a t e  some fo re ign  p a r t i c i p a t i o n  on these c ru i ses .  

Contact and l e t t e r s  o f  i n t e r e s t  have been sen t  t o  Japanese and Swedish 

col ' leagues who have prov ided us w i t h  e x c e l l e n t  l o g i s t i c  support  i n  t h e  

~ r c t i c  f o r  our  research (Hakuho Maru 1978; YMER-1980) i n  t h e  r e c e n t  pas t .  

A number o f  manuscr ipts  have r e s u l t e d  f rom the.work t o  date. The 

second o b j e c t i v e ,  t he re fo re ,  i s  t o  complete these techn ica l  r e p o r t s  and 

manuscr ipts  which a re  i n  var ious  stages o f  development. D r a f t  manuscr ipts  

scheduled f o r  submission t o  s c i e n t i f i c  j o u r n a l s  a re  appended (Appendices 3- 

6).  Manuscr ipts  i n  p repa ra t i on  a r e  l i s t e d  by t i t l e  i n  Appendix 7. 

The t h i r d  o b j e c t i v e  i s  t o  prepare f o r  t h e  comparat ive A n t a r c t i c  

oceanographic s tud ies  which, w i  11 be c a r r i e d  o u t  ' du r i ng  the  t h i  r d  yea r  o f  

t h i s  study. We a n t i c i p a t e  an i n v i t a t i o n  t o  p a r t i c i p a t e  i n  t he  c r u i s e  o f  

t h e  Hakuho Maru (Japan) t o  A n t a r c t i c a  (ca. 5. months).' We have a l ready  

begun -an a n a l y s i s  o f  p r e v i o u s l y  c o l  1  ected pH, sa l  I n i  ty and temperature data 

f rom pas t  Japanese research vessels c r u i s i n g  i n  Antar .c t i c  waters. Although 

we cannot a s c e r t a i n  a t . t h i s  t ime the  q u a l i t y  o f  these data, a p p l i c a t i o n  o f  

ou r  pH method (Gosink and K e l l  ey, 1981 ) does a1 low us t o  assess sea sur face 

I water C02 v a r i a b i l i t y .  



We have a l s o  been informed t h a t  a  second c r u i s e  o f  t h e  Swedish icebreaker  

YMER i s '  under cons ide ra t i on  .by t h e  Swedish government. It i s  expected t h a t  

we w i l l  be i n v i t e d  t o  take  pa r t .  Another YMER c r u i s e  -would be e s p e c i a l l y  

a t t r a c t i v e  i f  i t  were scheduled t o  make a  deep p e n e t r a t i o n  i n t o  the  summer 

pack i c e  as w e l l  as t o  r e v i s i t  t h e  Norwegian, Barents, and Kara Seas. Hoped f o r  

Russian p a r t i c i p a t i o n  on t h a t  c r u i s e  would assure t h a t  we cou ld  sample new 

areas t o  t h e  east ,  namely t h e  Kara and Laptev Seas. 

P r i o r i t y  would be g iven t o  t h e  Hakuho Maru c r u i s e  t o  A n t a r c t i c a  as 

much l e s s  i s  known about C02 i n  A n t a r c t i c  waters, and sh ips  o f  o p p o r t u n i t y  

f o r  t h i s  type o f  research a r e  d i f f i c u l t  t o  f i n d .  Since l o n g  lead- t imes a r e  

u s u a l l y  assoc ia ted  w i t h  p repa ra t i ons  f o r  these c r u i s e s  i t  i s  necessary f o r  

us t o  prepare as e a r l y  as poss ib le .  A t  t h i s  stage, p repa ra t i ons  w i l l  e n t a i l  

p r i m a r i l y  ex tens i ve  l i a i s o n  w i t h  our  p rospec t i ve  hos ts  w i t h  regard  t o  the  

o v e r a l l  s c i e n t i f i c  miss ion,  i n t e r f a c e  o f  equipment, and p o t e n t i a l  schedul ing 

problems so t h a t  no i n t e r f e r e n c e  r e s u l t s  w i t h  ou r  second y e a r  research 

ob jec t i ves .  

F i n a l l y ,  t h e r e  a l ready  e x i s t s  a  s u f f i c i e n t  amount o f  i n f o r m a t i o n  t o  

war ran t  the  convening o f  a small work ing group t o  syn thes ize  e x i s t i n g  

i n f o r m a t i o n  on the  p o l a r  i n t e r a c t i o n s  among the  atmosphere, land,  sea, snow 

and i c e  i n  o rde r  t o  eva lua te  the  hypothes is  t h a t  w i t h  C02 induced c l i m a t i c  

change t h e  p o l a r  regions,  p a r t i c u l a r l y  t h e  A r c t i c ,  w i l l  become s t ronger  

carbon s inks  than they  a re  c u r r e n t l y  and t h a t  they  w i l l  f u n c t i o n  s i g n i f i c a n t l y  

t o  damp o u t  t he  g loba l  use i n  atmosphere C02 and temperature a  prospectus 

fibr a  workshop t o  be h e l d  i n  e a r l y  1982 was j o i n t l y  d r a f t e d  (Ke l l ey ,  UA and 

M l  l e r ,  SDSU) and submit ted t o  the  Department o f  Energy (See Appendix 8 ) .  
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ATTACHMENT A 

Research Activities: 

A.  . Gases in Sea Ice (Through Institute of Marine Science) 
Agency - U.S. Navy - ONR Code 461 , 

Amount : $85K - FY-78 
CO-P.I. D r .  T. A .  Gosink 

a. Gases in Sea Ice (Through Institute of Marine Science) 
Agency - U .S. Navy - ONR Code 461 and 

D epartment of Energy 
Amount: $100K FY-79 

C. Marginal Ice Zone Marine Experiment (MIZMEX) - (Through NARL) 
Agency: U.S. Navy, ONR Code 461 
Amount: $40.5K (concluded September 1978) 
CO-P.I. Arnold Hanson 

Ij. An Investigation of Whales in Beaufort Sea Lease Areas 
(Through NARL) 

Agency: Bureau of Land Management 
Amount: $150K FY-78 

E. An Investigation of Whales in Beaufort Sea Lease Areas 
(Through IdARL) 

Agency: Bureau of Land Management 
Amount: $650K FY-79 

F. Training Program for Native Youths 
Agency: Alaska Federation of Natives 
Amount: $148K FY-79 

G .  An investigation of whales in Beaufort Sea Lease Areas 
(through the NARL) 

Agency: Bureau of Land Management 
Amount: $400,000 FY-80. 

H . Trace Gases In The Arctic Environment : Air-Sea-Land 
Distribution And Exchange (thorough Institute of 
Marine Science). 

Agency : 'National Science Foundation 
. . ' Amount: $41,513 (first  year FY-80). 

Go-P .I .  D r .  T. A .  Gosink. (Geophysical Institute).  

I .  Carbon Dioxide in Arctic and Subarctic Regions (through 
Geophysical Institute) . 

Agency: Department of Engergy 
Amount: $196,912 (first year FY-80) . Total requested for 

three years $557,000). 
P.I. D r .  T. A .  Gosink 
Co-P.I. D r .  J .  J.'Kelley 



ATTACHMENT A (cont'd) 

J. Establishment of a Science Advisory Committee for the 
Alaska Eskimo Whaling Commission 

Agency: AEWC, Barrow, Alaska 
Amount: $22,000 (1980181) 
P.I.: Dr. J .  J. Kelley 



ATTACHMENT B 

Informal o r  Unscheduled Instructional Activities: 

In addition to the presentation of informal seminars at the . 

NARL, the following activities have been purs,ued: 

Editor -. Newsletter - NARL NEWS. 

Instructional television series on Environmental Sciences 
sponsored by North Slope Borough School District. 
The series i s  designed for the senior high. school 
young adult level of education i s  taped and sent  
to nine Borough villages. 

Cooperation with Alaskan Eskimo Whaling Commission 
and North Slope Borough School District to train 
students in various scientific and. technical skills: 
Funding through AFN. 

Consultation with the North. Slope. Borough School 
District on the development of a science cur- 
riculum for the Borough. 

Conduct adult education short courses in various scientific 
subjects for Inupiat residents of the North Slope. A r -  
rangements are  made for in-house and outside experts 
to teach these courses. 

Conduct appropriate technology seminars .for the NARL 
. ' staff, community teachers, and leaders. in associa- 

tion with outside consultants. 

Provide advice on various environmental science topics to 
North Slope Borough leaders. 

Review proposals and scientific journal manuscripts for var- 
ious funding agencies and professional journals. 

Develope and E d i t  a quarterly publication: Ins t i tu te  of 
Marine Science Notes (1980/81). 

Participate in the development of science training program 
for students l iving i n  remote vi l lages (through WAMI 
Program). Courses w i l l  be taught on-campus (summer) 
with v i s i t s  to the remote vi l lages in the winter 
(1980/81). 



TACHMENT C 

External Service Activities : 

In addition to actively. participating in community planning and 
. development activities (Alaska Eskimo Whaling Commission, N . S. B . 

planning conferences), I have been invited to participate in the fol- 
lowing conferences during the period 1978-79: 

1. Presented seminar on trace gases and exchange processes 
at the Annual NOAAIERL-GMCC Conference at  Hilo, 

. . Hawaii, January 1978. 

2 .  Consultant on siting criteria for atmospheric physics 
and chemistry. U N  /WMO, Geneva, Switzerland, April 
1978. . 

3 .  Presented seminar on trace gases at the University of 
Mainz (Invited by Professor Christian Junge) May 1978. 

4 .  Presented seminar on Carbon Dioxide Air-Sea-Land Trans- 
fer at the Institute of Meteorology, University of Stockholm 
October 1978. 

5. Presented Seminar on trace gases and polar climate at the 
Meteorology Department, University of Uppsala, Sweden 
October 1978. 

6. Invited to participate in Eastern Arctic Marine Sciences 
' Conference (Chemistry Section) Technical University of 

Denmark, Copenhagen (Lyngby) , January 1979. 

7. Invited to participate in planning conference for Seasonal 
Ice Zone research. U .S. Postgraduate School, Monterey, 
California (February 1979) .  

8 ; Produced planning .document for proposed Swedish (multi- 
disciplinary) Icebreaker YMER-80 cruise to East Greenland 
and Svalbard in 1980. 

9. Presented two papers at the 11th International Polar Meet- 
ing, Berlin, October 1978. 

4 

10 .  Presented invited paper at the International Symposium on 
Integrated Monitoring of Environmental Pollution, Riga, USSR, 
December 12-15,  1978. 

11. Invited to participate at an expert meeting on producing 
an integrated multimedia monitoringlresearch plan at the 
U N I W M O ,  Geneva, September 1-5, 1980. 



ATTACHMENT C (con t ' d) 

12. Panel Member: . .Interagency Committee on Ocean ~ollution 
Research and Monitoring .(provides review and future re- 
search recommendations for all U.S. Outer Continental 

. research efforts) 7.126, 27, 28, 1980; 8/25, 26,' 27, 1980; 
9/22, 23, 24, 1980. 

13. Serve on University of Alaska Telecommunications Committee 
.(1980/81). 

14. Serve as Chairman of the Alaska Eskimo Whaling Commission 
Science Advisory Committee (1980181). 

15. Serve as member of the President's UAF Arctic Research 
Laboratory Task Force (1980181). 

16. Invited to present two papers at the 10th Annual Arctic 
Workshop, INSTM, Boulder, Colorado, March 11-14, 1981. 

17. Serve as IMS delegate to the 32nd. Alaska Science Conference 
Committee. 

In addition to the above, I review numerous proposals in marine 
sciences and meteorology for the National Science Foundation and 
Department of Energy. 

I have also been appointed to serve on the Alaska State Review 
Panel for the Appropriate ~echnologi Small Grants Program. 



Budget 

S a l a r i e s  
Co-Principal  I n v e s t i g a t o r ,  T. Gosink, 

Research Assoc. i n  Geochemistry 
6 mo. @ $4725 

Co-Principal I n v e s t i g a t o r ,  J .  J .  Kel l e y ,  
Assoc. Prof .  o f  Marine Sc ience ,  
3 mo . @ $4326 

Labora tory /F ie ld  Technic ian ,  
12 mo. @ $2016 

Data Process ing  Asst., 3/4 rno. @ $1620 
Subto ta l  

7.5% s a l a r y  increment  - FY 82 
Sub to t a l  

Reserve f o r  annual l e ave  11% 
Hol i day  and s i c k  l eave  9.5% 

Total  S a l a r i e s  

S t a f f  B e n e f i t s  
Hospi ta l  i z a t i o n ,  Soc ia l  S e c u r i t y ,  
Re t i rement ,  16% o f  t o t a l  s a l a r i e s  

, Travel 
(tic: ) 

6 one-way t r i  ps , Fai rbanks-Seward @$. 35/mi. 
6 one-way t r i p s ,  Fairbanks-Dutch Harbor 

i n c l  uding 20 days subs i  s t e n c e  @$74/day 
2 round t r i p s ,  Fairbanks t o  a National 

meet ing,  i nc lud ing  10  days @ $65/day 
8 round t r i p s ,  Fai rbanks-Barrow, i nc lud ing  

24 days s u b s i s t e n c e  @$100/day 
2 round t r i p s ,  Fai rbanks-Denver-San Diego, 

i nc lud ing  10 days @ $65/day 
Subs i s t ence  f o r  haul road t r a v e l ,  30 days @$67 

(Fore ign:  ) 
2 round t r i p s ,  Fai rbanks-Stockholm, i nc lud ing  

6 days s u b s i s t e n c e  8 $100/day 
2 round t r i p s ,  Fai rbanks-Tokyo, i n c l  uding 

6 days s u b s i s t e n c e  8 $100/day 

Suppl i e s  
Miscel laneous expendable m a t e r i a l s  & s u p p l i e s  

S e r v i c e s  
1200 mi l e s  v e h i c l e  u se ,  haul road ,  $.50/mi. 
Shipping - 
Report p r epa ra t i on  and page charges  
Communi c a t i o n s  
Computer c o s t s  

L o g i s t i c s  
4 days c o s t  s h a r e  f o r  25 days a t  $6000 

p e r  day on R / V  Alpha He1 i x  
Total  D i r ec t  Costs  

Overhead - 38.2% of  t o t a l  d i r e c t  c o s t s  

Total  Budget 



EXPLANATION OF THE BUDGET 

A .  S a l a r i e s  and Wages: The P r i n c i p a l  I n v e s t i g a t o r  named i n  t h e  proposal  

w i  11 be respons ib le  f o r  t he  o v e r a l l .  management o f  t h i s  research. Salary 

f o r  a  t o t a l  o f  . n i n e  man months i s  requested. Salary f o r  a  f u l l - t i m e  

t e c h n i c i a n  i s  a l s o  requested. The i n v e s t i g a t o r s  a re  the  same as those 

supported under t h e  DOE proposal f o r  1980-81. 

I t  should be noted' t h a t  due t o  t h e  h igh  c o s t  o f  l i v i n g  i n  Alaska, 

, s a l a r i e s  .are cons iderab ly  h ighe r  than the  n a t i o n a l  average f o r  any g iven 

p o s i t i o n .  For  instance,  t he  fede ra l  government recognizes t h i s  f a c t  by 

paying a  25% t a x f r e e  c o s t  o f  1  i v i n g  a1 lowance t o  i t s  employees i n  Alaska; 

on s i m i l a r  grounds, NSF has agreed t o  r a i s e  t h e  s a l a r y  l i m i t a t i o n  f o r  

A1 askan . i n v e s t i  ga to rs  t o  $59,375 from the.  mandated $47,500 per  annum. 

B. S t a f f  B e n e f i t s  a re  prov ided a t  t he  c u r r e n t  U n i v e r s i t y  o f  Alaska ra te .  

C. Travel  requests a re  made f o r  t he  t r a n s p o r t  o f  i n v e s t i g a t o r s  t o  and 

from t h e  f i e l  d  research s i t e s ,  and t o  work w i t h  c o l  1  abora tors  (Peterson, 

NOAA, Denver, and Mi1 l e r ,  San Diego) . Funds a r e  requested a t  t h i s  t ime f o r  

one n a t i o n a l  meeting f o r  each P r i n c i p a l  I n v e s t i g a t o r .  

Fore ign t r a v e l  i s  t o  t r a n s p o r t  the  P r i n c i p a l  I n v e s t i g a t o r s  t o  d iscuss 

and c o n s u l t  on data c o l l e c t e d  on the  YMER-80 c r u i s e ,  and t o  p lan  and j o i n  

the  Japanese A n t a r c t i c  Research Exped i t i on  on t h e R / V  Hakuho Maru. 

D. Suppl ies r e f e r  t o  purchase o f  gases, glassware, mechanical and e l e c t r o n i c  

p a r t s -  n o t  no rma l l y  designated as permanent equipment. These a re  consumable 

i tems. 

E. Other i tems ( se rv i ces )  a re  d i v i d e d  i n t o  several  ca tegor ies .  Report 

p repa ra t i on  i nc ludes  cos ts  i n v o l  ved w i t h  rep roduc t i on  and j o u r n a l  page 

charges i f  app l icab le .  Communication charges r e f e r  t o  telephone charges. 

Shop support  i s  p rov ided f o r  e l e c t r o n i c  and mechanical r e p a i r  and m o d i f i c a t i o n s .  
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Sh ipp ing  charges f o r  t h e  t r a n s p o r t  o f  equipment a re  provided. Th i s  l e v e l  

b o f  fund ing  i s  conse rva t i ve l y  es t imated from charges normal ly  i n c i u r r e d  

d u r i n g  p a s t  years  o f  operat ions.  

F. L o g i s t i c s  a re  a  d i r e c t  charge i t e m  i n  l i n e  w i t h  p a s t  expendi tures.  

I' The va r ious  ca tego r ies  a r e  l i s t e d .  

G. I n d i r e c t  Costs: This i t e m  i s  l i s t e d  i n  accordance w i t h  t h e  c u r r e n t  

u n i v e r s i t y  o f  Alaska ra te .  



I . The f o l l  owing appendices represent  r e s u l t s  . o f  research c a r r i e d  o u t  

~ under DOE Cont rac t  80EV10429 f o r  f i s c a l  y e a r  1980. Except f o r  i n t e r n a l  

repo r t s ,  a l l  manuscr ipts  i n  t h i s  appendix a r e  t o  be considered i n  p r e l i m i n a r y  
1 

l o r  d r a f t  f o r m . ,  They a re  appended for.  t h e  convenience o f  t he  DOE and i t s  

need f o r  t i m e l y  r e p o r t i n g  of  research p roduc ts . -  Although, t h e  manuscr ipts  

w i l l  undergo ex tens ive  e d i t i n g ,  i t  i s  u n l i k e l y  t h a t  t he  r e p o r t i n g  o f  research 

resu l  t s  w i  11 change subs tan t i  a1 l y  . It i s  requested t h a t  t he  appended 

manuscripts be t r e a t e d  as i n t e r n a l  documents and t h a t  r e p u b l i c a t i o n  o r  

rep roduc t i on  f o r  p u b l i c  dissenumation n o t  be done w i t h o u t  t h e  permiss ion o f  

t h e  authors. 



CRUISE R E P O R T ,  YMER-80 LEG I & 11, July-September 1980 

- 
Nitrous oxide data a r e  presented i n  t abu la r  form 

Reduced, corrected c ru i s e  data f o r  PC02, temperature and s a l i n i t y  
a r e  presented in graph form. 

I Act iv i t i e s  

1.. Nitrous oxide determination of surface  waters a t  15 s t a t i o n s  on 3 

t t r an sec t s  were. completed during Leg I .  . A few comparison measurements were 

I a1 so made during Leg 11. 

I Pa r t i a l  pressures of carbon dioxide i n  the  a i r  and i n  surface  waters 
. --- 

were measured over the  e n t i r e  area covered by Leg 11. 

Pa r t i a l  pressures of C02 i n  surface  waters f o r  Leg I ,  were ca lcu la ted  

I from pH data from t h a t  period,  and ve r i f i ed  during ~ e g '  11. . 

Routine observations of sa l  i n i  t y  of 

surface  waters were recorded 

. . 
Methods . . .  . . ; 

pH and temperature measurements were made w i t h  a Corning'Model 

135 pH meter. w i t h  a combination reference ,electrode.  NBS standardized 

buffer  so lu t ions  (4.01, 7.00, 9.12) were used fo r  instrument cal  i b r a t i on .  

Sal i n i  t y  'measurements were made w i t h  #4403 El ectromark .Digi ta l  

Analyzer. Standardized sea water was used f o r  c a l i b r a t i on .  

Nitrous oxide measurements were made on a Perkin Elmer Model 

3920 gas chromatograph w i t h  e l ec t ron  capture  device ( E C D )  , using 

standardized ECD methods w i t h  a 2 m. Porapak Q co1umn.A 1 ppm Matheson 

cal  i brated gas standard was u t i  1 i zed. Sampl es  were co l l  ected usi ng t he  6 

vacuum expansion methods of Herr and Barger (1 978). 



.. . YMER-80 LEG I NITROUS 'OXIDE DATA 

Date La t .  (ON) . '  Long. (OE) Depth ( m )  nmoles N20/a 

I 3 August 79.7 

4 August 75.5 2 2 



Carbon d i o x i d e  measurements were made w i t h  a  P e r k i n  Elmer Model 

3920 f lame i o n i z a t i o n  d e t e c t o r  (F  1 0 )  a f t e r  me than i za t i on  o f  t h e  carbon 

d iox ide .  A 4 '  ca rbos ieve  B  co1 umn w i t h  a p p r o p r i a t e  v a l  v i n g  was used 

f o r  r e s t o r i n g  . the  C02. A Keel i n g  i n t e r n a t i o n a l  carbon d i o x i d e  -. 

s tandard  (287 ppm) was used f o r  c a l i b r a t i o n .  Sample c o l l e c t i o n  was 

achieved w i t h  a  con t inuous  c o u n t e r c u r r e n t  e q u i l i b r a t o r  as desc r i bed  by I 
Gosink and K e l l e y  (1978) .  

Resu1 . t~  

The e n t i r e  a rea . cove red  by  b o t h  l e g s  I and I 1  a r e  markedly  under- 

s a t u r a t e d  w i t h  C02 i n  t h e  water .  Less so t han  any open wate rs  o f  t h e  

Baren ts  and Kara Seas, b u t  s t i l l  more t han  any open ocean areas a t  

l owe r  l a t i t u d e .  The u n d e r s a t u r a t i o n  extends t o  a  depth o f  about  75 

meters,  v a r i e s  f rom 50 t o  100 'm and o c c a s i o n a l l y  goes t o  a  depth as 

g r e a t  as 200 m. The o n l y  excep t i on  was t h e  r e g i o n  i n  t h e  v i c i n i t y 3 0 f  

Nord, Greenland, 80 'N  2.5'E. I 
Atmospheric carbon d i o x i d e  a l s o  decreased as one proceeded n o r t h ,  I 

p a r t i c u l a r l y  i n  t h e  v i c i n , i t y  o f  Greenland, and when t h e  w ind  o r i g i n a t e d  

f rom m a r i t i m e  areas. 

La te  season carbon d i o x i d e  c o n c e n t r a t i o n s  i n  t h e  sea wate r  seem t o  

be e s s e n t i a l l y  t h e  same as t h e  e a r l y  season. 

pH da ta  a r e  p resen ted  i n  o n l y  t h e  b roades t  o u t l i n e s .  I n  genera l ,  

t h e  h i g h e r  t h e  pH t h e  l owe r  t h e  PC02. The pH v a r i e d  around 8.17+.03 f o r  - 
most o f  t h e  c r u i s e  r i s i n g  t o  8.37t.02 - d u r i n g  t h e  deepest p e n e t r a t i o n s  

o f  t h e  i c e  pack. There was a  p e r i o d  between 27 and 31 J u l y ,  d u r i n g  t h e  . 
t r i p  f rom heavy i c e  NW of Franz Jose f s  Land t o  abou t  503,open wate r  sou th -  

west  o f  Franz Jose f s  Land when t h e  pH s t e a d i l y  r o s e  f rom 8.2 t o  8.5. . 



U n f o r t u n a t e l y  t h e r e  was some r e f e r e n c e , e l e c t r o d e  problems a t  t h a t  t ime,  

b u t  two rep lacement '  e l e c t r o d e s  p r o v i d e d  s i m i l a r  h i g h  va lues.  T h i s  h i g h  

pH would agree w i t h  t h e  ex t reme ly  l o w  p a r t i a l  p ressu res  o f  C02 r e p o r t e d  

by K e l l e y  ove r  a  decade ago f o r  t h e  Baren ts  and Kara Seas. 

Sur face  (1-20 m) - n i t r o u s  o x i d e  measurements f o r  35 obse rva t i ons  

i s  j 6 . 8  - + 4.2 nmoles N20/L. The rahge was f r om 7.4 t o  22.4 nmoles N2O/L. 

Average tempera tu re  and s a l i n l t y  were -1.50C and 31%. I n t e r m e d i a t e  

depth wate rs  ranged f rom 13-30 nmoles N20L.and deep wate rs  between 

12 an 16  n  moles N20/L. Two s t a t i o n s  near  79.3'N 36 'E  had u n u s u a l l y  

h i g h  va lues,  up t o  - ca. 50+nmol es NZO/L. 

D i scuss ion  

The normal range o f  p a r t i a l  p ressu re  d i f f e r e n c e s  between t h e  

atmosphere and ocean C02 i s  en t h e  o r d e r  o f  - +30 ppm, u s u a l l y  on t h e  

n e g a t i v e  s i de .  Kel  1  ey has a1 ready r e p o r t e d  excep t i ona l  l y  1  ow ( -90 . t o  

-190 ppm) f o r  t h e  e n t i r e  Baren ts  and Kara Seas' su r f ace .  Con f i rma t i on  

o f  these  va lues  was s u c c e s s f u l l y  ach ieved d u r i n g  Leg 11. The p robab le  

cause o f  t h e  ex t reme ly  l o w  PC02 va lues  i s  c o o l i n g  o f  warmer N. A l a n t i c  

wa te rs  r a t h e r  than  b i o l o g i c a l  a c t i v i t y .  A 10°C tempera tu re  drop i n  a  

body o f  wa te r  l owe rs  i t s  PC02 by about  140 ppm. If t h e  wa te r  was a l r e a d y  

t no rma l l y  ( b i o l o g i c a l l y  caused) l ow  by 20-40 ppm, t h e  n e t  r e s u l t  would be 

t o  produce t h e  extreme (-160 ppmj lows observed. 
I 

The a r c t i c  seas appear t o  be a  ma jo r  s i n k . f o r  a tmospher ic  carbon 

b d i o x i d e  d u r i n g  t h e  b r i e f  summer pe r i od .  As a .  p r e l  i m i  na ry  e s t i m a t e  

a 0.3 x  1  016 g  o f  C02 may be absorbed i n  t h e  r e g i o n  alone, and may 

r e p r e s e n t  t h e  apparent  m i s s i n g  s i n k  f a r  T q .  



, deeper waters .  The p r i n c i p a l  d i f f e r e n c e  i s  aga in  due t o  temperature 

I 
- . - 

I d i f f e r e n c e s .  These p o l a r  ocean s u r f a c e  wate rs  a r e  n o t  h i g h l y  s a t u r a t e d  

w i t h  N20 .as a t  . l ower  l a t i t u d e  (110-180%) b u t  a lmos t  e x a c t l y  sa tuca ted  

( + ' 3 0 0  - w i t h  r e s p e c t  t o  a i r  a t  330 ppb. N i t r o u s  o x i d e  i s  a  u b i q u i t o u s l y  

produced t r a c e  gas which i n f l u e n c e s  s t r a t o s p h e r i c  chemis t ry .  

References 



YMER-80 LEG I NITROUS OXIDE DATA 

Date  at. , ( O N )  Long. (OE) Depth (m) nmoles N20/e 

13  J u l y  81 .O 23 .O 0 7.4 
15 20.3 
22 21 .1 

14 J u l y  

17 J u l y  

22 J u l y  

a1 1 su r face  , 16.3 
samples 14.5 
taken 13.3 
f rom . 14.3 
around 15.2 
me1 ti ng 14.3 
sea i c e  13.4 

15.2 
13.8 
14.8 

Sal . 
29.  J u l y  a1 1 

su r face  
sampl es 
taken 
f rom 
around 
me1 t i n g  
sea 
i c e  



. YMER-80 LEG I NITROUS OXIDE DATA 

Date La t .  (OFI) Long. (OE) Depth (m)  nmoles N20/2 

4 August 7 5 

5 August 74 

5 August 73 
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. I N T E R I M  REPORT 

TO THE DEPARTi4ENT OF ENERGY 

FROM THE GEOPHYSICAL I N S T I T U T E  
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FAIRBANKS , ALASKA 9 9 7 0 1  

CARBON D I O X I D E  I N  ARCTIC AND SUBARCTIC REGIONS 

Drs. T .  A .  G o s i n k  and J. J .  K e l l e y  

. F e b r u a r y  1 9 8 1  

( C o n t r a c t  No. 8 0 E V 1 0 4 2 9 )  



Th i s  i s  o u r  f i r s t  i n t e r i m  r e p o r t  t o  t h e  Department o f  Energy under  

t h i s  c o n t r a c t  number (80EV10429). Y e  r e p o r t e d  . l a s t  y e a r  th rough  t h e  O f f i c e  

o f  Naval Research (Code 461 1 .  'rle had had a  l o n g  s t a n d i n g  A r c t i c  r esea rch  

c o n t r a c t  program w i t h  ONR and t h rough  t h a t  agency l a s t  y e a r  we r e c e i v e d  

phase- in  funds from t h e  Department o f  Energy. 

We have completed o u r  i n v e s t i g a t i o n  o f  sea s u r f a c e  wa te r  PC02 between 

~ r e e n l  and' and F ranz  Joseph '  s  Land. T h i s  was conduc ted  i n  c o n j u n c t i o n  w i t h  

t h e  Swedish sponsored a r c t i c  e x p e d i t i o n  YNER-80 d u r i n g  t h e  summer o f  1980. 

A copy o f  t h e  c r u i s e  r e p o r t  i s  a t tached .  

As a  r e s u l t  o f  t h a t  c r u i s e  we: 

( 1  ) con f i rmed  o u r  e a r l  i e r  o b s e r v a t i o n s  o f  e x t e n s i v e  low p a r t i a l  

p ressu res  o f  C02 ( ca .  180-220 ppm) i n  su r f ace  wa te rs  i n  t h a t  r e g i o n  

( K e l l e y  1970) .  

( 2 )  showed t h a t  t h e  v e r y  l o w  p a r t i a l  p ressu res  ex tend  f a r t h e r  n o r t h  (ca.  

82"N) and t o  t h e  wes t  ( ca .  5"11) ( s e e  map i n  c r u i s e  r e p o r t  and c r u i s e  

t r a c k  da ta .  

( 3 )  o b t a i n e d  e s t i m a t e s  as t o  how deep t hese  v e r y  low p a r t i a l  p ressu res  

(ca .  20 m) and t h e  equ.41 i b r i u m  dep th  ( c a .  130  m) p e n e t r a t e  ( see  c r u i s e  

r e p o r t ) .  

( 4 )  con f i rmed  a  new s imp le  e m p i r i c a l  method f o r  t h e  d e t e r n i n a t i o n  o f  

PC02 i n  sea w a t e r  ( T e c h n i c a l  pape r  i n  p r e p a r a t i o n ) .  

( - 5 )  o b t a i n e d  an e s t i m a t e  f o r  t h e  i n v a s i o n  r a t e  o f  C02 across c o l d  A r c t i c  

su r f ace '  wa te rs  (0 .078 m moles atm-1 cm-2 min-1'). 

(6) have e s t i m a t e d  t h e  Barents-Kara-LapteY Nor:oiegi an Seas a rea  as enormously 

15 s t ro sg  s i n k s ,  abso rb ing  c_a. 2 x  10  g  C02 d u r i n g  t h e  su-mer  months a l one .  

( 7 )  can now e s t i m a t e  t h a t  t h e  A r c t i c  i s  an annual s e t  s i n k  o f  1  x  1 0 1 5 ~  

C02 p e r  y e a r  and t h a t  a  l a r g e  p o r t i o n  o f  i t s  annual  v a r i a t i o n s  a r e  

n a t u r a l l y  o c c u r r i n g .  (Techn ica l  paper  i n  p r e p a r a t i o n ) .  

b 



A t  the  p resen t  time we a r e  engaged i n  r epa i r ing  our o ld  equipment, 

ob ta in ing  and cal  i  b r a t i  ng our new equipment, and preparing f o r  two more 

f i e l d  events  before' t h e  end of our f i r s t  f i s c a l  year  of support  under t h i s  

con t rac t .  One f i e1  d tr ip i s  t o  observe tundra and t a i g a  sur face  C02 

emissions during spr i  og breakup. t o  .confirm our e a r l  i e r  evidence of subs tan t ia l  

r e l e a se  of gases from those  s o i l s  during t h a t  period of time, e .  g. Coyne 

and Kelley 1971 and 1973, Gosink and Kel ley  1978  and Gosink and Kel ley 

1979. The second f i e l  d t r ip i s  t o  be . i n t o  . t h e  north Beri ng Sea edge d u r i n g  

spr ing thaw. 
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A r c t i c  Seas. Are they  Overlooked S i g n i f i c a n t  S inks  
f o r  Atmospheric Carbon Dioxide? 

T. A. Gosink and J. J. Kelley 

Geophysical I n s t i t u t e  and 
I n s t i t u t e  of Marine Science 

Un ive r s i t y  of Alaska 
FairbanEs, Alaska 99701 

I - 

ABSTRACT 
ad 

\ 

Two arguments a r e  p re sen ted  t o  suppor t  t h e  concept  t h a t  t h e  A r c t i c  

Oceanand i t s  surrounding ~ e a s ~ 3 . 8  percent  of world ocean and s e a  s u r f a c e ,  

I can  absorb  du r ing  t h e  summer between 5 and 1 0  p e r c e n t ,  o r  more, of t h e  

annual  anthropogenic product ion  of carbon d ioxide .  The i m p l i c a t i o n  i s  

t h a t ' t h e  a r c t i c  s e a s  a r e  important  s i n k s  f o r  a tmospheric  carbon d iox ide .  

During t h e  r e c e n t  Swedish A r c t i c  Expedi t ion ,  YMER-80, we measured 
. . 

t h e  atmospheric  and s e a  s u r f a c e  p a r t i a l  p r e s s u r e s  of carbon d ioxide .  

Observa t ions  .aboard_ t h e  B4ER were made i n  t h e  Norwegian and North   re en land 

Seas,  and t h e  oceanic  a r e a s  n o r t h  of Svalbard and Franz Jose f  Land i n c l u d i n g  

t h e  a s s o c i a t e d  s e a s o n a l  i c e  zone. We p re sen t  h e r e  two arguments which 

l e a d  u s . t o  b e l i e v e  t h a t  t h e  A r c t i c  Ocean and sur rounding  s e a s  a r e  absorb- 

I i n g  between 5 and 1 0  pe rcen t ,  and p o s s i b l y  a s  much as 40 pe rcen t ,  of t h e  

I - .  

annual  anthropogenic product ion  of CO.  du r ing  t h e  3 t o  4 month summer pe r iod .  . 2  

We a r e  aware of o t h e r  s e a s o n k  and geographic a r c t i c  water  mass sou rces  'and 
~ , ~ < o a n  b;c?:;64. 

\i s i n k s  (Gosink and Kelley,  1980a) but  t h e  apparent  i n t e n s i t y  of Barents  Sea 
I\ 

I a r e a  war ren t s  p a r t i c u l a r  n o t e  and s tudy.  



P o l a r  oceans  and a d j a c e n t  s e a s  a f f e c t e d  by sea i c e  c o n s t i t u t e  about  

6  2 35 x 10  km , o r  e s s e n t i a l l y  1 0  percent  of t h e  world oceans  and s e a s  su r -  

f a c e .  I n  t h e  n o r t h e r n  hemisphere, s e a  i c e  ex t ends  ove r  about  8 .4 x 1 0  
6 

2 2 .;I km i n  t h e  summer, and up t o  1 5  x l o 6  km i n  t h e  w i n t e r  i nc lud ing  t h e  )seas 
7 b< . 

&,A 
of Japan,Okhotsk.  The A r c t i c  Ocean bas in  and sur rounding  s e a s  comprise about  J b 

6  2  
13.6 s 1 0  km o r  3.5 pe rcen t  of world oceans  and s e a  s u r f a c e s .  (Sverdrup 

e t  cl, 1942 and Barry,  1979).  'We have r e p o r t e d  t h a t  carbon d iox ide  i s  

t r a n s f e r r e d ,  through s e a  i c e  (Gosink, e t  a l ,  1976) and t h a t  i t ,  based on 
' 

Alaskan A r c t i c  obse rva t ions ,  can  be a  s i g n i f i c a n t  sou rce  of CO t o  the '  A r c t i c  
2 

atmosphere i n  t h e  w i n t e r  (Gosink and Kel ley ,  1980b).  We a r e  concerned h e r e ,  V 

I 

however, on ly  wi th  t h e  summer open ocean w a t e r  which i s  moderately t o  

extremely unde r sa tu ra t ed  w i t h  r e s p e c t  t o  ! carbon !: d i o x i d e '  i. e. , carbon d i o x i d e  
d r?.i-c.T,:'.' : 

p a r t i a l  p r e s s u r e s  i n  s e a  water .  a r e , \ l e s s  thaQatmospher ic  CO p a r t i a l  p r e s s u r e s .  J J. 
/ 2 

Most of t h e  a v a i l a b l e  d a t a  f o r  carbon d i o x i d e  i n  s e a s o n a l l y  i c e  covered 

s e a  water  comes from t h e  Bering Sea. Research r e s u l t s  summarized by Park  

e t  al, (1974) shows t h e  carbon d i o x i d e , i n  Bering Sea s u r f a c e  wa te r s  v a r i e s  

s easona l ly  and s p a t i a l l y ' f r o m  s t r o n g l y  s u p e r s a t u r a t e d  t o  s t r o n g l y  qnder- 

s a t u r a t e d  cond i t i ons .  North A t l a n t i c  wa te r s  were r e p o r t e d  n e a r l y  50 y e a r s  

ago by Buch (192;$) t o  have v e r y  low p a r t i a l  p r e s s u r e s  o f .  carbon d i o x i d e  (160 
' I 

ppm) i n  t h e  v i c i n i t y  of  s e a  i c e ,  which w a s  v e r i f i e d  by Kel ley '  (1970) when 

he extended t h o s e  o b s e r v a t i o n s  i n t o  t h e  Barents  and Kara Seas,  and c l o s e l y  

r e t r a c e d  Buch's t r a n s a t l a n t i c  c r u i s e  t r a c k .  . Unlike Buch, however, Kel ley  

d i d  no t  observe extremely low atmospheric  carbon d i o x i d e  c o n c e n t r a t i o n s ,  

a l though i t  was s i g n i f i c a n t l y  lower than  c o n t i n e n t a l  a i r .  On t h e  r e c e n t  

Yi-i'5'R-60 c r u i s e ,  we f u r t h e r  extended t h e  sea  s u r f a c e  and atmospheric  observa-  

t i o n s  t o  about  84ON between Greenland, Sp i t sbe rgen  and Franz Josephs Land, 



and s o u t h  o f f  t h e  Norwegian c o a s t .  With t h e  only  excep t ion  of t h e  r eg ion  

nea r  Nord, Greenland, where a r c t i c  b a s i n  wa te r s  a r e  f lowing i n t o  t h e  

Greenland Sea, and a. s t a t i o n  a t  t h e  Greenwich mer id ian  a t  8 0 ° ~ ,  t h e  s u r f a c e  

wa te r s  w e r e ' a l l  h igh ly  unde r sa tu ra t ed  w i t h  r e s p e c t  t o  CO du r ing  t h e  e n t i r e  
2  

J u l y  through September per iod .  The two Greenland s e a  s t a t i o n s  were nevesthe-  . 

l e s s  unde r sa tu ra t ed ,  bu t  o n l y  t o  t h e  e x t e n t  of 5-25 ppm, r e s p e c t i v e l y .  We 

a r e  pub l i sh ing  elsewhere t h e  f u l l  r e p o r t  of t h e  YMER-80 CO o b s e r v a t i o n s ,  and 
2 

our  exp lana t ion  f o r  t h e  p r i n c i p a l  cause  f o r  t h e s e  e x c e p t i o n a l l y  low s u r f a c e  
I 

w a t e r . p a r t i a 1  p r e s s u r e s  of CO 2~ which extend t o  20-200 m dep th . (Gos ink  and 

:./" Kel ley ,  1 9 8 0 ~ ~  d ) .  
- 

The F i r s t  Araument 

Near s u r f a c e  a i r  f lowing .out of t h e  A r c t i c  was ,observed  t o  have C02 

concent . ra t ions  on t h e  o r d e r  of 317 t o  325 pprn (August and September 1980).  

Our a n a l y t i c a l  d a t a  f o r  C02 a r e  based on S.I.O. s t a n d a r d s  on t h e  J c  Sca l e ,  

. and a r e  a c c u r a t e  t o  + 2 pprn). Under l a b o r a t o r y  c o n d i t i o n s ,  o u r  gas  

chromatographic a n a l y t i c a l  method has  an  accuracy  and p r e c i s i o n  of about  

2 0.2 ppm. , . (Gosink and Kel ley  1977).  A i r  f lowing  i n t o  t h e  a r c t i c  bas.in 

n o r t h  of  Norway ( Ju ly ,  August and September) had c o n c e n t r a t i o n s  i n  t h e  

range of 336 t o  341 ppm. Lower t roposphe r i c  c o n t i n e n t a l  a i r  a t  5S0N.,in 

t h e  Skaggerak S t r a i t  r e g i o n  dur ing  ~ e ~ t e m b e r  was observed t o  be 351 ppm. 

Thus t roposphe r i c  a i r  pas s ing  through t h e  summer a r c t i c  b a s i n  appa ren t ly  

l o s e s  11 t o  24 ppm of  i t s  ca'rbon d iox ide  con ten t .  I f  t h e  a i r  i n  t h e  a r c t i c  

b a s i n  i s  exchanged every  2 weeks, t h e r e  would be about  9 a i r  mass changes . 

* d u r i n g  t h e  summer open water per iod  of June through September. T r e a t i n g  t h e  

2 a r c t i c  bas in  as a s imple c y l i n d e r  of 1 0  x l o 6  km base  a r e a ,  and a r b i t a r i l y  



6 3 
of 2  km i n  h e i g h t ,  t h e  CO 2 ai r  mass.volume is 20 x 1 0  km p e r  exchange. 

The r a t i o n a l e  . for  t h e  2 km f i g u r e  i s . b a s e d  p a r t l y  upon t h e  work of Bol in  

and Bischof (1970) who p o i n t  o u t  t h a t  t h e r e  is  a  25 t o  30 day d e l a y  i n  

1 s e a s o n a l  v a r i a t i o n  between t h e  lower and upper t roposphe re  (9  km). Thus, 

t h e  e n t i r e  a r c t i c  t r oposphe re  w i l l  n o t  be un i formly  r e l i e v e d  of p a r t  of  

i t s  CO burden, b e f o r e  l t  e x i t s  t h e  Arc t i c .  The o t h e r  f a c t o r  i s  t h a t  t h e  
2 

d e n s i t y  of  t h e  a i r  column i s  n o t  uniform,  and 2 km seems, a  r ea sonab le  

I a r b i t r a r y  f i r s t  e ~ t i m a t e ~ t o  approximate t h e  mass of  a i r  i n  t h e  lower t ropo-  

sphere .  A n  11 ppm d e p l e t i o n  o f  C02 i n  t h i s  s imple  scheme y i e l d s  220 km 3 

15  o r  4 .3  x 1014 g o f  c o  per a i r  mass change o r  3.9 x 1 0  g C02 i n  t h e  summer 
2 

I .  pe r iod .  I f  24 ppm of  C02 a r e  removed, t hen  8 .4  x 1015 g of  a ~ m o s p h e r i c  CO 2  

a r e  depos i t ed  i n  A r c t i c  s u r f a c e  wa te r s  over  t h e  summer. . The' lowes t  f i g u r e  

i s  12.4 pe rcen t  of c u r r e n t  annual  f o s s i l  f u e l  and cement p roduc t ion  f i g u r e s ,  

1 '  and t h e  h i g h e s t  f i g u r e ,  40 p e r c e n t ,  based on a 2 p e r c e h t / y & a r  upda t ing  o f  

- 2 - J R o t t y ' s  compi l a t i ons  (1977).  I f  a  lower exchange rate (0.034 mmole c m  at?.. 
q-.. . . 

-.I 
r n  mid1) sugges t ed  by Keel ing  (1965) i s  employed, t h e n t h e  percentage  range : ' ' 

. - . : c C i s  reduced t o  5.4 t o  1 7 . 5  pe rcen t .  The Hood and Ke l l ey  (1976) r a t e  a s  d e t e r -  u 
1 

mined i n  c o o l  (7-g°C) waters,. a f f o r d s  a  6.9-22,Opercent. range.. .The  s u r f a c e  v Y 

I - 1  
wate r s  o f  the '  Eas t e rn  Arc t - ic  were i n  t h e  6 ~ O + ~ ~ C ~ W . - ~ ) , I ,  Y I /  I 

I f  d u r i n g  t h e  w in t e r  f reeze-up,  t h e  c o o l i n g  and s a l t  r e j e c t i o n  from 

forming s e a . i c e  causes  t h e  o the rwi se  s t a b l e .  s u r f a c e  wa te r s  t o  s i n k  t o  g r e a t  

1 dep ths  (below 2-5.00 m) With . t h i s ,  % . ..... added CO.., .:hen t h a t  C02 i s  e f f e c t i v e l y  ; \R.+, ; - . ; #,- <: : , '$0 !. ., :: :- .. .". . ... " . L.> >' v \ - C  .;;7 y..-, , 
removed!, I f  i t ' r e m a i n s  n e a r  t h e  s u r f a c e  and f lows  s,outh a g a i n  ( a s  some 

I p o r t i o n  of  i t  c e r t a i n l y  does)  where it i s  warmed, then  p a r t  of i t  w i l l  be  

1 r e l e a s e d  t o  t h e  atmosphere aga in .  



The d i f f e r e n c e  between C02 i n  a i r  and sea w a t e r  based on YMER o b s e r v a -  

t i o n s ,  ( E a s t e r n  A r c t i c  Ocean) i n d i c a t e d  u n d e r s a t u r a t i o n  i n  s e a  w a t e r  o f  

a b o u t  -110 ppm. ~ e l l e y ' s  (1970) o b s e r v a t i o n s  i n . t h e  B a r e n t s  sea area 

(1970) s u g g e s t s  a n  a v e r a g e  under  s a t u r a t i o n  o f  a b o u t  130 ppm. I f  a r b i t r a r y  

g e o g r a p h i c  d i v i s i o n  of t h e  a r c t i c  o c e a n i c  r e g i o n s  are u s e d ,  t h e n  o v e r  a 

2 
100  day p e r i o d ,  t h e  B a r e n t s ,  Kara  and Lap tev  s e a s  ( 2 . 3  x l o 6  km s u r f a c e  

1 5  . . 
a r e a )  would a b s o r b  1 . 3  x 1 0  g  of C 0 2  The open w a t e r  o f  w e s t e r n  a r c t i c  

6 2 ocean ,  a l s o  o f  abo'ut 2.3 x 1 0  km a r e a ,  w i t h  i t s  a p p a r e n t  APCO o f  a b o u t  
2 

- 60 pprn would a b s o r b . a n  a d d i t i o n a l  0 .7  x 1015 g  o f  Co2 f o r  a  t o t a l  of 

2 .0  x 10'' g o f  CO (9 .6  p e r c e n t  o f  a n t h r o p o g e n i c  p r b d u c t i o n )  which a g r e e s  
2  

w i t h  t h e  r e s u l t s  o f  o u r  f i r s t  argument.  I f ,  o f  c o u r s e ,  some of  t h e  c a r b o n  

d i o x i d e  above 500 m was a l s o  b e i n g  a b s o r b e d ,  t h e n  t h e  f i g u r e s  ment ioned 

I above.would a l l  be p r o p o r t i o n a l l y  l a r g e r ,  and s t i l l  i n  agreement  . w i t h  t h e  

r e s u l t s  o f  t h e  f i r s t  argument.  

Al though t h e  A r c t i c  o c e a n i c  r e g i o n s  occupy a s m a l l  a r e a  o f  t h e  world.  

o c e a n s  and s e a s  s u r f a c e  (3 .8  p e r c e n t )  i t  would a p p e a r  t h a t . t h e y  may be  a . 

C 0 I.. - 

I/ 

s i g n i f i c a n t  s i n k  f o r  d u r i n g  t h e  summer. L i t t l e  c a n  b e  s a i d  a t  t h i s  % 
t i m e  a b o u t . t h e  p o s s i b l e  r o l e  o f  A n t a r c t i c  s e a s  and t h e  exchange o f  CO 

2  

I a c r o s s  t h b  s e a  s u r f a c e .  Data a r e  d i f f i c u l t  t o  o b t a i n  i n  b o t h  regions, b o t h  

on a n  a r e a l  and t empora l  b a s i s  due  t o  l o g i s t i c s  problems.  I n  o r d e r  t o  

f u r t h e r  t e s t  t h e s e  arguments  it w i l l  be  n e c e s s a r y  t o  o b t a i n  d a t a  w i t h i n  

t h e  p o l a r  pack i c e  and m a r g i n a l  seas from s p r i n g  t o  f a l l  which may o n l y  

be p o s s i b l e  by t a k i n g  a d v a n t a g e  o f  f u t u r e  f l o a t i n g  i c e  s t a t i o n s .  
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THE GLOBALLY SIGNIF ICANT SOURCES AND SINKS. 
0F.CARBON DIOXIDE IN THE ARCTIC 

3. J .  Kelley and T.. A. Gosink .- <" 
1- .:> u , 

. .\.*; 
' :. 

INTRODUCTION '. 
n. . z .  \".'.;., - ;..- . 
' : 

, . 

I T h i s  a r t i c l e  i s  the  f i r s t  comprehensive consideration of the  Arctic 

as  a  whole with respect  t o  atmosphe.ric carbon dioxide, i t s  natural and 

anthropogenic o r ig ins  and in t e rac t ion  w i t h  the various a r c t i c  surfaces.  

The paper i s  based on our own f i e1  d research of more than two decades . -. - 

and o ther  relevant  s c i e n t i f i c ,  papers. ' .  . ,  I 

T h e  i s sue  of atmospheric carbon dioxide is  internat ional  i n  scope 

I " 

and i n t e r e s t  because of i t s  potent ial  d i sas t rous  e f f e c t s  on atmospheric 

heating. The Arct ic  can be markedly af fec ted  by t h i s  heating and . in  turn 

t r i g g e r  o ther  c l  imate modifications (e .g .  F le tcher  and Kell ey, 1978). 

I 
1 In this paper we will  develop the various f ac to r s  and synthesize an 

annual cycle f o r  the Arct ic  which c l ea r ly  shows t h a t  t h i s  i ce  dominated 
I 
I region plays a  surpr i s ingly  1 arge ro le  in  moderating atmospheric dioxide. 

I The Arctic (above 670N), a t  f i r s t  glance, appears to  be an 
I 

almost in s ign i f i can t  region a s  f a r  as  atmospheric carbon dioxide i s  con- I 
I 

cerned.. The whole surface area of the Arct ic  i s  only 4% of the ea r th ,  
i 

b i t s  ocean-sea area 3.8% of the worl d oceans surfaces, '  and i s  heavily 

influenced by both g lac ie r  and sea ice .  The winter t o  summer average 

v a r i  a t i  ons in tropospheric carbon dioxide a re  the 1 a rges t  (1 2-1 6 ppm) 

1 recorded a t  a l l  of the remote monitoring s i t e s  in the world (eg. Bol in 

and Keel ing, 1963 and Keel ing e t  a1 , 1976a, b )  and have a  curious repeat- .-.-- - . >  -.. -..--.-. 

. . able  spring surge j u s t  before the summer minimum. On the o ther  hand, 



the annual r a t e  of increase of the mean concentration i s  the  same as  

recorded i n  Mauna Loa o r  the South Pole. These annual a r t i c  

t ropospheric .  ~ 0 2  exc.ursions a re  general l y  ascr ibed t o  t ranspor t  

of pol luted lower l a t i t u d e  continental  a i r  i n t o  the region during the 

w i  n t e r ,  and reduced i n the spri ng-summer due t o  hemi spheric  resurgence 

of photosynthetic a c t i v i t y .  Our own research i n  the Arc t ic ,  however, 

decidedly shows t h a t  the a r c t i c ,  hydrosphere, and t o  a l e s s e r  ex tent  

the geosphere, markedly a f f e c t  tropospheric carbon dioxide, and t h a t  

these e f f e c t s  operate throughout the e n t i r e  year .  These natural a r c t i c  

phenomenon have indeed been obscur.red by t ranspor t  of anthropogenically 

polluted a i r  from lower l a t i t u d e s ,  b u t  we have been reasonably successful 

i n  reading through t h a t  masking by means of seasonal source-sink 

experimentation. We. estimate t h a t  the natural sources and s inks of 

carbon dioxide w i t h i n  the Arctic a r e  causing about 20-408 ,of the 

annual apparent tropospheric C02 concentration excursion. 

Current estimates of annual tropospheric anthropogenic carbon 

dioxide i n p u t  a r e  about 2 . 6 ~ 1  016 o f  C o p  when considering recent 

recognition of t ropical  f o r e s t  c lear ing  (Rotty,  1977; Bol i n ,  1977; 

Wong, 1978; Woodwe1 1 e t  a1 ; 1978) .  Anthropogenic f ac to r s  w i t h i n  

the Art ic  and the adjacent subarc t ic  a r e  v i r t u a l l y  inconsequential with 

respect  t o  carbon' dioxide. They a r e  1 ikely t o  remain so even w i t h  

the increased o i l  exploration and production a c t i v i t i e s .  

We will  show t h a t  physical-chemical r a the r  than biological processes 

dominate the e n t i r e  annual cycle: Arctic phenomena a r e  so in tense ,  f o r  

example, t h a t  we estimate t h a t  an equivalent of nearly 10 percent of the e n t i r e  

burden of carbon dioxide introduced annually by a l l  anthropogenic a c t i v i t y  i s  

absorbed by north polar seas just d u r i n g  the  shor t  summer period. On t he  other  



2 hand, we have a1 so shown that annual sea ice i s  permlable enough towards 

carbon dioxide so t h a t  a b o u t  a third of the carbon dioxide absorbed by the seas 

over the summer'months is. transferred back t o  the .troposphere.during the 

remainder of  the year. Tundra so i l ,  plants, ponds and lakes are also treated 

i n  our discussions as we11 as preliminary estimates of latitudinal transport. 

EXPERIMENTAL METHODS 

I All gas analyses.-were accomplished on a Carle 311 M. gas chromatograph. 
i 

Carbon dioxide reference gas standards prepared. a t  the Scrip.ps ' Insti tute 

I of Oceanography ( S .  I . O ;  C.. D .  Keeling Laboratory) were .used. In addition, a i r  

samples were periodically taken in the vicinity of the P o i n t  Barrow NOAA/ERL- 

GMCC s i t e  for comparison. Values for C02 i n  a i r  agreed with the NOAA measure- 
I ments within 1 ppm by volume. The NOAA analyses were made by means of a 

nondispersive infrared analyzer using S.I.O. standards. 

Air samples were either collected and he1 d briefly under s l ight  
I 

positive pressure in teflon coated steel and glass (10 ml ) gas t ight  syringes, 

or in 250 m1 gas sample bottles. I t  was necessary' t o  employ oversize O-rings 

under the plunger in order t o  achieve a gas t ight  f i t  a t  low temperatures. 
I 

Analyses were completed within 24 hours; usually within 1. t o  6 ho'urs. 

Standards held i n '  these syringes were stable for 24-72 hours, depending . 

on the particular syringe in question. Standards stored in sl ightly 
I 

pressurized routine commerical glass gas sampl e bottles were 

stab1 e for several weeks. 

I 
Samples of a i r  from under a snow cover were taken by holding the 

gas t ight syri nge upwind  o f  the operator, and inserting the needle or 



extended cannula beneath the snow and f rost  t o  withdraw 5 t o  10.ml of 

a i r .  

In some experiments 0ve.r sea ice or tundra, the increase of carbon 

dioxide over. the original a i r  trapped in a chamber was foll  owed: I n  

other experiments, the sealed chamber was flushed w i t h  helium. The 

recovery rate of C02 verus oxygen was determined as a function of t ime,  

temperature and  sali'nity of the ice. The sealed chambers on.  the sea 

ice were prepared by packing snow around the chambers a n d  wetting i t  

with freshwater t o  provide a gas t ight  ice seal. 

Experiments with atmospheric sampling from a'ircraft are published 

el sewhere (Gosink and Kel ley, 1981a) as are the procedures for research 

from on board research vessels (Gosink and  Kelley, 1978). 

Description of the Arctic 

Our physical description of Arctic i s  one of defining the areas 

, of the various interfaces which may interact with the troposphere.. These 

estimates are used through o u t  this '  a r t ic le  t o  calculate seasonal 

quantities of carbon dioxide.exchanged across those surfaces. 

The surface of the Arctic, based on simple spherical geometric 

calculations, i s  taken t o  be 2.1 2x.107 km2.  The troposphere of the Arctic 

i s  assumed t o  be 2 . 1 ~ 1 0 ~  km3 in volume a n d  t o  contain 6 . 9 ~ 1 0 ~ ~  g of C o t  

a t  an average concentration of 335 ppm ( p atmospheres). Table 1 shows 

our breakdown of the various l a n d  and  sea areas t h a t  have different 

degrees of influence on tropospheric carbon dioxide. 



The c e n t r a l  pack i c e ,  i n c l u d i n g  about a t h i r d  o f  the  Canadian 

Arch ipe l  i go ,  i s  t he  1 a rges t  o f  a l l  subcategories, and i s  considered t o  

be almost c losed  t o  ocean-air  i n t e r a c t i o n .  The two except ions are t he  

est imated year  round 5-10% open water i n  cracks, leads and polynas.  

(Whitman, 1966) and t he  ca 50% annual sea i c e  which we have shown t o  be 
C 

permfable (Gosink e t  a1 , 1976) and w i l l  'd icuss f u r t h e r  i n  t h i s  paper. The 

surrounding seas have been subdiv ided i n t o  f o u r  ca tegor ies  f o r  two 

d i f f e r e n t  reasons. The p r i n c i p l e .  reason i s  t h a t  these reg ions  appear 

t o  d i sp lay  d i f f e r e n t  p a r t i a l  pressures o f  carbon dioxide., p a r t i c u l a r l y  

du r i ng  the  summer per iod .  The secondary reason has t o  do w i t h  the 

amount and dura t ion  o f  t he  i c e  cover. Three o f  these areas are consi-dered 

t o  be 10% open water dur ing  t he  wf n t e r  due t o  wind and c u r r e n t  s t r e s s  

on the i ce .  Only two a re  considered t o . b e  100% open f o r  a 3 t o  4 month 

per iod'  du r ing  the summer. 

. The Greenland Sea-Baff in Bay category  i s  considered t o  con ta i n  

the remainder o f  the Canadian a r c h i p e l i g o  water area, and t o  be 50% 

open water dur ing  the  su'mer per iod .  Al.1 o f  these A r c t i c  seas may be 

r e f e r r e d  t o  as the seasonal sea i c e  zone (SSIZ) which Barry  (1979) 

def ines as annual ly  va ry ing  between 8 .4  and 15 x 106 km2. His  

d e f i n i t i o n ,  however, i nc ludes  suba rc t i c  sea i ce ,  e.g. t he  Ber ing  .Sea 

and Sea o f  Othosk e t c .  ~ v e r d r u p  e t  a1 , (1 942) t abu la te  t he  A r c t i c  

Ocean and surrounding seas as cover ing  14.1 x 106 km2, h u t  they i nc l ude  

areas south o f  the A r c t f c  c i r c l e  such as the Norwegian and North seas 

which we consider t o  be pe rpe tua l l y  open water. Our t o t a l  A r c t i c  Ocean 

and seas area i s  t he re fo re  13.8 x 106 km2. 

We est imate the l and  area w i t h i n  the  A r c t i c  t o  be predominant ly 

g l a c i a t e d  and o r  mountainous, e.g. Greenland. We know o f  no s i g n i f i c a n t  

( 1 x 1012 cj C02 sources o r  s inks  f o r .  carbon d i ox i de  i n  these g l a c i a t e d  areas, 

and thus w i l l  n o t  consider them i n  our source-sink c a l c u l a t i o n s .  The remaining 

5 - 



~ Table 1. . Es t imated s u r f a c e  Areas . o f  Var ious  Regimes o f  t h e  A r c t i c  
I 

\ 

.Ocean Sea c e n t r a l  Pack I c e  
Barents, .Kara,  Laptev Seas 
E a s t  S i b e r i a n ,  ~ h u k c h i  , 

Beaufor t  Seas 
Greenland Sea and B a f f i n  Bay 
Norwegian Sea 

T o t a l  Ocean-Sea Area 

Land - Tundra 
Taiga 
~ o u n t a i  nous and/or Gl a c i  a t e d  

T o t a l  Land Area 

~ o t a i  Area 

(Area x 106 km2) 



land area within the  Arct ic  c i r c l e  i s  conservatively estimated t o  cover 

1 . 6 ~ 1 0 6  km?. I t  i s  composed of the wet tundra,  f o r  which there i s  some 

f i e l d  da ta ,  and the more dominant higher ta iga  fo r  which we wil l  have t o  

use estimates from other  souces about i t s  e f f e c t  on atmospheric C02. We 

estimate the wet tundra as occupying 0 .6~106  km2 a s  shown in  Table 1.  

Aside from knowledge of the area and the p a r t i a l  pressure 

differences between the a i r - sea  boundary, a re1 iabl e f igu re  for  the  

r a t e  of invasion or evasion carbon dioxide across the in t e r f ace  i s  

required. Ski rrow (1 975) tabu1 a t e s  e l  even 1 aboratory and f i e l d  study 

r a t e s  t h a t  vary between 0.00045 and 1.5 mmoles cm-2 atm-lmin-1 

( see Figure 1 ). . We have recent ly -observed within the  Arc t ic .  an apparent 

invasi.on r a t e  of 0.078 mmoles cm-2 atm-1 mm-1 which we use i n  a l l  of our 

ca lcu la t ions  f o r  this  a r t i c l e  (Gosink and Kelley 1981b). We use this  

f igu re  s ince  there i s  an apparent trend in change i n  r a t e  as  a function 

of sea water temperature. The numerical value of Keeling's r a t e  (0.034) 

was fo r  mid-lati tude waters (assumed t o  be -250C). Hood and Kelley 's  

r a t e  (0.043) was f o r  colder Bering sea water (ca.9oC) and our recent  

value (0.078) was fo r  surface water a t  -1 to  OOC.  

Arctic COP Source-Sink Inventory 

In the following sect ions we will  u t i l i z e  our f i e l d  evidence t o  

ca l cu la t e  the source and sink s t rengths  fo r  the various categories  

l i s t e d  above fo r  a summer a n d  winter period. The r e s u l t s  a r e  compiled 

in Table 2. 
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F i g u r e  1.INVASION RATES - OPEN WATER - A PC09 

1 0.078 , . .  YMER 
?# 

0.043 . (Hood 8 Kelley - Bering Sea) 
- 0.034 (Keeling - 1965) 

I 0.0125 - 7 year mean (Broecker) 

30  x 
. - Factol: 

0.0077. (Coyne 8 K e l l e y -  Tundra and Lakes) 

- I I ~ i tera ture Values (Skirrow, 19751 

Stable Inversion - 500 m , calm - 5 knots (20 Sept 

339 to 331 ppm over 48 hours 

Sea water - 255 ppm; A PC02 80 ppm 



The cent ra l  pack i c e  of the Arct ic  apparently i s  shielding the  troposphere 

from a l a rge  area of high t o  very high p a r t i a l  pressures of carbon dioxide, 

I par t icu l  a r l y  duri ng the  wi n t e r  period. Kel 1 ey (1 968) reported an average 

d i f fe rence  i n  pa r t i a l  pressures ( APCOZ) between the  water a n d  a i r '  ' 

(water -a i r )  of +42 ppm f o r  a 3 week s t a t i o n  during the month of January 

near 7 8 ' ~  and 175'~.  The range of A P C o 2  was +14 t o  +87 pprn. 

I Personal communications with chemical' oceanographers on the LOREX 79 

I Experiment near the  North Pole permits us t o  calculate ,  (Gosink and 

Kelley 1 9 8 1 ~ )  the pa r t i a l  pressure of carbon dioxide (PC02) in the winter 

period a t  475 pprn o r  a APC02 of about 120 ppm considering typical  winter 

I a r c t i c  tropospheric burden of C02 a t  345 pprn. 

I Lyakin a n d  Rusanov (1 980) have recent ly pub1 ished h i s to r i ca l  data f o r  
i 

' the surface waters of the Arct ic    as in f o r  1948 t o  1978. When we employ 

t h e i r  pH data - (8.05 to  8.15) in  our empirical method (Gosink and Kelley, 

1 9 8 1 ~ )  the surface water pa r t i a l  pressures a r e  thereby determined to  be 

in  the range o f  301 ' t o  383 pprn o r  A PC02 of -40 t o  +40 ppm. The exact 

1 time of "winter" and locat ions f o r  the h i s to r i ca l  data a r e  unknown. 

Summer 'data for  the Central. Arctic i s  even more sparse.  . Our 
b 

recent  YMER data (Gosink and Kelley, 1 9 8 0 ~ )  indica te  t h a t  surface 

water along the periphery of the Arct ic  Ocean' Basin are  s1 igh t ly  under 

b sa tura ted  ( -10 t o  -30) ppm) during the summer period. i . Lyakhin 

and Rusanov's pH data (1980) affords a ca lcu la t ion  of summer 

PC02 by the empirical method (Gosink and Kell ey 1 9 8 1 ~ )  t o  be in 

o the range o f '  223 to  359. ppm f o r  the Arctic Basin. This i s  in reasonable 

agreement with our YMER-80 observations along the periphery of 

the basin; A PC02 = - ca.. -100 to +36 ppm, or approximately averaging 

P -30 ppm. I f  the a r b i t r a r i l y  assigned range of -30 t o  +10 ppm f o r  

9 
- 



I. cent ra l  Arctic operator .  provides f o r  a source and .sink range of 37 MT 
I 

I and 112 MT of C02 respect ively as shown i n  Table 2. Some smaller 

- . subsections of the  cent ra l  basin a r e  probably supersaturated w i t h  

I C02 a t  the surface as the comp.ilation of Lyakhin and Rusanov suggest. 

Melt ponds on the surface of sea i ce  were observed from the  YMER 
I 

c ru i se  (80 - 82') t o  have very h i g h . P c o Z  i n  August (420-490 PPM), b u t  
c ,  . . 

I 
i t h i s  may have been due t o  the decay of plankter .  Those ponds in  August 

I were covered w i t h  i ce  and had a s a l i n i t y  of about 6o/oo, 'and as f a r  

as we can estimate a t  t h i s  time e fec t ive ly  cancels t h e i r  presumed sink 

condition of e a r l i e r  i n  the  summer based on our observations north of 

A1 aska (71 O N ) .  They a r e  shown as  40 MT. sources and s inks i n  Table 2. 

The winter low f igure  f o r  the Central Arctic open water, 

1 .  assuming tha t  5% of the t o t a l  area i s  open water w i t h  a A P C O ~  of 10 ppm, 

I t h a t  the length of time under such conditons i s  9 months, i s  t h a t  

56 x 1012 g C02 (1012 g = million m e t r i c t o n s  = HT) will  be t ransfer red  
I 

from the ocean t o  the atmosphere. If  the open water i s  10% as  has 

been suggested by Whi tman (1 9661, and i f  the A PC02 = 100 ppm, then 

I . t h e  output of C02 to  the a i r  in the Central Arctic during winter 



I The Barents Sea Region has been confirmed t o  have exceedingly low (780- 

250, ppm) summer- pa r t i  a1 pressures of C02 a t  the surface (Kell  ey 1970 and Gosi nk 

and Kell ey 1981 b )  . . The. average A PC02 f o r  t h a t  region i s  on the order of 
. , 

-1 10 ppm) . Consi deri ng the  general eas t e r ly  c i  rcumpol a r  flow o f '  

sur,face waters on t h a t  region, the phenomenon i s  assumed t o  extend 

i n t o  the  Laptev Sea. I f  t h i s  i n t e n s i t y  i s  maintained f o r  a 4 month 

summer period .over the en t i  r e  - a rea  of 2 .5x106 km2, then 1628 MT of 

C02 wS 11 be absorbed. As .can be seen .from inspection of Tab1 e 2, t h i  s  

f igure  alone .overwhelms al.1 of the  o ther  sources or  s inks w i t h i n  t he  >. 

Arctic . 
The Barents Sea region therefore  i s  the predominant cause f o r  the Arct ic  ~ 

. I 

1 t o  be a net  C02 s ink.  The pa r t i a l  pressure of C02 i n  those waters in  the 

' winter i s '  unknown, b u t  i f  our explanations f o r  the principal cause of those 

l ow pa r t i a l  pressures I s  co r rec t  (Gosink and Kel 1 ey , 1981 dl i .e .  the  cool ing 

of surface waters as they a r e  transported north,  then we would expect 

those waters t o  remain undersaturated throughout the remainder of the year ,  

. b u t  perhaps on'ly a t  -20 t o  -40 ppm due to  organic decomposition and the lack 

of photosynthesis. The winter open water f ac to r  would be reduced 

t o  ca 25%, and thus the t r ans fe r  from the atmosphere would be ca .  225 MT 

C02 for  t h a t  area and time period. 

Chukchi and Beaufort Seas summer A P C O ~  values a re  s ign i f i can t ly  l e s s  

than t h a t  i n  the Eurasian basin,  being on the order of -60 pprn (Gosink 

and Kelley, 1979). Winter data in the Beaufort Sea suggests super- 

sa tura t ion  of 20 t o  40 ppm. Therefore the East Siberi.an, Chukchi, 

Beaufort subcategory i s  calculated to  be a summer sink fo r  C02 of 240 MT 

and a winter source i n  the range of 16-32 MT C02 based on the following 

observations . 11 



Our experiments (Gos.ink. and .Kell ey, 1978, 1979, 1981 b )  i nd ica te  

1 t h a t  winter pa r t i a l  pressures of C02 under sea i c e  a r e  patchy and 

mixed from under-saturated t o  the more common super-saturated. 

For example, PC02 returns rapidly t o  the supersaturated ( t o  360+ppm) 
. a 

i n  the  fa1 1 o r  during the month of November. Furthermore, indicat ions 

I a r e  t h a t  pa r t i a l  pressures on the order of 400 ppm a r e  c lose  (10-20 m) 

t o  the surface then (Gosink and Kelley 1979). 

In the northern Bering Sea we measured PC02 values of 400-440 ppm 
- -- 

, a t  and . just .  be1 .o~ the thermocline located a t .  20-40 m ( ~ ~ s i n k  and Kell ey , 

1978 Hakuho Maru c ru i se ,  1978 and 1981 c )  . A t  lower 1 a t i  tudes,  where 
I 
I 

photosynthesis extends below the surface thermocline, the depth a t  which 
B 

t he  high PC02 water i s  encountered i s  as much as several hundred meters 

(e.g.  L i  e t  a l . ,  1969). In the  Beaufort Sea w i t h i n  200 km of the coas t ,  

t h e  thermocl i ne i s  only 10-20 m be1 ow the surface.  On '1 1 November 1978, 

~ the  PC02 of newly ice-covered surface waters 30 km offshore had already 

r i sen  to  ,341 ppm, about 10-12 ppm g rea te r  than the ambient a i r ,  The PC02 

j u s t  6-7 m below the surface was 420 ppm. Light l eve l s  were low a t  t h a t  

time w i t h  the sun being above the  horizon f o r  only one hour per day, 

t h u s  p h o t o ' ~ y n t h e ~ i ~  e f fec t ive ly  had ceased. 

I t  would appear from three s e t s  of winter experiments (1-30 day 
. . 

observations each) (Kelley, 1968; Kelley and Hood, 1971 and t h i s  r epor t )  i n  

addi t ion t o  several  spot samples, t h a t  the surface sea water PC02 i n  the  winter 

I w i t h i n  2-300 km o f ' t h e  c o a s t ' i s  about 340-360 ppm, b u t  w i t h  an. occasional high 

I. -observa t ions  of ca.  400 ppm. However, on one occasion, two separate  samples of sea 



- -. -- 

water f rom under t h e  i c e  - 200 km n o r t h  o f  A1 aska du r i ng  e a r l y  A p r i l  1978 I 

I 

( f l o a t i n g  i c e  s t a t i o n  ARLIS-VII) unequ ivoca l l y  d i sp layed  PC02 o f  295 and I 

300 ppm. :-The 1  i g h t  1  eve1 a t  t h a t  t ime  of  y e a r  was low t o  moderate, . b u t  n e a r l y  

cons tan t  f o r  - ca. 15 hours/day. Those i s o l a t e d  low PC02 observat ions suggest 

t h a t  s l  i g h t  b u t  s i g n i f i c a n t  o f fshore b i o l o g i c a l  a c t i v i t y  had commenced immedia te ly  1 
I under t h e  sea i c e  i n  A p r i l .  Th is  departs f rom o t h e r  w i n t e r  and sp r i ng  

month observat ions when t he  PC02 values f o r  su r face  Beau fo r t  Sea waters 

were gene ra l l y  340-350 ppm an.d h i ghe r  (Ke l l ey ,  1968; Gosink and Ke l l ey ,  

1978) . Coastal and near-coastal  waters mai n t a i  ned 10-60 ppm above 

I I 

ambient atmospheric C02 values a t  Barrow i n  A p r i l  t o  e a r l y  May 1979. 
I 
I 

M i g ra to r y  f i 1 t e r - f  eedi ng whal es move i n t o  t h e  general o f f sho re  area o f  ! 
Barrow, A1 aska du r i ng  A p r i l  . It may .be assumed t h a t  p lank ton  are  i 

I abundant enough a t  t h a t  t ime  t o  s u s t a i n  them as w e l l  as t o  modi fy i 
t h e  carbon d i ox i de  i n  t h e  water  column. 

Another seemingly anomalous s i t u a t i o n  was .observed i n  June of 

1979 over two days. P a r t i a l l y  t rapped coas ta l  waters i n s i d e  t he  o f f -  

shore bar  a,nd grounded i c e  d i sp l ayed  t h e  expected low PC02 (280-300 pprn) 

due t o  photosynthesis.  On the  o t h e r  hand, waters j u s t  1-2 km f u r t h e r  I 
o f f s h o r e  c o n s i s t e n t l y  analyzed f o r  a  PC02 o f  - ca. 400 ppm. Zooplankton 

were obv ious ly  abundant, and t h e i r  r e s p i r a t i o n  may have overcome t h e  

p r i o r  i n f l  uence o'f t h e  phytop l  ank te r .  
/ 



The Greenland Sea-Baffin Bay region i s  dominated by sea i c e  throughout 

the year .  We estimate f o r  our ca lcu la t ions  t h a t  i t  i s  10% open i n  the 

winter  and 50% open in  the  summer. The only PC02 data we have a r e  

f o r  the summer period i n  the Lena Trough area (Gosink and Kell ey 1981 d )  . 
The surface sea water coming o u t . o f  the Arct ic  in t h a t  region was 

s l  ig'htly undersaturated w i t h  a APCOZ of about 0 t o  10 ppm. Surface 

waters f a r t h e r  so-uth, probably modified by the  Spi tsbergen At1 a n t i c  
, . 

current ,  were undersaturated by 10 t o  45 ppm. We can only assume t h a t  

winter waters a re  s imi lar  t o  the cent ra l .pack  i ce ,  and have supersaturat ion 

A P C O ~  on the  order of 10 to  100 ppm. On the bas is  of these data an'd 

assumptions, the winter source s t rength range f o r . t h e  Greenland Sea-Baffin 

Bay region i s  estimated t o  be 28-288 MT C02 and the the summer sink 

s t rength 29-1 15. MT C02. 

The perpetually open water of the  Norwegian,Sea and southern edge 

of the Barents Seas have summer pa r t i a l  pressures ranging from 50 t o  

100 ppm below t h a t  of the atmosphere (Gosink and Kel ley 1 9 8 1 ~ )  and i s  

considered to  be a year  long phenomenon f o r  reasons mentioned above. 

The winter pa r t i a l  pressure difference i s  unknown b u t  i s  assumed a t  

t h i s  time t o . b e  -25 ppm. Thus . t h i s  small area i s  l i s t e d  as sink f o r  

the e n t i r e  year  w i t h  winter and summer season s t rengths  of 111 and 222- 

444 MT C02 respect ively.  

The remaining months, not included in the above o r  following 

calcul a t ions a re  considered t o  be t r a n s i t i o n  periods during which the 

A PC02 i s  r e l a t ive ly  small and s e l f  compensating a s  the pro.cess 

changes from source to  sink or  vice versa.  



Gases a t  t h e .  Sea Ice-Air-Snow In ter faces .  The only a i  r-sea in t e r f ace  

l e f t  f o r  discussion a t  t h i s  point i s  t he  sea i ce -a i r  in te r face .  We 

have reported t h a t  annual sea i ce ,  not multi-year i c e ,  because of i t s  

bri ne channel s and the  .carbonate nat'ure of the  br ine,  i s  permiabl e t o  

carbon dioxide (Gosink e t  a l ,  1976 and Gosink and Kelley 1977, 1978, 

1979 and 1981e). Carbon dioxide, carbon monoxide, methane and sometimes 

n i t rous  oxide have a l l  been observed t o  emanate from the  sea i ce  surface.  

All of these gases can usually be found ove r ' t he  surface of annual 

sea i ce  in concentrat i0 .n~ s ign i f i can t ly  grea ter  than t h a t  of 

the  ambient a i r  (Gosi nk and. Kel 1 ey, 1 9 7 7 ,  1978). We. a re  . report ing 

a t  t h i s  time, however, only on the  concentration and exchange of carbon 

dioxide. A descript ion of sea i c e  and the  probable causes of i t s  

porosity t o  .gases i s  presented el  sewhere .(Gosi n k  and Kel 1 ey, 1981 e )  . - 

Air samp'les withdrawn by syringe from beneath the snow cover over 

sea ice  were enriched in  carbon dioxide i f  the wind veloci ty  was low; or  

i f  the  sample came from a wind protected area. This' difference between the 

subnivean concentration and a i r  .at 2 m ranged from 0 t o  80 ppm. 

A summary of . r e s u l t s  f o r  the recovery of gases in '  he1 ium flushed 

chambers t o  sea i ce  are,shown in  Figure 2. The f a c t  t h a t  the oxygen 

concentration in the f resh  ice  sealed,  he1 ium flushed. chambers (Figure 1 ) 

did not recover nearly as rapidly as the  C02, prcves t h a t  t he  gases are  

being evolved from the sea i ce  surface,  and are  not leaking in around the  



Table 2. Seasonal Source-Sink Strengths o f  the  V ~ ~ ~ O U S  Regions t n  t h e  A r c t t c  I 
Area X Area Invas ion  hPC02 Dura t ion  

Season ~e i o n  (106 k m l )  A c t i v e  source( x1012 co ) Sink ( ~ 1 0 ~ ~  g CO,) Evasion Rate (ppm) (Months) g 

Winter  1. Centra l  Basin 8.4 5-10 1.48 x 1012 10 t o  100. 

2. Oarent i .  Laptev, 
and Kara Seas 

3. East S iber ian,  
Chukchi and 
Oeaufor t  Seas 

4. Green1 and Sea . 1.3 
and O a f f i n  Day 

5. Norwegian .Sea 

6. Annual Sea I c e  

7. Tundra and Taiga 1.6 100 See t e x t  - 6 

Winter  To ta ls  

C 
m Sunnner 1. Cen t ra l  Basln 

2. Darents. Laptev 
and Kara Seas 

3. East S iber ian.  
Chukchi and 
Oeaufort  Seas 

4. Greenland Sea 1.3 50 I -10 t o  -407 

and D a f f l n  Bay 

5. Norwegian Sea 0.5 100 -50 t o  -100 6 " 

I 6. Sea I c e  Me1 t Ponds l ?  . ? - 2 401 407 ! I See t e x t  
! 

7. Tundra -Tat ga 1.6 78 See t e x t  - 
F reeze-Thaw 1.6 1 0  - 
P l a n t s  1.24 100 - 
Ponds and Lakcs 0.36 100 10 . 300 

( 9  kn-l.:kf at*-1 )* 
Sumner To ta ls  304 - 360 

(avg 332) 

Annual 1. Anthropogenlc See t e x t  

I 
Annual To ta ls  513 - 3403 

(avg 1958) 
I 

*Thfs 1s the  satlle as 0.078 n811ole cnl-2 attn-1. min-1 1 .. 
I 

i 
Allnual Net Sink 1100 x lo,,* g C07 





edges. Full (100%) recovery t o  ambient conditions f o r  C02 equals 

0.034% (340 ppm) and  fo r  02, 21%. In a11 cases (Figures 2: a ,  b, c )  

oxygen recovery l ags behind C02 ,recovery. The C02 part i  a1 pressures in 

the brine in the  sea i ce  matrix have been observed t o  be i n  excess of 

440 ppm (Gosink and Kelley, 1978). Probably the  brines a r e  depleted 

in 02 because of the  high s a l t  concentration, and because of the. 

suspected s l i g h t  biological and chemical :oxygen consumption within t h e  . 

r e l a t i v e l y  warm sea ice  matrix. 

. Curve pa i rs  (Figure 2a) denote experiments performed on r e l a t i v e l y  

warm (-10 t o  -15%) sa l ine  (3-40/00) coastal  annual sea ice.  In 

t h a t  case,  the C02 concentration exceeded ambient atmospheric concentration 

leve ls  (then about 340 ppm) and reached a plateau of about 360 ppm 

within a few hours, while the 02 level continued i t s  slow r i s e  over 

the  f o l l  owing 12 hours t o  only 60% recovery when the  experiment was 

terminated. Curve pa i rs  b and c were f o r  experiments performed over 

l e s s  sa l ine  (1-20/00), colder (-20 t o  -25OC) offshore ice  a t  ARLIS 

VII (about 220 miles N N E  of Point Barrow, Alaska) during 7-11 April 1978. 

The temperatures in a l l  cases were,the ambient a i r  temperatures. The 

e f fec t  of the s a l i n i t y  difference i s  c l e a r l y  demonstrated by curve 

pairs  b and c. The 'ice f o r  cases b and c were, respect ively,  annual 

sea i ce  probably formed l a t e  in the  previous spring,  and multi-year ice .  

I t  i s  uncerta'in i f  the  difference between curve pa i r  ( a )  and pa i rs  (b)  

and ( c )  i s  caused more by the  temperature r a the r  than the  s a l i n i t y  

differences.  



Based on experiments a t  -10. t o  -150C, the  r a t e  a t  which carbon 

dioxide was being. re1 eased t o  the atmosphere from annual i c e  surfaces 

was 2-4 x 10-3 m l  cm-2 hr-1. A t  -20 t o  250C, i t  apparently dropped t o  

about 10-4 m l  cm-2 hr-1 . The veins i n  sea ice  theore t i ca l ly  should 

c lose  b~ two orders of magnitude a t  -200C, which i s i n  agreement w i t h  

.the 20-40 fold decrease i n  gas f luxes observed f o r  annua l sea  i c e ,  

assuming the  much l a rge r  brine channels - opened and closed a t  about 

the same 1 eve1 s of magni tude as d i d  the much small e r  mu1 t i - g r a i  n 
- -- 

boundary veins (Gos.4 nk and Kel 1 ey , 1981 e l .  

Chambers contalni ng ambient a i r  sealed t o  the i ce  a t  ARLIS VII , 

showed carbon dioxide l eve l s  of 351 -362 ppm when sampled a few hours 
- 

l a t e r  ( 4  and 24 hours) and suggest a t r ans fe r  r a t e  compatible w i t h  the 

m l  c N 2  hr-I dtscussed shown above. The ambient a i r  C02 concentration 

was s t ab le  between 339-341 ppm. Samples of the  subnivean a i r  a t  ARLIS VII 

generally ran around 350 ppm. The range was 337-374 ppm, w i t h  the samples 

. taken'over mult i -season' ice being the lowest. 
' There are  br ief  periods in ear ly  May when sea i c e  i s  begining t o  . 

r o t ,  when 2 l i t e r  chambers covering 200 cm2 of sea ice.were enriched 

(10-20 ppm) i n  COZ i n  a few minutes. The PC02 of winter sea 

i c e  brine was on the order of 1000 ppm. We suggest t h a t  t h i s  i s  one 

of several possible causes f o r  the small repeatable atmospheric surge 

of carbon dioxide before the rapid summer decl i ne, as  mentioned i n  the  

introduction. That i s ,  the brine and multi-grain boundary veins were 

opening u p  w i t h  the onset of wanner weather, t h u s  allowing f o r  a f ina l  

1 burs t  of carbon dioxide from the brines before photosynthesis a t  the  



i q '  
surface reversed the  process .  Other cause's a r e  yeas t  ~ p o r i l a t i o n ~ '  

on 1 and, as  y e t  thoroughly uninvestigated, and tundra freeze-thaw processes.  

These f ace t s  a re  mentioned a t  t he  end of the  next sect ion.  

Contact of h i  gh ,PC02 waters during. the w.i n t e r  w i t h  porous annual 

sea i c e  should lead t o  a net  flow of C02 t o  the  atmosphere. Resis tance,  

t o  exchange i n  this case i s  a f fec ted  b y  the i e a  i c e  as compared t o  the 

t h i n  f i lm exchange .on open water. A d e f i n i t e  value f o r  t h i s  ice  

r e s i s t o r  e f f e c t  i s  unknown a t  this time, b u t  must be r e l a t ed  t o  the  

10-3 t o  10-4 ml cm-2 hr-1 f igures  s t a t e d  e a r l i e r .  I t  i s  t h i s  h i g h  
\ 

PC02 water r a the r  than the br ines  i n  the sea i c e  t h a t  i s  the probable 

cause of the continental  outgassing of C02 from the annual sea i ce  t o  

the  atmosphere. There is  i n s u f f i c i e n t  C02 i n  the small amount of br ine  

trapped i n  annual sea i c e  t o  maintain the observed winter-long output  

of the C02. 

Our only data fo r  carbon dioxide being evolved from annual sea i ce  

comes from'the Beaufort Sea area.  . I f  the A P C O ~  i n  the Barents sea 

area remains nega.ti ve a s  d i  scus'sed ear l  i e r ,  there  i s  the probabi 1 i t y  

t h a t  annual sea i ce  i n  t h a t  region of the a r c t i c  does not evolve 

C02 t o  the atmosphere over the winter,  b u t  r a the r  operates as a small sink 

f o r  tropospheric C02. The Barents Sea region i s  perhaps one of the most 

c r i t i c a l  regions f o r  fu r the r  research pa r t i cu la r ly  i n  t he  winter ,  

Given a to t a l  area of annual sea i ce  on the order of 6.7 x 106 

km2 ( 9 .  Barry, 1979) then 101-1190 MT of C02 i s  probably being evolved 

to  the atmosphere over the winter from annual sea depending on the  

sal  i n i  ty  and temperature of the annual sea ice .  



 dl i n  and Keeii ng ' s 1963) ea r l  i e r  high a1 t i  tude sampl es  and our 

( Gosi n k  and Kell ey 1979) recent intermediate a1 t i  tude sampl i ng a1 so ind ica te  

a source of C02 a t  the  surface. during winter .  .Low a l t i t u d e  winter atmospheric 

I C02 values a re .usua l ly  always l a r g e r  than those a t  higher a l t i t u d e .  

These considerations of sea- ice-air  i n t e r f aces  a'lone account f o r  most 

of the source-sink s t rengths a s  shown i n  Table 2. The net  resul t i s  t o  

ind ica te  t h a t  the Arctic i s  an annual net  sink f o r  C02 of more than '1000 MT or  

a n  equivalent t o  15%. of ' t he  annual anthropogenic contr ibut ion of C02 t o  the  

troposphere. These f igures  were derived by the use of our recent ly observed 
& 

inversion r a t e  f o r  C02 across Barent Sea-Arctic Ocean water. If  the  lower r a t e  
I 

proposed by Keel ing (1 965) f o r  mid-lat i tude waters i s  subs t i tu ted  ( 0 . 0 3 4 . ~ ~ .  0.078 

mmole atm-1 cm-2 min-1) then the a f f e c t  of the Arctic on tropospheric 

C02 i s  t h a t  i t  s t i l l  behaves as  a s ink ,  b u t  absorbing an equivalent of 

ca.. 7% ra the r  than 15% of the annual antropogenic C02. . Hood and Kel l e y ' s  - . . 

I .intermediate invasion r a t e  (0.043) provides f o r  a net Arctic C02 sink equivalent  

o f  - ca. 8% of anthropogenic C02. 

We have recent ly calculated simple box models (Gosink and Kelley, 1981 b )  

~ considering C02 par t i a l  differences f o r  atmospheric C02 enter ing and 

ex i t ing  the Arctic and have arr ived a t  reasonably s imi lar  net sink 

r e s u l t s .  

1 The r e l a t i v e l y  small b u t  f a i r l y  numerous sources and s inks 

associated with the land portion of the a r c t i c  as shown in Table 2 

a re  explained in the following sec t ions .  



Gases from Tundra, Lakes- and Ponds A 1 arge net source of carbon 

dioxide i n  the a r c t i c  i s  the tundra w i t h  i t s  bogs, ponds and 1 akes. 

Extremely high l eve l s  of methane and carbon monoxide as well as carbon 

.. , 
dioxide were .found a t  the sur fce  o f -  the tundra and i n  the  lakes and 

ponds of . t he  a r c t i c  in  the  v i c i n i t y  of .Po in t  Barrow. Kel ley e t  a1 (1968) 

and Coyne and Kell ey (1 974a),  reported cin the  exis tence of elevated 

l eve l s  of carbon dioxide under the snow across the  tundra,  pa r t i cu la r ly  

i n  the s p r i n g .  -The level of carbon dioxide was inversely proportional 

t o  the  wind  speed (high wind  veloci ty  a sp i r a t e s  and replaces the  carbon 

dioxide enriched subnivean a i r )  and the highest  l eve l s  ( a s  much as several 

thousand ppm f o r  a few hours over a few days) occurred i n  May d u r i n g  the  

annual. f ina l  r i s e  i n  atmospheric carbon dioxide mentioned ea r l  i e r .  Gas . 

chromatographic procedures required only 5 cc samples of a i r .  T h u s  the 
I natural microenvironment was not dis turbed.  In t h i s  manner, small 

(0-30 pprn) b u t  nearly continuous enrichments of carbon dioxide under the 

snow were noted throughout the winter.  Similar subnivean enrichment of 

C02 has been observed f o r  samples taken i n  t he  Fairbanks,  Alaska, area 

(650N). Insu f f i c i en t  data are  ava i lab le  t o  cal'cul a t e  the evasion r a t e  

of 'C02 from frozen tundra surfaces,  h u t  i t  i s .  estimated to  be on the order 

of m l  cm-* hr-I  , or  an almost in s ign i f i can t  7 MT of C02 evolved t o  

the  atmosphere over winter.  

Anthropogenic sources of C02 . i n  the  a r c t i c  a r e  negl i g i  b le  ( e s t .  

, (1 012 g)  . However, recent  petroleum developments may make t h i s  a 

a source comparable t o  the natural outgassing of the winter tundra, 

pa r t i cu la r ly  i f  C02 str ipped from the petroleum gases i s  .released t o  the  

I atmosphere r a the r  than being re in jec ted  in to  the well .  



During the months of June and September, t h e  per iod of thaw and 

f r e e z e ,  the concentra t ion of land surface-evolved gases a r e  l a r g e  and 

v a r i a b l e ,  a t  l e a s t  i n  t h e  v i c i n i t y  of Point  Barrow. The region i s  

dominated by ponds and l akes  w i t h  organic  r i c h  sediment (Brown and 

Johnson, 1965; Oougl a s  and Tedrow, 1960).  P a r t i  a1 p ressures  of carbon 

dioxide i n  t he  l akes  average about 115 ppm higher  than t h a t  of the 

ambient atmosphere. The ponds, w i t h  warmer bottom sediment and smal le r  

volume d i l u t i o n ,  had an average PC02 of 357 ppm g r e a t e r  than t h e  ambient 

a i r e  (Coyne and Kell ey ,  1974b). These l akes  and ponds c o n s t i t u t e  50-80s 

of the tundra i n  the v i c i n i t y  of Barrow ( M i l l e r  e t  a1 . , 1976). Coyne and 

Kelley (1974b) c a l c u l a t e  an evasion r a t e  of C02 of 0.34 mg cm-2 atm-l min-l. 

Using Coyne and Kel ley ' s  evasion r a t e  f o r  t und ra  l akes  and ponds, w i t h  

an es t imated average g r ad i en t  between l akes  and ponds of 300.ppm g r e a t e r  

than t h a t  of t h e  atmosphere, and t h a t  60% of t he  0.6 x 106 km2 of tundra 

i s  invol ved, then 48 MT of C02 i s  ca lcu l  a t ed  t o  .evol ve t o  the atmosphere 

over t he  summer from t h a t  i n t e r f a c e .  

Mi l le r  , e t  a1 , (1976) and .Coyne and Kel l ey  -(19'75), c a l c u l a t e  t h a t  

the vascular  p l an t s  on the wet tundra f i x  about 400-770 g C02 m'2 

season'', w i t h  about 43% of the C0.2 being drawn from the  atmosphere. 

During periods of low photosynthesis ,  t h e  hours around midnight, the 

s o i l  i s  a source of about 0.2 g C02 m'2 h r - I .  Therefore  given the f a c t s  and 

es t imates  t h a t  wet tundra emits more C02 than t he  p l a n t s  can f i x  

during a por t ion of t h i s  time, i  .e .  Mi l l e r  e t  a1 ' s  s o i l  source r a t e  f o r  an 

es t imated 8 hours a day over 90 days, Coyne and Ke l l ey ' s  vege ta t ion  

drawn down va lues ,  and t h a t  40% of the tundra and 100% t a i g a  or boreal 

vegeta t ion a r e  involved then.179 MT of C02 a r e  added t o  t h e  atmosphere 
/ 

. . 
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from the  so i l  while the  vascular and other  p lants  remove 213-411 MT from 

the  a i r .  This f igure i s  i n  general agreement w i t h  estimated f o r  tundra 

and alpine ecosystems tabu1 ated by Revel 1 e and Munk (1 977). 

F ina l ly  there  is  the in te res t ing  phenomena t h a t  the  tundra - i s  known t o  

outgas carbon dioxide d u r i n g  f reezing and thaw a t  the r a t e  of 500-90,000 l /hec ta re  

(Coyne and Kell ey, 1971 ) , The e f f e c t  of this i s  t o  add y e t  another 0.4 to  

56 MT of C02 t o  the  a r c t i c  troposphere over shor t  periods of time both a t  

the  beginning and end of the  a r c t i c  winter. This small quantity alone 

coul d i nfl uence near ground 1 eve1 monitored concentrations of atmospheric 

C02 by a few tenths of a ppm as  suggested i n  a recent a r t i c l e s  by Peterson 

e t  a1 (1980),  a.nd Halter and Peterson, (1981 1. I t  may be the cause, or  pa r t  

of the  cause of the annual spring, atmospheric C02 surge noted e a r l i e r .  

RESULTS 

The Arctic emerges from this source-sink analysis  to  be a source 

of 1107 MT of C02 during the winter period, a sink fo r  2479 MT of 

atmospheric C02 d u r i n g  the  summer t o  y i l d  a net annual sink e f f e c t  of 

1188 MT. The annual e f f e c t  i s  equivalent t o  4.6% of the  global 

antropogenic input of C02 t o  the troposphere. The e f f e c t  i s  even l a rge r  

i f  one considers t h a t  half of the antropogenic i n p u t  of C02 to  the  

troposphere remains there while the remainder i s  withdrawn by the oceans 

and biosphere throughout the world. High PC02 surface waters on. the 
! 

average e x i s t  In the equi tor ia l  Atlant ic  and Pacif ic  (Keeling 1968) 



.which l a r g e l y  o f f s e t s  much o f  t he  low PC02 surface. waters o f  the  mid- 

1  a t i  tudes. Surface waters near A n t a r c t i c  a1 so d i  sp l  ay h igh '  PC02 du r i ng  

the  Aus t ra l  summer. Th is  i s  due t o  surface r u n o f f  o f  C02 sa tu ra ted  f r e s h  

water be ing a f f e c t e d  by the  s a l t  o f  ocean water, p l us  the  upwe l l i ng  

phenomena assoc ia ted w i t h  A n t a r c t i c  oceans. Therefore the  ,A rc t i c ,  

which i s  most ly  oceanic i n  nature,  appears t o  be i n o r d i n a t e l y  impor tant  

t o  t he  removal o f  atmospheric C02 compared t o  the  r e s t  o f  the wor ld  

oceans. 

Keel i ng and Bocastow (1 977)---poi n t  o u t  i n  t h e i r  model s  t h a t  the ocean- 

a i r  C02 i n t e r a c t i o n s  i s  an e q u i l i b r i u m  process. The .ne t  removal e f f e c t  

o f  the  oceans an atmospheric C02 depends t o  a  l a r g e  ex ten t  on whether 

o r  n o t  surface waters, w i t h  the absorbed C02; are  mixed down t o .  about 58 m 

depth. w i n t e r  c o o l i n g  and s a l t  i n j e c t i o n  i n t o  c o l d  suface water i n  the  

A r c t i c  by forming i c e  f a i r l y  w e l l  assures t h a t  t h e  C02 absorbed by , 

sur face summer water s inks  t o  depths where i t  i s  e f f e c t i v e l y  removed 

from r e - e q u i l i b r a t i o n s  w i t h  the atmosphere. 

If we assume t h a t  i f  on ly  1/12 o f  the  seasonal ly  absorbed o r  evolved 

C02 a f f e c t s  t ropospher ic  C02 i n  the  A r c t i c .  (see arguments i n  s imple box 

model by .Gosink and Ke.lley, 1981b) then t h e  na tu ra l  a r c t i c  sources and s inks 

a re  causing a  winter-summer. f l u c t u a t i o n  o f  2.7 ppm, o r  22% o f  the 

observed average 12 ppm annual v a r i a t i o n .  However,. s ince  both  t h e ,  

C02 moni tor  l e v e l s ,  b u t  more impo r tan t l y  t h a t  the  source-sink e f f e c t s  

are a t  the  surface,  t he  apparent e f f e c t  may be c l o s e r  t o  44%. 



. . CONCLUSIONS 

Three conclusions can be drawn from this  work. 

1 .  The arct ic  i s  not an ice sealed iner t  surface w i t h  respect' t o  

atmospheric carbon dioxide balance, b u t  i s  a viable, essential and  

substantial part of the whole carbon dioxide question. 

2.  The natural sources a n d  sinks of Cop within the Arctic 

themselves cause a substantial part of the annual concentration 

excursion of atmospheric C02, particularly a t  the surface. 
dAL - -- 

3 .  There ..+s more source-si n k  data required in three logistical ly 

d i f f icu l t  areas if  these estimates are t o  be improved. . The most 
b 

important i s  the Barents Sea region during the winter because of  i t s  

tremendously 1 arge' parti a1 pressure difference, a n d  for which no winter 

data i s  available. The next important region i s  the logistically d i f f icu l t  

central Arctic Basin d u r i n g  both the winter and summer. Background 

d a t a  for both the atmosphere and  surface water i s '  required. 

Information about the 'seasonably variable C02 partial pressures 

in the extensive melt ponds (es t .  ca. 1-2 x lo6 km2) in the Arctic can 

be expected t o  have some bearing on temporary source sink strengths. 

The third need i s  for the smaller regions for which d a t a  i s  lacking. 

These are the East Siberian Sea, the Canadian Archipeligo and Baffin Bay. 
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FIGURE CAPTIONS 

F i g u r e  1 .  Va r ious  r a t e s  f o r  t r a n s f e r  of CO2 a c r o s s  t h e  s ea s -wa te r -  
a i r  boundary., 

Fi g u r e  2. Recovery of CO2 and oxygen  i n he1 i u m  f l u s h e d  chambers o v e r  ' 
s e a  ice a s  a f u n c t i o  o f  time, s a l i n i t y  and t e m p e r a t u r e .  
( a )  -10 t o  -15oC; 3-.40/00 S ( b )  -15 yo  -200C; 20/00 S ( c )  
-15 t o  -20°C; 10/00 S. 
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ABSTRACT 

P a r t i a l  p r e s s u r e s  o f  carbon d i o x i d e  i n  sea water  can be  e s t ima ted  
* O 

21' ,- 
w i t h  r ea sonab le  accuracy  by use  of t h e  equa t ion :  PCOZ = 3.98 x 10 x 

where pHc = pHs + (pHs x S a l .  x I f  should  be  p o s s i b l e  

t o  equip  sh ips-of -oppor tun i ty  w i t h  r e l a t i v e l y  s imple  i n s t r u m e n t a t i o n  t o  

i nexpens ive ly  a s s e s s  ocean s u r f a c e  PC0 on a s e a s o n a l  b a s i s  o r  t o  d e r i v e  
2 

PC0 v a l u e s  from a rch ived  pH 'da t a  i f  t hey  a r e  of s u f f i c i e n t  accuracy .  
2  

' F i n a n c i a l  suppor t  was provided by t h e  U. S.  Navy, O f f i c e  of Naval 
Research (Cont rac t  N100014-76C-0331) and Department o f  Energy Con- 
t r a c t  80EV10429. L o g i s t i c s  suppor t  was provided by t h e  ~ a v a l  A r c t i c  
Research Laboratory,  Barrow, Alaska. 
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INTRQDUCT I O N  
1 '  

A s imple  r e l a t i o n s h i p  between pH and PC0 h a s  been found so  t h a t  
2 

PC0 i n  s e a  water can  be c a l c u l a t e d  w i t h  o n l y  knowledge of  i n  s i t u  pH 
2 

(pHs) and S a l i n i t y  ( S ) .  The r e q u i r e d  accuracy  o f  t h e  pH measurement 

should be  b e t t e r  t han  + 0.01 pH u n i t s  in o r d e r  t o  ma in t a in  an accuracy  o f  

I + 6 ppm PCO. The accu racy  of  t h e  s a l i n i t y  measurement needs  o n l y  t o  . 2 '. 

be  + 0.2"/,,. Water temperature.measurements a r e  n o t  r equ i r ed  i f  pH i s  
1 

measured i n  s i t u ,  e .g . ,  a t . t h e  v e s s e l s  eng ine  c o o l i n g  water  i n l e t .  Tem- 

p e r a t u r e  measurements a r e ,  however, r e q u i r e d  (f 0.2OC) i n  o r d e r  t o  c a l i b r a t e  

t h e  pH meter a g a i n s t  t empera ture  dependent pH s t anda rds .  

An i m p o r t a n t . s i n k  f o r  atmospheric carbon d i o x i d e  is  t h e  ocean. 

P a r t i a l  p r e s s u r e  d i f f e r e n c e s  between t h e  ocean and t h e  atmosphere u s u a l l y  

a r e  on t h e  o r d e r  o f  + 0-40 ppm c o n c e n t r a t i o n  mixing r a t i o  (approximately 
) 

+ 0-40p atmospheres) w i t h  extreme ranges  o f  + ~ 1 5 0  ppm. I n  o r d e r  t o  

de te rmine  PC0 i n  s e a  wa te r ,  d i r e c t  methods such as i n f r a r e d .  o r  gas  
2 

chromatographic  a n a l y s i s  o f  c l e a n  a i r  e q u i l i b r a t e d  w i t h  t h e  s e a  water  

I are used,  o r  i t  is  c a l c u l a t e d  from pH and a l l k a l i n i t y  t i t r a t i o n  d a t a .  

The l a t t e r  i n d i r e c t  method produces d a t a  which a r e  u s u a l l y  about  5% 

I ( o r  more) ' h ighe r  t han  t h e  former methods (about  15  ppm w i t h  a i r  v a l u e s  

I a t  300 ppm) when performed s imul taneous ly .  The i n d i r e c t  method, f u r t h e r -  

more, is  v a r i a b l e  depending on t h e  v a l u e s  of K K2 and Kg employed f o r  1 ' 
t h e  apparen t  i o n i z a t i o n  c o n s t a n t s  f o r '  - c a r b o n k  and b o r i c  a c i d s '  (Gieskes,  

1974; M i l l e r o ,  1979).  I n  o r d e r  t o  perform any o f  t h e s e  measurements, 

I s k i l l e d  ~ e r s o n n e i  a r e  u s u a l l y  neces sa ry ,  and t h u s  d a t a  f o r  o n l y  l i m i t e d  

b 
a r e a s  a n d , s e a s o n s  a r e  a v a i l a b l e  from v a r i o u s  s c i e n t i f i c  c r u i s e s .  



DISCUSSION 

The pH of pure r a i n  water i n  equ i l i b r ium wi th  atmospheric  CO 2 

should be  about  5.7 (w i th  no c o n t r i b u t i o n  from SO2). The pH of a  pure 

. calcium ca rbona te  s o l u t i o n  i s  about  9.9, bu t  when. in e q u i l i b r i u m  w i t h  

atmospheric  CO ( ca rbon ic  a c i d  product ion)  it  i s  about  8.4 (e .g . ,  G a r r e l s  
2  

and C h r i s t ,  1 9 6 5 ) . .  Sea water  n o t  o n l y  i s  e s s e n t i a l l y  a  calcium carbonate  

system i n  approximate equ i l i b r ium w i t h  ca rbon ic  a c i d  produced from atmos- 

p h e r i c  C02, b u t  a l s o  h a s  a d d i t i o n a l  a c i d . . c o n t r i b u t i o n s  due t o  b o r i c ,  

s i l i c i c  and phosphoric  a c i d s e t c .  and t h u s  i ts  "normal" p ~ '  i s  c l o s e r  t o  

8.1. The c o n t r i b u t i o n s  of t h e  a d d i t i o n a l  a c i d s  a r e  p r o p o r t i o n a l  t o  t h e  

s a l i n i t y  of t h e  water.  Edmond (1970) c a l c u l a t e d  t h a t  i n  35°/,, s e a  w a t e r ,  

b i ca rbona te  and ca rbona te  account  f o r  96.5% of t h e  conjugate  base  p re sen t .  

Therefore  3.5% i s  t h e . c o n t r i b u t i o n  -of t h e  o t h e r  con juga te  bases  ( b o r a t e ,  

e t c . ) .  Assuming a  r ea sonab le  constancy of composition;the c o r r e c t i o n  

f a c t o r  f o r  a l k a l i n i t y  t i t r a r i o n s  (and f o e  pH) i s  0.035 x S a l i n i t y ,  o r  . 35 

S a l i n i t y  x This  f a c t o r  can be  a p p l i e d  e i t h e r  t o  t h e .  pH i n  an 

a d d i t i v e  f a s h i o n  as i n  t h i s  work, o r  t o  t h e  t o t a l  a l k a l i n i t y  a s  a  subs t ra - .  

t i v e  term i n  p l ace  of  ' the  b o r a t e  term t o  o b t a i n  an  e s t i m a t e  of t h e  ca r -  

bonate  a l k a l i n i t y  (Gosink and Kelley,  1980).  Thus, % and LB, u n c e r t a i n  

terms i n  t h e  c a l c u l a t i o n  (Mi l le ro ,  1979) a r e  n o t  r equ i r ed .  S i l i c a t e s  e t c .  

a r e  u s u a l l y . i g n o r e d ,  bu t  a r e  important  f o r . o c c u r r e n c e s  o f  - < 0.008 pH u n i t s .  

The observed sea  water  pH is lower than  t h e  t h e o r e t i c a l  c a l c u l a t e d  

ca rbon ic  acid-carbonate  pH due t o  t h e  presence  of o ther '  a c i d s  i n  sea water .  

Thus, i f  t h e  pH i s  c o r r e c t e d  by adding t h e  term pHs x Sa l .  x t hen  

n t h e  PC02 o f . t h e  s e a  water  can  be  c a l c u l a t e d  by t h e  formula PC0 = a pHc . 2 



The s u b s c r i p t s  on t h e  .pH term r e f e r  t o  i n  s i t u  ( s )  and c o r r e c t e d  ( c ) . . t e rms .  

The l e a s t  squa res  f i t  f o r  [ a ]  and [n]  based on o b s e r v a t i o n s  f r0m.a  summer. 

c r u i s e  (Haktlho,Maru, 1978) t o  t h e  Bering Sea (Gosink and Kel ley ,  1980) a r e  

a = 3.98 x lo2'  and n = -19.568. An i n i t i a l  emper ica l  f i t  (Fig. 1 )  f o r  

d a t a  based o n l y  on c a l c u l a t i o n s  of PC0 from pH and a l k a l i n i t y  t i t r a t i o n s ,  2 

and randomly s e l e c t e d  t o  cover  a l i m i t e d  pH range  from 7.9 t o  8 .2  a r e  , 

. . 

a = 6.34 x lo2' and n = -20.83. . The s l o p e s  of  t h e  two cu rves  (n) a r e  

e s s e n t i a l l y  t h e  same. T h e ' i n t e r c e p t s  ( a )  d i f f e r  because o'f t h e  d i f f e r e n c e s  

between observed and c a l c u l a t e d  PCO. which i s  t r e a t e d  elsewhere (Gos'ink 2 
. . 

and Kel ley ,  198.0). Co.mparison of t h i s  inethod t o  PCO. calculated f o r  s e a  
2 

water  a t  2000 m t o  t h e  s u r f a c e  from a l k a l i n i t y  d a t a  a l s o  appea r s  t o  be good. 

The method, however, f a i l s  below 20°/,, s a l i n i t y .  W e  c a l c u l a t e d  t h e  

i n  s i t u  and p r e s s u r e  c o r r e c t e d  a H  and pH by t h e  thermodynamic methods 

r epo r t ed  by M i l l e r o  (1979) and are r e l a t e d  t o  NBS r a t h e r  than' t r is  

b u f f e r  c a l i b r a t i o n s .  Table 1 may be used w i t h  i n t e r p o l a t i o n  f o r  t h e  d e t e r -  

mina t ion  of t h e  p a r t i a l  p r e s s u r e  of CO i n  sea water  from i n  s i t u  pH (NBS 2 

b u f f e r  r e f e rence )  i n  t h e ' s a l j n i t y  range of 26 t o  36O/,,. Th i s  range should 

cover  n e a r l y  .a l l .expect .ed obse rva t ions  i n  t h e  nea r  s u r f a c e  t o  400 meters  

, o f  s e a  water .  

. . 

Care fu l  measurements of pHs a long  w i t h  s a l i n i t y  and tempera ture  should 

make i t  p o s s i b l e ,  w i t h  reasonably  s imple p e r i o d i c  c a l i b r a t i o n s ,  t o  economi- 

c a l l y  employ any s h i p  of oppor tun i ty  t o  more e a s i l y  a s s e s s  PC0 i n  ocean 
2 

' s u r f a c e  waters  a u r i n g  a l l  seasons  o r  t o  r e t r i e v e  PC0 in fo rma t ion  from 2 



archived  pH d a t a .  Th i s  should provide  a more e x t e n s i v e  d a t a  base ,  f o r  

example, f o r  models r e l a t e d  t o  g l o b a l . o l i m a t e  .change . in  response  t o  CO 2 

changes i n  t h e  n a t u r a l  environment. 

F u r t h e r  o b s e r v a t i o n s  of  PC0 by d i r e c t  (gas  chromatography) and 2 

i n d i r e c t  ( a l k a l i n i t y  t i t r a t i o n s )  measurement w i l l  b e  neces sa ry  t o  r e f i n e  

t h e  v a l u e s  of a and n: A more d e t a i l e d  comparison of  t h e  methods i s  t o  be  - 
publ i shed  e l sewhere  (Gosink and Kel ley ,  1980).  
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FIGURE CAPTION 

F i g u r e  1 . .  E m p i r i c a l  f i t  o f  I n  pH v e r s u s  I n  PC02 where t h e  s o l i d  c i r c l e s  
are. f o r  c a l c u l a t e d  PCO: f rom randomly s e l e c t e d  s t a t i o n s  i n  t h e  
B e r i n g  Sea (Hakuho M&, 1978)  and t h e  s o l i d  s q u a r e s  r e p r e s e n t  
t h e  observed  PC02 d a t a .  



ARCTIC TROPOSPHERIC CARBON DIOXIDE. 
LOW ALTITUDE AIRCRAFT SAMPLING 

Thomas A. Gosink and John J. Kelley 

Geophysical Institute 
University of Alaska 
Fairbanks, Alaska 99701 

and 

The Naval Arctic Research Laboratory 
Barrow, Alaska 99723 

ABSTRACT 
(7 

. . Atmospheric carbon dioxide levels monitored at Barrow, Alaska show 

: the largest winter-summer variations in the world for a clean background 
I 

.environment. Past high altitude aircraft data suggest a low altitude CO 
2 

source in the winter, and a sink in the summer.. Our data, based on samples 

collected (3000 and 50 m), clearly show the source-sink effects of the 

Arctic Ocean and tundra throughout the year,,particularly during.the 

periods of freeze and thaw. 



INTRODUCTION 

Regular .analyses- of CO in t h e  atmosphere a t  Barrow, Alaska, and f a r t h e r  2 

nor th ,  began i n  t h e  e a r l y  1960's (Bolin and Keeling,. 1963; Kelley, 1969 and 

1973). Bolin and Keeling (1963) have shown extreme d i f fe rences  between t he  

two poles with respec t  t o  atmospheric CO concentrat ions.  The.South Pose 
2 '  

shows minimal annual f l uc tua t i ons  (%I ppm), the  i n t e r t r o p i c a l  convergence 

zone shows a f a i r l y  p e r s i s t a n t  in termediate  high, and the  a r c t i c  atmospheric 

C 0 2  v a r i e s  (%I2 ppm) from a worldvide high i n  winter  t o  a worldwide low in  

. t h e  summer. Both poles,  however, r e f l e c t  similar long term t rends  in the  

gradual.anriual  inc rease  of CO i n  t h e  atmosphere of %l ppm (Keeling e t  aZ., 2 

1976). Our, low a l t i t u d e  (C4000 m) . a i r c r a f t  da ta  r e f i n e  some of the  implica- 

t i o n s  t o  be found i n . t h e  e a r l i e r  high a l t i t u d e  (>5500 m) a r c t i c  da ta  of Bolin 

and Keeling (1963). 
. . 

.The atmospheric CO l e v e l  begins t o  r i s e ' a t  Barrow, Alaska is late 2 

August,. months before  i t  does a t  mid-lat i tudes ( l a t e  October) and reaches . 

a worldwide high ( f o r  c lean backgrounds) of ca. 340 ppm i n  l a t e  May, months 

a f t e r  nor thern hemispheric. anthropogenic.space heating has ceased, 'and l ower . :  . . .  . . 

l a t i t u d e  photosynthesis has recommenced. Furthermore, the  l a t e  spr ing  high 

i s  a resurgence r a t h e r  than a continuous climb t o  t h a t  l e v e l ,  and the  high 

l e v e l s  p e r s i s t  a few hundred km of fshore  f o r  1-2 weeks a s  compared t o  Barrow 

(Kelley, 1973 and t h i s  work). Our est imates  of the  a r c t i c  source-sink 
1 

s t r eng ths  f o r  C 0 2 ,  and f o r  t he  r o l e  t h a t  annual sea  i c e  plays i n  t he  winter-  

summer mixing r a t i o  of atmospheric C 0 2  have been published elsewhere (Gosink 

and Kelley, 1979a, b ) .  This a r t i c l e  dea l s  with the  r e s u l t s  of our low 

a l t i t u d e  a i r c r a f t  a tgospher ic  CO program, and shows the  i n t e n s i t y  of reg iona l  2 

sources and s inks  f o r  C 0 2  on the  lower troposphere. 



EWERDENTAL METHODS . 

.The gas chromatographic procedure, standards and accuracy have been . 

published elsewhere (Gosink and Kelley, 1979a). . The sample collection 

procedures are .described. below. . 

A Naval Arctic. Research Laboratory Twin Otter aircraft was usually 

used to collect air samples. Air was conducted to a 250,ml sampling flask 

:. v i a  a smdl viton diapham air pump in the non-pressurized cabin at a rate 

of about 4-5 A/min. The air intake tubing (Teflon) was located on a. strut 

well ahead of the engines. . A  C11.7 aircraft was also occasionally used. ' The 

tubing was placed in one of the clean air scoops, mounted above the fuselage 

forward of the engines. Sampling flight plans were established to fly 150 

to 1000 km north of Barrow, Alaska. Samples.were.periodically col1ecte.d at 

approximately 100 m altitude outbound. At the farthest -point, a vertical 

profile was made' from 40 m to 4500 m altitude. .Samples taken inbound were 

made at 3200 m to a point usually about 80 kin inland. Another set of 

samples was taken to establish a vertical profile over -land. 

Care wastaken to flush the short section of glass tubing leading to 

the stopcock.before the stopcock .to.the highly evacuated sample bulb was 

opened. .After 1.5-2 minutes of.flushing, the bulb was slightly pressurized 

before the.stopcock was closed. 

- Some air samples were collected and held briefly under slight positive 

pressure in Teflon and glass (10 m l )  gas light syringes. It was necessary 

'to employ oversize O-rings under the teflon plunger in.order to aehieve 

a gas tight fit at low temperatures. Analyses were completed within 24 

hours; usually within 1 to 6 hours. Standards held in these .syringes were 



s t a b l e  f o r  24-72 hours, depending on t he  p a r t i c u l a r  syr inge i n  question.  

S l i g h t l y  pressur ized gas sample b o t t l e  samples were s t a b l e  f o r  s eve ra l  

weeks. 

I 

AIRCRAFT OVERFLIGHTS OF THE ARCTIC,. ICE .AND TUNDRA 

For t h e  sake of b r ev i t y  we.have se lec ted  Figures 1 a-d.and Figures 

1 e, f  from 7 -of  our 17 f l i gh t s , ,  to .  show ho r i zon t a l  and ve r t i c . a l  p r o f i l e s  . . . . 
.. -- - 

respec t ive ly  of atmospheric carbon dioxide overland, seasonal  i c e  from 

l a t e  spr ing  t o  l a t e  summer when t h e  changes a r e  most pronounced. Other 

da t a  show l i t t l e  hor izon ta l  a n d , v e r t i c a l  change. A s t r i c t  minority of 

I 

.our  da t a  po in t  t o  opposi te  t rends .  The a r e a  sampled w a s  always wi th in  a 

few hundred km from Point  Barrow., Alaska. There was a strong. enrichment 

.. of CO over t h e  sea  i c e , - a n d  a . n o t i c e a b l e  depletiion only 80 lan in land on 
2 .  

26 June 1977 (Fig. l a ) .  The sea  i c e  w a s  near ly  continuous ,and had only 

begun t o  melt about 150 lan north  of Point  Barrow a t  t h a t  t h e .  Thus, off  - 
'shore CO evolut ion would have been h igh 'due  .to optimal opening of b r i n e  

2  

channels. The tundra a t  t h a t  time w a s  f r e e . o f  snow and i c e ,  .and w a s  

b io log i ca l l y  a c t i v e  i.e.., s o i l  r e s p i r a t i o n  was going on. A few weeks l a t e r ,  

7  July 1977, t he r e  w a s  only a  suggested t rend i n  enrichment over the  ocean 

por t ion  of t he  north-south, t r ansec t .  The sea  i c e  around Point  Barrow was 

breaking up and melt ing out t o  300 lan by t h a t  time, thus low P a 2  sur face  

waters may have influenced t he  l o c a l  lower atmosphere a t  t h a t  time. The 

da t a  f o r  20 J u l y  1977 shows e s s e n t i a l l y  constant  oceanic atmosphere concen- 

t r a t i o n s  of C02 out  t o  near ly  1000 km nor th  of Point  Barrow. It i s  important 

t o  note t h a t  t h e  20 J u l y  1977 f l i g h t  was a t  2  km a l t i t u d e ,  whereas t he  previous 

two were conducted a t  30 m over t he  i c e .  There was, however, evidence f o r  

s i g n i f i c a n t  (10 ppm) enrichment a t  low a l t i t u d e s  on 18 Ju ly  f o r  a f l i g h t  



. 300 km e a s t  of Point  Barrow. That f l i g h t  had nearshore a l t i t u d e s  over 

melt ing sea i c e  of ca. 150 m dropping to' 15 100 lan of fshore  over 

continuous i c e  which w a s  beginning t o  m e l t .  

The da t a  shown i n  Figure 16 is f o r  the  same time period a s  F i g u r e . l a ,  

bu t  a year  l a t e r  when t he  i c e  had a l ready broken up s eve ra l  weeks e a r l i e r .  

The-da ta  from these  f l i g h t s  show e s s e n t i a l l y  constant-  low l e v e l  atmospheric 

concentra t ion of C02 from inland 90 Ian south of Point  Barrow t o  300 km of f -  

shore  t o  t h e  north.  'The only  exception was t he  f a r  in land e a r l y  da t a  of 27 

June 1978. There w a s  a sharp depression i n  atmospheric CO 130 km in land ,  2 

presumably due t o  t he  uptake of C02 by the  vegeta t ion.  The higher values 

90 km inland may represent  a seasonal l a t i t u d e .  change when the. ,surf ace  w a s  

s t i l l  thawing, and s o i l  r e s p i r a t i o n  was dominant. Similar  da t a  of s l i g h t l y  

depressedCO2 values  near  ' the mounta.ins and of h igher  l e v e l  of CO f u r t h e r  2 

nor th  over t h e  t u n d r a ,  h a v e  been observed i n  t he  pa s t  a t  sur face  monitoring 

s i t e s  (Kelley , 1973) . 
I n  e a r l y  June of 1979, the  sea  i c e  and tundra were only beginning t o  

thaw wi th in  100 Ian of Point  Barrow. The C02 p a r t i a l  pressure  was e s s e n t i a l l y  

constant  a t  340-341 ppm t o  850 km north  of Point  Barrow, and only dropped 

2-3 ppm, 200 inland.  Carbon monoxide a t  t h a t  time showed a more dramatic 

change and has been repor ted elsewhere (Gosink and Kelley, 1 9 7 9 ~ ) .  

Figure l c  shows t he  da t a  from f l i g h t . - t r a n s e c t  d u r i n g . l a t e  summer (8-9 

September 1978). Freezing had set i n  so  t h a t  t he  . in tense  b i o l o g i c a l ' a c t i v i t y  

i n  t h e  tundra had g r e a t l y  diminished, ye t  the  ground had not frozen hard and 

could outgas without b io log i ca l  f i x a t i o n  of  the C02 (Coyne and Kelley,  1971). 

The oceans were near ly  c l e a r  of a l l  i c e  out  t o  about 200 lan, and skim i c e  

w a s  showing i n  the  many leads  i n  t he  pack i ce .  Low PCO water was s t i l l  a t  2 .  



t h e  surface .  This  is in c o n t r a s t  t o  t h e  27 June d a t a  (Fig. l b )  when b io log i -  

cal a c t i v i t y  w a s  uniformly high. The f a r  i n l a n d  atmospheric concen t ra t ions  

.of CO i n  t h i s  case  were high a n d . v a r i a b l e ,  and decreased northward t o . t h e  
2 

c o a s t  where t h e  150-200 km o f o p e n  low PCOl water appeared t o  i n f l u e n c e  t h e  

lower troposphere.  Our a i r c r a f t  sample d a t a  nea r  P o i n t  Barrow a r e  i n  genera l  

agreement wi th  t h e  NOAA-GMCC r e c o r d e d v a l u e s  a t  Barrow f o r  t h e  2 days p r i o r  

' t o  and d u r i n g . t h e  f l i g h t  as shown by t h e  small b a r  i n  t h e  f igure . .  The s u r f a c e  

winds were from a c lean  a i r  nor the rn  (oceanic)  s e c t o r .  Winds a l o f t . n e a r  Po in t  

Barrow usua l ly  have a wes te r ly  o r i g i n  when t h e  s u r f a c e  winds a r e  from t h e  nor th ,  

and thus  would have been infl 'uencedby.  t h e  low PC0 open waters of t h e  Chukchi 2 

and nor the rn  Bering Seas. The a i r  from t h e  pack ice region i s  c l e a r l y  enr iched 

i n  CO nea r  t h e  s u r f a c e  a s  shown i n  Figures  I d  and le. 2 

Figure  I d  p resen t s  d a t a  f o r  a f l i g h t  t r a n s e c t  a few weeks la ter  a f t e r  

t h e  .tundra had f rozen  (30 September 1978) ; .  There had been almost continuous 

high winds and wave a c t i v i t y  from t h e  n o r t h e a s t  and northwest.  The s u r f a c e  

' s ea  wate r  P C O ~  l e v e l  remained s u r p r i s i n g l y  low a t  a b o u t 2 7 0  ppm 20 k m o f f -  
/ 

shore.  The 1ower.atmosphere appears . to be w e l l  mixed lower. There w a s  

however, a d e f i n i t e  but  s m a l l  (2-3 ppm) t r end  f o r  enrichment 300 km o f f s h o r e  

f o r  t h e  a i r .  a t  3200 m which suggest  p o s s i b l e  enrichment by e i t h e r  new sea 

i c e  o r  high PCO s u r f a c e  waters  very deep i n  t h e  pack. Annual sea i c e  w a s  2 

forming i n  t h e  l e a d s  i n - t h e  pack i c e ,  which was s t i l l  150. km of f shore  of 

t h e  v i c i n i t y  of Po in t  Barrow. The o f f shore  v e r t i c a l  g r a d i e n t  f o r  the  same 

f l i g h t  i s  shown i n  Figure  I f .  . ' 

On f i v e  ocass ions ,  both nor th  and south  of Po in t  Barrow, v e r t i c a l  pro- 

f i l e s  'showed t h e  layered presence of h igher  (6-10 ppm) C0; nea r  1 Ian a l t i t u d e .  

Occasionally,  enrichment a t  3 km was ev iden t  too.  Our t e n t a t i v e  i n t e r p r e t a -  

t i o n  is  t h a t  they a r e  r e a l  s i n c e  they a r e  w e l l  w i th in  t h e  limit of our 



a n a l y t i c a l  e r r o r .  A complementary s tudy on a e r o s o l s  (G. Shaw, Univers i ty  of 
. . 

Alaska, personal  communication), on one such f l i g h t  showed t h a t  t h e r e  were ' 

i n c r e a s e s  i x i  a e r o s o l s  a t  those  same l e v e l s .  ' These d a t a  suggest .  boundary 

l a y e r  entrapment. Ozone, i n c i d e n t l y ,  d isplayed a minimum i n  those  CO -maxi- I: 2 
mum l a y e r s .  On 16 January 19.78, a  low C02 concen t ra t ion  r a t h e r  than a C02 

maximum w a s  evident  a t  600 meters.  The ozone concen t ra t ion  i n  t h a t  C02 
- 
m i n i m u m  l a y e r  was reversed i n  t h a t  i t  displayed a maximum. - 

The win te r  p r o f i l e s  were v a r i a b l e  f o r  t h e  month of January 1978. There 1 .  
w a s  genera l ly  a.small t r e n d  f o r  enrichment of CO n e a r . t h e  s u r f a c e ,  and the 2 

a i r  a t ' a l t i t u d e  over t h e  sea i c e  w a s  more h ighly  enr iched compared t o  t h e  

~ over land p r o f i l e .  

I 
Figures le and i f  a r e  v e r t i c a l  p r o f i l e s  of C02 and temperature ca. 300 km 

of f shore  over packand 'newly  forming s e a  i c e ,  8 and 30 September 1978. Hori- 

z o n t a l  p r o f i l e s  f o r  t h e s e  same s i t e s  w e r e  d iscussed i n  connection wi th  Figures  * 

l c  and Id. The high o f f shore  s u r f a c e  values  f o r  8 September 1978 (Fig. l e )  

a r e  bel ieved due t o  t h e  r e l a t i v e l y  calm f reez ing  weather, t h e  formation of new 

sea ice, o r  poss ib ly  by high PC0 s u r f a c e  waters deeper i n  t h e  pack. The low 2 

s u r f a c e  va lues  and s l i g h t l y  e leva ted  concen t ra t ion  o f f shore  a t  a l t i t u d e  on 

30 September 1978 (Fig. l c )  on t h e  o t h e r  hand, a r e  i n t e r p r e t e d  t o  r e f l e c t  t h e  

p r e s i s t e n t  t u r b u l e n t  mixing of t h e  previous 3 weeks, and t h e  in f luence  of t h e  I~ 
low s u r f a c e  P a  ocean water  south  o f . t h e r e .  2 

' By 8 November 1978, t h e  annual  sea i c e  had reformed. There w a s  high P C O ~  

water  (341 ppm) under t h e  f c e  and t h e r e  w a s  a  d e f i n i t e  enrichment of CO i n  2 

the  a i r  above t h e  sea i c e  180 km nor th  of Barrow a t  t h a t  t i m e .  T h e . a i r  nea r  I~ 
(30 m) t h e  s u r f a c e  180 km nor th  of Barrow had ca. 340 ppm C02, 80 km nor th  i t  

w a s  332 ppm a t  Barrow i t  was 327 ppm ( ~ 3 2 8  ppm according t o  t h e  NOAA d a t a ) .  



SUMMARY AND CONCLUSIONS 

Low a l t i t u d e  a i r c r a f t  sampling f o r  atmospheric CO shows how in t ense  
2 

I ground l e v e l  sources and s inks  can, on occasion, modify the  observations 

made on a f ixed  ground l eve l .  s t a t i o n  (e.g. Fig. l c ) .  - Layering e f f e c t s  a r e  

a l s o  s.een on occasion a s  opposed t o  continuous The most important 

f a c t  is t h a t  t h e  Arc t i c  Ocean s h o w s i t s e l f  t o  be a s i g n i f i c a n t  source of C 0 2  

. in . the win te r  and s i n k  i n  the:  summer, 'which i s  f u r h t e r  substanf i a t e d  .both by 

I high a l t i t u d e  f l i g h t s  (Bolin and Keeling, .  1963) and t h e  low. a l t i t u d e  da ta  

presented here.  Therefore,  f u tu r e  atmospheric models w i l l  have to ' account  

f o r  t he  n a t u r a l  sources and s i n k  of C 0 2  i n  t he  Arc t i c  (Gosink and Kelley, 

1979a) and no t  t o  consider them a s  e s s e n t i a l l y  i n e r t  regions.  
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FIGURE C A P T I O N S  

Figure la. Horizontal  p r o f i l e s  of atmospheric C 0 2  a t  low and high a l t i t u d e s  
nor th  and south  of Point  Barrow, Alaska, June-July 1977. 

Figure lb.  Horizontal  p r o f i l e  of atmospheric C 0 2  a t  low a l t i t u d e  nor th  and 
south  of Po in t  Barrow, Alaska, June-July 1978, 

Figure l c .  High and low a l t i t u d e  hor izon ta l  p r o f i l e s  a t  atmospheric C 0 2  nor th  
and south of Point  Barrow, A l a s k a ' 8 - 9  September 1978. 

Figure Id.  High and low a l t i t u d e  hor izon ta l  p r o f i l e s  of atmospheric C 0 2  nor th  
of Point  Barrow, Alaska 30 September 1978. 

Figure le.. .Ver t i ca l  p r o f i l e . o f  C 0 2  and temperature 320 km.north of Point  
Barrow, Alaska, 8 September 1978. 

Figure lf. Ver t i ca l  p r o f i l e  of C 0 2  and temperature.260 lun nor th  of Point  
'Barrow, Alaska, .30 September 1978. 
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i . . APPENDIX 7 

List of manuscr ip ts  ( w i t h  t i t 1  e s )  i n  o r  p a r t i a l  complet ion.  

1. , Observa t ions  and c a l c u l a t i o n s '  o f  PC02 i n  sea waters :  A new approach. 

2. An exp lana t ion  f o r  t h e  extremely low p a r t i a l  p r e s s u r e  of  carbon d iox ide  

i n  s u r f a c e  sea  wa te r s  of t h e  Barents ,  Kara, and Greenland Seas.  

3. Annual Sea Ic .  An a i r - s e a  gas  exchange moderator.  
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1 W e  propose a  small working group t o  s y n t h e s i z e  e x i s t i n g  in fo rma t ion  on 

t h e  i n t e r a c t i o n s . a m o n g  t h e  atmosphere,  l a n d ,  s e a ,  snow, and i c e  i n  o r d e r  t o  

e v a l u a t e  t h e  hypo thes i s  t h a t  w i th  C02 induced c l i m a t i c  change t h e  p o l a r  

r e g i o n s  w i l l  become s t r o n g e r  carbon s i n k s  than  they  a r e  c u r r e n t l y  and t h a t  

t hey  w i l l  f u n c t i o n  s i g n i f i c a n t l y  t o  damp out  the g l o b a l  r i s e  i n  a tmospher ic  

tempera ture .  c o n t e n t s  and tempera tures  r i s e  w i t h i n  t h e  

n o r t h e r n  p o l a r  r eg ions ,  t e r r e s t F i a l . e c o s y s t e m s  w i l l  become s t r o n g e r  s i n k s ,  

t h e  p o l a r  i c e  cap w i l l  become a C02 . sou rce ,  and open w a t e r  w i l l  become a  

1 

s t r o n g e r  CO s ink .  The n e t  r e s u l t  w i l l  b e  a  n o r t h e r n  sin'k f o r  CO,. ; 2 - 
1 The hypo thes i s  w i l l  be  eva lua t ed  by reviewing and s y n t h e s i z i n g  t h e  

c u r r e n t  d a t a  on t h e  c u r r e n t  carbon budge t s ,  p a s t  carbon budge t s ,  and f u t u r e  

carbon budgets  w i th  CO induced c l i m a t i c  change. To develop t h e s e  carbon 
2  

budge t s ,  t h e  p o l a r  r eg ion  w i l l  be  d iv ided  i n t o .  geographic u n i t s  c o n s i s t i n g  

of i c e ,  snow, l a n d ,  and open s e a .  The r eg ion  under c o n s i d e r a t i o n  w i l l  b e  
I 

t h a t  dominated by t h e  p o l a r  a i r  mass o r  u n d e r l a i n  by permanent o r  d i s c o n t i n -  

uous pe rmaf ros t ,  i . e . ,  w i t h  an annual  mean tempera ture  of about  -2OC. The 

working group w i l l  a l s o  develop a p re l imina ry  model of t h e  three-dimension 

f l u x e s  of CO i n  t h e  p o l a r  r eg ions  which can b e  used t o  p r o j e c t  t h e  c u r r e n t  2  

unders tanding  i n t o  f u t u r e  c o n d i t i o n s .  

W e  propose t o  i n c l u d e  12-20 s c i e n t i s t s  a c t i v e l y  involved  i n  p o l a r  

r e s e a r c h  o r  a tmospheric  C02 q u e s t i o n s .  Some p o s b i b l e  p a r t i c i p a n t s  a r e :  

G. KukZa, J. Ke l l ey ,  P .  C .  M i l l e r ,  T .  A .  Gosink, W .  C .  Oechel ,  W. 0 .  Heal ,  

I 
I L. C .  B l i s s ,  C .  D .  Keel ing,  Thomas Rosswall ,  John Andrews, Roger Barry ,  

Kenneth Hare o r  R i t c h i e ,  P .  Webber, V.  Alexander,  J .  Hobbie,  >I. N i l l e r ,  

Joyce  H a r r i s ,  Brian H a l t e r ,  Ken Rahn. 'The workshop should  i n v o l v e  5 days 

lw s i n c e  t h e  group has  no t  worked t o g e t h e r  on t h i s  s o r t  of problem and soms 



t ime must b e  s p e n t  on. deve loping  a  co&n background f o r  p r o d u c t i v e  d i s c u s s i o n s .  

P r i o r  t o  t h e  workshop J ;  Kel ley  and P. M i l l e r  w i l l  develop t h e  format  f o r  . d a t a  

from t h e  workshop, which should  e x p e d i t e  t h e  p roces s ing  of t h e  d a t a ,  t h e  

development of  conc lus ions ,  . and p u b l i c a t i o n  of t h e  workshop r e p o r t .  The b a s i c  

d a t a  w i l l  i n v o l v e  c u r r e n t  a r e a l  e x t e n t s  of t h e  geographic  u n i t s ,  carbon 

c o n t e n t s ,  and carbon f l u x e s ,  and f u t u r e  a r e a l  e x t e n t s ,  c a r b o n . c o n t e n t s ,  and 

carbon f l u x e s  w i t h  C02 induced c l i m a t i c  change. Cons ide ra t ion  of t h e  t r a n s i e n t  

responses  must b e  given.  

The proposed budget w i l l  b e  about  $17,000, i n c l u d i n g  about  $10,000 f o r  

t r a v e l , , S 5 , 0 0 0  f o r  l o c a l  a r rangements , . and  $2,000 f o r  p r e p a r a t i o n  and pub l i -  

c a t i o n  of t h e  r e p o r t .  The workshop might b e s t  be  h e l d  i n  Boulder ,  Colorado, 

t o  be c e n t r a l l y  l o c a t e d  and make use  of t h e  f a c i l i t i e s ' o f  INSTAAR o r  NOAA. 

A l t e r n a t i v e l y ,  i t  could b e  he ld  i n . S a n  Diego. 




